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Kurzbeschreibung

Im Rahmen dieser Arbeit wurde der Einfluss von Kiltemaschinendl auf das Stromungs-
siedeverhalten von Kohlendioxid (CO,, R744) untersucht.

Experimentelle Untersuchungen zum Wéarmeiibergang, Druckverlust und zur Strémungs-
form wurden in einer Glattrohr- (14,0 mm Innendurchmesser, Nickel) und einer Rippen-
rohrmessstrecke (8,62 mm Kernrohrdurchmesser, 60 Rippen, 0,25 mm Rippenhohe, 18 ©
Drallwinkel, Kupfer) in einem weiten Parameterbereich durchgefiihrt. Dieser umfasste Mes-
sungen bei Driicken von 14 — 40 bar, Massenstromdichten bis 300 kgm~2s~! im Glatt- bzw.
500 kgm~2s~! im Rippenrohr, Dampfgehalten von 0.1 — 0.9 sowie Wirmestromdichten bis
150 kW m~2. Beide Messstrecken wurden elektrisch beheizt, wobei durch Segmentierung
des Rohres eine isotherme Rohrinnenwand als Randbedinung ermoglicht und eingestellt
wurde. Als Kéltemaschinendl wurde ein im Versuchsbereich vollstindig 16sliches Polyol-
esterdl (Reniso' C 85 E, Fuchs Petrolub SE) verwendet. Der Olgehalt im unterkiihlten
CO; wurde zwischen 0 — 3% (massenbezogen) variiert. Dabei konnte der lokale Olgehalt
in der Messtrecke in Abhingigkeit von den Betriebsbedingungen Werte > 50% annehmen.
Die Stromungsform wurde in einem der Messstrecke nachgeschalteten, nicht-beheizten
Schauglas optisch mittels Hochgeschwindigkeitsvideoaufnahmen ermittelt.

Zur Feststellung des Oleinflusses wurden Messdaten aus den Gemisch-Versuchen mit denen
aus Reinstoff-Versuchen verglichen. Aus der Literatur bekannte Zusammenhénge bzw.
Erklarungsansitze wurden dabei zur Beurteilung der Beobachtungen herangezogen. Die
experimentellen Messdaten wurden auf Basis von Gemischstoffwerten ausgewertet und
dienten der Bewertung und Modifikation etablierter sowie neuer Vorausberechnungsmetho-
den. Neben dem Einfluss auf Gemischstoffwerte wurden Auswirkungen von Ol-induzierten
Verinderungen der Stromungsform auf den Wiarmeiibergang und Druckverlust untersucht.
Hierzu wurde auch ein neues Verfahren zur Unterstiitzung der Bestimmung der Stromungs-
form entwickelt. Diese Erkenntnisse sind wichtig, um den Oleinfluss verstehen und in
Vorhersagemodellen zutreffend beriicksichtigen zu kénnen.
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Abstract

In the scope of this work, the influence of lubricating oil on the flow boiling characteristics
of Carbon dioxide (CO;, R744) was investigated.

Heat transfer, pressure drop and flow pattern were experimentally investigated inside
smooth (14.0 mm inside diameter, nickel) and micro-fin (8.62 mm core diameter, 60 fins,
0.25 mm fin height, 18 ° helix angle, copper) test tubes. The range of operation inclu-
ded pressures of 14 — 40 bar, mass flow velocities up to 300 kgm~2s~! in the smooth and
500 kgm~2s~! in the micro-fin tube, respectively, vapor qualities of 0.1 —0.9 and heat
fluxes up to 150 kW m~2. Both test sections were electrically heated. Segmentation of the
tube wall into individually heatable sections allowed for realizing isothermal conditions at
the inside tube surface. Fully miscible polyol ester oil (Reniso"" C 85 E, Fuchs Petrolub SE)
was used as lubricant. Oil mass fractions in the sub-cooled refrigerant were varied between
0 — 3 wt.-%, whereby local oil mass fractions of > 50 wt.-% could result, depending on the
actual conditions of operation. Throughout all flow boiling experiments, flow patterns were
determined inside a smooth, non-heated sight glass tube preceding the measurement section
by means of high speed video recordings.

For determining of the influence of oil, results from measurements with CO;-lubricant
mixtures were compared to pure CO, data. Proposed explanations found in literature were
consulted to interpret the observations made. The experimental data was evaluated based on
mixture properties and used to evaluate and modify established predictive methods. Besides
regarding the influence on mixture properties, the impact of oil-induced changes in flow
pattern on the flow boiling heat transfer and two-phase pressure drop were investigated. For
this purpose, a new measurement technique for supporting the identification of flow patterns
was developed. The knowledge obtained from these studies contributes to understanding the
influence of oil, which is essential for the development of precise predictive methods.
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1 Introduction

The usage of carbon dioxide (CO,, R744) as refrigerant dates back to the late 19th century,
the first CO, compression refrigeration system in Europe built by Carl von Linde in 1881
(Pachai, 2008). CO; belonged to the most frequently used refrigerants (besides NH3 and
S0O,) in the early 20th century. With the introduction of synthetic chlorofluorocarbons (CFC)
and hydrochlorofluorocarbons (HCFC) in the 1930s and 1940s, only NH3 remained in
practical use (Lorentzen, 1994). CO, was rediscovered as refrigerant by Gustav Lorentzen
in 1988 and, triggered by restrictions relating the ozone depletion potential (Montreal
protocol, 1989) and global warming potential (Kyoto protocol, 1997) of technical gases, the
number of research studies and applications concerning CO; as refrigerant greatly increased
(Javerschek, 2008). Applications include water heaters, heat pump systems, automotive A/C
systems, small commercial applications and the low temperature stage of cascade systems
(Hrnjak, 2006), e.g., NH3-CO,.

The rising attractiveness of CO, as refrigerant lead to numerous studies on flow boiling in
recent years, summarized in the upcoming chapter. With increasing research done, the range
of operation investigated was greatly extended and the precision in predicting flow boiling
heat transfer coefficients or two-phase pressure drops of CO; significantly improved. Schael
(2009) presented predictive methods for precisely predicting heat transfer, pressure drop
and flow pattern of CO,, covering a wide range of operation inside smooth and micro-fin
tubes.

Pure refrigerant investigations that were mainly focused on, however, do not give information
on practical issues such as the influence of lubricating oil used in vapor compression systems.
Oil used for lubricating the moving parts of a compressor unavoidably becomes part of
the circulating fluid, ranging from 0.1 % to 8.0 % in concentration, depending on the
type of installation (Bandarra Filho et al., 2009). Affecting thermodynamic and transport
properties of the fluid, such as bubble point temperature, viscosity, surface tension and
thermal conductivity, the presence of oil can lead to a significant influence on flow boiling
characteristics (Thome, 1996). While mixture properties can be taken into account, effects
such as lubricant-induced foaming are not captured by correlations based on pure refrigerant
or refrigerant-mixture data.

In a first experimental study published on the influence of lubricant on flow boiling characte-
ristics of CO,, Hassan (2004) showed that heat transfer coefficients can be deteriorated by up
to 50 % with respect to pure CO,. Such strong influence was confirmed in preceding studies,
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CO, Cascade
HFC (NH, / HC];.'

— — [NHg/HC/
: HFC

* only with secondary system

Figure 1.1: CO, applications for refrigeration (Bitzer Kithlmaschinenbau GmbH, 2015) —
Cascade system for industrial applications (left), Conventional system combined with CO, cascade (right)

however, the influence is closely linked to the operating conditions and especially the type
of lubricant used. Observations reported for fully miscible CO,-POE oil mixtures (Kim and
Hrnjak, 2012) differ distinctly from partial miscible CO,-PAG oil mixture characteristics
(Dang et al., 2013). Full miscibility generally leads to a steady change in heat transfer
and pressure drop. Almost immiscible lubricants result in an early formation of a separate
oil-rich phase, especially affecting heat transfer by covering the heated tube surface and,
hence, inducing a significant mass and heat transfer resistance and change in surface-near
bubble point temperature even at very low oil concentrations.

Several publications on the influence of lubricant on flow boiling CO, followed since,
pointing out the relevance in research on the one hand. On the other hand, dissimilarities
in observations reported by different authors that could result from the huge variety of
operating parameters as well as missing consolidation in the precision accuracy of established
predictive methods reported, reveal the limited knowledge on the effect of lubricant on flow
boiling characteristics of CO, and that further research is essential.

Concerning the geometry of the evaporator tube, focus in recent research was mainly laid
on micro-fin tubes. These tubes generally feature a significant enhancement in tube wetting
and turbulence in the liquid. The enhancement in heat transfer realized is typically greater
than the penalty due to increasing pressure drop (Cavallini et al., 1999). Dang et al. (2010)
reported that the dryout quality for micro-fin tubes is larger than for smooth tubes, thus the
micro-fin evaporator tube is used almost completely yielding high efficiency. Yet, already
small amounts of lubricating oil can influence heat transfer characteristics in a micro-fin
tube (Ha and Bergles, 1993). The number of publications on the effect of lubricating oil
on flow boiling behavior of CO, inside enhanced tubes is limited, while the tube geometry
implies further parameter variation.



Figure 1.2: Enhanced tubes for boiling and condensing heat transfer (Wieland Werke AG, 2016)

In the scope of this work, heat transfer coefficients, pressure drops and flow patterns of flow
boiling CO, were investigated in both, a smooth tube and a micro-fin tube of 14.0 mm and
8.6 mm in inner diameter, respectively. Owing to its significance in technical application,
investigations in the micro-fin tube were pursued with main interest. As lubricant mass
fractions typically yield values between 0.5 wt.-% to 3 wt.-% in the sub-cooled liquid of
refrigeration systems (Thome, 1996), investigations focused on CO,-lubricant mixtures with
nominal oil mass fractions of 1 wt.-%, 2 wt.-% and 3 wt.-%. Providing excellent miscibility
with CO, and being widely used in CO;-based applications of refrigeration, POE-85
oil (Reniso"" C 85 E, Fuchs Petrolub SE) was selected as lubricant for the experimental
investigation. The aim of the investigations was to identify oil-induced influencing factors on
flow boiling characteristics and to evaluate the applicability of existing predictive methods
for the boiling heat transfer coefficient, two-phase pressure drop and flow pattern. Accuracy
in prediction of these design parameters affects the efficiency of designing evaporators.






2 State-of-the-art

Flow boiling in horizontal tubes is a phenomenon that attracted the attention of researchers
for many decades by now. Extensive investigations - both experimental and theoretical - have
contributed to the present state-of-the-art. Due to the highly complex nature of flow boiling
(including the rate of tube inclination), however, there is still no commonly applicable
approach for its description and understanding. The complexity, lack of knowledge and
uncertainty of prediction greatly increases when regarding refrigerant-lubricant mixtures in
real vapor compression refrigeration systems, where lubricating oil enters the refrigerant
loop by lubrication of the compressor. Consequently, the literature survey on the state-of-
the-art on flow boiling in tubes presented in this chapter emphasizes on publications about
flow boiling of CO,-oil mixtures, refrigerant-oil mixtures in general and prediction methods
for thermodynamic properties of refrigerant-oil solutions (ROS). Besides, latest reports on
boiling in micro-fin tubes are summarized.

An extensive study on the flow boiling characteristics of CO, was made by Schael (2009).
Heat transfer, pressure drop and flow pattern were investigated at saturation conditions
ranging from 10 bar (—40 °C) to 40 bar (+5 °C). Operating conditions included mass
flow velocities up to 500(600) kgm~2s~! and heat fluxes up to 80(120) kWm~? in the
smooth tube (micro-fin tube). In his work, Schael provides a comprehensive review on
recent investigations on CO; flow boiling in smooth and micro-fin tubes. The most accurate
prediction methods for CO, as concluded by Schael are reviewed in the following. This
knowledge base is complemented by literature sources depicting the latest published work.
The following Tab. 2.1-2.2 list the analyzed papers on flow boiling research of refrigerant-
lubricant mixtures and CO,, respectively.

2.1 Flow pattern
Pure/mixed refrigerants

In flow boiling, there are (at least) two phases encountered: a liquid and a vapor phase,
flowing at different velocities. Thereby, phase distribution varies according to the operating
conditions. These flow distributions are classified by flow patterns, such as pictured in
Fig. 2.1 for a horizontal evaporator (Collier and Thome, 1994). In the following a description
of flow patterns is given.
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Figure 2.1: Flow patterns in a horizontal evaporator tube, published in Collier and Thome (1994)

* Bubbly flow contains vapor bubbles dispersed in the liquid phase. Due to gravity,
bubbles tend to flow at the upper part of the tube.

* Plug flow is characterized by bubbles traveling at the upper part of the tube coalescing
to large bubbles of approximately tube diameter in size.

* Stratified flow occurs at very low flow velocities. Both phases are separated by a
planar interface. The upper part of the tube wall is dry.

* At increasing vapor velocity, the interface gets disturbed and wavy flow develops with
waves traveling in flow direction.

* A further increase of vapor velocity may lead to slug flow. Liquid slugs travel in flow
direction, periodically wetting the whole tube wall.

* In annular flow, the vapor phase flows with high velocity in the center of the tube
while the liquid flows as thin film at the tube wall.

It is of importance to know that the exact classification of flow pattern may vary from author
to author. Slug and plug flow are often summarized as intermittent flow. When liquid film
during annular flow begins to break, partial dryout of the tube occurs, generally named
dryout region. Further, combined flow patterns were distinguished by some authors, such as
wavy-annular flow.

Flow patterns are classically predicted by means of flow pattern maps. Herein, flow regimes
are separated by transition curves. The location of flow regimes in those maps is greatly
affected by fluid properties, flow conditions and tube geometry. According to investigations
by Schael (2009), the flow pattern maps by Steiner (2002) and Thome and El Hajal (2003)
are in fairly good agreement to observed flow patterns for CO, in smooth tubes, while
deviations in the micro-fin tube are larger. The Steiner flow pattern map actually represents
a modification of the Taitel and Dukler (1976) map and is of dimensionless form. The
transition from stratified to wavy flow is given by the product of liquid Reynolds and vapor
Froude number, (Rer, Frv)0'5 . An average vapor Froude number, Fryy,, was introduced to

10
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Figure 2.2: Flow pattern maps of Steiner (left) and Thome and El Hajal (right) with experimental data
of CO, (symbols) by Schael (2009)

express the wavy to intermittent/annular flow transition. Transition from intermittent to
bubbly flow occurs above a limiting value for the product of liquid Euler and Froude number,
(FI‘EH)%S . Transition criteria are given in dependency of Martinelli parameter, X.

X (1_x>(2—n)/2 <pv>0.5 (M)n/Z
X PL 24y

where 1 is the vapor quality and py |y and |y are the liquid/vapor density and viscosity,

@2.1)

respectively.

Being not handy from a practical point of view, Kattan et al. (1998a) transferred the original
Steiner map to the dimensionful graphic rendition of mass flow velocity versus vapor quality.
Besides, slight modifications of wavy-intermittent/annular and annular-dryout transitions
were performed. Starting from this map, several authors proposed updated versions, among
those Thome and El Hajal. The Steiner and Thome and El Hajal maps are pictured in Fig. 2.2
as presented in Schael (2009). Calculated transitions are shown as solid lines, symbols
represent experimentally determined flow patterns of CO; at 10 bar.

Flow pattern maps depend on the correct prediction of void fraction, for which a variety
of different models exist. Taking the two-fluid model as basis assuming stratified flow and
using a friction factor correlation for vapor flow pressure drop, Taitel and Dukler (1976) and
following Steiner (1983) derived an iterative method solving the momentum equation.

X2 — T - n? U\/ + Oi "
o) \az)\ 4

Gy
AL (FrEuy)

x\ " /0,
s (u> (mz) *2
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where ALW = Ay /d? is the dimensionless liquid/vapor flow area, UL‘V = Upv/d; is
the dimensionless perimeter of wetted and dry tube wall, U, =U, /d; is the dimensionless
perimeter of liquid-vapor interface and n = 0.25 is the Reynolds exponent of Blasius law. For
non-inclined tubes, the product of vapor Froude and Euler number yields (FrEu)y = 0.
Steiner recommended using the Rouhani and Axelsson (1970) void fraction correlation
derived from applying a drift flux model. Its good accuracy has been further confirmed by
Woijtan et al. (2004) and recently by Saito et al. (2011) for CO, and CO;-lubricant mixture
flow boiling inside a horizontal smooth tube.

3 . X 1—x
e= {(1+0.12(1—x)) (Pv+ l_pL>
%10;)‘) (g0 (pL—pv))"? }71 2:3)

i p?

where 7 is the mass flux, ¢ is the surface tension and g is the gravitational constant.

As the flow pattern significantly impacts on pressure drop and mostly on heat transfer, several
state-of-the-art prediction models for these design parameters have yet been developed taking
the effects of flow patterns into account. These models are usually of high accuracy, but they
demand for a precise flow pattern prediction. That is why flow pattern map development is
an ongoing process, especially for new refrigerants applied. Updated flow pattern maps for
CO; and various other refrigerants have been proposed since and were investigated within
the scope of this work.

The flow pattern maps of Kattan et al. (1998a) and Thome (2004) were subject to several
flow pattern maps developed by Thome and co-workers henceforth. Wojtan et al. (2005a)
developed a diabatic flow pattern map (Fig. 2.3) based on R22 and R410A measurements
that has widely been used for flow pattern prediction in literature. Supported by void
fraction measurements, the stratified-Wavy and Wavy-Annular transition curves were given

R-22, G=300kg/m®s, Tsat=5 °C, D=13.84mm, q=17.5kW/m? R-134a; T=5°C; D= 12.6 mm ; q" = 0 kW/m?
0 T T 600 -
M
. 500
w
g w0 —
) o 400
= | A E
é.m i 4
3 2 300+
S 30 ! =
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“ 200
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100} SIug+SW SwW 100
°n so1 02 03 01‘ 05 06 07 08 0‘! 1 0 T T T T T T T T T T
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X

Figure 2.3: Wojtan et al. (2005a) (left) and Barbieri et al. (2008) (right) flow pattern maps, published ibidem
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Figure 2.4: Intermittent to annular flow transition criteria for R134a (left) and CO; (right) two-phase flow in
smooth tubes, published in Barbieri et al. (2008) and Schael (2009), respectively

as proposed by Kattan et al. for adiabatic flow. The effect of heat input leading to partial
dryout of the tube was separated from these expressions and captured by a new criterion for
the onset of dryout. In doing so, the mist flow curve was modified as well.

Barbieri et al. (2008) presented a new transition curve based on R134a flow boiling expe-
riments in smooth tubes, supported by observations of Schael (2009) encountered for the
intermittent to annular flow transition for CO,. Tests were performed at a fixed saturation
temperature of +5 °C varying the tube diameter from 6.2 to 12.6 mm, hence corresponding
to the range of diameters investigated in the scope of this work. The transition curve was
proposed in terms of liquid Froude number (Fr;) and Martinelli parameter (X), while
Schael gave an expression for the mean vapor Froude number (Fryy,), see Fig. 2.4.

Frppa = 3.75X2% (2.4)
1— %) )2
iy = (L0’ 03
PLgdi

C(1- 0.9 v 0.5 . 0.1
w= () () () >0

where Eq. 2.4 represents the intermittent-annular transition criterion. The other transition
boundaries were assumed to correspond to the Kattan et al. map.

Rollmann and Spindler (2011) determined flow patterns of R407C flow boiling in a 8.92 mm
micro-fin tube. A comparison of the experimental data to the flow pattern map of Wojtan
et al. (2005a) was presented, showing poor agreement. Due to the helix micro-fin structure,
annular flow regime was observed at significant lower mass flow rates than predicted. The
authors suggested, that the Barbieri et al. intermittent-annular transition curve by reflecting
the influence of diameter and mass flow rate sounds promising. However, the special
structure of the micro-fin tube has to be taken into account as well.

13



2 State-of-the-art

Refrigerant-lubricant mixtures

The presence of lubricant can change flow patterns in various ways (Wang et al., 2014)
(Bandarra Filho et al., 2009). As a matter of fact, flow pattern transitions are dependent
on fluid properties, which in turn are affected by the liquid oil mass fraction. Increasing
surface tension and viscosity, for instance, may lead to an enlarged wetted perimeter and
thicker liquid film. Another very important fact is the possibility of foam formation. Due to
foaming, the wetting of the tube might as well increase, especially for low mass flow rates
and height of the stratified liquid flow. On the other hand, the presence of foam can exert a
significant influence on pressure drop. Hence, accounting for flow pattern when discussing
heat transfer or pressure drop measurements is essential for a comprehensive understanding
of the flow boiling behavior of refrigerant-lubricant mixtures.

Comparing flow patterns of R12-lubricant mixtures flow boiling in a micro-fin tube to those
observed in a smooth tube, Ha and Bergles (1993) demonstrated the oil effect of enhancing
the tube wetting at low mass flow rates. At elevated vapor qualities, the liquid film observed
at the tube perimeter became highly viscous. Foaming suppression due to the micro-fin
structure was reported.

Flow patterns of refrigerant-lubricant mixtures can vary from pure/mixed refrigerants,
especially when foaming occurs. Such effects are not considered in classical flow pattern
definitions nor in flow pattern maps. For that reason, Wongwises et al. (2002) conducted
visual studies for two-phase flow of mixtures of R134a and fully miscible lubricating oil.
It was found out, that the presence of lubricant induced an early annular flow formation,
attributed to mixture properties. Besides the beforehand mentioned flow patterns, mixed
patterns including froth-wavy and froth-wavy-annular flow as well complete froth flow were
distinguished. Examples of these are shown in Fig. 2.5.

Wei et al. (2007) conducted flow boiling experiments for R22-NM56 mixtures inside 6.34
and 2.50 mm smooth tubes. The mineral oil used was fully miscible in the range of operation.
Inside the 6.34 mm tube it was observed that the presence of oil (> 3 wt.-%) could shift
the wavy-annular transition to lower (mass flow) velocities and delay annular-mist flow
due increasing viscosity and decreasing surface tension, hence promoting annular flow.
Contrarily, annular/slug flow patterns were continuously been observed throughout all
experiments conducted in the small diameter tube. It was explained by confinement of
bubble release and capillary effects due to the small tube dimensions.

Froth/Wavy/Annular flow (F/W/A) Proth/Wavy flow (F/W) Froth flow (F)

Figure 2.5: High-speed video recordings of R134a-lubricant mixture flow patterns by Wongwises et al. (2002)
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Figure 2.6: Flow patterns observed for R410a-POE oil mixtures inside 6.34 mm smooth tube and comparison to
Wojtan et al. flow pattern map calculated using mixture properties, published in Hu et al. (2008c)

Using the same test facility, Hu et al. (2008c) reported experimental results from flow boiling
experiments of R410a-oil mixtures inside a 6.34 mm smooth tube. The POE oil used was
fully miscible. Observed flow patterns at 7y = 5 °C and mass flow velocities of 200, 300
and 400 kgm~2s~! were compared to the flow pattern map of Wojtan et al. (2005a), which
was calculated using mixture properties. The map perfectly reflected the experimental data
points, see Fig. 2.6. However, data points as shown for the pure refrigerant and refrigerant-
lubricant mixture with wgj = 5 wt.-% basically coincide and the transition of slug-annular
flow shifts to higher vapor qualities. Both facts do not match the described observations
given in Hu et al. (2008d), where the same author denotes the increase in pressure drop in
low and high vapor quality regions to a promotion of annular flow due to the presence of oil.
Similar results were presented by Hu et al. (2009a) for measurements of R410a-oil mixtures
inside a 4.18 mm smooth tube. The flow pattern map of Wojtan et al. (2005a) was found to
predict mixture flow patterns with high accuracy.

Visual flow pattern observations of oil rich R134a-POE oil mixture flow inside a small
diameter tube (d; = 3.22 mm) were reported by Castro et al. (2004), see flow patterns in
Fig. 2.7. Experiments were carried out for oil mass fractions ranging from 47 to 78 wt.-%.
Flow patterns were observed at different axial locations of the unheated tube, changing
from single phase liquid flow at the inlet to bubbly flow and further to foam flow near the
outlet of the tube. Upon reaching foam flow conditions, pressure drop gradient increases
significantly.

Dias et al. (2011) developed a two-phase flow model for calculation of axial temperature
and vapor pressure profiles. Basic momentum, mass and energy conservation equations are
solved numerically in dependency of the flow regime as observed by Castro et al. (2004).
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Figure 2.7: Flow patterns observed for oil-rich R134a-POE oil pipe flow near the inlet (left) and outlet (right)
of a 3.22 mm non-heated smooth tube, published in Castro et al. (2004)

Transition from single phase to bubbly flow occurs, when the refrigerant concentration
dissolved in the oil exceeds its solubility. Foam flow develops after reaching a limiting
void fraction. Experimental data by Castro et al. (2009) was used for validation, yielding
accurate predictions in the first two regions and larger deviations in foam flow. However, the
model was developed for oil-rich mixtures (woj > 60 wt.-%) with the refrigerant dissolved
in the oil out-gassing along the tube. Its range of validity does not match the experimental
conditions within the scope of this work.

R410a flow boiling measurements by Oh et al. (2011) inside a 3 mm smooth tube showed
that the transition vapor quality intermittent-annular flow (x1.5) was a strong function of
mass flow rate, congruent to most recent investigations in literature and contrary to the
prediction by Wojtan et al. (2005a).

2.2 Pressure drop
Pure/mixed refrigerants

An early and widely investigated frictional pressure drop model was developed by Storek
and Brauer (1980). The model is based on homogeneous fluid properties, i.e., homogeneous
fluid density (p;) and homogeneous dynamic viscosity (Up).

pvpL

=" = 2.7

= o —pv) tpv @7
Uy U1,

— - 2.8

A= i — ) + v 29

where X is the vapor quality and py |y and py |y are the liquid/vapor density and dynamic
viscosity, respectively.

Pressure drop is calculated in analogy to the Darcy-Weisbach equation, substituting the
Darcy friction factor by a modified homogeneous friction factor (&). This friction factor
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2.2 Pressure drop

accounts for the friction pressure drop due to fictive homogeneous flow and influences of
the two-phase flow by means of a correction factor.
2

dp B m
(i), 2 @

5tp = éh écor (2.10)

where ri1 is the mass flow velocity, d; is the inner pipe diameter, &, is the fictive homogeneous
flow friction factor and & is the correction factor due to the influence of two-phase flow,
in particular of phase interface deformation turbulence.

The aim of Miiller-Steinhagen and Heck (1986) was to develop an easy-to-use frictional
pressure drop correlation since models often required a great effort for implementing, e.g.,
the flow pattern based method by Bandel (1973). The to date well established correlation
corresponds to an empirical approach of interpolating between all-liquid (x = 0) and all-
vapor (X = 1) pressure drop.

)

dp> it
ap — & oo — @2.11)
(dL LO[VO adh 2prvd

where & |y is the liquid/vapor friction factor, respectively, 7 the total mass flow velocity, d
the pipe inner diameter and pr |y the respective liquid/vapor density.

The authors identified three general characteristics: (1) frictional pressure drop increases
linearly within 0.0 < X < 0.7, (2) yielding all-vapor pressure drop at x =~ 0.5 and (3) reaching
its maximum at x ~ 0.85. These trends are well portrayed by pressure drop measurements,
as can be seen in Fig. 2.8 from results by Mancin et al. (2014b) and Katsuta et al. (2008),
e.g.. From superposition of both vapor quality regions (¥ < 0.7 and x > 0.7) Eq. 2.12 was
obtained.

7o) () ()00 (@)e e

A B

where term A represents the near linear increase of pressure drop in the lower vapor quality
region and term B the closing condition to all-vapor pressure drop, superimposed by factors
(1—x) 1/3 and %3, respectively. Despite its simplicity, it is among the most established and
accurate two-phase pressure drop correlations at present. This has been confirmed by latest
investigations, e.g., by Mastrullo et al. (2010), Xu et al. (2012), Grauso et al. (2013a) and
Grauso et al. (2014) and by Rollmann et al. (2011) for a micro-fin tube using a correction
multiplier.
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Figure 2.8: Pressure drops of R134a inside 3.6 mm micro-fin tube (left) and CO,-lubricant mixtures inside 3.0 mm
smooth tube (right), published in Mancin et al. (2014b) and Katsuta et al. (2008), respectively

A widely used frictional pressure correlation for micro-fin tubes was developed by Cavallini
etal. (1997). In fact, this two-phase multiplier-type correlation embodies an adaptation of
Friedel correlation to the special geometry of micro-fin tubes. Herein, the micro-fin tube is
treated as tube with roughness of fin height.

The direct measurement of frictional pressure drop in horizontal tubes actually requires
adiabatic flow conditions, since the evaporation of liquid causes an additional pressure loss
due to acceleration of liquid molecules to the vapor velocity. Hence, this pressure drop
contribution must be taken into account when conducting pressure drop measurements under
diabatic conditions.

(Ap)tp = (Ap)fric + (Ap)mom (213)

where (Ap),, is the total two-phase pressure drop and (Ap) ;. and (Ap) ;,y, are the frictional

fric mom

and acceleration pressure drop contributions.

To account for the acceleration pressure drop, usually a heterogeneous model is applied (Mo-
reno Quibén and Thome, 2007a) (Cheng et al., 2008a) (Katsuta et al., 2008) (Da Silva Lima
et al., 2009) (Hu et al., 2009b).

(AP Do =7 { (Pifcg - PLl(l_fS)>i - (pje - le(l_fe)>0} @19

where 77z is the total mass flow velocity, x is the vapor quality, € is the void fraction and py |y

are the liquid/vapor densities.

From diabatic and adiabatic pressure drop measurements with R22, R134a and R410a inside
8 and 13.8 mm smooth tubes, Moreno Quibén and Thome (2007b) developed a frictional
pressure drop model widely used in literature. The proposed method segregates pressure
drop calculation into different models valid for a certain flow pattern and, hence, relies on a
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Figure 2.9: Performance of Miiller-Steinhagen and Heck (1986) correlation compared to experimental data,
published by Xu and Fang (2012)

method for predicting flow pattern at operating conditions. Flow pattern characterization
and prediction follows Wojtan et al. (2005a). Further modifications have been proposed to
extend validity to flat tubes (Moreno Quibén et al., 2009) and to fit CO; in particular (Cheng
et al., 2008a). The latter is described in Sec. 2.4.

Recently, Fang and co-workers performed several investigations on predictive methods for
pressure drop. A large number of experimental flow boiling (Xu and Fang, 2012) and flow
condensation (Xu and Fang, 2013) pressure drops collected from literature were compared to
a variety of predictive methods. In both cases, the Miiller-Steinhagen and Heck (1986) model
performed best and yielded an overall outstanding accuracy, see Fig. 2.9. Its prediction
accuracy was also compared in dependency of observed flow pattern (only for data sets were
flow patterns were presented), as shown in the right diagram. Yet, new correlations for flow
evaporation and condensation pressure drop were proposed, using an improved correlation
for single-phase frictional factor (Fang et al., 2011).

Refrigerant-lubricant mixtures

From experiments with R22-lubricant mixtures inside smooth and micro-fin tubes (Schlager
et al., 1989), Schlager et al. (1990) proposed a general method for predicting refrigerant-
lubricant mixture pressure drops based on a penalty factor (PFyp) expression.

), (&)
Y = (22 PR, 2.15)
( AL mix AL ref P

This factor should embody the lubricant effect, i.e., the relative pressure drop increase with
respect to the pure refrigerant pressure drop, so that no mixture properties are required
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for using this prediction method. The penalty factor was given in form of two different
empirical correlations.
Starting from the idea of Schlager et al., Eckels et al. (1994) and Eckels et al. (1998b)
proposed a modified easy-to-use prediction method for pressure drops in smooth and micro-
fin tubes. Two different kinds of empirical correlations were proposed for the penalty factor,
yielding a polynomial

PFay = ag+ay (woiro) +az (1) +az (woiront') +as (wi o) +

+as (Woirorit'?) +ae (wg“’o i'?) +az (wgiw) +ag (m?) (2.16)

and a logarithmic

In(PFap) = bo + b1 (woito) +b2 (') + b3 (woiro ') +ba (Wi om') +
+bs (Woil‘O m/z) + be (ngl,o mlz) +b7 (ngo) +bg (m/z) 2.17)

expression, where 7’ = (1i1/250 kgm=2s71), Woil0 is the nominal oil mass fraction and
aj—g and b;_g are constants that need to be fitted. Again, mixture properties were neither
required nor considered.

Nidegger et al. (1997), Ziircher et al. (1997), Ziircher et al. (1998a) and Ziircher et al.
(1998Db) investigated pressure drops of R134a and R407C-oil mixtures inside smooth and
micro-fin tubes of 10.92 — 11.90 mm in inner diameter. In both cases, the oil was completely
miscible. In all tubes, increasing the oil mass fraction and, thus, liquid viscosity caused a
continuous raise in pressure drop, especially at high vapor qualities. A modification of the
Friedel (1979) frictional pressure drop model to account for the change in viscosity was
developed by Ziircher et al. (1998b) by introducing a deterioration factor (fy), see Eq. 2.18.
Here, the exponent (n) of the viscosity has to be fitted individually to the experimentally
investigated refrigerant, such as by using Eq. 2.19.

Ap 2 m
—_— @ ~ 2 n: 2. ] 8
(5 [ )mc ( LO) ref 210 7PL 7 Joi ( )

ne In ((CD%,O)mix) —In ((q)io)ref) (219)

Woil In (foir)

where (@fo)ref and (@%O)mix are the two-phase multipliers for all-liquid pure refrigerant
and mixture flow and foii = (Uoil/ tref) is the lubricant-refrigerant viscosity ratio.

Hu et al. (2008d) conducted two-phase pressure drop measurements of R410a-lubricant
mixtures inside a 6.34 mm smooth tube. Pressure drop was found to increase due to the

presence of oil at all conditions. Three main characteristics of the oil influence were
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2.2 Pressure drop

addressed. (1) Oil promotes early annular flow in the low vapor quality region, thus the
increase in pressure drop with respect to the pure refrigerant was significant. (2) At medium
vapor qualities, annular flow was observed for both pure refrigerant and refrigerant-lubricant
mixture. Hence, the influence of oil on pressure drop was observed being comparatively
small. (3) In the high vapor quality region, the presence of lubricant delays dryout and
maintains the wetting of tube, anew leading to a distinct increase in pressure drop with oil
mass fraction. The authors presented a frictional pressure drop correlation based on vapor
two-phase multiplier (¢y) and mixture properties.

Ap) _ z(AP>
AP _ 42 (2P (2.20)
( AL tp ¢V AL \Y%

The pressure drop of pure vapor flow (Apy) was calculated using the Fanning friction factor
(fv) given by Jung et al. (1989), see Eq. 2.22.

Ap) (rnx)*
— ] =2 (2.21)
(AL \Y4 fV pv di
0.046
fV = Re%2 (222)
where Rey is the vapor Reynolds number.
i d
Rey — X4 (2.23)
Ly

¢v was determined from experimental data (see Fig. 2.10, left) and predicted by an empirical
exponential function of Martinelli parameter (Xi).

Dy = 1+3.52X24 (2.24)

Hu et al. (2009b) continued pressure drop investigations of R410a-lubricant mixtures inside
2.00 and 4.18 mm smooth tubes, resulting in coinciding observations. The distinct pressure
drop increase in the low vapor quality region was further attributed to foaming. A modified
expression for ¢y was proposed to capture the dependency on tube diameter as shown in
Fig. 2.10 (right).

ov =1+ fi(a) x4 (2.25)

where f1(df) = 0.095+ 1.38d; — 0.132d;? and f»(d;") = 0.795 — 0.051d;" are empirical
functions of inner diameter (d;" = d;/ mm).
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Figure 2.10: Vapor two-phase multiplier for R410a-lubricant flow in 6.34mm smooth tube (left) and dependency
of @y on tube diameter (right), published in Hu et al. (2008d) and Hu et al. (2009b), respectively

Under same operating conditions as Hu et al. (2008d), Hu et al. (2008b) performed two-
phase pressure drop measurements for R410a-lubricant inside a 6.50 mm micro-fin tube.
Observations basically match those from smooth tube experiments. However, penalty factors
(PFpp = Apmix /Aprer) for the micro-fin tube are slightly smaller, especially in the low vapor
quality region. This could be explained by annular flow promotion in the micro-fin tube.
Two Lockhart-Martinelli-type correlations with respect to sole vapor (Apy) and sole liquid

), o (3)
2 = = (2.26)
(AL tp d)V/L AL LIV

The pressure drop of liquid/vapor assumed to flow alone in the pipe (Apyv) was calculated
using the Fanning friction factor (fi|v) determined in previous tests, in Eq. 2.29. Liquid
mixture properties were considered. Further, the hydraulic diameter (d,) was used instead

(ApL) were proposed.

of inner diameter.

Ap (1i)*
— =2 2.27
(AL)V v v (2.27)
Ap (i (1—%))°
— =2fi—— 2.28
(AL>L h Pmix dh (228)
0.02
fiy = — (2.29)
o Re%#m
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Figure 2.11: Determined vapor (left) and liquid (right) two-phase multipliers (¢y) for R410a-oil mixture flow
inside 6.50 mm micro-fin tube as function of Martinelli parameter, published in Hu et al. (2008b)

where Rey |y is calculated using the hydraulic diameter (dy) and mixture properties for the

liquid phase.
id
Rey = b (2.30)
v
n(l—x)d
Re; = M (2.31)
Hmix

Two-phase multipliers were fitted to the observed trends pictured in Fig. 2.11 by exponential
functions of Martinelli parameter.

Oy = 14+2.558x)6% (2.32)

0.5
Py — (1 n 10.99xn—1-52) (2.33)

From pressure drop measurements inside a 4.60 mm micro-fin tube, Ding et al. (2009)
proposed modified expressions for the friction factor and vapor two-phase multiplier to be
used in conjunction with the vapor phase correlation by Hu et al. (2008b).

Huang et al. (2010) adopted Eq. 2.34 for flow condensation pressure drop. A graphical
comparison of friction factors following Eq. 2.29 and 2.34 is shown in Fig. 2.12.

0.128
fv= RO (2.34)
Oy =1+ 1.892x%7 (2.35)
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Figure 2.12: Fanning friction factors determined experimentally inside 6.50 mm and 4.60 mm micro-fin tubes by
Hu et al. (2008b) and Ding et al. (2009)

The range of applicability of above mentioned correlations based on a modified two-phase
multiplier model, however, is limited by the investigated range of operation and mathema-
tically. As Awad (2010) insisted, there is a discontinuity of the vapor phase expression at
high values of Martinelli parameter when using Eq. 2.32. The opposite would be the case
for the liquid phase expression at low values of Martinelli parameter using Eq. 2.33. This
problem generally arises from definition if polynomial functions for QD%, and CDI% are not of
orders of 2 or —2, respectively.

Barbosa et al. (2004) and Castro et al. (2009) carried out experiments with refrigerant-
oil mixtures of high oil mass fractions (w; > 50 wt.-%) and the refrigerant out-gassing
along the unheated small diameter smooth tube. Barbosa et al. developed a pressure drop
correlation for mineral 0il-R12 mixture flow in a 2.88 mm tube based on vapor two-phase
multiplier given in Eq. 2.36.

: R
DL =124 wout (1.95exp6.94x 103V L) x 1 x2  (236)
1—x Rer,

where Rey and Rey, are the vapor and liquid Reynolds numbers, respectively, and X is the
Martinelli parameter.

Castro et al. modified the expression for @%, to fit their pressure drop data of POE oil-R134a
mixture flow inside a 3.22 mm tube.

5 R 2.19
P2 =538 " o+ [ 1.36exp 7.96 x 1075 [ —¥ X+X2 (237
1—x ReL
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2.3 Heat Transfer

Flow boiling measurements by Han et al. (2013) for homogeneous R1234yf-POE oil
mixtures inside a 6.44 mm micro-fin tube revealed typical trends of two-phase pressure drop
with respect to mass flow rate, saturation temperature, vapor quality and heat flux. The
pressure drop increased by up to 30 % when increasing the oil mass fraction to 5 wt.-%,
related to changes in viscosity and surface tension.

2.3 Heat Transfer

Pure/mixed refrigerants

Schael (2009) concluded that the Steiner (2002) correlation predicts flow boiling heat transfer
coefficients in smooth and micro-fin tubes accurately by specifying both, fluid-dependent
parameter and heat flux exponent. The two-phase heat transfer coefficient is defined by
cubic superposition of nucleate (¢,) and convective () boiling contributions.

1/3
o = (o + )" (2.38)

Due to its explicit development for micro-fin tubes, the correlation of Cavallini et al. (1999)
predicted micro-fin tube heat transfer coefficients equally well, later confirmed by Rollmann
et al. (2011) for R407C flow boiling in a similar tube as used in this work. Cavallini et al.
used a linear superposition of nucleate (¢,,) and convective () boiling contributions.

OYp = Olyp + Olepy (2.39)

where oy, is given as slightly modified Cooper correlation (Eq. E.150, App. E.3), but the
general heat transfer behavior is enclosed in Oy,

v . Z
ey = {0.023Re(ﬂ'8Pr£/ 3F;2‘} {R; (BoFry)' (‘2’) <m°> } (2.40)

m

where the first combined term corresponds to the heat transfer performance in a smooth tube
and the second term accounts for the influence of the micro-fin structure.

From flow boiling measurements with five refrigerants including CO,, Oh et al. (2011)
developed a new Chen-type heat transfer correlation valid for small diameter tubes
(0.5...3.0 mm), see App. E.3. Convective boiling multiplier (F, Eq. 2.41) and nucleate
boiling suppression (S, Eq. 2.42) factors were both given as functions of liquid pressure
drop two-phase multiplier (@1 ) for considering laminar flow in small tubes.

F =max {1; 0.76 +0.023 7>} (2.41)
§=0.279@, 08By 008 (2.42)
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Refrigerant-lubricant mixtures

Ha and Bergles (1993) investigated R12-3GS lubricant mixtures flow boiling heat transfer
inside a micro-fin tube. Heat transfer coefficients of R12 strongly depended on mass flow
velocity, hence indicating convective boiling dominance. From that point, it was obvious
that heat transfer was significantly deteriorated by increasing the oil mass fraction in the
mixture, since a rising in liquid viscosity leads to lower Reynolds numbers and tends towards
laminar flow. This effect can clearly be seen in the left diagram of Fig. 2.13 in dependency
of vapor quality. Pure R12 convective heat transfer coefficients are greatly augmented with
the vapor quality, whereas the most oil-rich mixture even revealed a steady decrease along
the evaporation progress.

Using the same type of correlation procedure as for the pressure drop, Eckels et al. (1994)
and Eckels et al. (1998b) proposed a method for predicting heat transfer coefficients in
smooth and micro-fin tubes. Analogous to Eq. 2.15, mixture heat transfer coefficients were
related to pure refrigerant heat transfer coefficients by means of an enhancement factor (Ey,).
Empirical correlations were suggested, refer to Eq. 2.16 and 2.17 in Sec. 2.2.

Olmix = Oef Eq (243)

Especially for modeling heat transfer of refrigerant-oil solutions and comparing experimental
data to predicted values by correlations, using the "right" temperature is important. Affecting
mixture properties, the bubble point temperature and hence wall superheat is dependent on
local oil mass fraction. Consequently Thome (1995) proposed a thermodynamically sound
approach, including the substitution of pure refrigerant saturation temperature by mixture
bubble point temperature for correct specification of the heat transfer coefficient.
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Figure 2.13: Influence of lubricant mass fraction on R12-mineral oil (left) and R134a-POE oil (right) mixture
heat transfer coefficients, presented by Ha and Bergles (1993) and Hambraeus (1995), respectively
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Hambraeus (1995) studied the effect of different ester lubricants on flow boiling heat transfer
of R134a. While two oils used had comparable properties (miscible with R134a, similar
viscosities), the third oil was not miscible and significantly more viscous. It was found out
that the viscosity had a major impact on heat transfer performance, while partial miscibility
was of no importance. Heat transfer coefficients decreased under nearly all conditions, see
Fig. 2.13 (right), for instance. The correlation by Shah (1982) along with using mixture
properties was identified as best predictive method. The observed trend of decreasing heat
transfer with increase in oil mass fraction was correctly captured.

Nidegger et al. (1997), Ziircher et al. (1997), Ziircher et al. (1998a) and Ziircher et al. (1998b)
conducted flow boiling heat transfer experiments using R134a and R407C oil mixtures inside
smooth and micro-fin tubes of 10.92 — 11.90 mm in inner diameter. The oil was completely
miscible in both fluids. Smooth tube results of both refrigerants were generally similar,
revealing a heat transfer enhancement at low mass flow velocities and intermediate vapor
qualities and a steady decrease with increasing oil mass fraction at higher mass flow rates.
At high vapor qualities, a sharp drop in heat transfer coefficient occurred, attributed to
the increase of liquid viscosity with local oil mass fraction and associated to the strong
convective boiling behavior observed. Inside the micro-fin tube, a controversial influence of
oil at intermediate vapor qualities was observed in some extend. Heat transfer coefficients
of R134a significantly diminished at low mass flow velocities, which was suggested to
be related to oil hold-up in the micro-fins. At higher mass flow velocities, heat transfer
coefficients were partially enhanced at intermediate vapor qualities. For R407C-oil mixtures,
heat transfer coefficients did not show that sharp decrease in heat at low mass flow rates,
instead heat transfer steadily decreased with increasing oil mass fraction over the full range
of operation. In addition, foaming was observed for R407C-oil mixtures with increasing
intensity as local oil mass fraction increased.

Ziircher et al. (1998b) presented a general approach of modeling heat transfer coefficients of
refrigerant-lubricant mixtures based on the Kattan et al. (1998b) model. Strong convective
boiling behavior and the liquid viscosity as main influencing parameter were identified.
Therefore, an adaptation of the model was proposed by either using a multiplication pre-
factor inside the convective boiling contribution term (Eq. 2.44) or, even more compre-
hensive, incorporating the liquid refrigerant-lubricant mixture viscosity in the correlation
(Eq. 2.45). This would yield the additional benefit of accounting for changes in transition
boundary curves of the underlying flow pattern map. Predictions agreed well with the
experimental data, ascribed to the strong convective boiling contribution.

Lo 0.4—n
O = CRef Prp* ( :) (2.44)
Te
o = CRe" . Pro:+ (2.45)
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where Rey is the Reynolds number of the liquid film according to the model and calculated
using pure refrigerant properties, Pry, is the liquid Prandtl number and p.r and U are the
viscosities of the pure refrigerant and pure lubricant.

In flow boiling experiments of R22-NM56 mixtures inside a 6.34 mm smooth tube, Wei
et al. (2007) observed an enhancement in heat transfer with increasing oil mass fraction
in the low vapor quality region. This could be related to the promotion of annular flow
due to the presence of oil. The converse effect was observed in the high vapor quality
region. Further, these effects are reduced with increasing mass flow velocity. In the small
diameter tube (2.50 mm), the enhancement effect was markedly reduced. At high mass
flow rates (300 kgm~2s~!) heat transfer was deteriorated in the whole range of operation.
This was explained by a change from turbulent to laminar flow, lower liquid flow velocity
and annular flow throughout all experiments conducted. Reviewing available heat transfer
correlations, the authors suggested a new correlation for small diameter tubes based on
two-phase multiplier (E) as first proposed by Shah (1982) and modified by Kandlikar (1990).
The proposed correlation, given by Eq.2.46-2.48, requires using mixture properties for the

liquid phase.
o =E o (2.46)
E = ap+ (a1 Co™ +a Bo™) Frf® + wy; a3 (x(lmfinsx))"“ (2.47)
g, = max {4.364 ’ls:" , 0.023Re?8 prd4 ’lc‘z"‘} (2.48)

At the same test facility, Hu et al. (2008c) conducted heat transfer experiments inside a
6.34 mm smooth tube using mixtures of R410a and fully miscible POE6S. In the low vapor
quality region it was found out that the heat transfer coefficient was enhanced continuously
by increasing the oil mass fraction. With increase in vapor quality, the maximum in heat
transfer coefficient was shifted towards lower oil mass fractions. Increasing significantly
with mass flow velocity, heat transfer coefficients further showed a strong convective boiling
behavior. No further discussion of their results was given.

To accurately correlate the experimentally obtained heat transfer data, the heat transfer model
by Kattan et al. (1998c) was applied using mixture properties for the liquid phase. Herein,
both liquid and vapor phase are regarded separately in calculating the overall two-phase
flow boiling heat transfer coefficient (0p).

Bdry 1— edry
o
v 2

% =57

(0 +03)"? (2.49)

where g,y is the dry angle of unwetted tube perimeter, oty (calculated using Eq. E.144)
is the vapor heat transfer coefficient at the dry tube perimeter and o, (calculated using
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Eq. E.150) and o}, are the nucleate and convective boiling heat transfer contributions at the
liquid-wetted tube wall, respectively. o, was correlated by the Nusselt correlation

A
Nu = ap FL = CRe]! s Pr{ (2.50)

where Ap, (= Amix), is the heat conductivity of the liquid (mixture), § is the liquid film
thickness, Re s and Pry, are the liquid film Reynolds and Prandtl numbers.

4mé (1 —x)

Re (2.51)

RO T (1-g)

ndi(1—¢)

§= " 2.52

2(27— Ouy) (2.52)

Ostrat stratified flow
Tiy-1|A — 11
edry = < Ogprar <W) wavy flow (2.53)

0 annular flow

Prediction of dry angle, film thickness and thus liquid Reynolds number requires the
knowledge/prediction of flow pattern. As reviewed in Sec. 2.1, Hu et al. recommended
using the flow pattern map by Wojtan et al. (2005a) in conjunction with refrigerant-lubricant
mixture properties. By rearranging Eq. 2.49 and 2.50 to Eq. 2.54 and fitting C and m to the
experimental R410-POE mixture data, C = 0.027 and m = 0.635 were obtained.

1/3
27T06tp—9dryav)3 3 04 O A
ST T Ay TV ) Pr —CRe"; 2y (2.54)
< < 2 T— edry nb L A'mix L,5

Hu et al. (2009a) continued heat transfer measurements inside a smaller sized 4.18 mm
smooth tube. Similarly to the 6.34 mm tube experiments, heat transfer coefficients were
greatly enhanced in the low and medium vapor quality region (x < 0.7). The prediction
accuracy of the Kattan et al. (1998c) heat transfer model in junction with the Wojtan et al.
(2005a) flow pattern map was investigated. However, simple linear fit on logarithmic scale
of Eq. 2.54 using the same constants C and m over the full range of investigated oil mass
fractions (see Fig. 2.14) did not yield a satisfying accuracy. Instead, 2"¢ order polynomial
functions of the nominal oil mass fraction (we; 0) were proposed.

2
C _ 674'18721'04W0i110+377‘5W0i1,0 (2.55)

m = 0.686 +5.35woito — 69.6 W3 ¢ (2.56)
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Figure 2.14: Plot of In(Y) as function of In(Rer ), published in Hu et al. (2009a)

Hu et al. (2008a) proposed a correlation based on the Gungor and Winterton (1986) model
for predicting R410a-lubricant mixture flow boiling heat transfer in a 6.50 mm micro-fin
tube. Herein the fin-bottom diameter of the micro-fin tube was chosen as characteristic
length. Further, the authors introduced mixture properties to be used for the liquid phase.

E =1+33686.87Bo""1® 4 1.169 X, 0% (2.57)
S=1+253x10ERe/ 17 (2.58)
0y, = E (Erp apB) + S 0co (2.59)

where E and S are the convective boiling enhancement and nucleate boiling suppression
factors, Erp is the ribbed tube enhancement factor, apg and O, the heat transfer coefficients
calculated by Dittus-Boelter and Cooper correlations.

he) 02! B 0.29\ 7
Epp =41+ 2.64Reﬂ'°36Pr[0'024 <1f> (9()0) (2.60)

where Bo is the Boiling number, Xy, is the Martinelli parameter, 4 is the fin height, /7 is
the axial fin pitch and f is the helix angle. Reynolds (Rer ) and Prandtl (Pr) numbers are
calculated using mixture properties.
Rep, =i (1 —X) dg p 2 (2.61)
Pr. = Cp,mix Hmix A (2.62)

‘mix
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Figure 2.15: Comparison of measured to predicted heat transfer coefficients of R410a-lubricant mixtures by
Hu et al. (2008a) correlation (left) and Hu et al. (2014) correlation (right), published ibidem

Even though predicting most data points within a deviation of 30 %, the correlation does
not capture the experimental trend precisely, as shown in Fig. 2.15.

Hu et al. (2014) extended the heat transfer database to smaller sized micro-fin tubes of
4.60 and 3.56 mm in inner diameter and different fin-geometries. In general, observations
matched those inside the conventional sized 6.50 mm micro-fin tube. Increasing fin height
and number lead to an increase in heat transfer coefficient of 5 —25% under most conditions.
The previously developed heat transfer correlation by Hu et al. (2008a) was adopted to the
enlarged database by (1) substituting the Cooper correlation by Rohsenow correlation for
nucleate boiling and (2) re-fitting the parameters of Eq. 2.57 and 2.58.

Oy — % (2.63)
0.33
AT — Cse Ahy q ( Omix ) 03 (Cp,mix Hmix ) 173 (2.64)
Cpmix  \ Hmix Aty \ & (Pmix — PV) Amix '
Css = 0.0517 +4.24wy; + 0.066 (SPwe[/Sbe) (2.65)
E =1416921Bo"!® +1.231x, 0% (2.66)
S=1+1203x 10 *E!"»Re]"" (2.67)

where ¢ is the heat flux, AT is wall superheat, Cy is a boiling fluid-surface dependent
parameter and SPy; and SPyy are not further discussed tube perimeters.

Experimentally determined flow boiling heat transfer coefficients of R1234yf-POE oil
mixtures inside a 6.44 mm micro-fin tube were presented by Han et al. (2013), agreeing
well to predicted values by Schlager et al. (1990) and Eckels et al. (1998a) correlations.
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Heat transfer coefficients were mainly found to be deteriorated due to the presence of oil.
Heat transfer enhancement was reported for a limited range of operation, such as at high
mass flow rate along with low vapor qualities. Further, the presence of oil influenced the
occurrence of dryout yielding a sharp drop in heat transfer at a certain quality. Dryout
quality decreased with increasing oil mass fraction.

2.4 CO, and COs-lubricant mixtures
Pure CO,

Schael (2009) investigated flow boiling characteristics of pure CO, in a wide range of
operation, using the same 14 mm smooth tube and 8.62 mm micro-fin measurement sections
as in the scope of this work. The typical strong nucleate boiling behavior of CO, was clearly
observed. From visual flow observations as well as from peripheral local heat transfer
coefficients, the effect of flow pattern on heat transfer performance and the significance of
its precise predictability was illustrated. Hence, flow patterns were compared to available
predictive methods in literature. A fairly good agreement for smooth tube data was achieved
with the flow pattern maps of Steiner (2002) and Thome and El Hajal (2003). Flow patterns
in the micro-fin tube especially revealed a wider annular flow regime as predicted, but were
still predictable by Steiner to some extend. Significant differences, for both tubes, were
encountered at the intermittent-annular transition. This transition has been regarded as
independent of mass flow velocity (i.e., at a constant Martinelli parameter and thus vapor
quality) throughout all modifications of the original Taitel and Dukler (1976) map made
up to this point. Schael as well as several other authors in literature, among others Park
and Hrnjak (2007a), Barbieri et al. (2008), Higashiiue et al. (2008), Ozawa et al. (2009),
Mastrullo et al. (2012a) and Grauso et al. (2013a), found this transition to be inaccurate.
Schael derived the following transition condition from his data, which was found to apply
for the micro-fin tube as well.

0.5 it % b
Frymia "= —— =aX 2.68
Vm,I-A <gdi PL PV ) tt ( )

where Fryp, 1—a represents the I-A transition averaged vapor Froude number. The empirical
parameters yield a = 0.85 and b = —0.35 for the smooth tube and a = 0.55 and b = —0.50
for the mirco-fin tube.

Heat transfer coefficients were well predicted in trend and value by the Steiner (2002)
correlation, that was introduced in Sec. 2.3. Performing modifications for the fluid dependent
parameter Cp and heat flux exponent n(p;), 93.1 % (smooth tube) or 82.4 % (micro-fin tube)
of the measured data was predicted within +30 % error with deviations of MAPE = 13.5 %
and MAPE = 17.3 %, respectively. Moreover, experimental heat transfer coefficients in the
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2.4 CO; and CO;-lubricant mixtures

micro-fin tube were also in good agreement to predicted values by Cavallini et al. (1999)
correlation, which was specifically developed for micro-fin tubes by considering the special
tube geometry.

Cg=1.57 (2.69)
0.75—0.027 x 10"?°”r smooth tube
n(py) = (2.70)
0.44 micro-fin tube

Smooth tube frictional pressure drops were predicted with high accuracy by the empirical
correlation of Miiller-Steinhagen and Heck (1986) and the homogeneous model of Storek
and Brauer (1980). Besides, both correlations were modified to fit micro-fin pressure drop
data by introducing correction factors (Cicro-fin, S€€ Eq. 2.71-2.72), yielding outstanding
prediction accuracy.

Chicro-fin = 1.63 (Miiller-Steinhagen and Heck) 2.71)
Chicro-fin = 2.6 — 1.52x (Storek and Brauer) 2.72)

Based on a large CO; heat transfer data base, Cheng et al. (2008a) presented an updated
flow pattern map of Cheng et al. (2006), see App. E.1. As in preceding flow pattern maps,
e.g., by Steiner (2002), Kattan et al. (1998a), Ziircher et al. (2002), El Hajal et al. (2003) and
Wojtan et al. (2005a), transition from intermittent to annular flow was assumed at a constant
value of Martinelli parameter. Based on the updated flow pattern map, a colligated frictional
pressure drop model was proposed (given in App. E.2). It was developed by modifying the
Moreno Quibén and Thome (2007b) pressure drop model, which was validated for R22,
R410a and R134a, using CO, pressure drop data from five different sources in literature as
basis for validation. Frictional pressure drops are calculated from correlations derived for
each of the eight distinguished flow patterns. That implies an inevitably connection to the
Cheng et al. (2008a) flow pattern map and relies on its accurate prediction. The same counts
for the updated Cheng et al. (2006) heat transfer model by Cheng et al. (2008b), compiled
in App. E.3.

Cho and Kim (2007) determined heat transfer coefficients and pressure drop of CO; by
experiments inside 4.0 — 8.9 mm micro-fin and smooth tubes. The flow boiling behavior
described mainly followed the trend as typically observed in literature. Pressure drops
and heat transfer coefficients increased with decreasing tube diameter. Heat transfer was
dominated by nucleate boiling. The trend in saturation temperature, however, was different
than expected as it reversed upon passing +5 °C, see Fig. 2.16 (left). The right diagram in
Fig. 2.16 shows data by Oh and Son (2011) under similar operating conditions.
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Figure 2.16: Effect of saturation temperature on CO, flow boiling heat transfer coefficient in 4.0 — 4.5 mm
smooth tubes under similar conditions, published in Cho and Kim (2007) and Oh and Son (2011)

Recently, Mastrullo and Grauso extensively studied CO, flow boiling characteristics inside a
6 mm smooth tube. Mastrullo et al. (2009) reported of first heat transfer experiments carried
outat —8 °C < Ty < +6 °C. The well known strong nucleate boiling contribution of CO, was
confirmed. The influence of flow pattern on peripheral local heat transfer coefficients was
shown by measurements varying the mass flow rates and thus the flow regime, especially
in the medium and high vapor quality region. For the heat transfer database obtained,
Mastrullo et al. (2010) conducted a comparison to available correlations in literature. The
correlation by Cheng et al. (2008b) was the only one that could follow the trend of heat
transfer coefficients and yielded good accuracy. Mastrullo et al. (2012b) and Mastrullo et al.
(2012a) investigated two-phase flow pattern and its influence on local heat transfer. Visual
observations and information from peripheral local heat transfer coefficients were compared
to the Cheng et al. (2008a) flow pattern map, ascertaining poor agreement of measured and
predicted flow regimes. Particularly, transitions from slug/intermittent to annular flow and
further to dryout did not match the authors’ observations, see Fig. 2.17. New transition
lines were proposed, given in App. E.1. Associated to the flow visualization experiments,
Grauso et al. (2013b) presented local heat transfer measurements and elucidated the effect
by flow pattern. Comparing experimental frictional pressure drops to predictive models in
literature, Mastrullo et al. (2010) and Grauso et al. (2014) determined great deviations for
the Cheng et al. (2008a) pressure drop model, while models by Miiller-Steinhagen and Heck
and Friedel (1979) were found to deliver a precise prediction.
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Figure 2.17: High-speed video recording of flow patterns of pure COjinside a 6 mm smooth tube (left)

and comparison of observed flow patterns (Oslug | Xintermittent | Aannular | ’dryout) to Cheng et al. (2008a)
flow pattern map (right), published in Mastrullo et al. (2012a)

Dang et al. (2010) investigated flow boiling heat transfer of CO, in a small-sized micro-
fin tube (d; = 2.0 mm) at an elevated saturation temperature of +15 °C. Heat transfer
coefficients strongly increased by increasing the heat flux, while being deteriorated by an
increase in mass flow velocity. Thus, nucleate boiling was dominant. At higher heat fluxes,
deterioration with mass flow velocity is weakened, indicating a stronger nucleate boiling
suppression by convection in the micro-fin tube. Based on a cylindrical surface area with
mean inner diameter of the micro-fin tube, heat transfer coefficients increased by a factor
of 1.8 — 2.2 with respect to smooth tube experiments, attributed to an area enlargement of
factor 2. The onset of dryout was shifted to much higher vapor qualities in the micro-fin
(%gry > 0.90) tube than compared to the smooth tube (0.60 < Xgy > 0.85).

A new Nusselt correlation for flow boiling heat transfer was proposed by Fang (2013),
introducing a new dimensionless parameter specified as Fa. According to the author,
it accounts for the relative influence of surface tension and buoyancy forces on bubble
formation and bubble departure, respectively.

Fa— M (2.73)

i dy

The correlation was specifically developed for CO, and comprises a large database of
nearly 3000 experimental data points from 13 studies found in literature. A wide range of
operating conditions is covered, however, its validity is limited to a maximum tube diameter
of 7.75 mm and most data points (64.6 %) were obtained from experiments in tubes having
hydraulic diameters < 3 mm.
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CO,-PAG/PAO mixtures

As can be seen from Tab. 2.2, most investigations for CO,-lubricant mixtures were carried
out using either PAG or POE lubricating oils. POE lubricants and CO, are generally well
miscible at common oil mass fractions and a certain lower temperature range. Contrarily,
mixtures of CO;, and PAG lubricants usually exhibit a strongly pronounced miscibility gap.
This leads to the formation of three phases: a pure CO; vapor phase (1), a CO,-rich liquid
phase (2) and an oil-rich layer with dissolved CO, (3).

Gao and Ono conducted flow boiling experiments inside small-sized smooth and micro-fin
tubes (3.00 > d;/ mm > 3.75) using CO,-PAG100 lubricant mixtures at constant saturation
temperature of +10 °C. Measurement sections were heated directly by Joule-heat or by
wrapped film-heater, respectively.

Heat transfer measurements of Gao and Honda (2006) and Gao et al. (2007) showed that
pure CO; heat transfer was dominated by nucleate boiling contribution in both tubes. In
contrast to the smooth tube, the micro-fin tube remained wetted upon increasing the vapor
quality, thus yielding high and constant heat transfer coefficients. The addition of oil resulted
in a sharp drop in heat transfer due to the formation of an oil rich phase at the tube wall.
Measurements inside the micro-fin tube revealed, that convective boiling gained greater
importance at the high mass flow velocity (770 kgm=2s~1).

Narrowing the range of mass flow rates to 100 — 500 kgm~2s~!, Gao et al. (2008b) and
Ono et al. (2010) continued flow boiling measurements investigating heat transfer, pressure
drop and flow pattern. Heat transfer coefficients showed the same trends as observed before,
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Figure 2.18: Effect of mass flow velocity on flow boiling heat transfer of pure CO; (left) and CO,-PAG oil mixture
(right, weij = 0.7 wt.-%) in a 3.04 mm micro-fin tube at 410 °C, published in Gao and Honda (2006)
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Figure 2.19: Effect of PAG oil mass fraction on CO; flow boiling heat transfer inside 3.75 mm smooth (left) and
micro-fin (right) tubes (+10 °C, 190 kgm2s~!, 10 kW m™2), published in Gao et al. (2008b)

i.e., nucleate boiling dominance and the effect of partial dryout for the smooth tube while
the micro-fin tube remained wetted for all vapor qualities. The addition of oil caused a sharp
drop at an oil mass fraction of 0.1 wt.-%, while further raising the oil mass fraction did not
show any effect. While smooth tube heat transfer coefficients dropped by up to 50 % with
respect to pure CO,, deterioration in the micro-fin tube turned out to be > 75 %. The authors
concluded that heat transfer was dominated by convective boiling in the case of CO,-PAG
oil mixtures, to the contrary of pure CO,. Heat transfer characteristics of CO,-PAG oil
mixtures were reasoned by an early formation of oil-rich film stagnating at the bottom of
the tube wall. Experimental results published are shown in Fig. 2.19

Pressure drops were found to increase by up to 70 % with respect to the smooth tube. At
vapor qualities of X < 0.7 no significant influence of PAG oil on pressure drop was observed.
However, further rising the vapor quality yielded an increase in pressure by up to 100 %
in comparison to pure CO,, attributed to an increase in thickness of the liquid oil film and
the reduction of effective cross-sectional flow area. In case of pure CO,, the homogeneous
model provided an accurate prediction for both tubes.

In the smooth tube, slug and wavy flow patterns dominated for both CO, and CO,-PAG oil
mixtures. The spiral grooves of the micro-fin tube caused an early transition to annular flow,
i.e., slug-to-annular and wavy-to-annular transitions shifted to lower mass flow rates and
vapor qualities. Predicted flow patterns by Cheng et al. (2008a) showed good accordance
to observations made in the micro-fin tube but did not agree well with smooth tube flow
patterns, as can be seen in Fig. 2.20.
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Figure 2.20: Adiabatic flow patterns observed for CO, flowing inside 3.75 mm smooth (left) and micro-fin (right)
tubes at a saturation temperature of +10 °C, published in Gao et al. (2008b)

Under similar conditions using the same type of oil, Katsuta et al. (2008) investigated flow
boiling heat transfer, pressure drop and dryout quality of CO,-PAG mixtures inside a smooth
tube. From measurements it was concluded that pressure drop increases with oil mass
fraction and vapor quality while being independent of heat flux. The vapor quality at which
pressure drop exhibits a steep rise tends towards lower values with increasing oil mass
fractions. Heat transfer coefficients are severely reduced with presence of very small oil
amounts, attributed to the formation of an oil-rich layer at the tube wall. However, further
increasing the oil mass fraction does not affect heat transfer significantly. The vapor quality
of dryout is continuously reduced with rise in oil mass fraction.

Based on their results, the authors modified pure refrigerant correlations for use with CO;-
lubricant mixtures by means of the oil contamination approach. Friction pressure drop
was predicted by a Lockhart-Martinelli-type correlation, adjusting the liquid two-phase
multiplier (¢ o) to flow conditions (Eq. 2.74-2.76).

A A
(1’) - (1’> 2 (2.74)
AL fric AL LO
(0.374 In (Xn_l) + 0.908) P (0] annular
dro = pv (2.75)
1 PL
(0.309 In (X ') +0.773) o ®  slug/froth
v
1.0 Rero <2500
= o 2.76)
1.3X Rer o > 2500

where (Ap/AL)|  is the all-liquid pressure drop, py |y is the liquid/vapor density, Xy is the
Martinelli parameter and Rey o is the all-liquid Reynolds number.
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For heat transfer, a modified Chen-type correlation was proposed. Hereafter, two-phase
flow boiling heat transfer coefficient (0p) is calculated from linear superposition of forced
convective (¢p) and nucleate boiling (o) heat transfer contributions.

Olip = Och + Olnb (2.77)

Contrary to Chen (1966), the Stephan-Abdelsalam Equation and a newly introduced oil-
factor (¢,;) were introduced for predicting nucleate boiling heat transfer.

A
o= ppF = 0.023Rel8prd* (;) F (2.78)
i
qd 0.745 Pv 0.581
Oy = OlsA S @oit = 207 ( ‘ ) () P S gy (2.79)
M T PL

where ¢ is the heat flux, 7; is the saturation temperature and Rey, and Prp, are the liquid
Reynolds and Prandtl numbers. Fluid properties (AL, py|y) correspond to those of pure
CO,. Forced convection and nucleate boiling term multipliers (F, S and @,;) are given by

Eq. 2.80-2.82.
1 0-886 ov 3/ 1\09
F=1+4+0.258 () +92.32 (> () (2.80)
Xtt PL Xt[
S=1In (2.332 Bo¥S18 B! 27 0964 Ret;,o-g“) 2.81)
-1
Ooit = (1 1 OCRO-698 B0-207 Bd0.912) (2.82)

At last, the authors gave an adapted expression for the prediction of dryout quality (X4ry),
regarding the influence of oil by introducing a dryout factor (1) ary,0i), see Eq. 2.83-2.84.

xdl’y —0.269 R60.057l Fr0.0697 B070.0519 ndry,oil (283)
1.0 OCR < 1 .84
Ndry,oil = .
YT 1169 exp{—0.170CR}  OCR > 1

Dang et al. (2006) and Dang et al. (2013) conducted flow boiling experiments in horizontal
smooth tubes, investigating heat transfer and pressure drop of CO,-lubricant mixtures
containing 0 ... 5 wt.-% partial miscible PAG oil at a saturation temperature of +15 °C.
Concordantly to observations for CO,-PAG oil mixtures discussed before, heat transfer
coefficients sharply decreased at a low oil mass fraction, see Fig. 2.21. This critical oil
mass fraction was found to be depended on tube diameter (W = 1 wt.-% for d; = 6 mm).
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Figure 2.21: Effect of PAG oil on CO, flow boiling heat transfer inside 4 mm and 6 mm smooth tubes
(conditions: +15°C, 720 kgm2s~!, 18 kWm™2), published in Dang et al. (2013)

Further increasing the oil mass fraction did not influence heat transfer. Heat flux was found
to positively influence heat transfer only for low mass flow velocities and vapor qualities,
while in the other case no influence was observed. The authors concluded that lubricant
suppresses nucleate boiling in pre-dryout region, thus leading to a greater influence of
convective boiling at high mass flow velocities and vapor qualities. Diabatic pressure drop
increased with oil mass fraction, attributed to a higher liquid viscosity and the formation of
an oil-rich layer along the inner tube wall. At high oil mass fraction of 5 wt.-%, pressure drop
increase was up to +80 % in comparison to pure CO,. Observations made by the authors
apply well to those by Ono et al. (2010) for the same type of CO,-lubricant mixtures.

Li et al. (2014) developed a correlation for the two-phase heat transfer coefficient (op)
based on cubic superposition of convective (0,) and nucleate boiling (¢,,) contributions as
suggested by Steiner and Taborek (1992).

ap = | (o)’ + (anb)ﬂ (2.85)

O, and oy are given as proposed by Chen (1966), i.e., by Dittus-Boelter and Forster-
Zuber Equations extended by two-phase forced convection multiplier and nucleate boiling
suppression factor, respectively. In contrast to other approaches in literature (e.g., by
Aiyoshizawa et al. (2006), Katsuta et al. (2008) and Gao et al. (2008a)), these terms are
expressed by using CO;-lubricant mixture properties instead of those for pure refrigerant.
This step was concluded to be essential in order to correctly cover the lubricant influence.

mix © " mix d
i

e, = app F = 0.023Re%8 pro:4 (Am“> F (2.86)
0.79 045 049
Qb = Oz S = 0.00122 ( Mmix__p.Mix T X > ATO2# AP 73 8 (2.87)

0.5 1;0.29 A7,0.24 50.24
o-mixumix Ahv pV
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2.4 CO; and CO;-lubricant mixtures

where AT = Ty, — Ty(p) is the wall superheat, Ap = ps(Ty) — p is the vapor pressure dif-
ference at the wall superheat, p and Ty (= f(p)) are the actual system pressure and cor-
responding saturation temperature, respectively, Ty, is the wall temperature, ps(Ty) is the
saturation pressure of the fluid in near tube wall surface region and Reix is the two-phase
Reynolds-number (see Eq. 2.88)

Repmix = rit (1 — %) di L (2.88)

Two-phase multiplier (F) for convective and suppression factor (S) for nucleate boiling heat
transfer contributions were modified to fit the experimental data of Dang et al. (2013).

-1
§ = Soi (0.9+0.4 (Rey i x 107)" / (Box 10%)"*) (2.89)
1.0, X > 10
F= Los (2.90)
2.55 (0413 +1/X)"%, X, <10
Retp,mix = Remix F1‘25 2.91)

where S,j was introduced as specific suppression factor to capture the influence induced
by the presence of lubricating oil and Reyp mix as modified two-phase Reynolds number.
Even for mixtures of very low oil mass fraction (wq;; = 0.005), nucleate boiling heat transfer
diminished by > 50 % compared to pure CO,. This observation was explained by formation
of an oil-rich layer (wo; > 0.5) at all operating conditions when using immiscible CO,-PAG
oil mixtures. Hence, for flow boiling heat transfer measurements by Dang et al. S; follows
Eq. 2.92, ranging from 0 < Sy < 0.5. As stated by Dang (2014) for miscible CO,-POE oil
mixtures, no significant influence should be observed at low oil mass fractions.
Woil

21 (1 — wop)
Soi = 1 (CO,-POE oil mixtures) (2.93)

Soil = (CO,-PAG oil mixtures) (2.92)

CO,-POE mixtures

Often cited in literature, Hassan (2004) investigated flow boiling of CO;-lubricant mixtures
at low temperatures (—30...— 10 °C) and mass flow velocities (90...125 kg m~2s7 1) inside
a 10 mm smooth tube. Heat transfer coefficients were reported for oil mass fractions ranging
from 0.2 — 7.0 wt.-%. The oil was completely miscible with CO,. At a constant oil mass
fraction, the overall trends with mass flow velocity, saturation temperature and heat flux were
analogous to those observed for pure CO,. When increasing the oil mass fraction, however,
heat transfer coefficients were continuously diminished over the whole range of discussed
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data. Experimental data was compared to correlations by Shah (1982) and Kandlikar (1990).
Additionally, the influence of viscosity on the prediction was investigated. Calculations
were performed using the pure refrigerant property in one case and mixture viscosity in the
other case. As a result, the overprediction of heat transfer coefficients was reduced. The
Kandlikar correlation yielded an acceptable accuracy with RMSE = 15 % for all data.
Miiller and Eggers (2008) investigated heat transfer characteristics of CO,-lubricant mixtures
in a vertical 9.4 mm smooth tube. Two lubricants were used: fully miscible POE and partially
miscible PAO oil. However, the authors stated that no difference in flow heat transfer
behavior was noticed. Only one diagram was presented showing flow boiling heat transfer
coefficients of CO,-POE oil mixtures as function of vapor quality. Heat transfer coefficients
decreased monotonously as the oil mass fraction was increased from 1 to 4 wt.-%.
Between 2007 and 2012, Zhao and Bansal reported on experimental flow boiling heat
transfer investigations of CO, and CO;-oil mixtures at low temperatures (< —25 °C) inside
smooth and micro-fin tubes. Zhao and Bansal (2007) carried out experiments with pure
CO; inside a 4.57 mm smooth tube, presenting only very few data points at —30 °C. The
database was extended by Zhao and Bansal (2009) to saturation temperatures between —15
and —40 °C. Analogous to Schael (2009), the authors determined a strong nucleate boiling
dominance on heat transfer, while a contribution by convective boiling was detectable only
at very low temperatures due to an increase in liquid-vapor density ratio. Comparable results
were obtained by Zhao and Bansal (2012) from measurements in a 7.31 mm micro-fin tube
as shown in Fig. 2.22 (left). However, convective boiling heat transfer was more pronounced,
see Fig. 2.22 (right). As previously found out by Schael, heat transfer coefficients were well
predicted by the correlation of Liu and Winterton (1991) in the case of the smooth tube, and
predicted values by Cavallini et al. (1999) were most accurate for the micro-fin tube.
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Figure 2.22: Heat transfer coefficients of pure CO; in a 7.31 mm micro-fin tube at x < 0.05 (left) and comparison
of smooth and micro-fin tube data (right), published in Zhao and Bansal (2012) and Bansal (2012)
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Figure 2.23: Heat transfer coefficients of CO,-POE oil mixtures in a 4.55 mm smooth tube at 7iz = 259 kgm 257!,

G~ 16kWm 2 and Ty = —30 °C (left) and Ty = —40 °C (right), published in Bansal (2011)

Bansal (2011) presented preliminary results for CO,-POE60 oil mixtures inside a 4.55 mm
smooth tube, shown in Fig. 2.23. An increase in heat transfer coefficient with increasing oil
mass fraction was depicted, especially at low and medium vapor qualities. At high oil mass
fractions (wej = 4 wt.-%), heat transfer coefficients were diminished again. Further, heat
transfer enhancement was more pronounced at the higher temperature.

Since the transition from stratified to non-stratified (intermittent, annular) flow is of great
importance, Saito et al. (2011) conducted a literature survey identifying several transition
criteria. Emphasizing on elevated reduced pressures and liquid film flow, two important
facts were identified: (1) the liquid velocity often neglected due to p, >> py — uy >> ur,
and (2) the Kelvin-Helmholtz instability criterion is applied. At high pressures, neglecting
the liquid velocity leads to a growing uncertainty as the ratio of liquid to vapor density
becomes smaller. Further, the underlain transition criterion does not apply for thin liquid
films, i.e., high vapor qualities, resulting in a faulty solution. For this condition, a theory was
derived for the onset of disturbance wave (Hanratty, 1983), see Fig. 2.24 for a schematic

representation.
Gas flow o
G ’
g ; W
hG p P u, = ZUL
h, up

Figure 2.24: Schematic of Kelvin-Helmholtz instability (left) and disturbance wave (right) situations, published in
Saito et al. (2011)
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Based on these ideas, a modified wavy to intermittent/annular transition criterion for the
Steiner flow pattern map was proposed, supported by adiabatic two-phase flow observations
of CO,-POE oil mixtures in a smooth tube.

0.5
iy — Gy, > Cy engdip—pv) |, <1+”2d2 <We> ) (2.94)
4py/1— Q2hijd 1) 52 \Fr ),

where i@y is the mean vapor velocity, A is the height of the flowing liquid. Further,
C; =0.5(cos(mhy,/d)+1) and C, = 0.5 (cos(why /d)+ 1)+ 1.

To date, a group of researchers headed by Hrnjak actively investigated flow boiling of
CO,. Park and Hrnjak (2005), Park and Hrnjak (2006), Park and Hrnjak (2007b), Kim
et al. (2008b) and Oh et al. (2011) conducted flow boiling experiments with pure CO,.
Continuing CO; flow boiling experiments, Kim et al. (2010), Pehlivanoglu et al. (2010),
Kim and Hrnjak (2012) and Hrnjak and Kim (2014) recently investigated the influence of
fully soluble lubricating oil (POE Reniso C 85 E) on flow boiling characteristics.

Adiabatic two-phase pressure drops of pure CO; inside 3.5 mm smooth and micro-fin tubes
were measured by Kim et al. (2008b). Further, a comparison to measurements by Zilly
et al. (2003) that used 6.2 mm tubes is given. For both tubes, nearly identical trends were
observed (Ap 1 for i1, Ty |, d |). Pressure drop penalty factors yielded 1.3 < PFyp, < 1.6.
Best results in pressure drop prediction were achieved by Friedel (1979) correlation (smooth
tube) and Cavallini et al. (1997) correlation (micro-fin tube).

Kim et al. (2010) and Pehlivanoglu et al. (2010) carried out experiments inside smooth
tubes of 6.1 mm and 11.2 mm in inner diameter, respectively. Results for oil mass fractions
ranging from 0.5 to 2.0 wt.-% were discussed. In heat transfer measurements by Kim
et al. at mass flow velocities < 200 kg m~2s~!, heat transfer coefficients in the range of
stratified flows were deteriorated with increasing vapor quality. This was explained by the
dominance of nucleate boiling and a reduction in tube wetting (partial dryout), demonstrated
by peripheral local heat transfer measurements. At higher mass flow velocities, convective
boiling became more dominant and annular flow appeared. As nucleate boiling is suppressed
by an increase in surface tension, oil was found to deteriorate flow boiling heat transfer in
general. However, in the case of stratified flow regimes, oil could also enhance heat transfer
since increasing the surface tension leads to an increase of wetted perimeter of the tube.
Pehlivanoglu et al. confirmed the trend of increasing convective boiling dominance for mass
flow velocities up to 400 kgm~2s~!. Further, friction pressure drop was found to be almost
independent of oil mass fraction.

Kim and Hrnjak (2012) and Hrnjak and Kim (2014) conducted flow boiling measurements
with CO,-POE mixtures inside a smooth and an enhanced tube of both 11.2 mm in inner
diameter. The test sections were designed as cross-flow heat exchangers. The oil mass
fraction was varied from 0.5 to 2.0 wt.-%.. Flow patterns, frictional pressure drops and
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heat transfer coefficients were determined experimentally. In the smooth tube CO;-0il
mixtures tended to an early formation of annular-like flow pattern, explained by an increase
in viscosity and surface tension due to the oil. Further, foam formation was observed and
found to be a more critical influencing factor on flow pattern. Heat transfer coefficients
were generally deteriorated with increasing oil mass fraction due to suppression of nucleate
boiling. However, at high flow velocities (ri2 1 and X 1) increasing the oil mass fraction
could lead to an enhancement in heat transfer attributed to an increase of convective heat
transfer contribution. In micro-fin tube experiments on the other hand, no distinct change
in flow pattern was observed when increasing the oil mass fraction. Further, heat transfer
coefficients were similar to those of pure CO,, related to increased turbulence induced by
the micro-fin structure and thus the dominance of convective heat transfer.

Pressure drops were found to be unaffected by the oil mass fraction in both measurement
sections. This result is non-congruent with most observations in literature and remarkable in
so far as the mixture viscosity increases, especially with increasing vapor quality. Moreover,
foaming was observed due to the presence of oil. Measurements revealed that the foam
velocity was much lower than those of vapor and liquid phase, see Fig. 2.25. Hence, pressure
drop would be expected to increase. No predictive methods were presented.

Vapor Velocity
=0.416 [m/s]

Foam Velocity
=0.054 [m/s] i
Liquid Velocity L Juiaiaiaial
= 0.251 [m/s]

Figure 2.25: Flow velocities of CO,-POE mixtures in a smooth tube, published in Kim and Hrnjak (2012)

2.5 Lubricant influence on material properties

In literature two basic approaches for dealing with refrigerant-lubricant mixtures are known.
Affiliated to usually small amounts of oil in the refrigerant, the oil contamination approach
treats refrigerant-lubricant mixtures as oil-contaminated refrigerants. Pure refrigerant mate-
rial properties are used when evaluating experimental data from heat transfer and pressure
drop experiments. To account for the discrepancy to pure refrigerant measurement data,
purely empirical contamination parameters are introduced and fitted to the experimental
results. This approach reflects an easy-to-use method. However, it does not contribute to a
better understanding of the thermodynamics behind the boiling process.
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Thome (2006) suggested using a thermodynamic approach for modelling lubricant-
refrigerant mixtures by substituting the pure refrigerant by mixture properties. This approach
was chosen for describing the CO,-lubricant mixtures investigated within the scope of this
work. It is suitable for capturing the real thermodynamics, but it requires for the knowledge
of - in many cases unknown - refrigerant-lubricant mixture properties. Among others, Jensen
and Jackman (1984), Conde (1996), Mermond et al. (1999b), Shen and Groll (2003), Wei
et al. (2008), Bandarra Filho et al. (2009) and Zhao and Bansal (2009) reviewed methods
for predicting mixture properties. The following sections provide a summary of established
methods. Suitability for the examined CO;-lubricant mixtures is discussed.

2.5.1 Bubble point temperature & vapor pressure

For mixtures of R22, R113, R114 and R134a with various oil types Thome (1995) suggested
a generalized empirical correlation for the vapor pressure curve, developed by Takaishi and
Oguchi for R22-AB oil mixtures. The correlation is given in Eq. 2.95, rearranged for the
bubble point temperature (7},;) as function of vapor pressure (py).

Tpup A(Woir)

= (2.95)
K In () —Bwoir)
where A(w,;;) and B(w,;;) are empirical functions of the oil mass fraction.
A(Wwoit) = ao+ay wei + as wzﬂ +as wf,il + a7 WZil (2.96)
B(woir) = bo+ b1 Woiy +b3wiy +bswly +bywhy (2.97)

The empirical parameters are listed in Tab. 2.3. However, ag and by have to be adapted to
the respective refrigerant, i.e., by first using a precise vapor pressure equation of the pure
refrigerant and then evaluating Eq. 2.95 for w,;; = 0. To increase accuracy, ag and by should
be evaluated at each design vapor pressure regarded.

Table 2.3: Empirical constants for the vapor pressure curve by Takaishi and Oguchi (Thome, 1995)

ap = —2394.5 a; = 182.52 a3 = —724.21 as =3868.0 a7 = —5268.9
by = 8.0736 by =0.72212 by =2.3914 bs = —13.779 b7 =17.066

Zhelezny et al. (2001) investigated the vapor pressure of fully soluble NH3-0il solutions
containing oil mass fractions of 5-95 wt.-%. Zhelezny (2007) adapted the correlation to
CO;-0il mixtures using manufacturer’s data for Reniso C 85 E.

_ T T 2.64
In (p) _— ln< ¢ ) 15.957 ln< ¢ ) (2.98)
Ds Thup Thup
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Table 2.4: Constants for vapor pressure curve for mixtures of CO, and Reniso C 85 E (Zhelezny, 2007)

ay =73.7537 ay = —36.4423 a3 = —37.0377 as = —1.816879 as =0.973128
by =303.897 by =303.666 by =1.22524 by = 0.225542
c; =6.79411 ¢y = —5.6879 c3 = —0.624642

where . and 7, are the pseudo-critical pressure and temperature of the mixture and o is
the Riedel’s parameter. Empirical parameters are listed in Tab. 2.4.

= 2
De a1+ axWoil +az woi

= 2.99
bar 1+ agwei +aswoi® (299)
1, b1 +bawei
- 2.100
K 1+ b3 Woil + b4 Woi12 ( )
ar = (c1 +cawoir) (1+c3won) ! (2.101)

A graphical representation of the correlations with respect to CO,-POE data is shown in
Fig. 2.26. For comparison, the correlations by Thome (1995) and Zhelezny (2007) are
shown as bright and dark lines, respectively. Symbols represent measured data. On a
rough scale, Zhelezny’s correlation generally provides the most accurate prediction of vapor
pressure over the whole range of pictured saturation conditions (—20°C <7 < 430 °C,
0 < wy < 1). In practice, however, local oil mass fractions below 0.5 are considered
(Thome, 1995). Thus, higher accuracy of prediction in the lower range of oil mass fraction
is of outmost importance. Basic validation experiments along with a recommendation of the
author of this work, examining both methods, are described in Sec. D.2.1.
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Figure 2.26: Vapor Pressure as function of temperature and oil mass fraction
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2.5.2 Viscosity

Based on measurements with R113-o0il mixtures, Jensen and Jackman (1984) developed a
well-established correlation for the dynamic mixture viscosity (L) as function of oil mass
fraction (w,;;) and pure substance viscosities of refrigerant (. ) and lubricant (Ly;;).

0.3
Hmix\ Href ) Hoit
1n(PaS) —1n<PaS)+wo,g (“mf) (2.102)

Yokozeki (1994) introduced an Arrhenius-type correlation (i.e., applying a log-linear law) for

calculating the dynamic mixture viscosity (Uyi) as function of so called effective oil weight
fraction (&,;), see Eq. 2.103-2.104. This correlation was also adapted by Choi et al. (1999)
and Yokozeki et al. (2000) for various mixtures of alternative refrigerants and lubricants.

In (%) =(1—€nu)ln(‘;:£)+€oﬂ In (%) (2.103)
Soit = (Moilfoil) (Mref (1 —%p) —|—1\7IO,~1)E0,~1)71 (2.104)

where M,, r and M,;; are the molar masses of pure refrigerant and oil, respectively, and %,
is the molar oil fraction of the mixture.

Ziircher et al. (1998b) carried out experiments with R407C-oil mixtures. Analogous to
Yokozeki (1994), they proposed a similar Arrhenius-type correlation (Eq. 2.105) for the
dynamic mixture viscosity (Uy,iy) as function of the oil mass fraction (w,;;).

0(8) =1 () e () ey

Adapted to manufacturer’s data for mixtures of CO, and Reniso C 85 E, Zhelezny (2007)
proposed a method for CO,-POE mixtures as function of oil mass fraction (w,;;) and reduced
temperature (7 = 1 — T /T,.). Empirical parameters are listed in Tab. 2.5.

tn (B2 = 1n (ptg (o)) + (@(7) + A(wo)) In (7) (2.106)

Pas
ar+ax (1 —wep)"?
I+as(1— wm-l)o'5

Ho(Woir) = exp ( (2.107)

2
A(W -[) _ b1+ by (1 *Woil) +b3 (1 - Woil)2 (2.108)
. 1+ by (1 —wei) +bs (1 —weir)* '

—1

a(t)=(c1+cat—c37) (1 +cat+s P +c6T) (2.109)
T. di+dy(1—wei)

e _ - Woil) 2.110

K 1+d3 (l—Wm'[) ( )
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Table 2.5: Parameters for dynamic viscosity correlation by Zhelezny (2007) for mixtures of CO; and Reniso C 85 E

a; =12.5438 a; = —8.58805 a3 =—0.46019

by =2.27770 by =0.1486 b3 = —18.6209 by =12.3145 bs = —1.25934

c; =0.61538 ¢, =16.155 c3 =33.098 cy =10.591 c5 = —33.506 ce =24.077
dy =770.252 dy =—212.747  d3 =0.833120

A comparison of predicted values by Zhelezny’s correlation to measured data in the range
of applicability (—20 °C < Tp,p < +30 °C) is shown in the right graph of Fig. 2.27 in
dependency of the oil mass fraction. Data points are represented by dark symbols and
predicted values by bright gray solid lines. Symbols at w,;; = 0 representing pure CO, were
determined using REFPROP, i.e., the correlation of Span and Wagner (1996). Both, pure
refrigerant and mixture data are predicted with high accuracy. Hence, the correlation is
recommended and was used for CO,-POES85 mixtures as investigated in this work.
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Figure 2.27: Dynamic Viscosity as function of temperature and oil mass fraction

2.5.3 Density

Due to its simplicity and fairly good agreement to compared measured data, the ideal mixture
correlation (Eq. 2.111) by Jensen and Jackman (1984) is among the most adapted methods
in literature for calculating the mixture density (p,) of refrigerant-oil mixtures.

I 1wy :
— = 2 Moit | Woil 2.111)
Pmix pref Poit

where p,, ¢/, 1s pure refrigerant/oil liquid densitiy and w,; is the oil mass fraction.
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An actual oil mass fraction and temperature-dependent correlation for the density of CO;-oil
mixtures was derived by Seeton and Hrnjak (2006), see Eq. 2.112. Due to its form, however,
applicability to mixtures other than the investigated CO,-POE32 mixtures is doubtful.

) 2
o . T T
% = ;)(1 — Woir)' <a1,i+a2,i (K) +asz; (K) > (2.112)

=l

Medvedeyv et al. (2004) developed a universal method for predicting the liquid density of
refrigerant-oil solutions based on thermodynamic similarity within the technically relevant
range of 0 < w,; < 0.7, validated by experiments with various types of refrigerant-oil
solutions (e.g., R134a and NH3 with different lubricants). Zhelezny (2007) adapted the
correlation to CO,-oil mixtures using manufacturer’s data for Reniso C 85 E. Empirical
parameters are listed in Tab. 2.6.

Pmix _ Pe(Woit) xdy F(7)
ln (kgn’13> —ln <kg1’n3) +BL(W0”)T 1 (2113)
BrL(woir) = a1 +az (1—woi) +a3 (1 —woir)* +as (1= wey)’ (2.114)
F(t)=1-1.1137"%* In(7*) " (2.115)
[(Woit) _ bi+by (1 —weip)
= 2.116
K 1+ b3 (1—woi) (2.116)
pc(Woil) —1
kgm_3 = (Cl +c2 (1 _Woil)) (21 17)

where T* = In(7;./T) is the logarithmic reduced temperature.

Table 2.6: Parameters for density correlation for mixtures of CO, and Reniso C 85 E (Zhelezny, 2007)

a; = 1.64685 ap = —0.021096 a3 = —0.187221 ay =0.211344
by =1770.252 by = —212.747 b3 =0.833120

c; =0.00311927 ¢ = —0.0009806887

d; =0.325

The graph on the right side of Fig. 2.28 shows a comparison of predicted densities by
Zhelezny (2007), represented by solid gray lines, to manufacturer’s data (dark symbols).
Densities are plotted as function of oil mass fraction at seven design temperatures in total.
Apparently, the correlation yields a satisfying precision. At w,;; = 0 (pure CO,), predicted
values match well those for pure refrigerant densities calculated by the method of Span
and Wagner (1996) (REFPROP). Thus, the correlation can be recommended for use with
CO,-POE mixtures and was applied within the scope of this work.

50



2.5 Lubricant influence on material properties

1100
[ 3 % o
A —
1050 o : B
° a2y
/ Vg 4
@ ',/ o ~ ”’”’"; 1
/ e O o g
€ 1000 1/ +20°CT * . geveu sy
= K / +30°c ¢
2 Y
éc) 950 1
co2 b
--e-- 60 wt.-% Oil
90044 70 wt.-% Oil J
--v-- 80 Wt.-% Oil ‘
--¢- 90 wt.-% Oil Predicted
——e- 100 wt.-% Oil b (Zhelezny 2007)
850 +— T T T T T T - T T T T
30 20 -0 0 10 20 30 0.0 0.2 0.4 0.6 0.8 1.0

Temperature / °C

Qil Mass Fraction / kg kg

Figure 2.28: Liquid Density as function of temperature and oil mass fraction

2.5.4 Heat capacity

For the prediction of heat capacity of refrigerant-oil mixtures, Jensen and Jackman (1984)
and Thome (1995) concordantly suggested a simple linear interpolation of pure substance
properties, see Eq. 2.118. This method was also recommended by Baustian et al. (1986) and
Conde (1996), and used without modification in this work.

Cpmix = (1= Woil) Cp ref +Woi Cp oil (2.118)

2.5.5 Thermal conductivity

Jensen and Jackman (1984) and Shen and Groll (2003) recommended using the correlation
by Filippov and Novoselova for predicting the mixture thermal conductivity (A;y).

Amix = (1 - Woil) Aref + Woit Aoit — 0.72wo; (1 - Woil) ()Loil - lref) (2.119)

where A7 /0 is the pure refrigerant/oil heat conductivity.
Another mixture thermal conductivity correlation is given by Saksena and Harminder (1975),
see Eq. 2.120.

Amix = (1= Foit) Aref + it Aoit — 0.72 % i1 (1= Foit) (Aoir — Arey) (2.120)

where p, ¢/, 1s the pure refrigerant/oil liquid density and X,;; is the molar oil fraction.
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A more complex correlation for the mixture thermal conductivity as function of molar oil
fraction was derived by Baroncini et al. (1981), see. Eq. 2.121.

# = |y A+ (1= Foir) A1 + 1% (1= o) \/AlAz] F(r) (2.121)

where A; are characteristic parameters of the mixture, n is a pure characteristic mixture
number from 1.0 to 2.0, F(r) = (1 —1)**#~1/¢ is a a function of the reduced temperature
t = Tpup/ Te mix and Ty, and Ty, are the bubble point and critical mixture temperatures,
respectively.
For this work, contract measurements for the thermal conductivity of POE Reniso C 85 E,
CO, and mixtures of these components were conducted by Feja and Romer (2008),
Thmels (2008a) and Ihmels (2008b). The experimental data is given in the appendix, see
Sec. G.1. Feja and Romer (2008) used a steady-state cylinder gap method. While the
inner cylinder embodying the inner wall of the gap is constantly heated, temperatures
in the surrounding liquid filling a cylindrical gap of 1 mm are measured by PT100 resis-
tance thermometers. The measurement cell was validated by measurements of the thermal
conductivities of R134a, water and glycerol. Following, measurements with CO, and
Reniso C 85 E were carried out. Experimentally determined thermal conductivities were
correlated by simple linear regression method, see Eq. 2.122.

% =0.43171-0.00111 % — Woil (0.2706 —0.00101 IT<> (2.122)
Thermal conductivity measurements of pure Reniso C 85 E POE (Ihmels, 2008a) and
mixtures of CO, and Reniso C 85 E (Ihmels, 2008b) were carried out by transient he-
ated wire method. System pressure (60 bar < p < 160 bar) and liquid temperature
(—=40°C < T <410 °C) were varied. Fitted to the experimental data, Thmels derived
Eq. 2.123 for the mixture thermal conductivity. Fitted parameters are listed in Tab. 2.7.
Further details are given in Sec. D.2.5.

Aomix

_ 2.123
mWm-1K-! ( )

T 14
= Ao +A1 Wit + (Bo+ Bi woir) gt (Co+Crwoir) bar

Table 2.7: Parameters for the thermal conductivity correlation for mixtures of CO, and Reniso C 85 E
reported by Thmels (2008b)

Ag =450.374 By = —1.205751 Cp =0.101799
A =—-2.949013 B; =0.0114649 C; = —0.00082012
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Figure 2.29: Comparison of different predictive methods for the thermal conductivity of CO,-POE oil mixtures

A comparison of the data and predicting methods by Feja and Romer (2008) and
Thmels (2008b) is given in Fig. 2.29. Pure substance data is shown in the left diagram.
Triangle symbols represent experimental data for CO, (A) and Reniso C 85 E (v7) by Feja
and Romer (2008). Measurements by Thmels (2008b) with Reniso C 85 E (()) were con-
ducted at different pressures. Of those, dark symbols characterize measurements closest to
saturation pressure condition. Predicted values are represented by bright gray and dark gray
solid lines, respectively. Pure CO, values calculated by Span and Wagner (1996) are shown
as black solid line. Experimental (symbols) and predicted (lines) mixture data at saturation
condition is shown in the right diagram for three oil mass fractions.

Both methods yielded similar experimental results and comparable slopes of fitted pre-
diction curves. One possible reason for the slightly lower measurement results of Feja and
Romer could be the influence of pressure on thermal conductivity. Measurements with
Reniso C 85 E were done at a constant pressure of 2 bar. Thmels (2008b) investigated the
thermal conductivity at different pressures ranging from 5 — 160 bar, see small symbols for
each temperature. It can be noticed that the experimental values decrease with decreasing
pressure. This fact can also explain the slight difference in the slope of the predicted pure
oil lines. The increase of the vapor pressure with the temperature is taken into account
by Eq. 2.123 while it is not by Eq. 2.122. Since mixture properties are to be determined
at the respective vapor pressure of the fluid, knowledge of the pressure dependency is of
importance.

Specifically fitted to experimental measurement data of the respective mixtures investigated
in this work, the regression curve given by Ihmels was used.
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2.5.6 Surface tension

Brock and Bird (1955) proposed a prediction method for the surface tension of pure fluids
based on the principle of corresponding states, see Eq. 2.124. According to the authors,
Pandey et al. (1999) successfully applied this method to mixtures of R133 with benzene,
toluene, p-xylene, acetone and cyclohexane. The authors substituted the implied critical
parameters by pseudo-critical values for the regarded binary mixtures.

o

2/3 1/3
= (—0.281+0.133 %) ( Pe ) / (n) (z)'1/0 (2.124)

mNm—! atm K

where p. and T. are the (pseudo-)critical pressure and temperature (of the mixture),
respectively, and T = 1 — T /T, is the reduced temperature.

For calculating Riedel’s parameter at the (pseudo-)critical point, . = (dIn(py)/dIn(Ty))e,
Miller and Thodos (1963) proposed Eq. 2.125.

t .
o, = 0.9076 <1 4 Lrb ln( Pe )) (2.125)
1=t atm

where 7, = Tp,p/ T, is the reduced temperature at normal boiling point (7;,5).

The probably most widely used correlation for the surface tension (o) of refrigerant-lubricant
mixtures is given by Eq. 2.126, proposed and validated by Jensen and Jackman (1984) for
various R113-o0il mixtures. For instance, it was used by Spindler and Hahne (2009), Zhao
and Bansal (2009), Zhu et al. (2013) and Hu et al. (2013). Hu et al. (2008c) used the same
type of expression slightly modifying the oil mass fraction’s exponent from 0.5 to 0.51. For
the required surface tension of the lubricant in Eq. 2.126, Barbosa et al. (2004) and Zhao
and Bansal (2009) recommended using Eq. 2.124.

Omix = Oref + (Goil - Gref) ngls (2.126)

Jensen and Jackman’s established correlation represents a simple interpolation method,
lacking a broad data base for reliable validation. As Wang et al. (2014) recalled observations
by Wallner and Dick, the surface tension of refrigerant-lubricant mixtures can show three
general types of behavior, see Fig. 2.30. These different behaviors are also reflected by
different prediction methods, see Sec. D.2.6. Thus, despite its general approval, applicability
of Eq. 2.126 to CO,-POES85 mixtures must be doubted.

There was no clear description of the surface tension of CO,-POE mixtures nor trustworthy
experimental data found. Blindly guessing the mixture surface tension, however, can lead to
remarkable deviations in both directions as was previously illustrated. Therefore, the pure
refrigerant surface tension was assumed unchanged.
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Figure 2.30: Different types of surface tension behavior with oil mass fraction, published in Wang et al. (2014)
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3 Experimental procedure

Experiments on heat transfer, pressure drop and flow pattern observation of flow boiling
CO; and CO»-oil mixtures were carried out at the KIT/TVT flow boiling test facility. As
lubrication oil POE8S5 (Reniso C 85 E by Fuchs Europe) was used. Under the specified
test conditions, investigated CO,-lubricant mixtures do not exhibit a miscibility gap. Two
measurement sections were used for measurements: a smooth nickel tube of 14.0 mm inner
diameter and an micro-fin copper tube of 8.62 mm core diameter. The measurement sections,
constructed by Niederkriiger (1991) and Schael (2009) respectively, are further described in
Sec. 3.1.5. Table 3.1 summarizes the range of operation of the flow boiling test facility.

Table 3.1: Operation range of flow boiling test facility

System pressure (max.) 65 bar

Mass flow rate (max.) 200 kg h!

Heat flux (max.) 200 kWm2
Pre-heater power (max.) 20 kW
Temperature range —50...4+50°C
Refrigeration capacity (min.) 35kW (at =50 °C)

3.1 Test facility

The facility was originally installed by Schmidt (1986). Modifications have been made
since by Niederkriiger (1991), Wettermann (1999) and Schael (2009). Last, extensive pure
CO; flow boiling measurements inside a smooth and an micro-fin tube were conducted by
Schael. As both measurements sections are used for flow boiling experiments within the
scope of this work, a detailed description is given in Sec. 3.1.5. Further, Saito performed
first experiments with CO;-oil mixtures inside the smooth tube measurement section.

At the outset, the test facility was extensively reconstructed including the modification of the
implemented oil loop, installation of new measurement technique and migration of the whole
test loop to an Aluminum frame. Further on, the original R410/R23 cascade chiller had to
be substituted at an early stage due to problems by leakage, controlling and lack in capacity.
In coherence, existing difficulties in controlling the temperatures of the condenser and
sub-cooler of the CO; test loop as well as the highly inefficient operation had to be solved.
These problems mainly arose from the fact of a missing buffer tank for the brine and the
realization of the thermal coupling by a single brine circuit. The condenser and sub-cooler
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sub-circuits were connected to a main brine supply circuit, both affecting each mode of
operation. Further, the brine had to be heated electrically to maintain continuous operation
at low demand for refrigeration power (i.e. for low heat input in the test loop), resulting
in high energy consumption. As solution, two separate brine circuits each connected to a
main brine storage were constructed. Accordingly, the modified flow boiling test facility
now consists of four main fluid circuits described in the following. Schematic diagrams are
presented in Fig. 3.1-3.3.

3.1.1 Chiller

Refrigeration power is supplied by a chiller manufactured by L+R Kiltetechnik. It consists of
a single stage R507A refrigerant circuit with tandem compressor and achieves a refrigeration
capacity of > 30 kW at a temperature of —50 °C. Heat is removed by a water-cooled tube
condenser. The evaporator is realized as brazed plate heat exchanger, in which heat is
transferred from the brine to the evaporating refrigerant. The brine is pumped from an
internal insulated storage tank to the heat exchanger and back to tank, thus ensuring a
constant brine temperature in the tank. The brine storage tank has a capacity of 300 1 and
serves as thermal buffer. It is equipped with six flanges for flow and return allowing the
connection of external brine circuits, such as the condenser and sub-cooler brine circuits of
the test facility. A schematic of the chiller is shown in Fig. 3.1.

3.1.2 Brine circuits

Two brine circuits link the test loop to the temperature-regulated brine storage tank of the
chiller for thermal coupling, see Fig. 3.2. The heat exchanger of the test loop for shell-side
condensation of the CO; is connected to the first circuit. Brine circulates by means of a
brine pump at constant rotation speed. A pneumatic regulation valve connects the brine
circuit to the storage tank on the suction side of the pump. In combination with a by-pass
valve, the condensing temperature of the CO; can be set by controlling the flow of cold
brine from the storage tank into the brine circuit. This temperature controlling method offers
the advantage of a highly constant brine flow rate through the condenser and hence low
retention time, leading to quick and precise controller responses. This fact especially refers
to the condenser circuit since heat input for evaporation in the test loop varies significantly.
Hence, flow rates and retention time of the brine would vary similarly resulting in the need
of finding new control parameters for each operation condition. The sub-cooler circuit
was constructed similarly to the condenser circuit described prior. However, the demand
on cooling power for sub-cooling of the CO,/CO;-o0il mixture is comparatively low and
constant for all measurement conditions. Therefore, a low power rotational speed controlled
brine pump was chosen differing from controlling the inlet flow of cold brine.
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Figure 3.2: Schematic of brine circuits

3.1.3 Test loop

In operation mode, the fluid (CO, or CO,-0il mixture) is pumped from the storage tank
into the test loop. Following, it is sub-cooled inside a straight-tube heat exchanger to avoid
cavitation at the refrigerant pump and expansion into the two-phase region at the inlet into
the test section. The latter is of especial importance for a precise adjustment of vapor quality
at small mass fluxes. The mass flow rate of the sub-cooled liquid is measured by a Coriolis
mass flow meter and adjusted by use of an electronic regulation valve. Three pre-heaters
allow the adjustment of vapor quality. These are realized as straight tubes with each two
integrated electrical heating conductors in bottom-near axial grooves. Further, heating
conductors are integrated into the tube wall of the measurement section and guard heater for
conducting heat transfer measurements and to avoid an axial temperature profile, respectively.
Thyristor controller are used to control the electrical power input of each heating conductor,
whereby the control signal is determined by means of manually adjustable potentiometers.
Flow patterns are determined at the sight glass by means of high-speed video recording at
500 fps (frames per second). In addition, a new measurement technique based on confocal
laser displacement measurement to determine the film thickness of the flowing liquid at the
crest of the tube was developed and integrated into the sight glass section (see Sec. 3.2.6 and
App. C). In the shell and tube condenser of the test loop the system pressure is adjusted and
evaporated CO; is re-liquefied. The system pressure is limited to 65 bar by a pair of safety
relief valves installed at the condenser and the inlet of the test section. A P&I diagram of
the test loop is shown in Fig. 3.3.
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Figure 3.3: P&I diagram of test loop with oil circuit

3.1.4 Oil loop

An oil loop has been installed allowing the adjustment of oil mass fraction in the liquid
refrigerant (see Fig. 3.3, gray lines and elements). Oil separator and attached vessel form
a combined reservoir for the lubrication oil. A gear pump delivers the lubricant into the
test loop. Back flow into the oil loop is prevented by a non-return valve. The amount of
lubricant flow into the test loop can be estimated by observing the change in liquid level
in a sight glass attached to the oil separator or the reading value of an integrated volume
reader. Further, a super-heater was implemented into the oil loop for lubricant removal.
Inside the water-heated tubular heat exchanger CO, can be evaporated. Water is supplied by
an electrically heated peripheral water circuit. Liquid (oil-rich phase) and vapor (CO,) are
separated in the oil separator. While liquid lubricant accumulates in the reservoir, gaseous
CO; flows back into the test loop. Any moisture in the on-flowing gas is removed in a filter
dryer.

3.1.5 Measurement sections

For the experimental investigation of flow boiling heat transfer and pressure drop of CO;-
oil mixtures two different measurement sections were used, see Tab. 3.2 and Fig. 3.4 for
specifications. Both test sections are constructed similarly for comparability and easy
interchangeability.
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& 17.52 mm

Figure 3.4: Cross sections of micro-fin (left) and smooth (right) measurement section

The nickel smooth tube measurement section was constructed by Niederkriiger (1991) and
was used since for heat transfer and pressure drop experiments for CO,, mixtures of R116,
R134a and R846 and mixtures of R12 and SF6. It measures 23 x 4.5 mm in diameter and
256 mm in total length, while the heated length equals 200 mm. The ring chambers of
the inlet and outlet flanges consist of six equally distributed bores for inlet pressure and
pressure drop measurements. The tube wall is axially divided by six grooves of 1 mm in
width and 4 mm in depth, leaving a residual wall thickness of 0.5 mm at the groove bottom.
In each such tube segment a heating conductor is integrated in the tube wall close to the
outside surface. All six heating conductors of the measurement section are controllable
independently. In a distance of 0.5 mm from the inner wall surface, miniature thermocouples
(0.5 mm) are integrated centered into the tube wall of each segment for measuring the wall
temperature. Referred to inlet of the measurement section the axial measurement position
equals (150 mm). The described set-up allows local heat transfer measurements under
uniform heat flux (¢(¢) = const.) and uniform wall temperature (7,,(¢) = const.).

Table 3.2: Measurement sections

Measurement section: Smooth tube Micro-fin tube
Material: Nickel Copper
Total length: 256 mm 267 mm
Total heated length: 200 mm 200 mm
Heated length up to measurement position: 122 mm 100 mm
Distance from inlet to measurement position: 150 mm 133 mm
Outside diameter: 23.0 mm 17.52 mm
Inside (core) diameter: 14.0 mm 8.62 mm
Mean roughness height: 0.15 ym -

No. of fins: - 60

Fin height: - 0.20 mm
Apex angle: - 30°

Lead angle: - 18°
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Figure 3.5: Smooth tube measurement section; axial view (left) and cross-sectional view (right)

The material joining of thermocouples and heating conductors into the tube wall was
accomplished by galvanoplastic coating (Niederkriiger, 1991). Due to equal material
properties (heat conductivity, e.g.) of the base tube and the galvanic material, the tube wall
is treated as uniform in material. Meander-type laying of the heating conductors in the tube
wall permits the negligence of inductive effects by the electrical current. Thermal boundary
conditions could be verified by a total of four wall-integrated control thermocouples. Their
positions are shifted axially by 39 mm and distorted by 15 °. Axial and cross-sectional
views of the smooth tube measurement section are shown in Fig. 3.5.

For heat transfer and pressure drop investigation inside micro-fin tube Schael (2009) con-
structed a measurement section analogous to the smooth tube, see specifications given in
Tab. 3.2. It consists of a micro-fin base tube (Cuprofin EDX® by Wieland) of 9.52 x 0.45 mm
in diameter and 256 mm in length. Along the heated length (200 mm), the wall thickness
of the copper tube was increased to a total of 4 mm by galvanoplastic coating confining
miniature thermocouples (& 0.5 mm, type E) and heating conductors (& 1.0 mm). Alike,
heating segments are separated by axial grooves. The remaining wall thickness at the groove
bottom equals the thickness of the base tube (0.45 mm).

3.1.6 Pre-heaters

Pre-heaters are used for the adjustment of vapor quality in the measurement section. Similar
to the measurement section, these are pipes with integrated heating conductors at the bottom.
Since the bottom of the tube is always wetted with liquid, high heat fluxes and thus change
in vapor quality are realizable this way. However, at least one pre-heater had to be replaced
in an early stage due to irreversible damage. Failure of heating conductors was a frequent
problem in the past. With the aim of prolonged lifetime a re-construction and substitution of
all pre-heaters in the test loop was realized in this work.
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Figure 3.6: Micro-fin pre-heater, axial view (left) and copper shell (right)

The first two pre-heaters (VV1, VV2) of the test loop consist of 15 x 5 mm copper base tube
with (3600 mm) and (1800 mm) in length, respectively. At the bottom of each tube two axial
grooves of 4.1 mm in diameter are provided for laying of the heating conductors (& 4.0 mm).
They are connected to the tube by hard-soldering. Both pre-heaters are positioned in the
inlet section of the test loop ahead of the U-turn connecting pipe and are in operation for
experiments with both measurement sections, see Fig. 3.3.

The third pre-heater (VV3) is positioned in-between the U-turn and inlet pipe and the
measurement section. Therefore, its geometry is adapted to the respective measurement
section in use. The pre-heater for use in combination with the smooth tube is identical to
pre-heater VV2. For micro-fin tube measurements, a pre-heater consisting of a straight
micro-fin base tube (Cuprofin EDX® was constructed by Siewert (2013), see Fig. 3.6 for
constructional drawings. As the wall of the tube is too thin (0.45 mm) for complete enclosure
of the heating conductors, an additional half-cylinder shaped copper shell with 10 mm in
inner diameter and 4 mm in wall thickness was hard-soldered on the micro-fin tube. The
shell contains two axial grooves (& 3.1 mm) at the bottom of the tube that were milled in
the outer tube wall, displaced by 40 ° with respect to the perpendicular, see right image of
Fig. 3.6. A heating conductor (& 3 mm) was hard-soldered in each groove.

For the transition from smooth tube pre-heater to the micro-fin pre-heater preceding the
measurement section, a new connecting tube was constructed. In its inlet flange the flow
diameter is reduced to that of the micro-fin tube (8.6 mm), see Fig. 3.7.
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Figure 3.7: Inlet tube preceding pre-heater VV3

3.2 Measurement technique and data acquisition

For the experimental evaluation temperatures, pressures, pressure drop, electrical power
input, liquid mass flow rate and sample weight for oil mass fraction determination were
measured. The measurement devices used in this work are listed in Tab. A.2 and determined
measurement uncertainties are given in Tab. A.1, see Appendix A. Measurement values
were recorded using the commercial software LabVIEW™™,

3.2.1 Data acquisition

For first measurements, a digital multimeter KE2750 DMM in combination with two 20-port
7700 modules by Keithley was used for data acquisition (DAQ). It was connected to a PC
over GPIB interface allowing a reading rate of ~ 10 fps. In the following, the DAQ was
exchanged by a modular CompactDAQ® system by National Instruments. It consists of
an 8-port USB-chassis equipped with modules for measurements of voltage (2x, for TC),
resistance (1x, for RTD) and current (1x, for measuring transducers). Advantages of the
new system include an easy implementation in LabVIEW, high reading rates (>1 samples
per second for all channels in high resolution mode) and a compact construction. The
system was installed in an electrical cabinet to ensure steady environmental conditions and
protection towards the outside. It was connected to a PC by USB.
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Figure 3.8: Thermocouple DAQ

3.2.2 Temperature measurement

Thermocouples of type E (NiCr/CuNi, Sxicrcuni > 55 uV K1) of 0.5 mm in outer diameter
were used for measuring the tube wall temperatures of the measurement section and the
guard heater. A total of ten thermocouples are integrated in the tube wall of the measurement
section for determination of the inner tube wall temperature (see Sec. 3.1.5). In addition,
two thermocouples were placed on the tube to measure the top and bottom outer wall
temperatures. The outer wall temperature of the guard heater was measured by four thermo-
couples distributed on the tube. Type K thermocouples (NiCr/Ni, Snicrni > 40 uV K1) of
1 mm were used for measuring the outer tube wall temperature of the pre-heaters as well
as the outside insulation temperature at all sections. Each wire end of a thermocouple was
connected to a copper wire inside a glass tube, filled with liquid (silicone oil) for electrical
insulation and improved temperature equalization. All glass tubes were placed in a copper
body inside a thermostat bath that is held at a constant temperature of 40 °C (= reference
junction temperature). See Fig. 3.8 for a schematic set-up of thermocouple DAQ.

PT100 resistance thermometers were installed in the test loop to measure the sub-cooled fluid
temperature in front of the regulation valve (inlet to the test section), the fluid temperatures
in front of pre-heater VV3 and behind the measurement section as well as the temperature
of the reference junction. Diameters of the used thermometers range from 2 to 3 mm. Each
PT100 was connected in 4-wire mode to an insulated channel of the NI 9219 module. The
resistance was measured by applying an excitation current of 1 mA.

All temperature sensors were calibrated before and during measurements, whereby PT100
were calibrated first and thermocouples second in order. For calibration, PT100 thermo-
meters were placed in a thermostat bath filled with glycol-water mixture. A mixing ratio
of 50:50 allowed setting-up temperatures down to —40 °C. As reference a high precision
PT25 was used for measuring the bath temperature. Second, all free thermocouples (ther-
mocouples not integrated in the tube wall of the measurement section) were calibrated by
means of a second thermostat. The temperature of the first thermostat was held at 40 °C
while the temperature of second thermostat was varied in the range of operation. Bath
temperatures were measured with the calibrated PT100 of the reference junction and the
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3.2 Measurement technique and data acquisition

high precision PT25 reference. Last, the thermocouples in the measurement section were
calibrated. Since any moving of the measurement section could have caused irreversible
damage to the integrated and not replaceable thermocouples, calibration was accomplished
during operation of the test loop with the saturation temperature as reference.

3.2.3 Pressure and pressure drop measurement

Absolute pressures at the inlet of the measurement section and in front of the regulation
valve at the inlet to the test section were measured using pressure transducers by Burster
(model 8106). Equipped with signal amplifier, the output signal (4...0 mA) was adapted to
the range of pressure (10...40 bar). Further, an internal bridge circuit of resistances allowed
setting-up the signal offset. Both, amplifier and offset could be adjusted by two screws
on the outside of the transducer. A differential pressure transducer by Rosemount (model
3051C) was used for the determination of pressure drop along the measurement section.
Via HART protocol the output signal (4...20 mA) was scalable to any pressure drop range
within £623 mbar. For flow boiling measurements, pressure drop ranges of 0...20, 0...100
and 0...500 mbar were chosen. All three transducers were connected to the NI 9219 cDAQ
module. Connection to the measurement joints at the test facility was realized by 6 mm
stainless steel tubing. At the beginning and during measurements, differential and absolute
pressure transducers were calibrated within the denoted ranges using a differential pressure
gauge by Desgranges et Hout (model DH 5501). For a precise reference, all masses were
re-measured by DH Budenberg (2010).

3.2.4 Power measurement

Electrical heating power in pre-heaters, measurement section and guard heater were regulated
by thyristor controllers at line voltage of 230 V. A change in phase angle control was
accomplished manually by potentiometers. The electrical power was measured using four
power meters by Yokogawa (WT 1030), each equipped with three signal inlets and read-out
via GPIB interface. From measured values (P,;), power loss along the wiring and cold ends
of heating conductors (P,,ss) were subtracted to yield the effective heating power (P, z¢).

Peff:Pel_Ploss (31)

3.2.5 Mass flow measurement

For measuring the liquid flow rate, a Coriolis flow meter by Endress & Hauser (Promass 60)
was installed before the regulation valve in the sub-cooled inlet-tubing to the test section.
The range of measurement equals 0...200 kgh~!, producing an output signal of 4...20 mA
measured by a NI 9219 module.
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xlyl/z table construction

"

LT-9000 sensor

laser
PMMA glass
oil-filled gap

sight glass\ sight glass tube
f liquid film

focal point

direction of flow

Figure 3.9: Sight glass construction for flow pattern observation

3.2.6 Flow pattern observation

Flow patterns were determined classically by high speed video recording of the two-phase
flow. For this purpose, a Motion Corder Analyzer by Kodak was installed at the sight glass
of the test section. It has a video recording capacity of 1092 frames with a resolution of
512 x 240 pixel, which yields a single video length of 2.1 s at 500 fps.

Besides evaluating video recordings, recently developed flow pattern maps partially
(Mastrullo et al., 2012a) or fully (Cheng et al., 2006) relied on local heat transfer measure-
ments for determining flow pattern transitions. In order to provide a more precise determi-
nation of these transitions, especially from stratified to intermittent or to fully developed
annular flow and the onset of dryout, a new film thickness measurement technique was
introduced (Wetzel et al., 2009) (Wetzel et al., 2011). It allows for measuring the liquid film
thickness at the crest of the sight glass based on the principle of confocal laser displacement.
A laser displacement meter by Keyence (model LT-9000) was installed perpendicular above
the sight glass, see Fig. 3.9. This measurement technique allows distance measurements
through transparent media (see right image). However, to avoid scattering of the laser
signal at phase-interfaces the sight glass construction had to be modified. A PMMA glass
body with planer polished outside surfaces enclosed the round tube. The gap (0.5 mm) in
between was filled with lubrication oil as the refraction indices of the three materials are
similar. Before starting a film thickness measurement, the focal point of the measuring
device had to be adjusted to the inner glass tube surface. A change of signal with respect to
this surface indicates a liquid film. The measurement technique including its applicability
and limitations in use is described in detail in App. C.
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3.3 Start-up and operation of the test facility

Prior to filling with CO,, the test loop was evacuated to a remaining pressure of 0.1 mbar.
The temperatures of the condenser and sub-cooler were set to —40 °C. After evacuation,
CO, was filled from a dip-tube bottle at the inlet valve near the refrigerant pump (see
Fig. 3.3). Shutoff valves to the test section were closed in order that the inflowing liquid is
stored in condenser, storage tank and sub-cooler.

For taking the test loop into operation the test section was first evacuated to 0.1 mbar.
Temperatures of the condenser and sub-cooler were set to the desired operating values.
Upon opening the shutoff valves the test section was pressurized by the influx of CO,.
Zeroing of the differential pressure transducer was done at operating pressure. For the
time of the calibration procedure, the transducer was disconnected from the test loop by
shutoff valves to avoid any pressure fluctuations. The refrigerant pump was started and
the mass flow rate set-up at the controller of the regulation valve. After flow stabilization
powers at the pre-heaters were adjusted in order to obtain the desired vapor quality. Target
temperatures at the condenser and sub-cooler were adjusted if needed.

The addition of oil to the CO, occurred discontinuously, i.e. the oil mass fraction in the
liquid bulk desired for the upcoming measurement series was set to fixed value. For this
purpose, lubrication oil was filled into the reservoir of the oil loop. The oil-containing
reservoir and oil loop were evacuated to 0.1 mbar. Heating the reservoir by means of an
electrical heating wire on the outside of the vessel ensured moisture-free conditions. The
oil loop was pressurized by opening the shutoff valve between test section and refrigerant
dryer. Following, dry lubrication oil was pumped out of the lubricant reservoir into the test
loop to raise the oil mass fraction in liquid bulk. A gearwheel flow meter by Kobold (model
DZR) measured the amount of oil pumped into the test loop. When the approximated oil
volume was reached the oil pump was turned off. Homogeneity of the CO;-o0il mixture was
achieved after circulation for several hours.

For oil removal out of the CO,-oil mixture, first the oil loop was evacuated and then
pressurized by CO; to the operation conditions as described before. The mass flow rate
in the test loop was set to 50 kgh~! and the water temperature of the super-heater 30 K
higher than the condenser temperature. By opening the shutoff valve to the super-heater and
closing the valve to the condenser the oil containing fluid flowed through the super-heater
for evaporation of CO,. The remaining oil-rich liquid phase was separated from the gaseous
refrigerant inside the oil separator.

The oil loop was solely used for the purpose of introducing or removing oil. In measurement
mode the oil loop was completely bypassed and not in operation. Thus, the target oil mass
fraction in the bulk for the following measurement series was set to a constant value. It was
verified by regular checks, see the description of gravimetric oil mass fraction measurements
in Sec. 3.4.5.
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Table 3.3: Experimental test conditions

Test fluid mixtures of CO, (4.5, purity: 99.995 %) and POE lubrication oil
(Reniso C 85 E, Fuchs Europe)

Nominal oil mass fraction (w,;) 0...3wt.-%

Saturation condition (py, T5) 10.0...39.7 bar (—40...4+5°C)

Vapor quality (x) 0.10...0.95

Heat flux (¢) 0...120kWm2

Test section smooth tube (nickel), micro-fin tube (copper)

Inner diameter (d;) 14.0 mm (smooth tube), 8.62 mm (micro-fin tube)

Thermal boundary condition constant wall temperature

3.4 Experimental procedure

Flow boiling experiments were carried out for mixtures of CO, and POE lubrication oil.
CO, was used in quality of 4.5. The lubricant (Reniso C 85 E) was supplied in sealed
containers in pre-dry, near moisture-free condition by Fuchs Europe. For starting flow
boiling measurements, the test loop was taken in operation as described in Sec. 3.3. Test
conditions for the experimental investigations are summarized in Tab. 3.3.

3.4.1 Heat transfer measurements

Flow boiling heat transfer measurements were performed at constant wall temperature as
boundary condition. Starting, system pressure (by condenser temperature) and mass flow
velocity (calculated from mass flow rate and cross section of the respective test section
geometry) were preset. Heating power of pre-heaters VV1 and VV2 were adjusted to yield
the desired vapor quality at the inlet of the measurement section. Set values for these powers
were calculated automatically by the monitoring LabVIEW routine, taking the preset values
for system pressure, mass flow rate and fluid properties at saturation condition into account.
Next, the heating power of the bottom segment (segment 4) was slowly adjusted to a preset
value. This value was automatically calculated from predefined values for the heat flux
at segment 4 (based on application relevance and previous measurements) and displayed
on the screen. The remaining segments were adjusted to reach equal temperatures. To
avoid the influence of hysteresis effects and to assure reproducibility to other measurements,
experiments were carried out starting at the highest heat flux and proceeding to near-adiabatic
condition.

Besides adjusting the heating power of the measurement section, set values for the pre-heater
powers were automatically renewed based on the actual heat input and the desired vapor
quality in the measurement section. To avoid the formation of an axial temperature profile
along the measurement section including inlet and outlet tubing, the electrical powers of
pre-heater VV3 and the guard heater were adjusted to approximately result in the same heat
flux of the measurement section. Thus, these values were simultaneously calculated from
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actual set-up values. Powers for the preceding pre-heaters VV1 and VV2 were readjusted
with respect to the desired vapor quality in the measurement section.

Once wall temperatures in the measurement section were equalized, the respective powers
to pre-heaters and guard heater applied and flow conditions stabilized, recording of measure-
ment data was started. 20 consecutive measured values were recorded and averaged for each
measurement point. During data acquisition, measurement values should not vary more than

425 mbar in system pressure, =5 kgm~2s~! in mass flow rate and all wall temperatures
of the measurement section should be within the range of 0.1 K. Besides, flow pattern and

pressure drop were recorded.

3.4.2 Pressure drop measurements

Pressure drops were measured under diabatic and adiabatic conditions. Each measure-
ment point results from averaging of 20 consecutive measured values. Diabatic measure-
ments comprise the determination of pressure drop during heat transfer measurements, see
Sec. 3.4.1. Here, pressure drop results from friction and acceleration of vapor. Sole frictional
pressure drops were determined from adiabatic measurements. For these measurements no
power was applied to pre-heater VV3, the measurement section or the guard heater. Vapor
qualities were set-up by solely heating with pre-heaters VV1 and VV2. Prior to starting
pressure drop experiments, a zeroing and range configuration of the differential pressure
transducer was accomplished, see Sec. 3.2.3 and 3.3.

3.4.3 Flow pattern investigation

Analogous to pressure drop measurements, flow patterns were investigated during flow
boiling experiments at diabatic and adiabatic boundary conditions. Flow patterns were
captured by high speed video recording immediately after starting data acquisition and
recording. Classification into flow regimes follows subjective interpretation of the visualized
flow pattern, supported by film thickness measurements at the crest of the tube as described
in Sec. 3.2.6. Under dry conditions, the sensor was adjusted in position so that the inner
surface of the sight glass was detected with highest signal intensity just within the lower
range of measurement. Its distance to the sensor was recorded and served as baseline for
film thickness determination. As investigated to determine its influence on pressure drop
and heat transfer, observations should match the flow pattern inside the test section. Fins
of the micro-fin tube have a severe effect on two-phase flow pattern. For this purpose,
video recording of the flow pattern and film thickness measurements during micro-fin tube
experiments were done as close to the outlet of the guard heater as possible.
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3.4.4 Hydrodynamic and thermal flow development

Schmidt (1986) conducted a literature study on two-phase flow development in pipes. Two-
phase flow was considered hydrodynamically and thermally developed once pressure drop
and temperature profile of the tube wall remain unchanged, respectively. Full hydrodynamic
development of two-phase flow after 90° elbow pipes was found to be completed typically
after 100 diameters. In few cases, authors report of up to 200 diameters. Thermal develop-
ment of two-phase was considered to take up to 25 diameters. For adiabatic measurements,
length to diameter ratio of the straight unheated inlet before the measurement section yields
(L/d) > 220. The ratio for the heated length during diabatic measurements was (L/d) > 120.
Thus, two-phase flow was assumed to be hydrodynamically and thermally developed.

3.4.5 Oil mass fraction measurements

The mass fraction of lubricant in the liquid bulk (nominal oil mass fraction) is equal to the
oil mass fraction at the inlet of an evaporator. It is determined gravimetrically from liquid
samples extracted under operation conditions. Initially, the sampling vessel (see Fig. 3.10)
is evacuated and its tare weight determined by weighing. To extract liquid samples, the
sampling vessel is reconnected to the test loop and the connecting pipes are evacuated. The
valve to the test loop is opened, followed by quickly closing the valve at the sampling vessel
to entrap the entire fluid sample. The total weight of the fluid (CO, and lubricant) and
vessel is measured gravimetrically. Following, CO; is released slowly by carefully opening
the valve of the pressurized sampling vessel. It must be ensured that no liquid droplets
are entrained by the out-flowing gas. When pressure equalization with the surroundings
is completed, the vessel is evacuated once more for several minutes to remove any CO»,
dissolved in the lubricant. The total mass of vessel and lubricant is determined. Knowing the
tare weight of the vessel, the fluid masses and hence the oil mass fraction can be determined.
Measurements of the oil mass fraction are repeated periodically to assure a non-changing

oil mass fraction.

| regulation valve

inlet to test
g section
direction
— .

of flow tubing for
evacuating

to vacuum
pump

| sampling vessel

Figure 3.10: Setup for oil concetration measurements
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3.5 Evaluation of Measurements

3.5.1 Heat transfer

Heat transfer coefficients (;;) were determined locally for each segment j with respect to
the center of the measurement section. With the local heat flux (¢;) and inside wall surface
temperature (7,, ;) at segment j and the saturation temperature of the pure refrigerant (75),
calculation in general follows Eq. 3.2.

qj

06]':7
Tw,j_Tf

(3.2)

For refrigerant-oil mixtures, however, this equation does not apply. The addition of lubricant
to the refrigerant leads to a change in boiling temperature, thus requiring the bubble point
temperature (7},) as function of local oil mass fraction (w,;;) as effective liquid temperature
instead (Thome, 1995).
qj
Oj= "7 (3.3)
T T — Ty (Woir)

The local heat flux (¢;) results from electrical heating power (F,; ;) corrected by reactive
power in the connection lines and cold ends of the heating conductors (P, ;) and heat loss
to the surroundings (Q'IOS& ), with reference to the surface area of segment .

Pel,j - Plass.,j - Qloss
1
s Ai

qj = (3.4)

Reference area for heat transfer (4;) of the smooth tube equals the geometrical inner surface
along the heated length (= 200 mm for both measurement sections). Concerning definitions
for micro-fin tubes by authors in literature, reference surface areas are defined differently
with respect to inner diameter. In this work, experimental heat transfer coefficients and thus
heat flux are referred to the lateral surface of a cylindrical tube with diameter that equals the
core diameter (d; = 8.62 mm, maximum inner diameter) of the micro-fin tube.

Wall temperatures (75, ;) in Eq. 3.3 refer to the inner tube surface, calculated by accounting
for heat conduction through the tube wall.

60;1n (%) aydiin (%)
T,:=Trci— ’ =Trcj— 7
w,j TC,j 27'5Lheat AMS(TMS) T ZA’MS(TMS)

(3.5)

where Trc j is the temperature measured by the respective thermocouple in segment j, drc
the diameter with respect to the thermocouple position, d; the inner (core) diameter of the
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tube and Ays the heat conductivity of the tube material (see Eq. D.29 or D.30 in App. D.3
with Tyis = Tyijcu = 3 (Tre,j+ T j))-

The effective heating power (Py;,j — Plogs, ;) is determined from manufacturer specification on
resistance and length of the hot part of the heating conductors and the overall measured circuit
resistance, see Appendix. Heat loss results from conduction through the tube insulation.
For a precise determination along the measurement section, heat loss is calculated from
measured temperatures at the inside (7;,,,;) and outside (7}, ,) surface of the insulation.

1 [ 27 Liear Ains(Tins)
Qloss - 8 di
In (M>

ins,i

(Tins,i - Tins,()) (36)

where Ly (= 200 mm) is the heated length, ing,i /o the inner/outer diameter and A;,, the
heat conductivity of the insulation (see Eq. D.27 in the Appendix).

Local heat transfer coefficients are determined by Eq. 3.3, calculating heat flux first (Eq. 3.4
and 3.6) and then the respective inner wall temperature by iteration (Eq. 3.5 and D.29 or
D.30). Circumference-averaged heat transfer coefficients at the measurement position result
from averaging all six local heat transfer coefficients, according to Eq. 3.7.

1 6
a:EZaJ» (3.7)

3.5.2 Vapor quality

The thermodynamic vapor quality (%) is defined as the ratio of vapor (My) to total
(M = Mg+ M) mass flow rate. While the vapor phase was assumed as pure CO,
(My = Mco, v), the liquid phase consisted of liquid CO, and oil (My, = Mco, 1. + Mir).
It can be determined from energy balance around the test section, i.e. from the point of
sub-cooled liquid in front of the regulation (= throttling) valve to the measurement position
in the measurement section, to be more precisely.

x= & = L (3.8)

M My +Mp,

Anticipating Sec. 3.5.3, an increase in vapor quality automatically leads to an accumulation
of lubricant in the liquid phase as the non-volatile lubricant remains in the liquid phase. As
result, the local oil mass fraction and the bubble point temperature of the mixture changes.
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As stated by Thome (1995) for refrigerant-oil mixtures, sensible heat to vapor and liquid
phases contributes to a change in enthalpy (dh) and, thus, a change in vapor quality (dx).
L . do
dh = Ah,di+ (Xcpy + (1 —%) cpr) dT}, = o (3.9)

where Ah, is the specific heat of vaporization, ¢,y is the specific vapor/liquid isobaric
heat capacity, d7, is the change in bubble point temperature, dQ is the heat input and M is
the mass flow rate.
Determining the total enthalpy change (Ah) from sub-cooled inlet up to the position of
measurement, sensible heat to the sub-cooled liquid for reaching the bubble point had to be
taken into account.

P
Ah =N (T x—0) — he(Trr, PTR) +Zdh (3.10)
%

where (T}, x—) is the specific enthalpy on the saturation line at inlet bubble point tempera-
ture (T} 4—0) and hy (Trg, prr) is the specific enthalpy of sub-cooled liquid in front of the
regulation (= throttling, TR) valve.

As bubble point temperature and isobaric heat capacity are dependent on the local oil mass
fraction, vapor qualities were not solved explicitly from Eq. 3.10. Instead, heat release
curves (Ah(x)) were prepared as proposed by Thome (1995). Calculation proceeded by
increasing the vapor quality until the total change in enthalpy just exceeded the respective
heat input, i.e. (AhM) > Y. dQ (= Q). Step size for change in vapor quality was chosen to
dx = 107, hence yielding the accuracy of vapor quality calculation.

Total heat input was determined from measured powers applied to pre-heaters, measurement
section and guard heater with respect to the reference position.

Q = Z(Pel — Plogs — Qlass) (3.1 1)

where P,; is the electrical power measured by power meter, P, the reactive power in the
connection lines and cold ends of the heating conductor and O),ss the heat loss for each tube
section passed downstream up to the reference position of vapor quality determination.
For practical reasons, heat loss along each tube section was determined from averaged heat
transfer coefficients (k;) with respect to the inner surface (A;). These combined k; A;-values
comprise heat loss at all existing thermal bridges along the respective tube section.

Qloss = ]_CiAi (Tins.i - Tins,()) (3.12)

where T, ;/, are mean temperatures at the inside and outside of the insulation.
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3.5.3 Oil mass fraction

The inlet oil mass fraction is defined as mass fraction of oil in the liquid bulk (i.e. for x < 0)
and corresponds to the ratio of oil circulation rate (M,;;) to total (liquid) flow rate (M).
Moil

Woil in = V (3.13)

While CO; evaporates, non-volatile lubricant accumulates in the liquid phase. Hence, the
local oil mass fraction is a function of vapor quality as well. With M, = M (1 —x) following
Eq.3.8 and M,; = M Woir,in from Eq. 3.13, an expression for the local oil mass fraction
(Wyi1) in terms of local vapor quality () and inlet oil mass fraction (w,; ;,) results.

— Woil,in
Woil = 1—x

(3.14)

3.5.4 Mass flow velocity

The total mass flow velocity (7i7) is determined from the measured mass flow rate of sub-
cooled flow (= total mass flow rate, M) at the inlet with respect to the cross-sectional area of
flow (A f10,) in the respective measurement section.

M

= (3.15)
Aflow

m

The smooth tube cross-sectional area equals the geometrical cross-section cylinder, i.e.
A flow,smooth = %dlg = 153.9 mm?. The cross sectional area of the micro-fin tube was estima-
ted by Schael (2009) by means of microscopic surface imagery and validated by experiment.
The value given, equaling A f1oy micro— fin = 35.3 mm?, was used for the mass velocity calcu-
lation by Eq. 3.15.
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In this chapter results from flow boiling experiments inside the 14.0 mm smooth tube test
section are presented. The experimental investigation included flow pattern observations,
pressure drop and heat transfer measurements. Measurements were carried out under
adiabatic and pseudo-diabatic boundary conditions with respect to the test section. In the
case of pseudo-diabatic measurements, the power input to the test section for heating was
adjusted to yield a near-isothermal wall condition. The sight glass for the visualization of
flow patterns preceding the guard heater of the test section, however, could not be heated
at any time. Thus, when referring to pseudo-diabatic measurements in the following, the
diabatic condition implies to the tubing up to the entry of the sight glass only.

Pressure drop and heat transfer experiments inside the smooth tube were primarily carried
out for the sake of reproducibility (refer to App. B) and gaining basic information about
the effect of lubricant on flow boiling pressure drop of CO;. The experimental data base
compared to micro-fin tube experiments (see Sec. 5.2) is comparatively small and focused
on experiments at 26.4 bar.

4.1 Flow patterns

The investigation of flow patterns during flow boiling experiments is related to the strong
influence of phase distribution on heat transfer and pressure drop. In addition to system
pressure, flow velocity, vapor fraction and heat flux to the evaporating liquid, the local
oil mass fraction severely impacts on flow patterns of refrigerant-lubricant mixtures. The
presence of oil effects fluid properties, facilitates the formation of foam and can promote
the wetting of the tube. Heat transfer and pressure drop measurements must be connected
to the present flow pattern in order to understand and construe the results. In the first
place, a reasonable and systematic definition of the observed flow patterns is essential for
comparisons to predictive methods and to facilitate unambiguous communication with other
researchers.

4.1.1 Flow pattern classification of CO,-POE oil mixtures

Classifying flow patterns of CO,-POE oil mixtures in a horizontal evaporator tube, five
main categories were identified and defined as listed below. Visual observations in form of
high-speed video recordings are illustrated in Fig. 4.1.
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(w-a)

film slug

Figure 4.1: Observed flow patterns of CO,-POE oil mixtures containing 3 wt.-% lubricant; (s) stratified,
(s-w) stratified-wavy, (w) wavy, (i) intermittent (slug/plug), (w-a) wavy-annular, (i-a) intermittent-annular,
(a) annular and (f) foam flow
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* A clear horizontal, smooth separation of vapor (top) and liquid (below) phase is desig-
nated as stratified (s) or stratified-wavy flow (s-w). The latter denotes the transition
pattern with first small waves forming at the surface. Both flow patterns feature a
permanently liquid-wetted bottom of the tube while the the crest is dry.

Wavy flow (w) also consists of a horizontal phase separation with the crest of the tube
being unwetted. However, rolling waves at the gas-liquid interface traveling at higher
velocity than the core liquid phase lead to a steady fluctuation of local liquid level and
thus alternating grade of tube wetting.

Intermittent flow (i) comprises slug and plug flow, as both flow pattern are characteri-
zed by alternation of partial to total tube wetting. With increasing vapor quality, slugs
merge into annular flow.

* Flow regimes containing an annular liquid film are subdivided into three categories.
Annular flow (a) implies a fully developed, stable liquid film around the whole tube
perimeter. The film thickness diminishes towards the crest of the tube due to gravity.
Wavy-annular (w-a) and intermittent-annular flow (i-a) designate the respective
transition regimes from wavy or intermittent to annular flow, respectively.

If foaming occurs intensively and the flow regime is hardly to be distinguished due
to heavy foam formation, the pattern is classified as foam or froth flow (f). It is
characterized by complete tube wetting and foam filling the tube, thus blocking the
passage for gas flow and leading to an increase in pressure drop.

Besides the above mentioned main categories, flow patterns (except for foam flow) are
additionally marked as foaming (/f) in case of significant foam formation being observed.
The last two images of Fig. 4.1 give an example. Foaming occurs due to the evaporation
of refrigerant in refrigerant-lubricant mixtures, and it is intensified by increasing the local
heat input to the liquid (e.g., inside the measurement section during diabatic flow boiling
experiments). The lubricant concentration enriches at the gas-liquid interface of bubbles
formed, leading to a stabilization of the enclosing liquid film. The formation of a foam
layer may have different consequences, such as increasing the grade of liquid tube wetting,
effecting the shear stress and inducing a further flow resistance.

4.1.2 Comparison of experimental flow patterns to flow pattern maps

The first aspect that needs to be discussed here - prior to actually comparing experimentally
determined flow patterns to flow patterns maps available in literature - are the transition
regions from wavy to intermittent (slug/plug) or annular flow and intermittent to annular
flow, i.e., from partial to full tube wetting (un)steady state of flow.
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The flow pattern map of Steiner is the most cited one and up-to-date general flow pattern
maps available. As numerous authors stated, however, it lacks accuracy in predicting the
technical relevant wavy to slug/plug or annular flow transition. Thus, most effort as been
spent in developing or modifying prediction methods for this transition region, e.g., by
Kattan et al. (1998a) in simple manner. It was found out that common flow pattern maps and
modifications generally are valid in limited ranges of operation (e.g., certain refrigerants,
pressures, mass flow velocities, tube geometries). However, none of the available flow
pattern maps could predict the flow patterns observed in the experiments carried out in this
work satisfactorily, e.g., see graphs in App. F.

A more general modification of the Steiner transition curve was developed in the course
of this work (Saito et al., 2011), see Eq. 2.94 in Sec. 2.4 and Eq. E.30-E.33 in App. E.1.
Following Taitel and Dukler (1976), a multiplier C; accounts for the liquid film height that a
wave has to grow in order to reach the transition state to intermittent/annular flow. Further,
the relative velocity of vapor to liquid phase was regarded as transition criterion, i.e., the
effective velocity of vapor over the surface of the liquid film. The respective velocity of the
liquid film at the liquid-vapor interface is estimated by a second multiplier C5.

At conditions of low liquid level or low vapor qualities, respectively, the precise calculation
of the vapor fraction is crucial when regarding the relative phase velocity. Even slight
deviations promptly lead to unsound negative values, i.e., lower velocity of vapor than the
liquid. The author of this work therefore proposes to apply C| according to Saito et al., but
to modify C; (see Eq. 4.1). The trends of C; and C; as functions of the height of liquid are
illustrated in Fig. 4.2.

1 Steiner (1993)
‘ €=

Saito et al. (2011)

Taitel & Dukler (1976)

Wallis & Dobson (1973)

\M\\ (C,=0.5)
) N \ ,,,,,,,,

L1 O
Mishima & Ishii (1980)
(C,=0.478)
Saito et al. (2011) this work
0 , , : > , , : =0
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
R, R

Figure 4.2: Wavy to intermittent or annular flow transition curve parameters C; and C, as functions of the
dimensionless liquid height (i, = hy /d); literature citations from Saito et al. (2011)
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“.1

=2- Z

e 1+exp (szfc,-))

where iy, = hy_ /d is dimensionless liquid height, d is the tube diameter and m;—; » and cj—1 »
are empirical constants (given in Tab. 4.1).

Table 4.1: Empirical parameters in Eq. 4.1 for calculating C»

c1 =03 m; =-—5 c=0.7 my = —15

The transition from intermittent to annular flow is generally described by means of a
transition mean vapor (Fr(\),'fn} ) or liquid (Fry, o) Froude number as function of Martinelli
parameter (Xi). The first approach provides the possibility of implementation into the
dimensionless flow pattern map by Steiner. Schael presented an expression for FrJ> |
based on CO; measurements (see Fig. 2.4 (left) in Sec. 2.1). Using the same correlation
procedure, Eq. 4.2 was developed from adiabatic CO,-oil mixture data gained in this work.
Figure 4.3 (left) depicts that the observed transition regions for CO, (dashed line) and CO;-
POE oil mixtures (solid line) under adiabatic conditions hardly differ from each other.
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Figure 4.3: Transition from partial to complete tube wetting in the smooth tube in terms of Frv5 (left) and
Frp. (right) over Xi; Symbols represent data points from this work and solid lines predicted flow transitions
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A comparison of the experimental data to the transition criterion in terms of Frp 1.4 = f(Xy)
is shown in Fig. 4.3 (right). The dashed line represents the transition curve developed by
Barbieri et al. (2008) based on data from flow boiling experiments with R134a. It differs
notably from the new transition curve (solid line) derived from the CO;-lubricant data
mentioned above. A new transition equation for CO,-lubricant flow is proposed.

FI‘LJ_A = O.4Xt{'05 (43)

Agreeing well experimental data, Eq. 4.2 is recommended for estimating the transition from
wavy or intermittent to fully developed annular flow of adiabatic two-phase flow of CO,-
POE oil mixtures inside smooth tubes. The range of operation ensured by experimental data
gained within this work includes w;; 0 < 5 wt.-%, 19.1 bar < p <26.4 bar and X, < 0.8.
Flow patterns for CO, under adiabatic conditions are presented in Fig. 4.4 (top) at pressures
of 19.1 bar (left) and 26.4 bar (right). Observations from flow boiling experiments carried
out by Saito et al. within the scope of this research project are represented by symbols. Solid
lines indicate transition curves by the modified Steiner flow pattern map. The beforehand
introduced wavy to intermittent/annular and intermittent to annular transition conditions
developed in this work are shown as dot-dashed lines.

Within the investigated range shown, the modified Steiner flow pattern map describes the
observed flow patterns precisely. The first modified wavy to intermittent/annular flow
transition curve (solid line, Saito et al. (2011)) yields a slightly better agreement to the
experimental data than the newly developed curve (dot-dashed line). However, the transition
criterion developed here assures better applicability to higher pressures (e.g., at 39.7 bar,
see Fig. F.1 in App. F.1), i.e., when the vapor to liquid density ratio is reduced significantly.
Likewise, adiabatic flow patterns of CO,-POE oil mixtures are well predicted by means of
the modified flow pattern map, see Fig. 4.4 (middle). Foaming is observed progressively as
the oil concentration increases, but flow patterns in general match the predicted regimes.
In the case of heat transfer measurements, i.e., with increasing heat flux, the predictability
of flow patterns observed diminishes. Strong foam formation and the development of
complete foam flow are the consequence of the local heat input. The more the local heat
input is increased, the more significant the foam formation becomes. Figure 4.4 (bottom)
indicates the advancing foam formation and deviation to flow pattern prediction at a low
(5 kWm2) and moderate (15 kW m~2) heat flux. For visual demonstration, recorded flow
patterns for pure CO; (top images) and a CO,-POE oil mixture containing 3 wt.-% of oil
(bottom images) are shown in Fig. 4.5. In all cases, pressure (26.4 bar), mass flow rate
(150 kgm~2s~") and vapor quality (50 %) are equal. From left to right, the average heat
flux inside the measurement section is increased from 0 kW m~2 (adiabatic condition) to
15 kW m~2. While there is no change in flow pattern noticeable for pure CO», strong foam
formation is clearly visible in the case of the CO,-oil mixture.
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Figure 4.4: Adiabatic (top and middle) and diabatic (bottom) flow patterns, modified Steiner flow pattern map

by Saito et al. (2011) and new transition curves for pure CO; (top) and CO,-POE oil mixtures containing
1 — 3 wt.-% lubricant (middle and bottom)

83



4 Smooth tube results

(@) 0 wt.% oil, 0 kW m?* (b) 0 wt.% oil, 15 kW m*

c) 3 wt.% oil, 0 kW m? d) 3 wt.% oil, 15 kW m?

Figure 4.5: Recorded flow patterns at 26.4 bar, 150 kgm 2s~! and 50 % in vapor quality for pure CO, (top)
and a CO,-oil mixture of 3 wt.-% (bottom) under adiabatic (left) and diabatic (right) conditions

4.1.3 Conclusion

Flow patterns of CO,-POE oil mixtures of nominal oil mass fractions up to 5 wt.-% inside a
smooth tube were investigated, illustrating the effect of oil in a conventional and profoundly
investigated evaporator geometry. Adiabatic experiments revealed that flow patterns of pure
CO; and CO;-lubricant mixtures are basically comparable and flow pattern maps applicable
to some extent. However, increasing the oil concentration promotes the formation of foam,
a phenomenon that does not occur in pure refrigerant flow and that is not taken into account
by flow pattern maps. Hence, a flow pattern with significant foam present (or even complete
foaming flow) cannot not be addressed in conventional flow pattern maps correctly.

The available flow pattern data was compared to the well established flow pattern map of
Steiner, among others. A general promising accordance to the experimental data was asses-
sed. Greater deviations were observed at the wavy to intermittent/annular and intermittent
to annular transitions. In parts, these deviations and various modifications were already
addressed in literature.

In case of the intermittent to annular transition, an approach already focused on by Barbieri
et al. (2008) and Schael (2009) was used. Instead of expecting the transition to take place
at a constant Martinelli parameter, a new transition criterion for the mean vapor Froude
number as function of Martinelli parameter was derived. The resulting equation is similar to
the one developed previously by Schael for pure CO,.

Describing the transition from wavy to intermittent/annular flow, the transition criterion
developed by Steiner was modified. This approach was introduced by Saito et al. (2011). It
implies the occurrence of two separate effects, depending on the state of flow: the Kelvin-
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Helmbholtz instability due to the Bernoulli effect and the situation of disturbance wave for
shallow liquid films (i.e., for low liquid level in the tube). The first approach mentioned is
incorporated in commonly used flow pattern maps, such as the maps by Taitel and Dukler
and Steiner. The second effect was introduced for special treatment of a small liquid film, for
which a laminar velocity profile is assumed. Additionally, the effect of liquid level was taken
into account, similar to Taitel and Dukler. As the liquid level increases and the vapor-liquid
interface approaches the crest of the tube, the disturbance necessary to induce intermittent
flow reduces. Regarding both aspects, the transition criterion of Steiner was modified to
describe the flow patterns of CO,-POE oil mixtures observed with good agreement.

4.2 Pressure drop

Pressure drop during flow boiling experiments was measured along the length of the me-
asurement section. In general, pressure drop results from frictional forces acting on the
two-phase flow and the acceleration of the evaporating liquid. In order to determine the
frictional pressure drop directly from experiments, adiabatic experiments (no evaporation)
were carried out. For identifying the pressure drop contribution by acceleration, the total
pressure drop during diabatic heat transfer experiments was investigated.

4.2.1 Frictional pressure drop

For determining the frictional two-phase pressure drop, experiments were carried out under
near adiabatic conditions. These conditions include that no heat input was applied to
neither the last pre-heater (VV3), the measurement section nor the guard heater between
measurement section and sight glass tube. Hence, measurements from adiabatic flow pattern
investigation and from heat transfer experiments (last measurement point of each series)
were used in determining the frictional pressure drop.

The effect of lubricating oil mass fraction on the frictional pressure drop of CO; is de-
monstrated in the left image of Fig. 4.6 for a pressure of 26.4 bar and a mass flow velocity
of 300 kgm~2s~!. Frictional pressure drops of CO,-POE oil mixtures containing 1 and
3 wt.-% lubricant are shown as light and dark gray symbols, respectively. As reference,
open circular symbols represent measurement data of Schael (2009) for pure CO,. At
vapor qualities below 0.7 the effect of lubricant is almost negligible and within the range
of uncertainty under the given conditions. Changes in local oil mass fraction and liquid
properties are comparatively small, e.g., for a nominal oil mass fraction of 3 wt.-% the
local oil mass fraction rises to 10 wt.-% and the liquid viscosity increases by 84 %. Despite
the considerable increase in liquid viscosity, the pressure drop is almost unaffected by the
presence of lubricant. This fact is related to the diminishing influence of the liquid phase
on the two-phase pressure drop with vapor quality. Further increasing the vapor quality
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Figure 4.6: Frictional pressure drops in the 14.0 mm smooth tube at 26.4 bar for a mass flow velocity
of 300 kgm =25~ (left) and an oil mass fraction of 3 wt.-% (right) as function vapor quality

to 0.9 results in a local oil mass fraction of 30 wt.-% and an increase in liquid viscosity
by approximately 600 %. Accompanied by an increased tendency to foam formation, the
frictional pressure drop was found to increase at vapor qualities > 0.7 with respect to pure
CO;, measurement data.

The right image of Fig. 4.6 represents the effect of mass flow velocity for a constant oil
mass fraction of 3 wt.-% and a pressure of 26.4 bar. As expected and previously found
for pure CO, by Schael, frictional pressure drop increases with mass flow velocity. In
addition, the steep increase in pressure drop at high vapor qualities (>0.7) as discussed
before can be seen for all mass flow velocities. Such behavior was observed for CO;-
lubricant mixtures only. Frictional pressure drop of pure CO, yields a maximum in the range
of 0.85 < x < 0.97, further decreasing to the pressure drop of pure vapor phase. Regarding
CO»-lubricant mixtures, there is always a (lubricant-rich) liquid film present as the lubricant
is not evaporated.

Figure 4.7 further demonstrates the effect of mass flow velocity on frictional pressure
drop at different vapor qualities. As for any refrigerant, frictional pressure drop increases
approximately by 7%

Experimentally determined frictional pressure drops were compared to several contemporary
and established frictional pressure drop correlations in literature. Table 4.2 summarizes the
error statistics. Best agreement to measurements was found for the correlation of Xu and
Fang (2012) with 73.7 % of all data points predicted with APE < 30 % and MAPE = 24.5 %,
closely followed by the correlations of Miiller-Steinhagen and Heck (1986) and Storek and
Brauer (1980). Parity plots for the latter correlations are shown in Fig. 4.8. With increasing
pressure drop, values are increasingly under-estimated. The correlation of Xu and Fang was
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Figure 4.7: Frictional pressure drops in the smooth tube as function of mass flow velocity and vapor quality
at a pressure of 26.4 bar and a constant nominal oil mass fraction of 3.0 wt.-%

the most recent prediction method investigated. Due to its close relation to the correlation
of Miiller-Steinhagen and Heck, the error statistics determined for both correlations are

very similar, revealing no significant improvement. All other correlations investigated
do not yield acceptable results, partially resulting in MAPE > 100 %. Most correlations
over-predicted the frictional pressure drop.

Parity plots of all correlations are given in App. F, Sec. F.1.2.
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Figure 4.8: Comparison of predicted to measured frictional pressure drops at 26.4 bar for CO,-POE oil mixtures
containing nominal oil mass fractions of 0 — 3 wt.-%
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Table 4.2: Error statistics of evaluated pressure drop correlations with respect to adiabatic frictional pressure drops
measured in the smooth tube

Correlation by author MPE MAPE Data that yields APE < 30 %
Xu and Fang (2012) —0.3% 24.5 % 73.7 %
Hu et al. (2008c) +176.1 % 179.6 % 10.5 %
Katsuta et al. (2008) +144.7 % 150.6 % 12.8 %
Cheng et al. (2008a) +47.0 % 60.9 % 48.1 %
Moreno Quibén and Thome (2007b) —33% 29.6 % 61.7 %
Yoon et al. (2004) +29.9 % 47.9 % 31.6 %
Miiller-Steinhagen and Heck (1986) —43% 25.4 % 73.7 %
Storek and Brauer (1980) +3.5% 25.1 % 71.4 %
Friedel (1979) +34.1 % 46.7 % 49.6 %
Chisholm (1973) +60.3 % 79.6 % 24.8 %
Gronnerud (1972) +12.5 % 329 % 51.1%
Lockhart and Martinelli (1949) +136.3 % 150.8 % 14.3 %

4.2.2 Total pressure drop

As is known, the total pressure drop of a refrigerant two-phase flow is described by linear
contributions due to friction and acceleration of the evaporating liquid to the vapor velocity.
Depending on the underlain friction pressure drop model, a homogeneous or heterogeneous
acceleration pressure drop model is used (see App. E, Sec. E.2.2). Pressure drops of CO;-
POE oil mixtures containing a nominal oil mass fraction of 3 wt.-% measured at 19.1 bar
and 150 kgm~2s~! for different inlet vapor qualities and varying heat fluxes applied to
the measurement section are presented in Fig. 4.9 by symbols. Solid and dashed lines
represent the acceleration pressure drop contribution predicted by either homogeneous or

20+ & x=07 W0 = 3 wt-% ™
© x=05 p=19.1bar
o x=01 m = 150 kg m?s”
model:
15 homogeneous 3)
ffffff heterogeneous %

pressure drop / mbar m”
IS

[¢)]
L

0 20 40 60 80
heat flux / kW m?

Figure 4.9: Total pressure drop as function of heat flux for w,;; o = 3.0 wt.-%, p = 19.1 bar, iz = 150 kg m2s!
and x = 0.1 — 0.7 (left) and the respective flow patterns observed (right)
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heterogeneous model, respectively, normalized to the frictional pressure drop measured
under adiabatic conditions. On the right, images depict the flow patterns observed.

With increasing heat flux the difference of measured to predicted pressure drop increases,
especially with increasing vapor quality. Even for pure CO, Schael (2009) pointed out that
both models under-predict the acceleration pressure drop contribution. He concluded that
the increase in total pressure drop is more pronounced at low heat fluxes (< 10 kWm™2),
declining towards higher heat fluxes. This assessment is contrary to observations made for
CO,-POE oil mixtures. Here, a steep increase in pressure drop was observed at moderate
heat fluxes (10 kWm~2 < ¢ < 40 kW m~2). This behavior is probably related to a change
in flow pattern, as flow pattern visualizations on the right side of Fig. E.2.2 suggest. The
evaporation of liquid increases with heat flux, promoting the formation of foam since the
non-volatile lubricant remains in the liquid film, stabilizing and retaining vapor bubbles.
As the local oil mass fraction increases with vapor quality, further improving the tendency
of foaming.

The error statistics of combined frictional and acceleration pressure drop prediction to
measured total pressure drops is presented in Tab. 4.3. As expected from the findings discus-
sed above, total pressure drops are significantly under-predicted by almost all correlations.
Correlations that resulted in an overall over-prediction of frictional pressure drop profit from
the under-prediction of the acceleration pressure drop contribution. However, no correlation
was found suitable to adequately predict the total pressure drop of CO,-POE oil mixtures.
Parity plots of the general well suitable correlations of Miiller-Steinhagen and Heck (1986)
and Storek and Brauer (1980) are displayed in Fig. 4.10. In contrast to the frictional pressure
drop (see Fig. 4.8), a comparison to experimentally determined total pressure drops reveals
a significant under-prediction, especially for higher pressure drop. Parity plots of all other

correlations are given in App. F, Sec. F.1.2.

Table 4.3: Error statistics of evaluated pressure drop correlations with respect to total pressure drops
measured in the smooth tube

Correlation by author MPE MAPE Data that yields APE < 30 %
Xu and Fang (2012) —39.7% 45.7 % 23.3 %
Hu et al. (2008¢) +47.5 % 76.2 % 30.6 %
Katsuta et al. (2008) +50.1 % 79.2 % 26.7 %
Cheng et al. (2008a) —-22.5% 47.4 % 25.8 %
Moreno Quibén and Thome (2007b) —41.5% 48.8 % 20.2 %
Yoon et al. (2004) —29.6 % 47.9 % 19.8 %
Miiller-Steinhagen and Heck (1986) —41.8 % 46.8 % 20.7 %
Storek and Brauer (1980) —40.6 % 48.0 % 23.5%
Friedel (1979) —-223% 41.4 % 312 %
Chisholm (1973) —2.8% 48.8 % 29.9 %
Gronnerud (1972) —-36.3% 48.6 % 20.8 %
Lockhart and Martinelli (1949) +34.6 % 71.2 % 28.5 %
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Figure 4.10: Comparison of predicted to measured total pressure drops at 26.4 bar for CO,-POE oil mixtures
containing nominal oil mass fractions of 0 — 3 wt.-%

4.2.3 Conclusion

Frictional pressure drops measured during two-phase flow of CO,-POE oil mixtures
were similar in magnitude and behavior compared to those determined for pure CO, by
Schael (2009). Due to a strong increase in local oil mass fraction and, hence, liquid viscosity
accompanied by an increased tendency to foaming, frictional pressure drops measured at
high vapor qualities (X > 0.7) increased significantly for mixtures of higher nominal oil
mass fraction. A comparison to frictional pressure drop models in literature revealed best
agreement of predicted to experimental values using the correlations of Xu and Fang (2012),
Miiller-Steinhagen and Heck (1986) and Storek and Brauer (1980) to experimental data,
yielding MAPE < 25.5 % and predicting > 71 % of all data with APE < 30 %. Other
correlations over-predicted the frictional pressure drop significantly.

In heat transfer experiments, total pressure drops were measured varying the heat flux
applied to the measurement section. A strong influence of the applied heat flux was
observed, especially at elevated vapor qualities. In the range of low to medium heat fluxes
(10kWm™2 < ¢ < 40 kW m~2), the total pressure drop was found to leap up significantly.
This behavior is contrary to observations previously made for pure CO, (Schael, 2009) and
it was related to foaming, as demonstrated by flow pattern visualizations. Foam formation
is favored by increasing the local oil mass fraction, i.e., by increasing the nominal oil
mass fraction and vapor quality, as well as by increasing the rate of evaporation, i.e., the
heat flux applied to the measurement section. Experimentally determined pressure drops
were compared to predicted frictional pressure drops combined by either homogeneous or
heterogeneous acceleration pressure drop contribution, depending on the underlain type of
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frictional pressure drop model. The comparison illustrated that neither homogeneous nor
heterogeneous model was suitable for predicting the acceleration pressure drop contribution
due to the evaporating liquid, strongly under-predicting the change of pressure drop with heat
flux. That fact lead to a general under-prediction of the combined total pressure drop for most
correlations. Yielding MAPE = 41.4 % and predicting 31.2 % of the experimental data with
APE < 30 %, the correlation of Friedel (1979) was found most accurate of all correlations
tested. It confirms that total pressure drops of CO,-POE oil mixtures cannot be predicted
with satisfying accuracy. As experimental investigations focused on identifying fundamental
effects of lubricant on the flow boiling behavior of CO;, reducing the experimental effort in
favor of an enlarged data base for the micro-fin tube, no pressure drop model was derived.

4.3 Heat transfer

Circumference-averaged heat transfer coefficients were determined from averaging local
heat transfer coefficients at six peripheral locations around the circumference of the tube
under isothermal wall conditions. Following, the influence of operating conditions on the
flow boiling heat transfer of the investigated CO,-POE oil mixtures is discussed.

4.3.1 Influence of the heat flux

Flow boiling heat transfer is generally characterized by convective and nucleate boiling
contributions, see Sec. 2.3. When convective boiling dominates, heat transfer is mainly
affected by mass flow velocity and almost independent of heat flux. In the nucleate boiling
dominated regime, the heat flux denotes the main influence on heat transfer as the bubble
formation on the heated surface increases, improving the heat transfer. However, nucleate
boiling requires a minimum heat flux (gonp) for bubbles to be generated.

As shown experimentally by Schael (2009) for CO,, nucleate boiling plays a dominant role
over a large range of heat fluxes, especially at higher vapor pressures. Schael substantiated
his observation estimating the onset of nucleate boiling by means of Eq. E.155, App. E.3.2.
At 26.4 bar and a mass flow velocity of 300 kgm~2s~!, the onset of nucleate boiling was

determined to gon, = 0.8 kWm™2.

With respect to the range of heat flux investigated,
observing convective boiling dominated heat transfer conditions was not expected for the
CO,-POE oil mixture flow boiling experiments carried out at 26.4 bar in this work.

In Fig. 4.11, the influence of heat flux on the circumference-averaged heat transfer coefficient
at a pressure of 26.4 bar at different mass flow rates and vapor qualities is illustrated. For
pure CO, (open symbols), the heat transfer coefficient significantly increases with heat
flux, indicating the dominance of nucleate boiling. These observations correspond to those
reported by Schael. In general, this also applies to CO,-POE oil mixtures (filled symbols)

by quality. At low heat fluxes, heat transfer coefficients are normally in the range of those
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for pure CO, and show a comparable behavior as the heat flux gently rises. However, in
the range of elevated heat fluxes, the boiling curve flattens, reaching a maximum in heat
transfer at a certain limiting heat flux. Further increasing the heat flux leads to declination
of the heat transfer coefficient while the wall temperature rapidly increases.

The location of the heat flux maximum is mainly dependent on nominal oil mass fraction and
vapor quality, see bottom plots of Fig. 4.11 at a mass flow velocity of 150 kgm2s~! and
vapor qualities of 0.3 (left) and 0.7 (right). With progressing evaporation of the refrigerant
the local oil concentration in close proximity to the heated wall surface of the tube rises.
Subsequently, the mass flow resistance in the lubricant-rich liquid layer increases, hindering
both bubbles in leaving and liquid refrigerant in reaching the heated surface. In addition, the
bubble point temperature and the surface temperature rise.
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Figure 4.11: Influence of heat flux on the circumference-averaged heat transfer coefficient at a pressure of 26.4 bar
for mass flow velocities of 75 — 300 kgm~2s~! and vapor qualities of 0.1 — 0.7
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4.3.2 Influence of the mass flow velocity

Figure 4.12 portrays the influence of the mass flow velocity on the circumference-averaged
heat transfer coefficient. In contrast to the obtained data for nominal oil mass fractions
of 1 wt.-% and 3 wt.-% (light and dark gray symbols, respectively), experimental data
from pure CO;, measurements reported by Schael (2009) are presented (open symbols).
From the measurement points for CO,-POE oil experiments shown, an increase of the heat
transfer coefficient with mass flow velocity becomes obvious, despite the scattering related
to the influence of other operating parameters (e.g., vapor quality, flow pattern) that are not
considered here.

Steiner (2002) described the dependency of heat transfer coefficient from mass flow velocity
by power law (Eq. 4.4) that was confirmed by Schael for pure CO, measurements. In
Fig. 4.12, this dependency is indicated by dashed and dotted lines for measurements yielding
average heat fluxes of 6 — 8 kWm™2 and 48 — 52 kW m ™2, respectively, roughly following

the observed trend.
i\ 025
o o< ( - ) 4.4)
N

where 7i1g = 100 kgm~2s~! corresponds to the substance-specific standard mass flow velo-

city reported for CO,.
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Figure 4.12: Influence of the mass flow velocity on the heat transfer at 26.4 bar
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Figure 4.13: Influence of vapor quality on the circumference-averaged heat transfer coefficient at low (left)
and high (right) heat fluxes

4.3.3 Influence of the vapor quality

The influence of the vapor quality on heat transfer is demonstrated in Fig. 4.13 in dependency
of the mass flow velocity at low (left) and high (right) heat fluxes. Observed trends are
represented by dashed lines (at riz = 300 kg m—2s~1), dotted lines (at i = 150 kg m—2s7 1)
and dash-dotted lines (at 7 = 75 kgm~2s™1).

At low heat fluxes, the circumference-averaged heat transfer coefficient almost remains
constant at mass flow velocities of 75 and 300 kgm~2s~!. At 150 kgm2s~! a slight but
noticeable enhancement in heat transfer was observed. This could indicate an improvement
in tube wetting and, thus, a positive effect on flow pattern. Concerning high heat fluxes, heat
transfer is generally deteriorated with vapor quality. Reasons were discussed in Sec. 4.3.1.

4.3.4 Influence of the flow pattern

The general influence of flow pattern on the flow boiling heat transfer of CO, was well
discussed by Schael (2009). This section covers oil-induced effects.

The influence of flow pattern on the heat transfer is demonstrated in Fig. 4.14 for condi-
tions corresponding to wei = 0 — 3 Wt.-%, p = 26.4 bar, rih = 150 kgm2>s~! and % = 0.5.
Circumference-averaged heat transfer coefficients are plotted vs. heat flux in the left image.
The boiling curves follow the behavior as discussed for Fig. 4.11. For measurements ap-
plying an average heat flux of 12 kW m™2, visualized flow patterns are shown and local heat
transfer coefficients determined for each tube segment are illustrated in the right image.
From the flow patterns shown for pure CO; (open symbols) it can be concluded that liquid
fills less than half the tube, covering the bottom segments (3, 4, 5) only. For these segments,
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Figure 4.14: Influence of flow pattern on the heat transfer — circumference-averaged heat transfer coefficient vs.
heat flux (left) and local heat transfer coefficients for ¢ = 12 kW m™? (right)

local heat transfer coefficients are at least one order in magnitude higher than for the mostly
or even complete dry upper segments (1, 2, 6). As already observed in previous research
(Wettermann (1999), Schael (2009)), the heat transfer at the bottom tube segment (4) is
usually slightly lower than at the adjacent segments (3, 4). Mesler and Mailen (1977) related
this phenomenon to the presence of a small liquid film. For such film with thickness in the
range of bubble size, the liquid surface is very close to the heated wall surface, influencing
the process of bubbles departure. These conditions could enable smaller bubbles to leave
that otherwise would grow.

Alike observations were made for CO,-POE oil mixtures with nominal oil mass fractions of
1 wt.-% (bright gray symbols) and 3 wt.-% (dark gray symbols), despite two main characte-
ristics clearly recognizable. Due to reasons discussed before, heat transfer coefficients at the
liquid-covered tube segments deteriorated as the oil mass fraction increases. Surface effects
and foaming induced by the presence of lubricant, however, promote the wetting of the tube,
yielding a noticeably increase in local heat transfer of the upper side segments (2, 6).
These observations clarify the complexity in predicting the circumference-averaged heat
transfer coefficients. As seen from the encircled points in the left diagram, heat transfer
intensifying and weakening effects for both mixtures are neutralizing each other. In com-
parison to the pure CO, measurements, the reduction in heat transfer at the bottom tube
segments is not compensated by the heat transfer enhancement at both adjacent segments.
Yet, under certain operating conditions, circumference-averaged heat transfer coefficient are
equalized or even slightly enhanced, as seen before in Fig. 4.11 (bottom, right) for low heat
fluxes. Figure 4.15 illustrates such apparently contrary influence of lubricant on the local
heat transfer under different operating conditions.
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Figure 4.15: Influence of flow pattern on the local heat transfer coefficients at different operating conditions

4.3.5 Comparison to predictive methods

Experimentally determined circumference-averaged heat transfer coefficients were compared
to predictions by established correlations found in literature. Evaluated error statistics for
the predictive methods tested are listed in Tab. 4.4.

According to Schael (2009), the correlation by Steiner (2002) is best suitable for predicting
heat transfer of pure CO,. Schael proposed slight modifications of the original correlation
to achieve an outstanding agreement with 93.1 % of all data points predicted yielding
APE < 30 %, MAPE = 13.5 % and MPE = 4-0.2 %. Reproducing pure CO, measurements
within the scope of this work, the quality of prediction was confirmed with 93.5 % of all new
data points predicted yielding APE < 30 %, MAPE = 10.3 % and MPE = —0.6 %. With
increasing oil concentration, however, the accuracy of prediction significantly drops. As

Table 4.4: Error statistics of evaluated heat transfer correlations with respect to heat transfer coefficients
measured in the smooth tube

Correlation by author MPE MAPE Data that yields APE < 30 %
Lietal. (2014) +117.7 % 152.0 % 28.4 %
Fang (2013) —2.1% 32.4 % 57.1 %
Schael (2009) +67.2 % 71.8 % 459 %
Gao et al. (2008a) —65.6 % 70.3 % 53%
Cheng et al. (2008b) —35.6% 432 % 40.2 %
Cheng et al. (2008b) (S=1) +6.7 % 39.6 % 66.3 %
Wojtan et al. (2005b) +6.2 % 38.9 % 59.2 %
Thome and El Hajal (2004) +10.4 % 353 % 65.7 %
Steiner (2002) +352% 47.4 % 69.5 %
Kattan et al. (1998c) +28.2 % 42.3 % 68.3 %
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Figure 4.16: Comparison of predicted to measured heat transfer coefficients at 26.4 bar for CO,-POE oil mixtures
inside the smooth tube

can be seen in Tab. 4.4, less than 50 % of the experimental data containing nominal oil
mass fraction of 0 — 3 wt.-% are predicted within a range of error of =30 %. The parity plot
shown in Fig. 4.16 (top, left) illustrates the accuracy in prediction according to the respective
oil mass fraction. Heat transfer coefficients determined for pure CO, (open symbols) are
well predicted by the modified Steiner correlation. As the oil mass fraction increases, heat
transfer coefficients are increasingly over-predicted.

The established CO,-based correlation of Cheng et al. (2008b) resulted in great scattering of
predicted to experimental values and a significant under-prediction of heat transfer. As main
reason for the disagreement of the experimental data obtained in the scope of this work the
suppression factor for nucleate boiling introduced by the authors was identified. Related to
the annular liquid film thickness, the suppression factor reduces the predicted influence of
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nucleate boiling in the annular flow regime. Neglecting nucleate boiling suppression (S = 1)
greatly improved the accuracy of prediction.

The correlations by Gao et al. (2008a) and Li et al. (2014) show poor agreement to the
experimental data. Particularly, both correlations were developed based on experimental
data of CO,-PAG oil mixtures. In contrast to POE lubricants, PAG-type lubricants typically
show distinct miscibility-gaps with CO,, leading to a formation of an additional liquid phase
highly rich on lubricant, covering the wall surface. This fact could be responsible for the
sharp drop in heat transfer even at a very low oil mass fraction (refer to Fig. 2.21 in Sec. 2.4)
due to suppression of nucleate boiling, as reported by Dang et al. (2013) and Li et al. (2014).
Consequently, applied to CO,-POE oil measurements both correlations performed worst of
all correlations tested. A third correlation based on data of CO,-PAG oil mixtures proposed
by Katsuta et al. (2008) could not be applied accurately due to missing information in the
publication.

None of the evaluated correlations could predict heat transfer coefficients of CO,-POE oil
mixtures satisfactorily. Parity plots shown in Fig. 4.16 reveal a pronounced scattering of
predicted to measured values. Best results were achieved for the correlation of Fang (2013),
yielding MPE = —2.1 % and MAPE = 32.4 %. Still, less than 60 % of all data points
are predicted within a range of error of £30 %. Additional parity plots are shown in
App. F.1.3.

4.3.6 Conclusion

The influence of oil on flow boiling heat transfer of CO, inside a smooth tube was discussed.
The accuracy of up-to-date predictive methods was presented.

At low vapor qualities and heat fluxes, CO,-POE oil mixtures show similar behavior in flow
boiling heat transfer as pure CO,. Under most conditions, however, heat transfer coefficients
are reduced quantitatively when lubricant is added. Slight improvements of heat transfer
with increasing oil mass fractions were observed at operating conditions yielding low liquid
hold-up (i.e., vapor qualities of 0.5 <x <0.7) and low heat fluxes. Here, foaming due
to the presence of oil could be the reason for an enhanced wetting of the tube and, thus,
an enhancement in heat transfer. Local heat transfer coefficients determined at different
locations on the perimeter of the tube support the assumption of a positive lubricant-induced
effect on the flow pattern. Increasing the heat flux generally lead to a decrease in slope of the
boiling curve and, eventually, in a deterioration in heat flux. The limiting heat flux was found
to be dependent on vapor quality and nominal oil mass fraction, moving to lower values as
both parameters increase. This fact could be attributed to an enrichment of lubricant in the
proximity of the wall surface, affecting mass transport of the refrigerant and bubble point
temperature.
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The experimental flow boiling data base at 26.4 bar and oil mass fractions of 0 — 3 wt.-%
was compared to predicted values by established heat transfer correlations found in literature.
Among those, the correlations of Li et al. (2014) and Gao et al. (2008a) were developed
for CO,-PAG oil mixtures. Due to different thermo-physical properties (in particular
miscibility), both correlations performed worst of all methods tested. A recent correlation
developed by Fang (2013) based on pure CO, data showed least scattering of predicted to
experimental values. The modified Steiner correlation for CO, proposed by Schael (2009)
revealed outstanding agreement to reproduced pure CO, data. However, it was found to
greatly over-estimate heat transfer coefficients of CO,-POE mixtures. The established
CO;-based correlation of Cheng et al. (2008b) showed poor agreement to the experimental
data, whereby accuracy in prediction greatly improved by neglecting the nucleate boiling
suppression.

Summing up, however, no correlation could predict heat transfer coefficients of flow boiling
CO,-POE oil mixtures satisfactorily. Experimental investigations focused on identifying
fundamental effects of lubricant on the flow boiling heat transfer of CO;. In favor of an
enlarged heat transfer data base for the micro-fin tube, the experimental effort for the smooth
tube was strongly reduced and no modeling of the heat transfer coefficient was performed.
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5 Micro-fin tube results

In the following, results from flow boiling experiments in the 8.62 mm micro-fin tube
are presented, including flow patterns, two-phase pressure drop data and heat transfer
measurements conducted under adiabatic and pseudo-diabatic boundary conditions.

5.1 Flow patterns

Flow patterns of flow boiling CO,-POE oil mixtures inside a micro-fin tube were investigated.
Determination of flow patterns and prediction by flow pattern maps followed the procedure
of the smooth tube, evaluating high speed video records. As no flow pattern maps are
presently available for micro-fin tubes, flow patterns identified were compared to established
smooth tube flow patterns maps. Note that the non-heated sight glass tube succeeding the
measurement section and guard heater was designed as smooth tube of inner diameter equal
to the fin-root diameter of the micro-fin tube. Flow patterns thus had to be determined close
to the outlet of the guard heater in order to observe the swirling effect of the micro-fins.

5.1.1 Flow pattern classification and distinction from
smooth tube observations

In general, flow patterns observed for CO,-POE oil mixtures inside the micro-fin tube
correspond well to those observed in the smooth tube. Flow pattern classification hence
follows Sec. 4.1.1.

Owing to the micro-fins, stratified flow was practically not observed in the micro-fin tube.
The induced swirl interrupts flow stratification, leading to wavy flow formation even at very
low mass flow velocities. Further, annular flow was frequently overlaid by slug or wavy flow
characteristics. Smooth and uniform annuli were hence seldom observed. Schael (2009)
previously made similar observations during pure CO, experiments as well.

It was observed that significant foaming already occurred at low mass flow velocities and
vapor qualities under adiabatic conditions. Foam produced in the opposing pre-heaters hence
endured longer in the micro-fin test section. This fact is demonstrated by the images shown
in Fig. 5.1, representing observed flow patterns in the smooth (left) and micro-fin (right)
tube under equal operating conditions. The multi-bubble containing foam layer present on
the liquid interface occupies a significant part of the flow cross section, particularly affecting
the transition from wavy to slug flow.
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thin single-bubble layer multi-bubble layer

smooth tube micro-fin tube —
(d,=14.0 mm) (d,=8.62 mm) direction of flow

Figure 5.1: Wavy flow observed for CO,-POE oil mixtures with a nominal oil mass fraction of 3 wt.-%
in the smooth (left) and micro-fin (right) tube at a pressure of 26.4 bar, a mass flow velocity of 75 kgm~2s~! and
a vapor quality of 0.1 under adiabatic condition

Another effect induced by the presence of oil observed in the micro-fin tube was the
formation of eruptive-like slugs during diabatic heat transfer experiments, see Fig. 5.2.
Slightly similar to the phenomenon known in micro-channels, frequency and intensity of
these slugs were incomparably weaker pronounced than in micro-tube two-phase flow. This
flow pattern is characterized by a drying-out liquid flow (1), often leading to a complete
dryout of the tube, followed by an eruptive and heavyly foaming slug (2-3). After the
flow had settled (4), foaming wavy flow (5) reappeared. These slugs were observed under
weak convective boiling conditions, i.e., at low mass flow velocities and vapor qualities.
They seem to occur due to partial blocking of the micro-fin tube by the foam, which
is formed in the heated tube segments. With increased pressure drop over the assumed
foam front, the liquid accelerates, causing an explosively slug-like re-wetting of the tube.
The duration between two such slugs was in the range of a few seconds. Consequently,
distinctive fluctuations of pressure drop and wall temperatures (the latter due to the wall
dryout) were observed.

_=

drying out of foam front / slug complete tube calming of the formation of
the tube arrives wetted by foam flow wavy flow

Figure 5.2: Eruptive slug formation in the micro-fin tube
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5.1.2 Comparison of experimental flow patterns to flow pattern maps

As mentioned initially, flow pattern maps based on micro-fin tube experiments are not
available. Thus, established smooth tube flow pattern maps are used as reference for the
precision in prediction. The flow pattern map found to be most suitable for predicting
two-phase flow patterns of CO,-POE oil mixtures is the map of Steiner modified by Saito
et al.. Transition curves were calculated regarding the fin-root diameter of the tube.

From experiments with pure CO;, Schael (2009) ascertained that the transition from inter-
mittent to annular flow was similar to that in the smooth tube, however generally taking
place at low mass flow velocities. The transition could be described analogous to the smooth
tube. Adapted to the flow boiling data obtained in this work, the transition criterion yields
Eq. 5.1. Alike, the approach by Barbieri et al. (2008) to determine the intermittent to annular
transition was used and fitted to the observations made, see Eq. 5.2.

Frim1a = 0.7X "% (5.1
Frppa = 03X, (5.2)

Figure 5.3 illustrates the predicted transition (solid lines) and experimentally determined
flow patterns (symbols) at adiabatic conditions. The transition for CO,-POE oil mixtures
differ but slightly from that observed for pure CO,. Equation 5.1 is recommended for
estimating the intermittent to annular transition for CO,-POE oil mixtures in the range of
12 bar < p <40 bar, 50 kgm2s~! < < 500 kgm 25~ ! and w10 < 3 wt.-%.
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Figure 5.3: Transition from partial to complete tube wetting in the micro-fin tube in terms of Fr%fn (left) and Fry,
(right) over Xi;; Symbols represent experimental data and solid lines predicted transitions by Eq. 5.1 and Eq. 5.2
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Figure 5.4: Adiabatic flow patterns of CO,-POE oil mixtures with nominal oil mass fractions of 1.3 and 3.0 wt.-%
inside the micro-fin tube at pressures of 12.0 —39.7 bar, mass flow velocities of 50 — 500 kgm~2s~! and
vapor qualities of 0.10 —0.95
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In Fig. 5.4, flow patterns experimentally determined under adiabatic conditions are plotted
as symbols in the modified Steiner flow pattern map. Predicted flow pattern transitions are
shown as lines in dimensionless form (sz = f(x)). The wavy to intermittent/annular flow
transition represented as solid lines corresponds to the criterion derived by Saito et al. (2011),
whereas all other solid lines are equivalent to the original Steiner map. Dash-dotted lines
represent the intermittent-annular (Eq. 5.1) and wavy-intermittent/annular (see Sec. 4.1.2)
transitions, respectively, developed based on the experimental data of this work.
Following the trend of observations, the intermittent to annular flow transition is shifted
clearly towards lower mass flow velocities, compared to the smooth tube. The same
accounts for the wavy to intermittent/annular flow transition. One reason is reduction of
the tube diameter (14.0 mm to 8.52 mm), consistently noticeable when comparing the flow
pattern maps calculated for the smooth and the micro-fin tube diameter. Still, the wavy
to intermittent/annular transition is predicted at slightly higher mass flow velocities than
observed. The latter is attributed to the swirling effect of the micro-fins favoring annular
flow formation. Summarizing, flow patterns in the micro-fin tube are actually predicted in
good accordance to the observations made, when using smooth tube flow pattern maps with
some modifications in the transition lines.

5.1.3 Conclusion

Flow patterns of flow boiling CO,-POE oil mixtures inside a micro-fin tube were investigated.
For this purpose, high speed-speed video recordings at the sight glass succeeding the
measurement section and guard heater were evaluated. Determination of the flow pattern
followed the classification introduced for the smooth tube. In general, flow patterns observed
in both tubes were alike.

Differences in behavior with respect to the smooth tube were outlined as a frequent overlay
of wavy flow induced by the micro-fins of the tube, the formation of a more stable and
longer enduring foam layer and the appearance of eruption-like slugs when increasing the
heat flux in diabatic measurements at low mass flow velocities. The promotion of foam
formation may be related to the micro-fins, as the swirling effect enlarges the liquid interface
and enhances the vapor-liquid mixing. Due to the early presence of foam and the smaller
tube diameter, partial blocking of the tube may occur for flows of low convective character
(i.e., low mass flow velocity and low vapor quality). When the pressure drop increases
along the obstruction, it is blown out in the form of an eruptive slug. During this state of
flow, the tube wall frequently dries out, followed by complete re-wetting by the foam-filled
slug. Significant fluctuations in wall temperatures and pressure drop are the measurable
consequence.
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Flow patterns observed in experiments at adiabatic conditions were compared to the Steiner
flow pattern map, modified by Saito et al. (2011) in wavy to intermittent/annular flow
transition. A further update of the criterion parameters (C;, C») presented before in Sec. 4.1.2
along with a modified intermittent to annular transition criterion based on the observations
made in the micro-fin tube yielded a significant improvement in flow pattern prediction.
Largest deviations are found in the transition region from wavy to intermittent/annular
flow, as the swirling effect of the micro-fins promoting annular flow is not regarded by the
smooth tube criterion. The intermittent to annular flow transition is successfully predicted by
Eq. 5.1, developed in the scope of this work based on the micro-fin tube data. Besides being
developed based on smooth tube experimental data and regarding a smooth wall surface,
the modified Steiner flow pattern map was found to predict the observed flow patterns in
relatively good accordance.

5.2 Pressure drop

Pressure drop experiments in the micro-fin tube were carried out analogously to the smooth
tube, see Sec. 4.2. Frictional pressure drop and total pressure drop were measured during
adiabatic and diabatic experiments, respectively. With regard to measurements of pure CO,
in the smooth tube, the pressure drop of CO,-POE oil mixtures investigated in the micro-fin
tube is influenced by the roughness of the tube and the presence of oil, affecting the physical
properties of the fluid.
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Figure 5.5: Frictional pressure drops in the micro-fin tube as function of mass flow velocity and vapor quality
at a constant nominal oil mass fraction of 3.0 wt.-% and pressures of 12.0 bar (left) and 26.4 bar (right)
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5.2.1 Frictional pressure drop

Frictional pressure drop measurements yield from adiabatic flow pattern experiments as
well as from heat transfer measurements, i.e., from measurements taken at the end of each
heat transfer measurement series under adiabatic condition. In both cases, no heating power
was supplied to either the measurement section or the succeeding guard heater. The desired
vapor quality at the inlet of the measurement section was set-up primarily by the heat input
to pre-heaters 1-2. In the case that two-phase flow was very unstable, pre-heater 3 was used
in parts as well.

In Fig. 5.5, the frictional pressure drop inside the micro-fin tube for a CO,-POE oil mixture
with an oil mass fraction of 3.0 wt.-% at pressures of 12.0 bar (left) and 26.4 bar (right) are
plotted versus vapor quality. The mass flow velocity for the measurements series shown
varies from 75 to 500 kgem 2s~!. As expected and previously observed for pure CO, by
Schael (2009), frictional pressure drop increases almost linearly in the range of low to
medium vapor qualities, reaching a maximum at a vapor quality above 0.6. This trend can be
seen best at low pressures (left plot) due to the larger density ratio of liquid to vapor phase.
Increasing the system pressure impedes depicting that trend as foam formation induces
further frictional resistance, hence leading to an increase in pressure drop. Furthermore,
pressure drop increases with mass flow velocity. As shown in Fig. 5.6 for measurements at a
constant nominal oil mass fraction of 3.0 wt.-%, a system pressure of 26.4 bar and average
vapor qualities of 0.1, 0.3 and 0.5, the increase in frictional pressure drop was found to be
nearly proportional to 7%

60

p =26.4bar .
Wy, = 3.0 wt-% /

oil,0

(o))
o

¢ Xx=0.50..0.56
® x=0.29..034

| = x=009..0.12 }

IN
o

pressure drop / mbar m”

N w
o o

o

hel

Q

.

]

Bm

-

o
!

(5]

04— - ; ; ;
0 100 200 300 400 500
mass flow velocity / kg m? s

Figure 5.6: Frictional pressure drops in the micro-fin tube as function of mass flow velocity and vapor quality
at a pressure of 26.4 bar and a constant nominal oil mass fraction of 3.0 wt.-%
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Figure 5.7: Frictional pressure drops in the micro-fin tube for a mass flow velocity of 150 kgm2s~! and
oil mass fractions of 1 (left) and 3 wt.-% (right) as function of system pressure and vapor quality

The influence of the system pressure on the frictional pressure drop is demonstrated in
Fig. 5.7 for CO,-POE oil mixtures containing 1 (left) and 3 wt.-% (right) lubricant. The
mass flow velocity was hold constant at 150 kgm~2s~!. With increasing system pressure,
the frictional pressure drop clearly decreases and the dependency on vapor quality diminishes.
This fact is related to the lower liquid to vapor density ratio at higher pressures and, hence,
lower vapor velocities.
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Figure 5.8: Frictional pressure drops in the micro-fin tube as function of oil mass fraction and vapor quality
at a constant mass flow velocity of 250 kgm~2s~! and pressures of 26.4 bar (left) and 39.7 bar (right)
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The effect of lubricant on the frictional pressure drop is demonstrated in Fig. 5.8 for two pres-
sures (26.4 bar, left, and 39.7 bar, right) and a constant mass flow velocity of 250 kg m2s~ 1.
The nominal oil mass fraction of the CO,-POE oil mixture was varied from 1 to 3 wt.-%.
At low vapor qualities the influence of lubricating oil on the pressure drop was almost
negligible within the range of oil mass fractions investigated. The local oil mass fraction
scarcely differs from the nominal oil mass fraction and the liquid mixture properties are
close to those of pure CO,. Increasing the vapor fraction results in a higher local oil mass
fraction. Hence, the viscosity of the liquid phase and the frictional pressure drop increase.
At high vapor quantities, foam was commonly observed, significantly contributing to flow
resistance and pressure drop.

Frictional pressure drops experimentally determined in the micro-fin tube were compared
to predictive methods found within a literature survey. Correlations especially developed
from micro-fin data are those of Hu et al. (2008a), Kedzierski and Goncalves (1999), Choi
et al. (1999) and Cavallini et al. (1997). Choi et al. assumed that their correlation is also
valid for refrigerant-lubricant mixtures when using the mixture liquid viscosity and the
correct vapor quality. The recently published correlation of Xu and Fang (2012) is based on
hydraulic diameter and generally applicable to in-tube flow, comprising experimental results
in circular and rectangular pipes as measurement basis. Correlations of Hu et al. (2008a), Hu
et al. (2008c) and Katsuta et al. (2008) were developed especially for refrigerant-lubricant
mixtures. Yoon et al. (2004) developed a correlation for pure CO, boiling in smooth tubes.
However, predicted values did not agree satisfactorily to experimental data by Schael (2009).
Besides the few micro-fin correlations available, Schael evaluated selected smooth tube
correlations as well based on fin-root diameter. Best agreement to experimental micro-fin
tube data for pure CO, was found for the correlations of Miiller-Steinhagen and Heck (1986)
and Storek and Brauer (1980), if multiplying penalty factors of constant PFx, = 1.63 or
PFpp = 2.6 — 1.52% were applied, respectively. The introduction of penalty factors of that
magnitude implies that prediction yielded large deviations when using the fin-root diameter
as characteristic dimension.

Kedzierski and Goncalves concluded that the hydraulic diameter should be chosen as
characteristic dimension for predicting pressure drops in enhanced tubes. The authors
recommended an expression for micro-fin tubes, including structural characteristics of the
micro-fins.

_ 4Acos(B)

d
h ng Uf

(5.3)

where A is the free cross section for flow, f is the helix angle of the micro-fins, ny is the
number of fins and U is the perimeter of one fin.
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Table 5.1: Error statistics of evaluated pressure drop correlations with respect to adiabatic frictional pressure drops
measured in the micro-fin tube (hydraulic diameter d = 5 18 mm)

Correlation by author PFyp MPE MAPE Data that yields APE < 30 %
Xu and Fang (2012) - +9.5 % 22.7 % 82.8 %
Hu et al. (2008c) - +185.2 % 185.3 % 1.4 %
Katsuta et al. (2008) - +199.4 % 199.9 % 5.4 %
Cheng et al. (2008a) - +107.0 % 1123 % 28.1 %
Moreno Quibén and Thome (2007b) - +86.6 % 90.6 % 18.3 %
Yoon et al. (2004) - +34.6 % 56.7 % 36.6 %
Miiller-Steinhagen and Heck (1986) - +8.8 % 24.0 % 80.8 %
0.96 +4.2 % 23.1 % 83.8 %
Storek and Brauer (1980) - +19.5 % 25.7 % 67.0 %
1-036x —35% 14.7 % 91.5 %
Friedel (1979) - +66.9 % 69.3 % 453 %
Chisholm (1973) - +92.3 % 100.1 % 22.9 %
Gronnerud (1972) - +51.4 % 56.1 % 40.7 %
Lockhart and Martinelli (1949) - +147.5 % 155.5% 24.5 %
Hu et al. (2008a) (V) - +85.7 % 86.8 % 24.3 %
Hu et al. (2008a) (L) - +71.7 % 76.9 % 28.1 %
Choi et al. (1999) - —46.5 % 47.7 % 11.0 %
Cavallini et al. (1997) - +32.5% 37.7 % 62.2 %

Table 5.1 summarizes the results of comparing the experimental data base to the predictive
methods investigated within the scope of this work. With the exception of the beforehand
mentioned micro-fin correlations, the remaining pressure drop correlations originated from
measurements in conventional pipes. It occurs that the correlations of Xu and Fang, Miiller-
Steinhagen and Heck and Storek and Brauer could describe experimental results best among
all correlations evaluated, on average just slightly over-predicting the frictional pressure drop
by 8.8 — 19.5 % and yielding an absolute deviation of < 30 % for 67.0 — 82.8 % of data.
Introducing a multiplying factor of PFx, = 1 —0.36.x dependent on the vapor fraction, pre-
diction accuracy of the correlation Storek and Brauer could be increased significantly. With
91.5 % of frictional pressure drop data predicted with APE < 30 % and MAPE = 14.7 %,
the modified Storek and Brauer correlation performed best of all correlations tested and is
well suitable to predict adiabatic frictional pressure drops of CO,-POE oil mixtures inside
the micro-fin tube.

The quality of prediction obtained for the correlations of best performance is shown graphi-
cally in Fig. 5.9. Here, predicted pressure drops from correlations of Xu and Fang (2012),
Cavallini et al. (1999), Miiller-Steinhagen and Heck (1986) and Storek and Brauer (1980) in
modified form are plotted versus experimental values. The pressure drop correlation by Ca-
vallini et al. developed from micro-fin data over-predicts experimental data on average and
yields significant scattering compared to the other correlations displayed. Predicted values
using the the modified Storek and Brauer correlation feature least scattering correspond best
to the trend in frictional pressure drop observed.
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Figure 5.9: Comparison of predicted to measured pressure drops including the best performing frictional pressure
drop correlations

5.2.2 Total pressure drop

In general, total pressure drop of a two-phase flow results from pressure loss due to friction
(see Sec. 5.2.1) and due to acceleration of the evaporating liquid to the velocity of the vapor
phase. Two types of models are available for calculating the acceleration pressure drop, either
assuming homogeneous or heterogeneous flow. In Fig. 5.10, experimentally determined
total pressure drops (symbols) are shown for a CO,-POE oil mixture with a nominal oil mass
fraction of 3 wt.-%. Further, a comparison to predicted values using the homogeneous (solid
lines) and heterogeneous (dotted lines) model is given. Model calculation was normalized
to the frictional pressure drop determined under adiabatic condition (§ = 0 kW m™~2). Flow
pattern visualizations shown on the right illustrate the influence.
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Figure 5.10: Total pressure drop as function of heat flux for wy;; 0 = 3.0 wt.-%, p = 26.4 bar, i = 250 kg m 25!
and X =0.1-0.9

In contrary to observations made for pure CO, (Schael, 2009), none of the acceleration
pressure drop models could capture the influence of heat flux, especially at increased
vapor qualities. For the most part, total pressure drop is underestimated significantly. The
steeper progress with respect to the model and, hence, in accordance with pure CO, data
is most likely related to the formation of foam. The presence of foam produced due to
the evaporation of liquid connotes an additional flow resistance. That applies to the vapor
phase, in particular, as foam layers observed were mainly found to travel at speed near the
estimated liquid velocity. Under certain conditions, the accompanied foam flow turns into a
slug-like superposition of flow. On its onset, pressure drop leaps up (2 — 3).

The combined error statistics of predicted frictional and acceleration pressure drop is given in
Tab. 5.2. Depending on the type of frictional pressure drop model, the respective acceleration
pressure drop model was chosen. The correlation of Choi et al. (1999) already includes the
acceleration pressure drop contribution due to evaporating liquid. As expected, pressure
drops predicted by Xu and Fang (2012), Miiller-Steinhagen and Heck (1986) and Storek
and Brauer (1980) correlations yield lower accuracy while other correlations overestimating
frictional pressure drop benefit by the underestimation of acceleration pressure drop. Among
those, the correlations of Friedel (1979), Choi et al. (1999)and Cavallini et al. (1999) predict
most data with APE < 30 %. The non-modified Storek and Brauer correlation yielded the
smallest mean absolute error with MAPE = 27.3 %, predicting 68.3 % of all data with a
percentage error of < 30 %. Error diagrams for all correlations are found in App. F.2.2.
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Table 5.2: Error statistics of evaluated pressure drop correlations with respect to total pressure drops
measured in the micro-fin tube at diabatic conditions (hydraulic diameter di, = 5.18 mm)

Correlation by author PFyp MPE MAPE Data that yields APE <30 %
Xu and Fang (2012) - —152% 29.2 % 64.1 %
Hu et al. (2008¢) - +112.3 % 124.9 % 16.6 %
Katsuta et al. (2008) - +114.7 % 124.8 % 222 %
Cheng et al. (2008a) - +57.0 % 82.2 % 38.0 %
Moreno Quibén and Thome (2007b) - +46.6 % 65.2 % 32.4 %
Yoon et al. (2004) - +4.2 % 44.2 % 47.2 %
Miiller-Steinhagen and Heck (1986) - —15.7 % 29.9 % 63.8 %
0.96 —18.9% 30.9 % 61.1 %
Storek and Brauer (1980) - —5.1% 27.3 % 68.3 %
1-036x —222% 28.8 % 60.7 %
Friedel (1979) - +18.3 % 41.3 % 67.0 %
Chisholm (1973) - +42.1 % 61.8 % 42.6 %
Gronnerud (1972) - +11.5% 41.6 % 49.7 %
Lockhart and Martinelli (1949) - +87.9 % 110.6 % 26.2 %
Hu et al. (2008a) (V) - +42.0 % 59.1 % 43.1 %
Hu et al. (2008a) (L) - +33.4 % 55.8 % 43.1 %
Choi et al. (1999) - —22.3% 29.1 % 63.1 %
Cavallini et al. (1997) - —0.8 % 31.8% 67.5 %

5.2.3 Conclusion

Two-phase frictional pressure drops of CO,-POE oil mixtures with nominal oil mass fracti-
ons of up 3 wt.-% were determined. Differences to observations previously made for pure
CO; by Schael (2009) were discussed. The lubricant-induced promotion of foam formation
at high vapor qualities was found leading to significant fluctuations in pressure drop. This
effect was more pronounced at low system pressure. The presence of lubricating oil especi-
ally affected the total pressure drop measured at elevated heat fluxes. With increasing heat
flux, the intensity of foam formation increased, leading to additional flow resistance and
change in flow behavior. As consequence, the total pressure drop was found to leap up and
fluctuations in pressure drop increased.

Experimental data of frictional pressure drop were compared to predicted vales by several
general predictive methods as well as to frictional pressure drop correlations especially
developed for two-phase flow in micro-fin tubes. As geometrical dimension in general
methods, the hydraulic diameter as proposed by Kedzierski and Goncalves (1999) was used.
The correlations of Miiller-Steinhagen and Heck (1986) and Xu and Fang (2012) yielded
good agreement to experimental data, predicting > 81 % of all adiabatic pressure drop
data with APE < 30 %. The Xu and Fang correlation actually represents the correlation
of Miiller-Steinhagen and Heck in slightly modified form, explaining the near identical
results. Best agreement to experimental data was found using the Storek and Brauer (1980)
correlation in slight modification. Amended by a multiplication factor of PFyp, = 1 —0.361,
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91.5 % of all data was predicted with APE < 30 %. Further, the error diagram in Fig. 5.9
and a MAPE = 14.7 % underline the good accordance to the trend of measurement.

Total pressure drops were calculated by superposition of frictional pressure drop and pressure
drop due to acceleration of the evaporating liquid. The acceleration pressure drop model
was chosen with respect to the homogeneous or heterogeneous type of frictional pressure
drop model used. Due to the above specified influence of the lubricant, total pressure drops
could not be predicted with adequate precision. Pressure drops generally increased stronger
than predicted by either acceleration pressure drop model.

5.3 Heat transfer

The experimental determination of circumference-averaged heat transfer coefficients in the
micro-fin tube follows the procedure for the smooth tube (refer to Sec. 4.3) in analogous
manner. However, defining of the reference surface is not comparably trivial. Several
definitions are found in literature, e.g., the total effective area, the area of a smooth tube
with maximum/minimum inside diameter or the smooth tube area of respective mean
inside diameter (Cavallini et al., 1999). Experimental heat transfer coefficients reported in
the following were determined corresponding to the area of a smooth tube of maximum
inside (= fin-bottom) diameter, providing convenient comparability to a non-finned tube of
respective size and representing most common practice (Nidegger et al., 1997).

5.3.1 Influence of the heat flux

Heat transfer regimes observed in the micro-fin tube equal those in smooth tubes, i.e.,
convective and nucleate boiling. Flow boiling of CO, is strongly characterized by nucleate
boiling. However, related to the surface structure of the micro-fin tube, convection is
enhanced (Schael, 2009). Figure 5.11 depicts the influence of heat flux on the circumference-
averaged heat transfer coefficient of CO,-POE oil mixtures (w,il = 1 wt.-%).

At low pressure (12.0 bar), convective boiling (¢ < 20 kW m~2, dotted line) and nucleate
boiling (¢ > 20 kW m~2, dashed line) regimes are clearly visible. With increasing pressure
the number of nucleation sites increases, leading to nucleate boiling dominated heat transfer.
According to Gorenflo (2002), the required excess vapor pressure Ap of a bubble nucleus for
bubble growth induced by super-heating AT of the wall surface is proportionally dependent
on surface tension o, hence, decreasing with temperature and saturation pressure.

Apons(AT) = 1! (5.4)

where r is the radius of curvature of the interface to the liquid.
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These observations and orders of magnitude correspond well to those reported for pure
CO; (Schael, 2009). However, due to the presence of lubricant, the overall heat transfer is
suppressed at conditions of high heat flux, progressing with increasing heat flux. The non-
volatile lubricant enriches at the location of evaporation, i.e., at the vapor-liquid interface,
affecting the surface tension and inducing mass flow resistance for the onflowing liquid
refrigerant as well as departing bubbles in the near-wall liquid layer. Hence, maximum
bubble density at the surface of the tube wall is reached more quickly. This effect was
already observed in smooth tube experiments, see Sec. 4.3.

Figure 5.12 exemplifies the influence of heat flux on the circumference-averaged heat flux
for two mass flow velocities at a constant pressure of 26.4 bar and vapor quality of 0.3,
varying the nominal oil mass fraction from 0 wt.-% to 3 wt.-%. It is striking to observe
how heat transfer progressively deteriorates as the nominal oil mass fraction is increased,
counting for the low (75 kgm~2s~!) as well as for the high (250 kgm~2s~") mass flow
velocity. Differing to the pure substance, the boiling curves of the CO;-lubricant mixtures at
the low mass flow velocity show less inclination than at the high mass flow velocity. This
effect could be related to an increased suppression of nucleate boiling by the augmented
oil content in the liquid, which would also be in line with the nearly constant trend for heat
fluxes below 12 kWm™2.

The pressure dependent influence of heat flux (power law with exponent n(p;)) on nucleate
boiling heat transfer (o,,) was determined from boiling curves in double logarithmic
representation, equaling the slope of the curve in the nucleate boiling dominated regime.
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Figure 5.11: Influence of heat flux on the circumference-averaged heat transfer coefficient in the micro-fin tube
at conditions of strong convection
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Figure 5.12: Influence of oil on the circumference-averaged heat transfer coefficient at a pressure of 26.4 bar,
a vapor quality of 0.3 and mass flow velocities of 75 kgm~2s~! (left) and 250 kgm2s~" (right)

However, heat transfer coefficients had to be modified (0,0q) in order to subtract the
combined influence of vapor quality.

Oty o< ¢ F(x) (5.5)

Omod = Olexp F() ™1 o< g(P7) (5.6)
. 0.3

F(x) =1—xp! <;> (5.7)

where F(X) is the vapor fraction dependency according to Steiner (2002), confirmed for
the micro-fin tube by Schael, p, = p p; I'is the reduced pressure and ¢, corresponds to a
reference heat flux (see Eq. E.169 in App. E.3).

Determined values of n(p;) for CO,-POE oil mixtures containing a nominal oil mass fraction
of 1 wt.-% and mass flow velocities raging from 150 to 500 kgm~2s~! are presented in
Fig. 5.13 as function of reduced pressure. The dotted line represents the averaged exponent
(n(py) = 0.51) experimentally determined by Schael from measurements with pure CO, in
the micro-fin tube.

At low reduced pressures, the relation derived by Schael was found to be in very good
agreement to values measured in this work. With increasing pressure, a progressing decline
in n(p;) and a steady decrease with mass flow velocity can be seen. This observation
is linked to the progressing degradation of heat transfer in the high heat flux region, as
discussed previously.

116



5.3 Heat transfer

0.6
0.6 T . — 5
\ = \\
0.4
M .
-~ o N
g 03 . e\ }
= — 1. 031p, N\
0295 m =500 kg m?s” FETTN
o m=280kgm?s’ @\ {+ T .
0.14] ® m=150kgm?®s’
’ n(p,) = 0.51 (Schael, 2009)
——n(p) = 1-0.44 x 10°*"" (this work)
; T

02 04 06 0.1 1
P, P,

Figure 5.13: Exponent n(p;) of heat flux as function of reduced pressure determined for w,; = 1 wt.-%

Based on the Steiner expression for the exponent n(p;), a new correlation to describe the
trend of measurement data was derived, see Eq. 5.8.

n(py) = 1—0.44 x 10%317r (5.8)

Plotted as solid line, a comparison of the newly derived relationship to measured data is given
in Fig. 5.13. The right diagram illustrates the correlation’s quality on a single-logarithmic
scale, indicating a deviation of £20 % by dashed lines. The correlation roughly describes
the observed trend of n = f(p;).

5.3.2 Influence of the reduced pressure

The boiling curves shown in Fig. 5.11 indicate the influence of pressure on heat transfer. In
the convective boiling region, heat transfer is reduced as the pressure increases. In contrast,
nucleate boiling heat transfer is enhanced with pressure, however, solely for heat fluxes
below a limiting heat flux (see Sec. 4.3.1).

For CO;, the dependency of heat transfer on reduced pressure was discussed by Schael
(2009), showing similar behavior as observed in the smooth tube. The observed trend was
reproduced successfully by applying the pool boiling correction function by Gorenflo (2002)
for finned surfaces.

F(pr)micro—ﬁn tube = EFAO'5 F(pr)smooth tube (59)
1.6 6.5
F(Pr)smooth tube = 26921’9'43 + 1 7?2,4 (5-10)
T
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Figure 5.14: Influence of reduced pressure on the circumference-averaged heat transfer coefficient in the
micro-fin tube for nominal oil concentrations of 1 wt.-% (left) and 3 wt.-% (right)

where EFa = 2 is the area enhancement factor for the micro-fin tube and F(p;)smooth tube 1S
the Steiner pressure function for flow boiling in smooth tubes.

Figure 5.14 illustrates the influence of reduced pressure on heat transfer at different nominal
oil mass fractions, normalized to o = 18900 Wm2K~! (CO; specific value according
to Steiner). Dashed lines represent Eq. 5.9. Since the pressure function of Steiner refers
to the standard condition of ¢y = 150000 Wm 2K ! for CO,, determined ratios Ococé
were extrapolated according to the heat flux applied (see dependency given in Eq. 5.5).
Equation 5.8 was applied to determine the exponent of the heat flux.

Equation 5.9 applies satisfactorily to experimental values. As for pure CO», relative large
scattering of data points was noticed, in case of the CO,-lubricant mixtures investigated even
stronger pronounced due to reasons quoted before. Scattering, and deviations in general,
increase as the reduced pressure and local oil concentration increases. Further, as described
in Sec. 5.3.1, the slope of boiling curve progressively deteriorates with heat flux under these
conditions. Values determined for high mass flow velocities and low vapor qualities agree
better to Eq. 5.9, see dark filled diamond symbols in the right plot at p, = 0.54.

5.3.3 Influence of the mass flow velocity

The influence of the mass flow velocity on the circumference-averaged heat transfer coef-
ficient is illustrated in Fig. 5.15, taking the influence of vapor quality, heat flux and pres-
sure into account. For low (< 200 kgm’2 s~1) and most medium mass flow velocities
(< 300 kgm~2s~!) the heat transfer coefficient generally increases with mass flow velocity,

on average showing a stronger increase compared to smooth tube experiments ( o< 1i1%->).
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Figure 5.15: Influence of the mass flow velocity on the circumference-averaged heat transfer coefficient in the
micro-fin tube for heat fluxes from 35 to 45 kWm ™2

For mass flow velocities > 300 kgm~2s~! and typically lower pressures, a reverse trend was
recurrently observed. This phenomenon was already discovered in pure CO; experiments
(Schael, 2009). As stated there, reasons could be a turnover from laminar to turbulent flow
in the micro-fins, suppressing nucleate boiling by the increased convection, or the observed
over-flowing of the micro-fins intensified with increasing mass flow velocity. The latter can
be interpreted as a reduction of surface efficiency. The observations concord to the principle
of operation of micro-fins, enhancing heat transfer by promoting tube wetting at low mass
flow velocities (turnover from stratified to annular flow), whereas no further improvement by
change in flow pattern is to be expected beyond the point of fully developed annular flow.
Comparable behavior of heat transfer with respect to the mass flow velocity was confirmed
for CO,-POE oil mixtures containing different nominal oil mass fractions. This circumstance
can be inferred from the right plot in Fig. 5.15, showing determined heat transfer coefficients
as function of mass flow velocity and nominal oil concentrations at a constant pressure
of 26.4 bar and a vapor quality of 0.1. However, and as already discussed previously,
the influence of heat flux on the nucleate boiling heat transfer is related to the local oil
mass fraction and varies dependent on pressure and mass flux. This implies that, within a
certain range of elevated heat fluxes (dependent on the condition of operation), heat transfer
deteriorates as the vapor quality or mass flow velocity is increased. For instance, an increase
in the heat transfer with vapor quality was observed under low pressure (light gray symbols),
while the opposite behavior was encountered under high pressure (dark gray symbols). Thus,
the dependency of the heat transfer coefficient on the mass flow velocity is related in a very
complex manner to the combination of operating parameters. Further plots affirming this
circumstance are shown in App. F.2.3.
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Figure 5.16: Influence of vapor quality on the circumference-averaged heat transfer coefficient in the micro-fin tube
for CO,-POE oil mixtures with wojj = 1 wt.-% at heat fluxes of 35 to 45 kWm2

5.3.4 Influence of the vapor quality

Figure 5.16 depicts the influence of vapor quality on the circumference-averaged heat
transfer coefficient for CO,-POE oil mixtures with a nominal oil mass fraction of 1 wt.-%
at an average heat flux of 40 kWm™2, i.e., in the nucleate boiling regime. With increasing
vapor quality, convection is primarily enhanced. For conditions of advanced convective
influence on the overall heat transfer (low pressures, left plot), increasing the vapor quality
also yields a slight increase of the heat transfer coefficient. As the pressure is increased and
the influence of nucleate boiling gains on overall weight, the tendency observed changed to
decreasing heat transfer coefficients with vapor quality (see right diagram).

As the nominal oil concentration was increased, the lubricant-induced deterioration effect
was found to be generally augmented at elevated heat fluxes. This observation is illustrated
in Fig. 5.17 (left). Only at low pressures and low mass flow velocities the heat transfer
coefficient slightly increases. This might be attributed to the stronger convective influence
at these conditions and flow pattern effects, i.e., promoting the transition to slug and further
to annular flow.

At low heat fluxes, therefore, a stronger influence by convective boiling, an enhancement in
heat transfer with vapor quality was observed within the whole range of nominal oil mass
fractions. From the right diagram in Fig. 5.17 a steady and comparable increase of the heat
transfer coefficient with vapor quality can be seen. Likewise, this circumstance complies to
observations made in the micro-fin tube using pure CO; (Schael, 2009).
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Figure 5.17: Influence of vapor quality on the circumference-averaged heat transfer coefficient in the micro-fin tube
for CO,-POE oil mixtures with wejj = 3 wt.-% at heat fluxes of 35 to 45 kWm~2 (left) and for p =26.4bar at
heat fluxes of 4 to 6 kWm 2 (right)

5.3.5 Influence of the flow pattern

Comparing both, smooth and micro-fin tube, the main differences regarding the geometry-
induced influence on heat transfer are related to the area enhancement and the effect on
flow pattern. As discussed in Sec. 5.1, micro-fins improve tube wetting by inducing a
swirl, guiding the liquid along the helix direction towards the top of the tube, leading to an
enhancement in tube wetting and a transition to annular flow at lower mass flow velocities.
Therefore, the most pronounced positive effect of lubricant on heat transfer observed in
the smooth tube, namely increasing the wetted perimeter of the tube for a stratified/wavy
flow, drops in the micro-fin tube. This conclusion is affirmed by the boiling curves shown
in Fig. 5.12 for the low mass flow velocity (left plot), revealing a progressive deterioration
of heat transfer with increasing oil mass fraction. Local heat transfer coefficients for these
measurements are shown in Fig. 5.18 (top). The asymmetric distribution of heat transfer
coefficients around the circumference results from the induced swirl by the micro-fins. It
also indicates the helix direction, that is in counter counting direction of segments. Looking
at the order of magnitude of local heat transfer coefficients it is evident that the complete
tube surface is wetted. The decrease of heat transfer coefficients for increasing oil mass
fractions can be clearly seen.

The bottom plots show local heat transfer coefficients of CO,-POE oil mixtures with
Woil = 1 wt.-% determined at a mass flow velocity of 250 kgm~2s~!, a vapor quality of
0.5 and pressures of 12.0 — 39.7 bar. Boiling curves determined under these conditions of
operation were presented before, see Fig. 5.11 (left).
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Figure 5.18: Influence of flow pattern on local heat transfer in the micro-fin tube

Local heat transfer coefficients at the moderate heat flux of 12 kWm~2 are highest on
average at 39.4 bar, see bottom left diagram. This can be explained by the stronger influence
of nucleate boiling, especially for segments 1, 2, 5 and 6. These segments are mainly wetted
due to the guidance of liquid by the micro-fin helix. Due to gravity effects, the thickness of
the liquid film in the upper part of the tube (segments 1, 2, 6) is smaller than at the bottom
(segment 4, in the first instance). It was already observed in smooth tube experiments and
described in literature that nucleate boiling heat transfer can be significantly enhanced as the
liquid film becomes very thin (Mesler and Mailen, 1977). Additionally, the spatial position
of these segments and the swirl flow may as well induce a kind of rinsing effect, promoting
the removal of lubricant from the surface.

The strong decline of the overall heat transfer coefficient at 39.7 bar as the average heat flux
equals 83 kW m~2 (bottom right diagram) can be related to a distinct change in flow pattern.
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Figure 5.19: Flow patterns observed in the micro-fin tube for CO,-POE oil mixtures with woj = 1 wt.-%
at a mass flow velocity of 250 kgm~2s~!, vapor quality of 0.5 and an average heat fluxes of 83 kWm~2

From the observation of flow patterns, a low amplitude pulsating flow was noticed, leading
to perceivable periods of partial dryout. The latter can be connected to the an increasing
foam formation at higher pressures. Flow patterns shown in Fig. 5.19 recorded under these
conditions support the assumption, revealing significant foaming at 39.7 bar owing to the
presence of lubricant.

5.3.6 Comparison to predictive methods

Experimentally determined circumference-averaged heat transfer coefficients were compared
to predictions by established correlations using mixture properties. Besides available smooth
tube correlations (refer to Sec. 4.3.5), predictive methods derived for enhanced tubes were
tested. Calculation methods not referring heat transfer to the corresponding smooth tube
surface of diameter d; were converted respectively. Evaluated error statistics for all methods
tested are listed in Tab. 5.3.

Smooth tube correlations were considered within the evaluation of micro-fin tube data since
micro-fin tube correlations available in literature are rare. The statistical values in Tab. 5.3
and the parity plots in App. F.2.3 reveal that these methods are not applicable to the micro-fin
tube. Solely the correlation of Thome and El Hajal (2004) shows relatively small scattering
referring to its parity plot.

From the micro-fin tube correlations tested, the correlation of Cavallini et al. (1999) proved
most accurate in comparison to the experimental data obtained in this work, followed by
the correlations of Thome et al. (1997) and Koyama et al. (1995). The Steiner correlation
adapted to CO;, micro-fin tube data by Schael (2009) did not turn out to be applicable
to the CO,-POE oil mixture data, showing large deviations. Parity plots for these four
correlations mentioned are shown in Fig. 5.20, visualizing considerable scattering of plotted
data. That underlines again that flow boiling heat transfer of CO,-POE oil mixtures can not
be predicted precisely by present correlations.
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Table 5.3: Error statistics of evaluated heat transfer correlations with respect micro-fin measurement data

Correlation by author MPE MAPE Data that yields APE < 30 %

Micro-fin tube correlations
Schael (2009) (F(pr ) micro-fin wbe» 7(pr) = 0.51) +55.3 % 65.9 % 39.1 %
Hu et al. (2008a) +280.8 % 290.9 % 20.6 %
Yun et al. (2002) —34.6 % 55.2 % 22.1 %
Cavallini et al. (1999) +39.0 % 47.2 % 61.1 %
Thome et al. (1997) +63.3 % 72.8 % 52.4 %
Koyama et al. (1995) +28.5 % 59.5 % 49.8 %

Smooth tube correlations
Lietal. (2014) —-333% 60.3 % 193 %
Fang (2013) —25.8% 38.7 % 38.5 %
Schael (2009) —11.2% 439 % 40.7 %
Gao et al. (2008) —79.9 % 80.7 % 1.1%
Cheng et al. (2008b) —60.4 % 64.5 % 8.5%
Cheng et al. (2008b) (S=1) —41.4 % 51.9 % 16.5 %
Wojtan et al. (2005b) —46.8 % 56.1 % 14.1 %
Thome and El Hajal (2004) —46.1 % 52.3 % 11.9 %
Steiner (2002) —-31.0% 44.8 % 29.0 %
Kattan et al. (1998c) —38.0% 52.1 % 18.9 %

To illustrate the influence of oil on the accuracy of prediction, error statistics for the Steiner
correlation adapted to pure CO, micro-fin tube data by Schael and the correlation of Cavallini
et al. are presented in Tab. 5.4, differentiated by nominal oil mass fractions investigated
in this work. The comparison clearly shows that the deterioration in heat transfer with
increasing oil content is not adequately captured by any correlation, hence, resulting in an
over-estimation of the heat transfer coefficient. For both correlations, the mean percentage
error (MPE) increases steadily, resulting in a significant reduction of data points within a
range of error of 30 %. The progressive over-estimation of heat transfer with oil coincides
with the overall positive MPE values shown in Tab. 5.3.

Table 5.4: Influence of lubricant on the accuracy of prediction

Cavallini et al. (1999)

Nominal oil mass fraction 0 wt.-% 1 wt.-% 2 wt.-% 3 wt.-%
MPE +6.4 % +21.1 % +42.3 % +71.3 %
MAPE 152 % 30.0 % 452 % 79.5 %
Data that yields APE < 30 % 91.9 % 71.0 % 42.7 % 44.8 %
Steiner (2002), adapted to CO, and micro-fin tube by Schael (2009)*
Nominal oil mass fraction 0 wt.-% 1 wt.-% 2 wt.-% 3wt.-%
MPE +17.7 % +33.5 % +62.5 % +93.8 %
(—4.7 %) (+33.2%) (+62.5 %) (+97.5 %)
MAPE 33.0 % 473 % 64.2 % 100.7 %
(15.4 %) (47.4 %) (64.2 %) (104.7 %)
69.4 % 40.8 % 27.7 % 33.8 %

Data that yields APE < 30 % (91.0 %) (435 %) (27.7 %) (35.3 %)

—2gT

* values in brackets only evaluated for /i < 450 kgm
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Figure 5.20: Comparison of predicted to measured heat transfer coefficients at 26.4 bar for CO,-POE oil mixtures
inside the micro-fin tube

For the purpose of testing/providing reproducibility of the measurements taken for this
work, pure CO, data was compared to published data by Schael (2009). The error statistics
reported by Schael for the Steiner correlation adapted to pure CO, micro-fin tube data
(MPE = —3.7 %, MAPE = 17.3 %, 82.4 % of all data within range of error of +30 %,
including only measurements at i < 260 kgm~2s~!) and the correlation of Cavallini
et al. (MPE = +9.3 %, MAPE = 17.6 %, 82.8 % of all data within range of error of
+30 %) correspond well to those determined in this work, see values in column 0 wt.-%’
in Tab. 5.4.
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5 Micro-fin tube results

5.3.7 Conclusion

Results from flow boiling experiments of CO,-POE oil mixtures containing nominal oil
mass fractions of 1 — 3 wt.-% conducted at pressures of 12.0 —39.7 bar, mass flow velocities
of 75 — 500 kgm~2s~!, vapor qualities of 0.1 — 0.9 and heat fluxes of up to 120 kW m~?2
were presented. The influences of lubricant and operating parameters on heat transfer were
discussed.

The measurements presented reveal that the pressure-dependent influence of heat flux on the
heat transfer coefficient did not match observations made by Schael (2009) for pure CO,.
While Schael reported of a nearly constant heat flux exponent n, which does not correspond
to the trend described by Steiner (2002) or Gorenflo (2002), a different relationship for
n(py) was derived based on measurement data at a moderate nominal oil mass fraction of
1 wt.-%. Equation 5.8 is recommended to be used in junction with the Steiner heat transfer
correlation, as it describes the experimental data of CO,-POE oil mixtures in the range of
operation investigated significantly better.

Convective and nucleate boiling regimes were identified in the micro-fin tube experiments,
whereby convective boiling was primarily observed at the lowest pressure of 12.0 bar.
General observations made for the heat transfer match well to those made for pure CO,
(Schael, 2009), among these, the partial dryout of the tube surface under high heat flux con-
ditions. Differing to the pure substance, CO,-POE oil mixtures were affected by additional
flow pattern changes, the presence of foam up to foam flow and a deteriorated heat transfer
at high heat fluxes likely due to an advancing suppression of nucleate boiling. Although the
lubricant exhibits no miscibility gap in the range of operation investigated, it accumulates
at the evaporation sites of CO, (i.e., wall surface), primarily resulting in an increase in
viscosity, mass transport resistance in the liquid and a rise in bubble point temperature
(Bandarra Filho et al., 2009).

The positive effect of lubricant on tube wetting observed for stratified flow in the smooth
tube, under certain conditions enhancing the overall heat transfer, did not apply to the results
in the micro-fin tube. Local heat transfer coefficients determined for a mass flow velocity
of 75 kgm~2s~! using pure CO, clearly indicated the presence of an evaporating liquid
film, although the flow patterns determined inside the succeeding (smooth) sight glass tube
suggested wavy flow (see Sec. 5.1). Hence, the enhanced tube geometry can already lead to
a complete wetting of the tube at comparably low mass flow rates. With the negative effects
of the presence of lubricant on heat transfer even stronger predominating compared to the
smooth tube (especially the suppression of nucleate boiling) the presence of lubricant in
micro-fin tubes leads to a more pronounced decrease of overall heat transfer coefficients.
Experimentally obtained heat transfer coefficients were used for testing the accuracy of
established and new predictive methods, including correlations developed for smooth and
micro-fin tubes. Of the recent correlations, the ones by Li et al. (2014), Hu et al. (2008a)
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and Gao et al. (2008a) were developed based on refrigerant-lubricant mixture data. In
testing the applicability of available correlations to the experimental data gained in this
work, the deteriorating effect of lubricant on heat transfer was confirmed. Correlations
proven to be accurate when applied to pure CO; (Schael, 2009) yielded a general over-
prediction. Pure CO, experiments conducted in this work affirmed the outstanding accuracies
of the Cavallini et al. (1999) correlation and, for mass flow velocities < 450 kgm~2s~!,
the Steiner correlation modified by Schael. With increasing nominal oil mass fraction,
deviations and the mean percentage error increased, denoting an advancing over-prediction
of heat transfer coefficients. Highest overall accuracy was determined for the Cavallini
et al. (1999) correlation, predicting 61.1 % of the data within a range of error of +30 %.
Correlations developed based on data of other refrigerant-lubricant mixtures did not yield a

good agreement to the experimental data base.
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6 Conclusion and outlook

Known as low temperature refrigerant R744, carbon dioxide (CO,) significantly re-gained
importance as working fluid in compression-type refrigeration systems within the last
two decades. Extensive work on flow boiling characteristics of CO,, as for instance, the
study of Schael, contributed to improving predictive methods for heat transfer and pressure
drop. However, most investigations focused on pure refrigerant evaporation, neglecting the
presence of lubricating oil required in actual refrigeration applications for lubricating the
moving parts of the compressor.

Concomitant with the lubricant type and concentration representing further influencing
variables, the number of operational parameters to be verified for ensuring an efficient
designing of the evaporator increased considerably. Previous work on refrigerant-lubricant
mixtures indicate that flow boiling characteristics differ from those of pure refrigerants or
refrigerant-mixtures in many ways, including the tendency to foaming and vast differences in
liquid viscosity and saturation temperature. The lack of knowledge concerning refrigerant-
lubricant mixture properties was recently summarized by Bandarra Filho et al. (2009).
Consequently, the applicability of established correlations to refrigerant-lubricant mixtures
is to be questioned. Significant uncertainty in predicting the respective design parameters
satisfactorily leads to an over-sized and uneconomical design of refrigeration units.
Assuming that correlations and predictive models approved for CO, cannot be applied to
CO,-lubricant mixtures satisfactorily, the aim of this work was to provide a broad experi-
mental data basis related to the range of operation of typical applications in refrigeration.
Main focus regarding the geometry of the evaporator was laid on highly efficient micro-fin
evaporator tubes. Besides, experiments in a smooth evaporator tube were intended for
validation and recognitional purposes. Established as well as lately published predictive
methods were envisioned for examination in verifying the hypothesis made at the outset.
Where appropriate, modifications should be developed.

6.1 Contents and results of this work

Experimental investigations of flow boiling CO,-lubricant mixtures were conducted using
the test facility of the Institute of Thermal Process Engineering at the Karlsruhe Institute of
Technology (KIT). Two electrically heated measurement sections constructed and validated
in previous work (Schael, 2009)(Niederkriiger, 1991) were used, namely a nickel smooth
tube of 14.0 mm in inner diameter and a copper micro-fin tube having a core diameter of
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8.62 mm. Both measurement sections feature a segmentation of the tube wall in circum-
ferential direction allowing measurements under near-isothermal surface condition. That
way, heat transfer coefficients were determined locally in dependence of the degree of
surface wetting, closely related to the present flow pattern. Simultaneously, the pressure
drop over the measurement section was measured and the flow pattern determined by high
speed video recordings made at a non-heated sight glass tube succeeding the measurement
section. POE oil with a standard viscosity of 85 mm?s~! at 40 °C and complete miscibility
with CO; in the range of operation investigated (Reniso C 85 E) was used.

Flow boiling experiments were carried out at pressures of 10 — 40 bar, heat fluxes up to

120 kW m™2, vapor qualities of 0.1 — 0.9 and mass flow velocities of 75 — 300 kgm 25!

in the smooth tube, respectively 75 — 500 kgm~2s~! in the micro-fin tube. Total oil mass
fractions set up amounted to 1 — 5 wt.-% with respect to the sub-cooled liquid mixture.
Lubricant-induced influences on flow pattern, pressure drop and heat transfer observed were
discussed.

Experimentally determined flow patterns, pressure drops and heat transfer coefficients were
compared to established predictive methods. Based on the realizings modifications to
improve the accuracy in prediction were developed. Mixture properties were determined
using property methods adapted to available material data of CO, and Reniso C 85 E POE

oil as well as contract measurements.

6.1.1 Flow pattern

Flow patterns were classified qualitatively into stratified, wavy, intermittent and annular flow
as well as combinations of these. It was found that flow patterns of CO,-POE oil mixtures
are basically comparable to those determined for pure CO,. The most significant difference
to pure refrigerant observations relates to the tendency to foam formation. Foaming can
induce a basic change in flow pattern and, for instance, enhance the degree of wetting of
the tube surface. As well, foam denotes an additional resistance in mass transfer for the
evaporating liquid and reduces the free cross-section of flow. The presence of foam was
addressed when experimentally observed.

Schael (2009) identified the Steiner (2002) and Thome and EI Hajal (2003) flow pattern
maps as generally well applicable to CO, adiabatic two-phase flow in smooth and micro-fin
tubes, respectively. Major discrepancies between experimentally determined and predicted
flow patterns were reported for the transitions from wavy to intermittent or annular flow
and non-annular to annular flow. Especially in the micro-fin tube annular flow occurs at
significantly lower mass flow rates and vapor qualities than predicted by flow pattern maps
developed from smooth tube data.

For both, the smooth and the micro-fin tube, the intermittent to annular flow transition
for adiabatic two-phase flow of CO,-POE oil mixtures containing oil mass fractions of up
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to 5 wt.-% could be described successfully by mean vapor Froude number (Frypy 1.4) in
dependency of the Martinelli parameter (Xy;). The transition criteria developed in this work
are given by Eq. 4.2 and Eq. 5.1.

Based on flow patterns observed in the smooth tube, a modification of the wavy to intermit-
tent transition of the Steiner flow pattern map was developed. Two boundary conditions
were distinguished and considered in modeling the flow transition: high system pressure and
high vapor qualities (x — 1) corresponding to low liquid levels (/. — 0) in the horizontal
tube. Most researchers neglected the liquid phase velocity when referring to the relative
velocity due to density ratio generally being pr. py; !'>> 1. This assumption is not true at
elevated system pressure, leading to overestimating the relative velocity. For shallow liquid
films under high vapor quality conditions, on the other hand, the superficial liquid velocity at
the vapor-liquid interface does not correspond to the mean liquid phase velocity. In this case
a linear velocity profile in the liquid film can be assumed. Following, the superficial liquid
velocity corresponds to uy (z = hy ) = 2. The transition criterion by Steiner was modified
incorporating these considerations, showing good agreement to flow patterns experimentally
determined in the smooth and the micro-fin tube.

The flow pattern transitions of special technical relevance, namely wavy to intermittent
and non-annular to annular flow, could be predicted in good accordance to experimental
observations under adiabatic conditions for both tube geometries by the modified transition
criteria developed in the scope of this work. It must be noted, however, that an increasing
disagreement is encountered as the intensity of foam formation increases. Foam flow or foam-
dominated flow is not considered in available flow pattern maps. Such insufficiently captured
conditions are encountered with increasing vapor quality, heat flux and oil concentration.

6.1.2 Pressure drop

The pressure drop was measured during adiabatic flow pattern investigations as well as during
heat transfer experiments. Generally, the two-phase pressure drop consists of contributions
due to friction and acceleration of the evaporating liquid to the vapor phase velocity. The
frictional pressure (i.e., pressure drops determined under adiabatic conditions) of CO, was
reported to be predictable with high accuracy using the established correlations of Miiller-
Steinhagen and Heck (1986) and Storek and Brauer (1980) (Schael, 2009). Regarding
the micro-fin tube, Schael proposed penalty factors for the correlations mentioned. That
way, pressure drops in the smooth and the micro-fin tube were predicted in very good
accordance to experimentally determined values. Both pressure drop correlations were
confirmed to perform well compared to other predictive methods tested. It was found that
substituting the inside core diameter by an expression for the hydraulic diameter proposed
by Kedzierski and Goncalves (1999) resulted in highly accurate predictions made for the
pressure drop in the micro-fin tube using the correlations of Miiller-Steinhagen and Heck
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and of Xu and Fang (2012). In addition and analogous to Schael (2009), adaptations by
introducing multiplying factors to the correlations of Miiller-Steinhagen and Heck and
Storek and Brauer were considered. The correlation of Storek and Brauer performed best of
all tested correlations in predicting adiabatic pressure drops of CO,-POE oil mixtures when
applying a factor of PFpp, = 1 —0.364, yielding a MPE = —3.5 % and predicting over 91 %
of all data within a range of error of +30 %.

Diabatic total pressure drops were found to be strongly influenced by the presence of
lubricant. In contrast to flow boiling of pure CO, flow patterns of CO,-POE oil mixtures
often exhibit foaming, gaining in significance with increasing heat flux, vapor quality and
nominal oil mass fraction. Foam as obstructing phase reduces the free cross-section of flow
and leads to an increase in pressure drop. It does not affect the momentum pressure drop
of the evaporating liquid. Moreover, foam adhering to the tube surface relates to further
frictional forces acting against the flow of liquid. None of the tested correlations combined
with the respective acceleration pressure drop model was able to predict the total pressure
drop in acceptable agreement to the experimental data.

Applying the hydraulic diameter defined by Kedzierski and Goncalves to the three correla-
tions mentioned in combination with momentum pressure drop models, diabatic pressure
drops in the micro-fin tube were predicted in relatively good agreement. Best results
were achieved using the micro-fin correlation proposed by Cavallini et al. (1997). With
67.5 % of all data predicted in a range of error of 30 % and a mean percentage error of
MPE = —0.8 % it can be used to roughly estimate the total two-phase pressure drop of
CO,-POE oil mixtures.

6.1.3 Heat transfer

Heat transfer was investigated at isothermal wall condition including locally determined
heat transfer coefficients for each tube segment and circumference-averaged values. From
local measurements along the perimeter conclusions on the present flow pattern and degree
of wetting can be drawn. The electrical power input was equivalent to heat fluxes of
up to 120 kWm~2.

Experiments undertaken in the smooth evaporator tube aimed at identifying general
lubricant-induced effects. From these measurements it was concluded that for low va-
por qualities and heat fluxes CO,-POE oil mixtures show similar behavior compared to
pure CO,, referred to the order of magnitude of determined heat transfer coefficients and
the trend of boiling curves. However, heat transfer coefficients decreased by tendency with
increasing oil mass fraction. In concordance to pertinent literature the degradation of heat
transfer with oil mass fraction was assumed to be related in first place to an increase in mass
flow resistance in the lubricant-rich liquid boundary layer. The most severe influence on
heat transfer was encountered at high heat fluxes and local oil mass fractions, i.e., high vapor
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quality and nominal oil mass fraction. Here, the mass flow resistance in the liquid due to the
presence of non-evaporating lubricant remaining at the site of evaporating and foam further
hindering bubbles in leaving the surrounding liquid become crucial. Evaporating refrigerant
withheld in proximity of the tube surface results in a vapor/foam layer comparable to film
boiling. The heat transfer coefficient decreases; at the onset gently and then at an increasing
rate. Flow boiling in this region is characterized by notably elevated wall temperatures as
well as highly fluctuating conditions resembling a type of boiling crisis as known for pure
refrigerants. However, the increase in wall temperature is significantly less pronounced and
semi-stable conditions at moderate wall temperatures could be reached for CO,-POE oil
mixtures. Contrarily, local heat transfer coefficients were also found to be enhanced by
the presence of lubricant, for instance, under conditions of low liquid level. The positive
influence on heat transfer could be related to lubricant-induced changes in flow pattern
increasing the degree of wetting of the tube surface. The correlations of Steiner (2002) and
Fang (2013) were identified to predict heat transfer coefficients with highest accuracy to
experimental data. Accuracy in prediction progressively diminished with increasing oil
mass fraction.

Many observations for the heat transfer made investigating the micro-fin tube matched well
to those reported by Schael (2009) for pure CO,. Belonging to these are enhanced heat
transfer coefficients for low mass flow velocities and vapor qualities related to an increase
in the degree of wetting and the partial dryout of the tube surface under high heat flux
conditions. As described for the smooth tube, however, CO,-POE oil mixtures were affected
by changes in flow pattern. The overlaid presence of foam up to complete foam flow and the
deterioration of heat transfer at high heat fluxes likely related to an advancing suppression
of nucleate boiling.

A new expression for the exponent of heat flux (n(p;), see Eq. 5.8 in Sec. 5.3.1) describing
the dependency of the heat transfer coefficient on heat flux was developed based on expe-
rimental data at a moderate nominal oil mass fraction of 1 wt.-%. The trend described by
Eq. 5.8 is similar to the description by Steiner (2002). The influence of reduced pressure
on nucleate boiling heat transfer is described fairly well by correcting the Steiner function
according to Gorenflo (2002) for finned surfaces, see Eq. 5.10 and Eq. 5.9 in Sec. 5.3.2,
respectively.

Numerous established and newly proposed prediction methods for the flow boiling heat
transfer coefficient developed from smooth tube and micro-fin data were compared to
the experimental data base acquired in this work. Following the conclusion drawn by
Schael (2009) for experiments with pure CO,, the correlation of Cavallini et al. (1999) was
found to be best suitable for predicting heat transfer coefficients of CO,-POE oil mixtures
in the micro-fin tube. It captures over 61 % of the data within a range of error of +30 %
and yielded an overall mean percentage error of MPE = 39 %. A summary addressing the
influence of nominal oil mass fraction on the accuracy in prediction (Tab. 5.4) showed that
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heat transfer coefficients are increasingly over-predicted as the oil mass fraction increases.
Taking only data containing a nominal oil mass fraction of 3 wt.-% less than 45 % of
data was predicted within a range of error of =30 %, while the mean the percentage error
increased to over 70 %. Similar conclusion was drawn for the smooth correlation of Steiner
adapted to experimental CO, micro-fin data by Schael (2009).

6.2 Outlook

The literature survey and the investigations conducted in this work showed that the influence
of oil is versatile and substantial for a precise prediction of design parameters such as the
heat transfer coefficient and pressure drop. Comparisons of experimental data to predictions
made using established correlations developed for pure refrigerants as well as refrigerant-
lubricant mixtures revealed that the influence of oil cannot be described satisfactorily as of
the state of knowledge and, hence, is not yet understood. As the properties of refrigerant-
lubricant mixtures vary considerably in parts, especially concerning the miscibility, different
approaches are needed for modeling, increasing the effort in research. This includes
extending the available data base as well as the development of new predictive methods.
Results of this work clarified the influence of flow pattern on heat transfer and the impor-
tance of accurate flow pattern prediction. In this work, a new but simple technique was
developed to successfully determine the size of a liquid film inside an adiabatic sight glass
tube, allowing a more precise estimation of the transition to full wetting flow. However, the
technique based on confocal laser displacement contains several limitations in application. It
allows for one-dimensional measurements (i.e., at fixed position) only, no conclusions about
the actual flow pattern can be drawn and the technique (as any light-based measurement) is
not applicable to foaming flow or flow containing a significant number of bubbles. An alter-
native measurement technique for a precise determination of flow pattern could be based on
optical tomography, representing a low-cost and high-resolution but complex application.
At an increasing rate, enhanced geometries have been investigated in flow boiling expe-
riments. The focus in research was mainly laid on internally micro-finned tubes. As
presented by numerous authors, enhancement of the evaporating inner surface can lead to
a significant enhancements in flow pattern and heat transfer. Simultaneously, a moderate
increase in pressure drop is typically reported. For the evaluation of the overall efficiency
of micro-finned tubes compared to the equivalent smooth tube, so-called enhancement
(EFg = Omicro—fin/ ®smooth) and penalty (PF, Ap = APmicro—fin/ APsmootn) factors are generally
defined and equally compared. Schael (2009) concluded from measurements with pure CO,,
revealing constant penalty factors of PFy, = 1.8, that the enhancement factor in the under
the respective conditions of operations must yield EFy > 1.8 in order for the micro-fin
tube to outperform the equivalent smooth tube. For a complete thermodynamic efficiency
evaluation, an exergetic analysis has to be conducted.
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6.2 Outlook

Table 6.1: Publications on flow boiling in porous media (foams)

Authors Test fluid Measurement section
Topin et al. (2006) n-Pentane Copper foam filled rchannels
Kim et al. (2008a) FC-72 Copper foam filled channel

Zhao et al. (2009), Lu and Zhao (2009), R134a
Duetal. (2011)

Li and Leong (2011) FV-72, Water
Dawidowicz and Cieslifiski (2012) R22, R134a, R407C
Hu et al. (2013) R410A with POE68 oil
Madani et al. (2013) n-Pentane

Zhu et al. (2013) R410A with POE68 oil
Mancin et al. (2014a) R134a, R1234z¢(E)

Copper foam filled tubes

Aluminum foam filled channel
Tube coated with porous aluminum
Copper foam filled tube

Copper foam filled channel

Copper foam filled tubes

Copper foam filled channel

In the late 2000s, first results from flow boiling research in tubes with metallic foam inserts

were published, with increasing number of publications since (see Tab. 6.1). Through-flown

highly porous metal foams as shown in Fig. 6.1 promise a comparatively low pressure drop

increase and a significant increase in heat transfer. Reasons for the assumed enhancement

of heat transfer could include the enlargement of surface area (= nucleation sites), an
improvement in tube wetting and heat conduction through the high-conductive metal bridges

of the foam. Reasoned by the great potential in application, a succeeding research project

for investigating flow boiling of CO, in metal foams was recently started at the Institute of

Thermal Process Engineering at KIT.

Source: Zhao et al. (2009) Source: https://www.tvt kit.edu/21_2501.php

Oem 1 2 3 4

o

Figure 6.1: Metal foams used in flow boiling experiments
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Appendix A

A.1 Measurement devices

In order to determine non-directly accessible measurement data (e.g., temperature, pressure,
mass flow rate), the respective measurement devices were calibrated prior conducting flow
boiling experiments. Thermocouples and pressure transducers were controlled repeatedly to
ensure the accuracy of measurement. For thermocouples polynomial calibration curves of
4th order were determined, giving the temperature as function of thermal voltage recorded.
The temperature dependent resistance of PT100 platinum thermometers was correlated
by 2nd order polynomial functions of the temperature. For all devices with integrated
measuring transducers, linear relationships of the output signal (4 —20 mA) to the respective
measurand were determined. To maximize the accuracy of pressure drop measurements,
two different set of parameters were determined for the differential pressure transducer
dependent on the range of measurement.

A complex analysis of the uncertainty in measurement based on the Guide to the expression of
Uncertainty in Measurement (GUM) (International Organization for Standardization, 1993)
was carried out (Riegel, 2011), investigating the interaction of all accessible measurement
uncertainties on the distinct measurement parameter. Based on the analysis, extended
measurement uncertainties (k = 2) for the most influential measurement parameters, i.e.,
temperature and pressure, were determined, see Tab. A.1. Table A.2 lists the measurement
devices used for recording the experimental data values during experiments and devices
used for calibration.

A.2 Definitions for representing the error in measurement

Experimental data values for each measuring device were recorded multiply (20 times) du-
ring experiments in order to determine the stability and standard deviation of measurements.
Error bars in diagrams shown represent the standard deviation (o) according to Eq. A.1.

o2 = zn: (X; — X)? (A.1)

where n = 20 is the number of measurements, X; is the measured value no. i of parameter X
and X is the mean value of parameter X.
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Appendix A

For evaluation of the accuracy of predictive methods with respect to the experimental data
base obtained in this work, the errors defined as follows were determined.

AE = |(Xi)pred - (Xi)exp| (A.Z)
12
ME = n Z ((Xi)pred - (Xi)exp) (A.3)
i=1
1 &
MAE = n Z ‘ ((Xi)pred - (Xi)exp) | (A4)
i=1
( i)pred — (Xi)exp
PE= —"F——— A5
(Xi)exp ( )
(Xi)pred - (Xi)exp
APE = |-UPC L TUOR (A.6)
| (Xi)exp |
1 ¢ (Xi)pred - (Xi)exp>
MPE = — —_— A7
n 1:21 < (Xi)exp ( )
MAPE = |MPE| (A.8)

where AE is the absolute error, ME is the mean error, MAE is the mean absolute error PE
is the percentage error, APE is the absolute percentage error, MPE is the mean percentage
error and MAPE is the mean absolute percentage error.
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A.2 Definitions for representing the error in measurement

Table A.1: Extended measurement uncertainties

Thermocouple (type K, E)
Platinum resistance thermometer (PT100)

Pressure transducer

+0.17K
+0.023 K
+0.025 bar

Table A.2: Measurement devices

Description

DAQ Multimeter
DAQ module for
general-purpose
c¢DAQ USB-chassis
¢DAQ module for
thermovoltage

¢DAQ module for
current

¢DAQ module for
resistance

Pressure transducer

Differential pressure
transducer

Flow meter
Digital power meter

High speed video
camera

Laser confocal
displacement meter
DC measuring bridge
High precision RTD
Differential pressure

gauge

Type
KE 2750
KE 7700

NI 9178
NI 9213

NI 9217

NI 9219

8106

3051C

Promass 60
WT 1030

Motion Corder
Analyzer
LT-9000

MKT 25
Pt 25
DH 5501

Manufacturer
Keithley
Keithley

National Instruments
National Instruments

National Instruments

National Instruments

Burster

Rosemount

Endress & Hauser
Yokogawa

Kodak

Keyence

Anton Paar

Rosemount
Desgranges et Hout

Technical data
5-port, GPIB interface
20-ch differential multiplexer

8-port, USB interface

16-ch voltage

mg.: U =+78 uv

res.: 24 bit

rate (high res.): 16 S s7!

err.: < £0.15 rdg.

4-ch universal

mg.: [ = £25 mA

res.: 24 bit

rate (high res.): 8 Ss~!

err.: < 0.6 rdg. +0.01 rg.

4-ch resistance (4-wire)

rng.: R =0-400 Q

res.: 24 bit

rate (high res.): 5 Ss™!

sensitivity (RTD): < 3 mK

rng.: [ =4 —20mA (0 < p/bar < 100)
err.: < £0.5 % rdg.

mg.: [ =4—-20mA

err.: < £0.37 mbar (0 — 100 mbar)
< £0.27 mbar (0 — 10 mbar)

mg.: I =4 —20mA (riz <2000 kgh™!)
err.: < +0.15rdg. +0.1 rng.

res.: 16 bit

err.: < 0.2 rdg. +0.225 kgh ™!

157






Appendix B

For validating the test facility described in Sec. 3.1, flow boiling experiments with pure
CO; in both measurement sections were carried out initially. The determined heat transfer
coefficients and total pressure drops were compared to data published by Schael (2009) for
verifying the reproducibility of previously conducted pure refrigerant experiments. The
experiments by Schael were carried out in the time of 2002 to 2005. Newly obtained
experimental data is listed in App. G. In addition, repeatability and reproducibility of CO;-
oil mixture flow boiling measurements inside the micro-fin tube have been performed
incessantly. The time span between two series as well as the operating person at the test
facility were varied.

B.1 Pure CO; investigations

Counting for all figures in this section, bright gray symbols represent experimental data
points obtained by Schael and dark gray symbols represent reproduced data within the scope
of this work.

Smooth tube

Reproducibility tests inside the smooth tube were run at a pressure of 26.4 bar, mass flow
velocities from 150 to 300 kgm~2s~!, vapor qualities from 0.1 to 0.9 and for heat fluxes of
up to 100 kW m~2. Exemplary measurement results are presented in Fig. B.1-B.3.

Peripheral averaged heat transfer coefficients at two different operating conditions are
plotted versus heat flux in Fig. B.1. As the figures depict, previously measured heat transfer
coefficients by Schael could be reproduced with good accuracy. For a more detailed analysis
including the effect of flow pattern, corresponding peripheral local heat transfer coefficients
are shown in Fig. B.2 for two average heat fluxes of approximately 30 and 65 kWm 2.
For a mass flow velocity of 150 kgm~2s~! (left image), wavy flow was observed over
the whole range of range vapor qualities. The presence of wavy flow during the the heat
transfer measurements pictured is revealed by the sharp drop in heat transfer coefficient at
the upper segments (60 ° and 300 °). During slug flow, occuring at a mass flow velocity of
300 kgm~2s~! and a vapor quality of 10 % (right image), all segments were periodically
wetted by liquid slugs. Thus, heat transfer coefficients along the tube perimeter are almost
equal. Here, too, previous and new data points agree well in trend and magnitude.
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Figure B.1: Peripheral averaged heat transfer coefficients of two measurement series inside the smooth tube
using pure CO,
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Figure B.2: Peripheral local distribution of heat transfer coefficients, corresponding to the test conditions in Fig. B.1
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Figure B.3: Total pressure drops from flow boiling experiments of pure CO, under diabatic conditions
inside the smooth tube

Simultaneously, the total pressure drop along the measurement section was measured.
Figure B.3 shows experimentally determined pressure drops versus heat flux for two me-
asurement series. In both cases, the experimental pressure drop data by Schael could be
reproduced accurately.

Micro-fin tube

Reproducibility of the experimental determination of flow boiling heat transfer coefficients
and diabatic total pressure drops inside the micro-fin tube is addressed in Fig. B.4-B.6.
The range of operation of these test runs included pressures from 19.1 to 39.7 bar, mass
flow velocities from 75 to 500 kgm~2s~!, vapor qualities from 0.1 to 0.9 and heat fluxes
up to 120 kWm~2.

Peripheral averaged heat transfer coefficients (see Fig. B.4) and corresponding local heat
transfer coefficients (see Fig. B.5) for pure CO, are compared to data published by Schael.
Both measurement series that exemplarily shown depict a general good agreement of new
and old data points.

As for the smooth tube, diabatic total pressure drops were compared to the previously
obtained data as well. A general good agreement in trend and value of the data was found
out, as the measurement series plotted in Fig. B.6 confirm.
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Figure B.4: Peripheral averaged heat transfer coefficients of two measurement series inside the micro-fin tube
using pure CO,
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Figure B.5: Peripheral local distribution of heat transfer coefficients, corresponding to the test conditions in Fig. B.4
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Figure B.6: Total pressure drops from flow boiling experiments of CO, under diabatic conditions
inside the micro-fin tube

B.2 CO,-oil mixture investigations

Analogous to pure CO, measurements, reproducibility of own experimental results using
CO,-POE oil mixtures was verified by repeating several measurement series at various
test conditions. As exemplarily shown in Fig. B.7 by average heat transfer coefficients
versus heat flux for two test series and mixtures containing 3 wt.-% lubricant, heat transfer
experiments conducted by different operating persons (abbreviations TN, LB, MW) and
different points in time were generally in good agreement. The same conclusion counts
for local heat transfer measurements, as can be seen Fig. B.8. Displayed peripheral local
heat transfer coefficients (left) and wall temperature distribution (right) correspond to the
averaged heat transfer coefficients in Fig. B.7 (right).

Total pressure drops yielded similar reliable results. In general, measurements agreed well
in trend and magnitude. This fact is illustrated in Fig. B.9 by two reproduced measurement
series. However, measurements revealed that pressure drops are highly sensitive to the
flow pattern, especially regarding foam or foam-containing flow. Large deviations are the
consequence. Hence, indicating the stability of measurement conditions by supplying error
bars in graphs as well as analyzing flow patterns during flow boiling experiments is of
essential need.
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Figure B.7: Peripheral averaged heat transfer coefficients of two measurement series inside the micro-fin tube
using a CO,-oil mixture of 3 wt.-% in oil content
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Figure B.8: Peripheral local distribution of heat transfer coefficients (left) and inner wall temperatures (right),
corresponding to the test conditions in Fig. B.7 (right)

In Fig. B.10, total pressure drops of four measurements under nearly the same conditions
are presented (right). For the first three series, a good agreement in trend and value of the
determined pressure drops was noticed. Error bars representing standard deviations were
comparatively large. This fact indicated a strong intermittent and foaming flow, affirmed
by the flow patterns observed (see top right image in Fig. B.10). Out of line, pressure
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Figure B.9: Total pressure drops from flow boiling experiments of CO,-oil mixtures with an oil mass fraction
of 3 wt.-% under diabatic conditions inside the micro-fin tube

drops of the fourth series conducted were almost steady and heat flux independent for
G > 30kWm~2, see white symbols in the left diagram. Here, froth flow completely filling
out the tube was observed (middle right image). No liquid slugs breaking through nor tube
dryout was observed. Due to the steady-like flow, deviations of measured pressure drops
decreased remarkably. By lowering the heat flux to ¢ = 26 kW m™2, flow pattern changed to
intermittent flow (bottom right image).

25

@ 10.01.2014 (LB)
@ 14.01.2014 (TN, LB) 14.01./16.01.2014
& 16.01.2014 (MW)
e 207 O 10.02.2014 (LB, MW) ®
_tgi p: 26.4 bar ©0e®
€ 15/m: 250 kgm? s’ il q=0-110 KW m*
;_ x: 0.1
8 w,:0.03 10.02.2014
e "
o 10 J T
>
[}
Eo, ﬁﬁ*%% - 36 k'
g . o d q=36kWm
0
10° 10* 10° q =26 kW m*

Heat Flux / W m?

Figure B.10: Total pressure drop (left) and flow patterns observed (right) in the micro-fin tube
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The displayed test series at 250 kgm~2s~! and a vapor quality of 0.1 indicate the sensiti-
veness of CO;-o0il mixture flow boiling results. The reason for the occurrence of different
pressure drop behavior for the fourth measurement series could not be clearly identified.
Regarding absolute values and deviations of pressure, mass flow rate and vapor quality,
no differences were found. As only difference in the procedure of operation, the rate of
subcooling was varied. In case of the fourth measurement series, subcooling of the liquid
entering the test section was increased by —2.9 °C with respect to the first three series. Due
to the greater subcooling, the essential power input through the pre-heaters increased as well
to assure the same inlet vapor quality. Hence, a possible explanation is that the transition of
foaming-intermittent flow to fully foam flow was transcended by the increase in total heat
input. The effect of subcooling was addressed in other test series as well. For instance, inlet
temperatures of the test series at 150 kgm~2s~! and a mean vapor quality of 0.1 presented
in Fig. B.7 (right), Fig. B.8 and Fig. B.9 (left) were varied in a similar range. Here, no

influence could be identified.
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A new technique for measuring the film thickness at a fixed point (here: crest of the sight
glass tube) with a spatio-temporal resolution of 0,1 mm and 500 fps based on confocal
laser displacement was introduced and first test runs performed. With its development, a
more definite determination of the state of flow in future measurements to refine prediction
methods for flow patterns was pursued. In the following, the principle of measurement,
constructed measurement setups and conducted experiments are presented.

C.1 Measurement principle

The technique for measuring the thickness of a small (< 2 mm) liquid film or transparent
solid phase relies on the principle of confocal laser displacement. As schematically shown in
Fig. C.1 (left), the focal point of the laser ray emitted by the measurement device (Keyence
LT-9000) is determined by a set of lenses oscillating in vertical direction. The amplitude of
oscillation (£1 mm) corresponds to the range of measurement. If the focal point impinges
on an optical interface (i.e., the interface of two phases having different optical densities), the
sensor registers a (local) maximum of back reflexion. The intensity of the signal along with
the vertical position of the lens system is assigned to a measurement point being displayed
as displacement from the reference distance (Lo = 30 mm). The integrated A/D converter
translates the displacement (As) into an analog output of £4 mA that is transmitted to a PC
for recording.

For measurements through transparent media (see Fig. C.1, middle), multiple measurements
points may be detected, i.e., in number as many interfaces as present. As illustrated forn > 1,
the distance to the focal point is extended by light refraction. The reference distance from
sensor to the focal point increases and the displacement of the lens system is no longer equal
to the total displacement. Since refractive effects are not accounted for by the measurement
system, manual correction is necessary. For a given distance L; to the top surface, Eq. C.1
accounts for the change in reference distance, yielding the real reference distance L.

0.5
D L 413 )
Ly =Li+— (14+— U | -1 C.1
0 1+2(+L0>(<D2+ n (C.1)

where D is the lens diameter, Ly = 30 mm is the base reference distance and
n =sin(et)/sin(fB) is the refractive index of dense to surrounding (air) medium.

167



Appendix C

Figure C.1: Confocal laser displacement measurement in media consisting of one (left), two (middle)
or three (right) optical differing phases

Figure C.1 (right) demonstrates the measuring of a liquid film on the bottom surface of
a transparent phase (e.g., at the inside of a sight glass tube). The change in reference
distance due to length and optical density of the run-through phase becomes irrelevant, if the
thickness of liquid film (L3) lies within the range of measurement. In that case, the bottom
surface (2-3 phase interface) is be focused at the lower end of the range of measurement
and set as reference. For calculating the film thickness from the measurement points s
(displacement at reference) and s, (displacement at film surface), Eq. C.2 was derived.

Ly = Ascos(a) (n* — sinz(oc))fo'5 (C.2)

where As = 55 — 51, 00 = arctan(%), D is the lens diameter, Ly = 30 mm is the base
reference distance of the displacement sensor and 7 is refractive index.

C.2 Preliminary setup and smooth tube test runs

For checking the application of the confocal laser displacement system for measuring the
liquid film of a flowing liquid inside a tube, a preliminary setup for implementation into the
smooth tube test test section was developed (see Fig. C.2). It consisted of a PMMA plate
with a rectangular notch, where the sensor was installed on a z-table for vertical adjustment.
The composite structure was placed horizontally above the sight glass tube in such a way
that the measurement point of the sensor was positioned at the crest of the tube. By means
of screws functioning as a tripod, the tilting of the sensor with respect to the sight glass
could be adjusted. The circular sight glass was encompassed by a rectangular prism made of
PMMA. Its homogeneous body with glass-like optical density and flat surface was necessary
in order to reduce scattering of the laser light on its way from to the liquid film at the inside
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Figure C.2: Preliminary setup of film thickness measurement system

of the glass tube. The gap in between the glass tube and the surrounding PMMA block was
filled with oil for further reduction of light scattering.

Preceding a film thickness measurement, the sensor was adjusted in all directions, i.e.,
positioned (1) orthogonally to the sight glass surface, (2) at the depth of the crest of the
tube and (3) in height such that the laser focused on the inner wall surface of the sight
glass tube at the outer range of measurement. The appropriate setup was achieved when a
maximum in signal intensity (shortest distance, minimal light scattering) was reached. A
measurement was conducted with the resulting distance displayed counting as reference state.
The difference of reference state to the distance measured during operation corresponds to
the (uncorrected) thickness of liquid film (8. ) at the crest of the tube.

O = sL—Sw (C3)

where 3§y, is the averaged reference state of the inner wall surface and sy, is the displayed
value representing the liquid-vapor interface.

In Fig. C.3, results from film thickness measurements of wavy (left) and annular (right)
flow are presented. The liquid film thickness (8 ) obtained from Eq. C.3 and corrected by
Eq. C.2 is shown as solid line. The short dashed line represents the afore measured reference
state (= inner wall surface, sy ), which averaged value was used for determining (8 ). The
average film thickness obtained from measurements of wavy flow yields 65 um, which is in
the range of uncertainty. It can be reasoned that there is no liquid film present at the crest of
the tube. High speed video recordings of the state of flow substantiate the argumentation,
see the image in the left diagram. For annular flow, a liquid film was visually observed and
clearly detected, see Fig. C.3 (right). The film thickness averaged out to 520 um. From the
results it was concluded that the technique is suitable for measuring the film thickness.
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Figure C.3: Measurements of the liquid film thickness during wavy (left) and annular flow (right)
inside the smooth tube

C.3 Development of a flexible setup and
static validation experiments

A new setup was developed (Witt, 2013), applicable to basic validation experiments in a
static test environment outside the test loop. In order to avoid constructive measures that
could affect the measurement system afterwards, the complete measurement setup was
designed to be transferable to the test section as is. Aluminum plates were chosen as rigid
basis. A flexible tripod stand was realized by means of screw-spring composite legs with
hemispheres for smooth movement. That way, a precise and smooth adjustment of the
plane containing the measurement sensor was possible. The sensor itself was mounted on
a y-z-table for vertical and horizontal (in the plane of cross section when referring to the

installation in the test section) fine positioning.

displaceullas
/ sensor

adjustable plane

fixed plane . 5 -
t screws for tilt
measuremen adjustment
surface

Figure C.4: CAD drawing of the measurement system
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Figure C.5: Schematic of the constructed PMMA sample used for static laser displacement validation experiments

For the conduct of static experiments, the setup was installed on metal legs on a flat surface
as shown in Fig. C.4. Different transparent samples were investigated using this setup. These
tests were primarily done to determine the non-specified diameter of the sensor’s lens and to
validate the calculation specification to be used to determine the liquid film thickness.

The lens diameter was determined by measuring the cross sections of the light cone of the
laser. The cross sections were projected on a flat plane in distinct spacings (10 mm), starting
at the edge of the sensor and then receding along the axis of the laser. From the circular
projections dimensioned, the lens diameter was identified as D = 10 mm. Further, the angle
of the emitted rays to the perpendicular was found to be ot = arctan(%) =9.46°.
Validating the calculation specification for measurements through optical dense media was
done using the sample demonstrated in Fig. C.5. The distance from the sensor’s lens to
the bottom of the sample body was measured at three different measurement positions
MP; — MP; (along the gray dotted lines). The gaps displayed were filled with ethanol
(liquid 1) and oil (liquid 2). From own experiments and values published in literature,
the refractive indices yielded nepanor = 1.36, nyy; = 1.46, npyya = 1.49. The distances
determined experimentally are listed in Tab. C.1. The results indicate that the relative error
in displacement measurements due to ignoring light refraction in the optical dense media
is significant (absolute > 25 %). Accounting for these effects, the resulting error becomes
negligible (absolute < 1.5 %).

Table C.1: Displacements measured in static experiments inside a PMMA sample block at three different locations

location (measurement point) MP; MP; MP;3
real distance [mm)] 39.70 39.70 39.70
displacement measured ignoring refraction [mm] 29.11 29.21 29.51
relative error [%] —26.7 —26.4 —25.6
corrected displacement regarding refraction [mm] 39.09 39.37 40.07
relative error [%] —-1.5 —-0.8 +0.9
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C.4 Test section integrated measurement setup and
sight glass tube modification

For integrating the measurement setup into the test section, a modification of the sight glass
was made. A rectangular PMMA body with planar surfaces was designed to encase the
glass tube for preventing scattering of the laser light and simplifying the device adjustment.
A gap between the body’s inner excavation surface and the outer surface of the glass tube
was incorporated for easy mounting and to avoid temperature-induced tensions. By means
of two bores, the gap was filled with oil of similar optical density as PMMA. The glass
tube surrounded by the PMMA body was clamped between two brass flanges and insulated
against fluid emission with PTFE gauntlets on either side. Placed within the two flanges, the
sight glass was further surrounded by a circular PMMA tube of the size of the flanges. The
enclosed space is flushed with dry gas (e.g., nitrogen) during flow boiling experiments in
order to prevent condensation of moisture on the cold surfaces. The PMMA tube was issued
a small opening for inserting the measurement sensor. A CAD drawing of the construction
as integrated into the test section is shown in Fig. C.6. Additional drawings and information
of the measurement setup and constructive measures are supplied in Appendix.

Figure C.6: CAD drawings of the the measurement setup and modified sight glass construction (Witt, 2013)

C.5 Conclusion

A new measurement technique based on the principle of confocal laser displacement was
introduced to determine the thickness of a liquid film inside a round sight glass tube. It was
successfully applied to measure the film thickness at the crest of the tube, supporting the
distinction between non- and complete wetting flow patterns, i.e., wavy and annular flow,
respectively. A specification for correcting the output displacement due to light refraction
effects was proposed and validated by static experiments. This correction is necessary as
light refraction is not regarded by the measurement device. In other words, homogeneous
single phase medium is assumed for the environment of displacement measurement. This is
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not the case, if, as done, the measurement of displacement takes place through a liquid film
of optical density different than the surrounding. In case of CO,, the estimated error in film
thickness due to neglecting the refractive index would yield 20 %.

Despite its successful implementation, several limitations concerning applicability and
constructive measures were encountered that have to be taken into account. First of all, only
one-dimensional measurements (here: crest of the tube) of light transparent liquid films
can be conducted. This fact mainly puts a limit to adiabatic (bubble-free) and non-foaming
flows. Otherwise, determination of the film thickness is not possible as both, bubbles and
foam, prevent the light from passing the liquid in straight way, either absorbing or reflecting
it. To allocate constructive measures, the complete measurement system (sensor mounting
as well as sight glass tube) inevitably must be fixed rigid and secured against any movement
throughout the entire measurement series. As seen before in the left plot of Fig. C.3, even
small movements - during the film thickness measurement as well as during capturing the
reference displacement - of either sensor or test section lead to measurable deviations. For
the series shown, uncertainty in measurement solely due to this effect yields to approximately
100 um. As the size of the tube is reduced (14.0 mm smooth tube to 8.62 mm micro-fin
tube), the addressed effect further gains weight. Due to this reason and the fact that the
measurement device, from a constructive view, could not be placed exactly at the inlet of
the sight glass, the technique could not be applied to film thickness measurements in the
micro-fin tube. In order to achieve this in further experiments, constructive modifications
must be realized based on the experience-gained instructions mentioned above.
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D.1 Fluid properties of CO,

A comprehensive survey on available correlations for predicting pure substance properties
of CO, was carried out by Schael (2009). The following methods were suggested as most
accurate and, hence, used in this work.

D.1.1 Critical and triple point data of CO,

Table D.1 lists the critical and triple point data of CO, (Span and Wagner, 1996).

Table D.1: Critical and triple point data of CO, (Span and Wagner, 1996)

Triple point temperature T,/ K =216.592+0.003
Triple point vapor pressure pi/ MPa =0.51795+0.0001
Critical temperature I./ K =304.128240.0015
Critical vapor pressure pe/ MPa =7.3773£0.0030
Critical density p./kgm™ =476.6+0.6

D.1.2 Saturated properties

Equations for saturated properties were published by Span and Wagner (1996) in terms
of reduced pressure (p; = ps pz 1), reduced temperature (7; = T Tc’l) and reduced density
(Pr = pviLPc 1. Empirical constants are listed in Tab. D.2.

The vapor pressure curve of CO; reads

4
In(p;) = (Zai (1 —ﬂ)”') 7! (D.1)
i=1

The saturated vapor and liquid density reads

5
In(p;) = (Z a; (1— n)’i) (D.2)
i=1
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Table D.2: Constants for saturated properties by Span and Wagner (1996)

Ds pPv PL
2 a; 1 a; 1 a; 1
1 —7.0602087 1 —1.7074879 0.34 1.9245108 0.34
2 1.9391218 1.5 —0.82274670 0.5 —0.62385555 0.5
3 —1.6463597 2 —4.6008549 1 —0.32731127 10/6
4 —3.2995634 4 —10.111178 7/3 0.39245142 11/6
5 — — —29.742252 14/3 0 0

D.1.3 Vapor/liquid substance properties

Vapor/liquid dynamic viscosities were calculated using the Fenghour et al. (1998) model.

n(p,T)=n°(T)+An(p) +An(p,T) (D.3)
n°=1.00697T"2¢; " x107° (D.4)
AN(p,T)=e1p’ +exp”+e3p°T* > +esp®+esp® 17! (D.5)
Acn(p,T)~0 (D.6)
7 .
G=Y a(@T)" (D.7)
i=0

1

where ke~' =251.196 K is an energy scaling parameters, {; is the effective cross section,

T* =Tke " is areduced temperature and p’ = p (kg m’3)_1 is the density.

Differing to Schael (2009), the widely used method by Vesovic et al. (1990) was used for
calculating both, liquid and vapor, heat conductivities.

A(p,T)=A°(T)+AA(p) +AA(p,T) (D.8)
A°=0.475598T2 (1428 x 1073 (D.9)
4
AM(p)=Y dip~'x107° (D.10)
i=1
AA(p,T) ~0 (D.11)
7 :
G=0 (r0?) " = Y bi (1) (D.12)
i=0
r=2cin (5k)7" (D.13)
2—i
o —1835\ & (TK™!
Cink™' = 1.0+exp <T ra ) i:ZICI 00 (D.14)
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where 6 = 0.3751 x 10~ m is a length scaling parameter and ciy is the internal isochoric
heat capacity of the molecule.

The empirical constants b;, c;, d; and e; are listed in Tab. D.3.

Table D.3: Model constants for viscosity (Fenghour et al., 1998) and heat conductivity (Vesovic et al., 1990)

i a; b,‘ Ci dl' e

0  0.235156 0.4226159 2.447164 x 1072 —

1 —0.491266 0.6280115 0.02387869 8.705605 x 1075 4.071119x 1073

2 0.05211155 —0.5387661 4.3507904 —6.547950 x 10~8  7.198037 x 1075

3 0.05347906 0.6735941 —10.33404 6.594919 x 10~ 1 2.411697 x 10717
4 —0.01537102 0 7.981590 - 2.971072 x 1023
5 — 0 —1.940558 - —1.627888 x 10~ 23
6 - —0.4362677 - - —

7 - 0.2255388 - - —

The surface tension of CO; is calculated according to Rathjen and Straub (1980).

o =0.084497 (1—77,")"* (D.15)

where T is the temperature and 7; is the critical temperature (in [ K]J).

Density, specific enthalpy and specific isobaric heat capacity were calculated by means
of the equation of state of Span and Wagner (1996). Each property ¢ (pr, T) is described by
its ideal ¢°(py, T) and residual ¢"(py, T) part as function of reduced density p, = p po ' and
inverse reduced temperature 7, = 7, ' T~1.

O(pr,7) = 9°(Pr, T) + 9" (pr, T) (D.16)

8
9°(pr,7) = In(pr) +a +a3T+a3 In(z)+ Y a; In (1 —e—wf’) (D.17)
i—4

7 34 o
(prt) = Yol + Yompl e ¢
i=1 i=8

39 42 (D.18)

Z n; péii Tl o= (pr—&)2—Bi (t—%)* + Z n; Abi Py

i=35 i=40
A=6%+B; ((pr—1)*)" (D.19)
0=(1-1)+A; ((pr— 1)2)(2”1 (D.20)
y=eC (pe—1)>=D; (1—1)? (D.21)

The empirical constants (af, a;, 60, n;, di, t;, ¢i, 0, Bi, ¥, &, bi, Ai, Bi and () are listed in
Tab. D.4.
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Table D.4: Constants for the EOS of Span and Wagner (1996)

i n; d; t Ci 047 ﬁ,‘ Yi & ll? 91-0

1 0.38856823203161 1 0 8.37304456

2 2.938547594274 1 0.75 —3.70454304

3 —5.5867188534934 1 1 2.5

4 —0.76753199592477 1 2 1.99427042 3.15163
5 0.31729005580416 2 0.75 0.62105248 6.11190
6 0.54803315897767 2 2 0.41195293 6.77708
7 0.12279411220335 3 0.75 1.04028922 11.32384
8 2.165896154322 1 1.5 1 0.08327678 27.08792
9 1.5841735109724 2 1.5 1

10 —0.23132705405503 4 2.5 1

11 0.058116916431436 5 0 1

12 —0.55369137205382 5 1.5 1

13 0.48946615909422 5 2 1

14 —0.024275739843501 6 0 1

15 0.06249479050167800 6 1 1

16 —0.12175860225246000 6 2 1

17 —0.37055685270086000 1 3 2

18 —0.016775879700426 1 6 2

19 —0.11960736637987 4 3 2

20 —0.045619362508778 4 6 2

21 0.035612789270346 4 8 2

22 —0.0074427727132052 7 6 2

23 —0.0017395704902432 8 0 2

24 —0.021810121289527 2 7 3

25 0.024332166559236 3 12 3

26 —0.037440133423463 3 16 3

27 0.14338715756878 5 22 4

28 —0.13491969083286 5 24 4

29 —0.02315122505348 6 16 4

30 0.012363125492901 7 24 4

31 0.002105832197294 8 8 4

32 —0.00033958519026368 10 2 4

33 0.0055993651771592 4 28 5

34 —0.00030335118055646 8 14 6

35 —213.6548868832 2 1 25 325 1.16 1

36 26641.569149272 2 0 25 300 1.19 1

37 —24027.212204557 2 1 25 300 1.19 1

38 —283.41603423999 3 3 15 275 125 1

39 212.47284400179 3 3 10 275 1.22 1

i n; ai b B A B C D

40 —0.66642276540751 3.5 0875 03 03 10 275

41 0.72608632349897 3.5 0925 03 03 10 275

42 0.055068668612842 3 0.875 0.3 1 12.5 275
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D.2 Fluid properties of CO»-lubricant mixtures

Measurement data of vapor pressure, liquid dynamic viscosity and liquid density for different
mixtures of CO; and Reniso C 85 E are available by the manufacturer (Saito, 2014). The
mixture heat capacity was determined experimentally at TVT (Saito, 2014). Further, contract
measurements of the mixture thermal conductivity were conducted by ILK Dresden (Feja
and Romer, 2008) and LTP Oldenburg (Ihmels, 2008a) (Ihmels, 2008b). Merged into a
data base the experimental data was used for establishing or validating predictive material
property correlations, see Sec. D.2.1-D.2.5.

D.2.1 Bubble point temperature and vapor pressure

The vapor pressure curve is shown in Fig. 2.26 as function of bubble point temperature
at fixed oil mass fractions (left) and as function of oil mass fraction at fixed bubble point
temperatures (right). Symbols represent manufacturer’s data (Saito, 2014). Predicted values
by Thome (1995) and Zhelezny (2007) are shown as solid lines (1) and (2), respectively.
Since fitted to measured values of the investigated CO;-o0il mixtures, on the rough scale the
correlation by Zhelezny seems to be precise over a the whole range of operating condition.
Especially at oil mass fractions above 50 % predicted values by Thome yield large deviations.
However, locally reached oil mass fractions during measurements were generally below
50 % (equal to 94 % in vapor quality at an oil mass fraction of 3 %).

For evaluating heat transfer coefficients from experiments the temperature difference bet-
ween the tube wall and the boiling fluid is measured. Due to generally high flow boiling
heat transfer coefficients of CO, temperature differences can be less then 1 K. Thus, a

10.0 0.7
® Wall Temperature a ® Wall Temperature
ffffff Fit [ ------Fit
——— Bubble Point Temp. (1) / —<— Bubble Point Temp. (1) 406
9.0 4—=— Bubble Point Temp. (2) |—=— Bubble Point Temp. (2) |
—— Local Oil Mass Fraction —— Local Oil Mass Fraction ° "o
/405 =<
o 2
o 8.0 =
g /7104 s
= o ©
o 7 I
8 T // {os
[ s
B ././/'/ 02 =
PPaarty s =
e e (e}
40.1
m=150kgs" m=250kgs”
T T T T T T T T 0.0
0.86 0.88 0.90 0.92 0.84 0.86 0.88 0.90 0.92

Vapor Quality

Vapor Quality

Figure D.1: Saturation Temperature
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precise determination of the saturation temperature is of most significance for high quality
results. For this reason measurements under near-adiabatic conditions have been made
for validation purpose. Vapor quality was increased until almost all liquid was vaporized
(x — 1). Measured wall temperatures (dark round symbols) and predicted bubble point
temperatures of the fluid are shown in Fig. D.1. In addition, calculated local oil mass
fractions are plotted as solid lines with white diamond symbols (scale on right y-axis).
Although measured wall temperatures can only be treated as estimation for the bubble point
temperature, predicted values by Thome (1995) obviously agree better to measurements than
those by Zhelezny (2007). For the conducted heat transfer measurements, good agreement
in the lower vapor quality region of Fig. D.1 is of greater importance as experimental vapor
qualities are situated in this range.

D.2.2 Viscosity

The viscosity of CO,-POE oil mixtures was calculated using Eq. 2.106 by Zhelezny (2007) in
Sec. 2.5.2. The correlation was developed including manufacturer’s data of the lubricant.

D.2.3 Density

The universal correlation by Medvedev et al. (2004) for the mixture density of refrigerant-
lubricant mixtures was used, see Eq. 2.113 in Sec. 2.5.3. Analogous to viscosity, the model
was adapted using manufacturer’s data of the lubricant (Zhelezny, 2007).

D.2.4 Heat capacity

Thome (1995) suggested Eq. D.22 to be used for calculating the liquid specific heat capacity
of pure lubricants (¢, o).

: T
ol _ 4186 (0.388+0.00045 ( 1.8- —459.67 ) | 5703 (D.22)
Jkg K K

where T is the temperature, s = P,/ Pwarer 18 the lubricant’s specific gravity and p,;; and
Pwater are the liquid densities of the lubricant and water at 15 °C.

The specific heat capacity of pure Reniso C 85 E was experimentally determined at TVT
(Saito, 2014). Based on this measurement data, Eq. D.23 was determined for predicting the
lubricant specific heat capacity (c, ;1) as function of temperature (7°) within the range of
—40°C< T < 15°C.

Cp,oil T
————=1394.99+1.31 — D.23
Tkg K- oty D.23)

180



D.2 Fluid properties of CO,-lubricant mixtures

1800

1750

k%
"o
S 17004% e
2
‘©
3
@ 1650+
@]
©
9]
T 16004 : e Reniso C 85 E
Fit
—===+/-1 % Error
— Calculated
1550 T T T T T
-30 -20 -10 0 10

Temperature / °C

Figure D.2: Heat Capacity

In Fig. D.2 measured (symbols) and predicted values by Eq. D.23 (dark gray solid line) are
plotted over the range of investigated temperatures. In comparison to Eq. D.23 predicted
values by Eq. D.22 (Thome, 1995) are shown as bright gray solid line, too. This method
obviously yields larger deviations, thus Eq. D.23 was used within this work.

D.2.5 Thermal conductivity

Measurements for the thermal conductivity of pure Reniso C 85 E (Ihmels, 2008a) and
mixtures of CO;, and Reniso C 85 E (Ihmels, 2008b) were done by transient hot wire
method, see schematic in Fig. D.3 (left). This method is long-established for determination
of the thermal conductivity of liquids (Davis et al., 1971) (Roder, 1981). A cylindrical wire
rod (ohmic resistor) is placed inside the fluid. Power to the rod, regarded as infinite line heat
source, is applied abruptly. Within a certain heating duration (not too short nor too long), the
temperature difference between the surface of the rod and the fluid (AT = T, (1) — Tr1ia)
follows a specific solution of Fourier’s law given by Eq. D.24.

' 4k
Trod(t) - Tfluid = ﬁ (hl (7‘2 t) - '}’) (D.24)

where Q is the electrical heating power along the length of the wire L, A and k are the
thermal conductivity and thermal diffusivity of the fluid, respectively, r is the radius of the
wire, t is the time and y = 0.57721 is the Euler’s constant.
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Figure D.3: Transient hot wire method for thermal conductivity determination: Schematic of applied model
(taken from Thmels (2008b), left), generic heat curve (taken from Davis et al. (1971), right)

For two measurements at #; and 7, assuming constant heat rate and non-changing fluid
properties, Eq. D.24 can be rewritten as Eq. D.25 or Eq. D.26, the latter from which the
thermal conductivity can be calculated.

Trod(12) ~ Talt1) = 7 (In(o2) ~In(1)) (D.25)
. Q ln(tg)—ln(tl)
A= 4’71'.)*14 <de(t2) - Tr()d(tl) > (D26)

D.2.6 Surface Tension

A literature survey for and comparison of prediction methods for the mixture surface
tension was done by Kraut (2013), identifying correlations by Brock and Bird (1955),
Jensen and Jackman (1984), Bell et al. (1987) and Conde (1996). Applying these to CO;,-
POE oil mixtures, large variations and generally different trends were determined. As no
experimental data of mixture surface tension was available and experiments could not be
carried out at, the surface tension of pure CO, was used.
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D.3 Solid material properties

Heat conductivity of insulation (Armaflex AF4):

= = = N2
ins (T T; T;
HinsTins) 5102 _3.4.1074 (Tim) 45,1077 ( T (D.27)
Wm—1K-1 K K
= 1
Tins = E (T;'ns,i + T;'ns,o) (D28)

Heat conductivity of measurement section tube material (nickel smooth tube, Eq. D.29, and
copper micro-fin tube, Eq. D.30).

lNi(TNi) TNi

———— =63.66—0.0525 - D.2
Wm—1K-! K (D-29)
)LCM(TCM) TCu

————— =13547+0.55- D.
Ty = 135474055 = (D.30)

where T y; /cu 18 the mean nickel/copper (tube wall) temperature depending on the respective
energy balance.
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E.1 Prediction methods for flow pattern

Steiner (2002)

Based on the stratified flow model in round tubes pictured in Fig. E.1, the following geome-
tric dimensions were defined (given here in generalized form to avoid case differentiation as
stated in the VDI heat atlas chapter).

h =0.5 (1 +cos <95£m‘>> (E.1)
i =2/h. (1—y) (E2)

Ty = cos (95“‘> (E.3)
2

~L =T — UV (E4)

-1 . {6

Av=g (em —sin ( ‘;a‘>) (E.5)

AL = g —Ay (E.6)

h.=h/d (E.7)
Uiy =Up/d (E.8)
ALy =Apy/d® (E.9)

where Ay is the liquid height, Uy )y is the perimeter, Ay y is the vapor/liquid phase cross
section of the vapor/liquid phase, U; is the dimensionless perimeter of the vapor-liquid
interface and B, is the (stratified) dry angle defining the dry wall perimeter Uy .

>
53

S

A\

Figure E.1: Cross-sectional view and dimensions

>c

185



Appendix E

Steiner recommended the Rouhani and Axelsson correlation (Eq. 2.3 in Sec. 2.1) for calcu-
lating the void fraction (€ = 4Ay /7). Then, By, can be obtained iteratively from Eq. E.10
and Eq. E.1-E.6 be solved.

Gstrat =2TE + Sin(estra[) (E 10)

With known values for € and Oy, no further iterations are needed. The Rouhani and
Axelsson void fraction correlation, however, requires both vapor quality and mass flow
velocity as input. Steiner proposed an iterative calculation method, assuming the two-fluid
model to be applicable and solving the momentum equations. A condition for the Martinelli
parameter was derived (see Eq. 2.2 in Sec. 2.1) that has to be solved, along with Eq. E.1-E.6,
iteratively in dependency of the liquid height iy or dry angle Oy, respectively. The obtained
value of € from Eq. 2.3 was recommend to be used for finding a starting value of Oy
The transition boundaries for two-phase flow in non-inclined horizontal tubes are given in
dimensionless form by Eq. E.11-E.15.

| 226.3°AL4Y

(ReL Fryy) ¢ p (E.11)
16A3 > [ Fr
(Frvm)w.ija = Y ( = <> + 1> (E.12)
7.52 /17(2}3]‘71)2 25}1% We L
(th)I»A =0.34 (E.13)
128 Ay A?
((FrEu) ) 5 = # (E.14)
_ 7680A% [ Fr
(Frym) am = E, <We>L (E.15)
where
(ReL Fryy) =it® % (1 %) (pv (pL— pv) prg) " (E.16)
Frypm = * (gd pLpy) " (E.17)
(FrEu);, = &um® (1—%)> (2dipL (P —pv)g) (E.18)
Fr _
(We) =0 (gd?p) " (E.19)
L

.\ 0.875 0.5 0.125
() () ()
X PL j2aY
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The liquid Reynolds number (Rer ), liquid (&) and phase (&) friction factors are

Rep = rit(1—X)d;py ! (E.21)
& =0.3164Re; *% (E.22)
-2
T
=(1.138421 = E.23
6= (113s+218( 125 )) €23
Converted into dimensionfull transition equations, Eq. E.11-E.15 yield
) _ - 1/3
msw  [226.32ALA% py (pL— pv) g
= - - (E.24)
kgm~2s~1 | 21 —x)m3
- - , 05
Tty 16 A7 gd; F
3 sz'Ail _ v8 1P~VPL ( 7{2 (wr) +1) (E.25)
gm==s 221 (2R —1)2 \PhL AWe
r —1/1.75 —1/7 -
ira = |0.341/0875 <”V> <“L> +1 (E.26)
i pL Uy
, 156 Ay A2 4125 1/1.75
g [256AvA{di 7 pL(pL—pv)g
i . 7,02 (E.27)
kgm—2s | 0.3164 (1 —x)175 m2 0, u
mam  [7680Af gdipLpyv ( Fr 03 (E.28)
kgm—2s-1 | W22y, We /| '

Saito et al. (2011)

Saito et al. recommended using the Steiner flow pattern map with modification of the wavy
to intermittent or annular flow transition condition (Eq. E.12 or Eq. E.25, respectively). It
follows the original definition of the critical mean vapor velocity for waves to rise by Taitel

and Dukler (1976).
d 0.5
iy >C engd(pL—pv) (E.29)
4pv/1— 2hLjd— 1)

where C; = 1 — A (as suggested by Taitel and Dukler) accounts for the distance from

vapor-liquid interface to the crest of the tube, i.e., the distance that waves have to grow in
order to yield the transition state to intermittent/ annular flow. Substituting the mean vapor
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phase velocity by the relative velocity of vapor to liquid flow and assuming that the liquid
velocity at the interface iry_; is in the range of iy <1y ; < 217, Eq. E.29 yields

0.5
_ _ engd(pL—pv)
—-C >C E.30
e 1{<4Pv 1—(2hL/d—1)2>} Y

where C; = f (EL) accounts for the liquid velocity at the liquid-vapor interface.
Combining Eq. E.30 with the original condition given by Steiner (Eq. E.12), the condition
for the wavy to intermittent/annular transition yields Eq. 2.94 in Sec. 2.4. As dimensionfull
expression for the mass flow velocity at the wavy to intermittent/annular transition ity yj.,
Eq. E.31 is obtained.

wan (o (=9 )T
et =S (e )
05
engd;i (pL—pv) (”z (Fr) +1) (E.31)
L

/ ~ 7.2
4PV 1_(2hL_1)2 25hL We

where
C1 =0.5 (cos (why) +1) (E32)
C2=0.5 (cos (mwhy) +1)+1 (E.33)
Thome and EIl Hajal (2003)

The authors represented a modified Kattan et al. flow pattern map (which in fact is a modified
Steiner map), based on according geometrical dimensions.

- A T

AL="(1—-g)="(1— E.34
L= g (1—¢) ) (1-e¢) (E.34)
- A T

Ay="e="2 E35
v d12 € 7 € ( )
B 6

=05 (1 +cos (Z“)) (E.36)
s Ostrat

Ui =sin{ 7— = (E.37)
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Herein, the void fraction € can be predicted using the Rouhani and Axelsson drift flux model
(Sec. 2.1, Eq. 2.3). The stratified dry angle O is determined iteratively from Eq. E.38.

AL =0.125 (270 — Ograr — Sin(27 — Ograr)) (E.38)

Regarding the Steiner map, the stratified to wavy and wavy to intermittent/annular flow
transitions (Eq. E.24 and E.25) were modified, becoming Eq. E.39 and E.40. Equation E.40
represents the approach proposed by Kattan et al. (1998a) in the correct form published by
Thome (2005). The intermittent to annular, intermittent to bubbly and annular to mist flow
transitions (Eq. E.26-E.28) were adopted unchanged.

. 1/3
msw  [226.32A A py (oL —pv)HLg .
kgm—2s-1 { 2 (1—x)m3 204 (E-39)
Mwaa 1643 gd;ipv pL
21 .
kgm™s 2241 (20 — 1)
2 ‘ F(q) 05 E.40
x %(1—;&)‘“‘” (Fr> +1 (B.40)
2572 We ),
2 —0.97)?
+50—756Xp{—(xx(10_9x))}

where (Fr/We)y is given by Eq. E.19. Fi(¢) and F>(g) are functions of the local heat flux ¢
accounting for partial dryout.

Fi(g) = 646.0 (qq/ ) 1648 <qq/c ) (E41)
P(g) =188 <q¢;c2> +1.023 (E.42)

The critical heat flux ¢, is given by the Eq. E.43.
Ge =0.131p% Ahy (g0 (pL — pv))°> (E.43)
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Wojtan et al. (2005a)

The same geometrical dimensions as by Thome and El Hajal (2003) were considered
(see Eq. E.34-E.37). To avoid any iterations, the Biberg equation is used for approximating
the stratified dry angle.

1/3
estrat27l'2{<32ﬂ> [1—2(173)+(1,8)1/3781/3}+

(I—¢)e
200

(1l —¢)— [1—2(1—¢) [1+4(1—8)2+482]} (E.44)

The authors proposed the following transition boundaries.

msw  [226.32A A% py (pL—pv) UL g 1/3
21 2 5 73 (E.45)
kgm~<s i (1—-x)m
I 3 ) 0.5
- 1643 gd; F
am 721~ AP (T (G2) )| s Bao
gm—-s _x271:2 1—(2hL—1)2 25hi e
[ ~1/1.75 Y 1
XA = 0.341/0-875 (PV) (‘uL> +1 (E.47)
L PL v
MAD 1 0.58 d \ "7
= 1 52
kem 251 [0235 (“( E )+05 ) (,M,)
—037 025 .« —0.7070:926 (E.48)
o) () @)
gdipv (pL—pv) oL Ge
Hip-M 1 0.61 di N\ 038
= In{ — ) +0.57
kgm 25! lo.ooss (n( P >+ ) (WG)
(E.49)

_ _ 0.943
( 1 ) 0.15 (pV) 0.09 (q) 0.27
gdipv (pL—pv) pL ge

where (Fr/We)y, is given by Eq. E.19 and the critical heat flux ¢, by Eq. E.43.
Dryout and mist flow conditions were defined by dryout inception(Xp;) and completion (Xpe)
vapor qualities determined experimentally.

ipi = 0.58 exp {0.52 —0.235Wel TF2% (py/pv)° (¢ /qc)(”o} (E.50)

pe = 0.61 exp {0.57 —0.0058 Wel B Frd1S (py /py) 00 (c]/q'c)o'27} (ES51)
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where Wey and Fry are the vapor Weber and Froude numbers.

72 d;

Wey = (E.52)

Fry = (E.53)

pv(pL—pv)gd;

Cheng et al. (2008a)

Cheng et al. updated the Cheng et al. (2006) flow pattern map, representing a Wojtan
et al. (2005a) map with modified onset of dryout and mist flow conditions based on CO;
data (Eq. E.54 and E.55) and including the Steiner intermittent to bubbly flow transition
(Eq. E.27).

ipi = 0.58 exp {0.52 —0.236Wel TF 1 (py /pv)*? () qc)o'”} (E.54)

ipe = 0.57 exp {0.57 —0.502Wed O Frd15 (py /py ) 00 (c]/q'c)o'n} (E.55)

Eq. E.54 and E.55 can be converted to

HAD 1 0.58 d \
= 1 0.52
kgm~2s~! [0.236 (n( X >+ ) (pv6>
( 1 )0.17 <pv)0.25 (q>0.27 1471
gdipv (P —pv) pL Ge
mpwm |1 0.61 d e
kem 251 [0.502 (ln< X >+0'57) <pvc5>
( | >0.15 <pv>0'09 <q>0472 Le13
gdipv (pL—pv) pL qe

where (Fr/We)y, is given by Eq. E.19 and the critical heat flux ¢. by Eq. E.43. The flow
pattern map is valid for 0.6 > d;/ mm > 10, —28 > T/ °C > 425,50 > m/ kgm2s~! >
1500 and 1.8 > ¢/ kWm™2 > 46

(E.56)

(E.57)

191



Appendix E

Barbieri et al. (2008)

Barbieri et al. proposed a new intermittent to annular flow transition boundary transition
curve, see Eq. 2.4-2.6 in Sec. 2.1. In dimensionfull expression, the intermittent to annular
flow transition becomes

. 0.5
3.75 (1 _x>0.]6p\l/.2 ‘uE.24gdi

216 0.2 ,0.24
216 0.2 0

mra = (E.58)

Equation E.58 was proposed to be used in junction with the Kattan et al. (1998a) flow pattern
map, substituting the original I-A transition curve. However, it is suitable for usage in any
other flow pattern map as well.

Mastrullo et al. (2012a)

The flow pattern map by Mastrullo et al. was developed from adiabatic two-phase flow
experiments with pure CO, inside a 6 mm smooth tube. The authors proposed the following
transition criteria.

az
tstugr = 1 —agm2a—1g@~t M (Ps E.59
XSlug 1 agm P oLo)™ \pe (E.59)

by
xI.Azl—bomzbl-ldf’l‘li( “L)bl <ps> (E.60)

pPLO Pc
3

fap = 1 — comct a1t _HL__ (“) E.61
AD 0 i Lo)® \pe (E.61)

where Xgjyg.1, X1.4 and xa.p are the vapor qualities for slug to intermittent flow, intermittent
to annular flow and annular flow to dryout transitions, respectively, and a;, b; and c¢; are
empirical parameters fitted to measurement data of pure CO,, see Tab. E.1.

Table E.1: Constants for transition curves by Mastrullo et al. (2012a)

ap=514.7 a1 =0.6184  ay=—0.2542
bo = 362.7 b1 =0.6280 by = —0.3383
o =20.82 €1 =0.273 =125 ¢3 = —0.721
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E.2 Two-phase pressure drop models

E.2.1 Pure/mixed refrigerant flow: Frictional pressure drop
Lockhart and Martinelli (1949), Chisholm and Laird (1958)

According to Lockhart and Martinelli, the two-phase frictional pressure drop is calculated
from liquid/vapor single-phase pressure drop (see Eq. E.63 and E.64) multiplied by two-
phase parameter of the respective phase (q)%w)’ see Eq. E.62. Equations E.63 to E.70 are
given as stated by Baehr and Stephan (2006).

), (3
Apy _ Ap (E.62)
(AL tp LIV AL LV

Ap\ ., (m(1-%)d;

<AL>L T (E.63)
Ap\ ., (hi)d;

(AL)V —af (E.64)

where fi |y = & v /4 is the Fanning friction factor given by Eq. E.65 as function of Reynolds
number, see Eq. E.66 and E.67. Generally, ¢ = 0.00791 and m = 0.25 according to Blasius
(1912) are chosen, e.g., Miiller-Steinhagen and Heck (1986) and Steiner (2002).

fuy =cReffy (E.65)
Rep =m (1 —X) di‘LlL—l (E66)
Rey = rxd; iy (E.67)

Chisholm and Laird (1958) gave a correlation for @y as function of Martinelli parameter
(X) with good agreement to listed values by Lockhart and Martinelli.
O =1+CxX 4x2 (E.68)
Py = (PLX)* =X>+CX +1 (E.69)

2—m

X= (-0 (pvpr )™ (mepy)

SN

(E.70)

where the parameter C is chosen according to flow conditions, see Tab. E.2.

Table E.2: Constant by Chisholm and Laird (1958)

flow condition tt It tl 1
value of C 20 12 10 5
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Friedel (1979)

Friedel proposed the following frictional pressure drop correlation.

)% ()
AP\ _ g2, (2P (E.71)
(AL fric HO AL LO

A
(i)m =& om® (2dypL) " (E.72)

. . ~1,0.8 ~1,0.22
Dl =A+3.43%8 (10" (pLpy!) " (uvpt) T %

(E.73)
~1,0.89 _ _
% (1= pry )% Frp 0047 W G087
A=(1-3" 42 (PL Evo (pv éLo)’l) (E.74)
64Re;(‘)wo Rep ovo < 1055
ELojvo = Re; o -2 (E.75)
VO
0.86859 1 R 1055
8 ( 1.964 InRey ovo — 3.8215) eLojvo >

where Frio = rii* (gdh pf)_1 is liquid Froude number, Wep = rii?dy (pL o)~ is liquid
Weber number and Rey ovo = ritd (i) ! is the liquid/vapor Reynolds.

Storek and Brauer (1980)

Storek and Brauer developed a homogeneous frictional pressure drop model, additionally
accounting for the two-phase flow influence due to interface deformation turbulence, see
Eq. 2.7-2.10 in Sec. 2.2. The homogeneous friction factor (&) and correction function (&)
are given as follows

5 0.5
& = [(64Reh‘)2+ (0.3164Re; ") " (0.036Reh0'1)2} (E.76)

1
2

1451 (Rt )"

Eeor = (E.77)

1
3

(1402 + (G a7 (11604

where Rey, = md; 1, !is the homogeneous Reynolds number, R, is the tube roughness,
ry = (M /My) is the liquid-vapor mass flow ratio and C;-C3 are empirical functions of
homogeneous Weber (Wey, = i d; (p, o)~ ') and Froude (Fr, = ri? (gdip?) ~1) numbers
and viscosity (r, = pur/pv) and density (r, = py/pr) ratios, see Eq. E.78

Cj:1273 = aj FI‘hJ We;J er I’ZJ (E78)
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Table E.3: Constants for pressure drop correlation by Storek and Brauer (1980)

J aj bi G dj 6
1 0.6 0.08 0 0 1
2 1.6 0.4 0 0.6 03
3 0.02 0.2 0.17 047 0

Values of aj, bj, cj, d; and e; valid for horizontal tubes are listed in Tab. E.3.

Miiller-Steinhagen and Heck (1986)

The friction pressure drop correlation of Miiller-Steinhagen and Heck was presented in
Sec. 2.2. Friction factors are given as

-1
64Re; ) vo

0.3164Regg-§,50 Rej ovo > 1187

ReLo‘VO S 1187

5L0|vo = (E.79)

where Rey o|yo = rid (”LIV) s the liquid/vapor Reynolds number.

Cavallini et al. (1997), as published by Cavallini et al. (2000)

The correlation of Cavallini et al. represents a two-phase multiplier approach using the
Friedel two-phase multiplier expression (P o) and a liquid friction factor (fi.o) adapted to
the micro-fin geometry.

AP) 2 (AP) L
=) =03, (L) =2fio—® (E.80)
(AL o Fo\ar) Jio pLd TLo
frovo =max{fi, 2} (E.81)
16Re ! (laminar)
O|VO
f= v (E.82)
0.079 ReLo]\}o (turbulent)
f2=025(1.74—21g(2R,/d)) > (E.83)
(Ry/d) = 0.18 (h¢/d) (0.1 +cos(B)) " (E.84)
®F o = E +3.23F HFr *0¥ we 003 (E.85)
E=(1-%)"+# (pLfvo) (pv fio) " (E.86)
F =0.224x"78 (1 —x) (E.87)

0.91 0.19 0.7
oo (PL) (uv) (1 B uv) (E.88)
pv ML ML
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where p = py pL (pL+ (1 —%) py) " is the mean density, Repojvo = rind (fpy) s
the liquid/vapor-only Reynolds number, Fr = 7ir? (gdﬁz)fl is the Froude number and
We =rii>d (po) ' is the Weber number.

Choi et al. (1999)

Another micro-fin tube correlation of the two-phase pressure drop was proposed by Choi
et al., including both, frictional and acceleration pressure drop. According to the authors,
it is also applicable to refrigerant-lubricant mixtures by using the mixture viscosity and
regarding the oil content in the vapor fraction calculation.

(iﬁ)mt = (L (prbutpih) dn'+ (Pihu—pih)) i (E89)

where L is the axial length of segment and f is the newly derived friction factor as function
of all liquid Reynolds number (Rer o) and two-phase factor (K) and dj, is the hydraulic
diameter given by Kedzierski and Goncalves (1999) (see Eq. 5.3 in Sec. 5.2.1)

fv = 0.00506Re; 307! K0-1554 (E.90)
Rero = ritdy ! (E.91)
K = 8xAh, (Lg)™ (E.92)

Yoon et al. (2004)

The correlation of Yoon et al. was developed for pure COs,.

1)~ (51)
(AL fric AL LO

o =1+a (1) (B (6 (1— 1)) Wey, +x”5) (E.94)

where a = 4.2 is a constant, Weyo = i d; (pv 6)71 is the Weber number and B and I relate
to the B-coefficient method of Chisholm, given here as published by Schael (2009).

—1,0.5 ~14,0.125
T=(ppy') " (uvu') (E.95)
2364 TI'<89
B= . (E.96)
21" I'>8.9
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E.2 Two-phase pressure drop models

Moreno Quibén and Thome (2007b)

The two-phase pressure drop model by Moreno Quibén and Thome bears on the flow pattern

prediction proposed by Cheng et al. (2006). Diabatic pressure drops maybe reduced to

frictional pressure drop by account for pressure drop due to acceleration.
Apiot = Aptiic + APmom

R UG ol B IRCE G
Apmom = 1 { PL(1£)+pV8Lm [pL(IS)—'—PVE].}

m

where the void fraction € can be calculated from Eq. 2.3.
(1) Pressure drop model for annular flow:

Apa=2faLd ' pyuy
fa=0.67(84") " ((or.—pv) g8 c>'_1)70'4 (v HL_l)o.os We, 003

uy = mx (PV 8)71

ﬂdi(l—S)
=———" (Ogy=0f lar fl
2276y (Bary or annular flow)
WeszLu%di(771
= m (1 —x)
pL(1—eg)

(2) Pressure drop model for slug and intermittent flow:

€ €
ApsLuc+1 = ApLo (1 - ) +Apa ()
€A €A

(E.97)

(E.98)

(E.99)

(E.100)
(E.101)

(E.102)
(E.103)

(E.104)

(E.105)

where Apy o is the single-phase liquid pressure drop calculated at x = 0, €5 is the void

fraction corresponding to XA and Apj, is the pressure drop calculated for the actual vapor

quality x using Eq. E.99.
(3) Pressure drop model for wavy flow:

Apw =2 fwLd;" py sy
Sw = Ouy fv+ (1 65y) fa
0 ) {061
0F — strat ms —m
dry 2w \ rw — g
fv =0.079Re)?
Rey = rivid; (v e) !

(E.106)
(E.107)

(E.108)

(E.109)
(E.110)
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where the stratified angle O is calculated from Eq. E.44 in App. E.1.
(4) Pressure drop model for slug-stratified + wavy flow:

e \ 02 0.25
ApsLug+w = ApLo (1—) + Apw () (E.111)
A A

where calculation follows the procedure of (2) slug and intermittent flow, with Apw calcula-
ted by Eq. E.106.
(5) Homogeneous pressure drop model for mist flow:

Apm =2 fuLd it p; ! (E.112)

fm = 0.079Re, *% (E.113)

Rey, = rid; ;! (E.114)

ph=pL (1 —&)+pvén (E.115)

tn = g (1= %) + py (E.116)

eh:<1+1_,x’)v>l (E.117)
X pL

(6) Pressure drop model for dryout:

X — XDj
App = Ap(ini) — )ﬁ [Ap (i) — Apw (ine)] (E.118)
c 1

where Ap(ip;) is the pressure drop calculated at the dyrout inception vapor quality xp;
(Eq. E.54 in App. E.1) using Eq. E.99 or E.106 and App(xpe) is the pressure drop at the
dryout completion vapor quality xp. (Eq. E.55 in App. E.1) calculated from Eq. E.112.

(7) Pressure drop model for stratified flow:

2fsLd " pyui for x > XA
Aps = € € o (E.119)
Apro | 1— en +APS(>xp.4) o for X < xra
Gstrat estrat
= I—— E.120
fs o v+ o Sa ( )

where Aps is calculated from superposition analogous to the procedure of (2) slug and
intermittent flow in the case of X < X1.a, fv and fa are calculated by Eq. E.109 and E.100,
respectively.
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E.2 Two-phase pressure drop models

Cheng et al. (2008a)

The Cheng et al. model is an adaptation of the Moreno Quibén and Thome (2007b) model

based on CO; data. Following, the modifications are adressed.
(1) Changes in pressure drop model for annular flow:

fA —3.128 Re§0'454 WCEO'OSOS

Rey = mxd, (/.L\/ 8)71

(2) Changes in pressure drop model for slug and intermittent flow:

€ €
ApsLuc+ = ApLo (1 - ) +Apa <>
€A €A

Apro =2fioLd; ' p;!
fio = 0.079Re}'3’

Rero = rind; iy !

(3) Changes in pressure drop model for wavy flow:

0, « 10.02
fW = edr(;lozfv + (l - 6dry)

fa

(4) Changes in pressure drop model for slug-stratified + wavy flow:

€ €
ApsLuGsw = ApLo <1 - ) +Apw <)
€A LA

(5) Changes in pressure drop model for mist flow:

fm =91.2Re, 8

(6) No changes reported for the dryout pressure drop model.
(7) Changes in pressure drop model for stratified flow:

2stdi71pv u%, for x > xpa

Aps = € € .
APLO (l — 8I_A> +APS(X2XI_A) <£I_A) for x < X[-A

(E.121)
(E.122)

(E.123)

(E.124)
(E.125)
(E.126)

(E.127)

(E.128)

(E.129)

(E.130)
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(8) New pressure drop model for bubbly flow:

€ €
Apg =Apio (1 - 8) +Apa () (E.131)

1-A €A

where calculation follows the procedure of (2) slug and intermittent flow.
Applicability of the prediction method yields 0.6 > d;/ mm > 10, —28 > T/ °C > +25,
50 >m/kgm2s~! > 1500 and 1.8 > ¢/ kWm~2 > 46.

Xu and Fang (2012)

The pressure drop is given by Friedel-type expression.

A A
<P> — @, (1’) (E.132)
AL fric,tp AL fric,LO

The two-phase multiplier is correlated by
P2, = {Y2x3 +(1=0)3 1425 (¥? - 1)]} X

x{1+1.54(1—x)0~5La1~47} (E.133)

where Y2 is the pressure drop ratio of all-vapor to all-liquid flow and La is the
Laplace constant.

Y= (Ap) (Ap)l (E.134)
AL Jyo \AL/ o
La— (g(pLG_pV)> (E.135)
For single-phase pressure drop, the friction factor is defined by Fang et al. (2011).
A )
(AIL)>L0\/0 =&Lovo pL‘n\:dh (E.136)

(E.137)

-2
150.39  152.66
R85 Rey,

SLovo = 0.25 [lg (
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E.2 Two-phase pressure drop models

E.2.2 Acceleration pressure drop

The acceleration pressure drop assuming phase separation is described by a heterogeneous
model (Moreno Quibén and Thome, 2007a), (Cheng et al., 2008a), (Katsuta et al., 2008),
(Hu et al., 2009b), (Da Silva Lima et al., 2009).

X 1—x X 1-x
A N AR T e U A T St E.138
(AP )mom m{(pV8+pL(18))i (pv8+pL(18))o} B0

where iz is the total mass flow velocity, x is the vapor quality, € is the void fraction and py |y
are the liquid/vapor densities.

Besides, a homogeneous acceleration pressure drop model can be derived assuming homo-
geneous flow of uniform density py,.

& -1
(AP) mom = 11 gzz)) (E.139)
| N1
_ 2 2Py ;g)—x)“ ) (E.140)

E.2.3 Refrigerant-lubricant mixtures
Eckels et al. (1994), Eckels et al. (1998b)
The pressure drop correlation of Eckels et al. in terms of pure refrigerant pressure drop and
penalty factor for correction was developed for R134a-POE oil mixtures. The Penalty factor
PFyp is given by polynomial and logarithmic empirical functions.
ApPmix = PFap Apref (E.141)
PFyp = ao+ay (woito) +az (i) +az (woion') +as (wiy onit)
+as (Woil,o m/z) +ag (ngl,o mlz) +ar (Wgu,o) +asg (mlz)
In(PFap) = bo+ b1 (Woito) + b2 (i) +bs (woirort') + ba (g o1t
+bs (woiLo ') +be (wanom'®) +b7 (Wi o) +bs (%)

(E.142)

(E.143)

where i’ = (1i1/250 kgm~2s~!) and wei o is the nominal oil mass fraction. The constants
a;_g and by _g are listed in Tab. E.4.
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Table E.4: Constants by Eckels et al. (1994) and Eckels et al. (1998b)

smooth tube micro-fin tube

150 SUS 169 SUS 369 SUS 150 SUS 169 SUS 369 SUS
ag 1 1.00 1.00 0.41 1.31 1.28
a 11.33 43.68 26.94 7.40 10.08 -4.07
a 0 24.01 -17.23 1.21 -0.22 -0.15
a3 9.99 0 0 0 0 0
ay 768.00 0 0 0 0 0
as 0 143.60 81.67 0 0 76.80
ag 504.80 -341.80 0 36.01 0 -177.50
ay 0 0 0 0 0 239.70
ag 0 0 0 0.55 0 0
bo 0 0 0 0.56 0.26 0.24
by 7.26 37.54 24.41 6.72 7.30 -2.46
by 0 -20.86 -14.46 1.12 -0.16 -0.12
b3 0 296.20 0 0 0 0
by 701.40 0 0 0 0 0
bs 5.61 0 92.97 0 0 6.09
be 478.50 -460.40 -87.90 57.15 0 -134.00
by 0 0 0 71.07 0 164.80
bg 0 0 0 0 0.17 0

E.3 Heat transfer models

E.3.1 General established correlations

Turbulent single-phase heat transfer coefficients are commonly predicted by Nusselt correla-
tions of Dittus and Boelter (1930), Petukhov and Popov (1963) or Gnielinski (1975).

The Dittus and Boelter equation, as introduced by McAdams (1942), reads

d
Nupp = O‘[;f = 0.023Re" P04 (E.144)

Petukhov and Popov (1963) proposed a correlation that is valid in a range of 0.5 < Pr < 200
and 10* <Re < 5 x 10°.

oppd (£/8) RePr
A 14127(£/8)% (Pr2/3 - 1)

NuPp = (E.145)

Starting from Eq. E.145, Gnielinski (1975) extended its validity to 2300 < Re < 10*.
OGnd (€/8) (Re —1000) Pr
Nug, = =
A 1127 (8/8)%0 (Pr2/3 - 1)

(1 +(d/L)Y 3) K(AT)  (E.146)
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E.3 Heat transfer models

Several predictive methods for flow boiling heat transfer emanate from superimposing heat
transfer contributions by (enhanced) convection and (suppressed) nucleation. Nucleate boi-
ling contributions are often given by pool boiling correlations of Forster and Zuber (1955),
Stephan and Abdelsalam (1980) or Cooper (1984).

Equation E.147 represents the correlation Forster and Zuber (1955).

Opz = 0.00122}2.79 Cgis p2.49 670.5 HZO.29 Ah;0‘24 p;0.24 AT0'24 Ap0'75 (E.147)

where AT = T,, — T;(p) is the wall superheat and Ap = p,(T,,) — p is the vapor pressure
difference at the wall superheat.
The correlation of Stephan and Abdelsalam (1980) is given by Eq. E.148

osadp qdy ) 0743 <Pv ) 0381 0533
Nuga = =207 — Pry- E.148
SA A <)~L T; pL L ( )
By ’6 0.5
dy = 0.0146 () () (E.149)
deg /) \ g (pL—pv)

where dj, is the equilibrium break-off diameter and f is the contact angle. According to
Stephan and Abdelsalam (1980), By = 35 ° for refrigerants.

Up to date, the Cooper (1984) Equation is among the most used pool boiling correlations in
junction with predictive methods for flow boiling heat transfer.

o o (p 0.12 . P ~0.55 i ~0.5 g 0.67 150,
Wm2K-! De De gmol ! Wm—2 '

The probably most often used or further modified predictive method for flow boiling heat
transfer is the Chen (1966) correlation.

Och = Ocp + Oy = F Opp + S 0tz (E.151)
F = (Re/Rep.)"® = f(Xy) (E.152)
S = (AT,zr/AT)"™ = f(Rep F'%) (E.153)
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E.3.2 Flow boiling pure/mixed refrigerants
Steiner (2002) with proposed modifications by Schael (2009) for CO,
The flow boiling heat transfer coefficient (04p) is calculated from cubic superposition of

convective (0p) and nucleate (o) boiling contributions, if the heat flux applied exceeds
the heat flux for the onset of nucleate boiling (gonp). Else, nucleate boiling does not occur.

3 3N/3 L.

(0% (04 >

o = { (o + o) 4= domt (E.154)
Och 4 < 4onb

The heat flux for the onset of nucleate boiling equals

Gonb =20 Ty 010 (repy Ahy) ™! (E.155)

where r. = 0.3 x 107® m is the critical bubble diameter and oy o the single-phase heat
transfer coefficient, assuming that the liquid flows alone in the tube (see below).
For horizontal tubes, o, is equals

-2.2

oL 0.37
O = 0o { (1—x)%0 [(1—x)+1.2x0~4 () +

pv

-0.5

0.67\ 720
+200! ["‘VO (1 +(1-%)%7 (pL> )] (E.156)
010 pv

where oy ojvo are single-phase heat transfer coefficients calculated by Eq. E.146 for turbulent
and developed flow, assuming that the liquid/vapor phase is flowing alone inside the tube
(Reojvo = md; ,ui{,). In case of partial wetting (stratified or stratified-wavy flow), o, in
Eq. E.154 is corrected as follows.

0 0
Otch = Ceh(Eq. E.156) (1 - 27[) +oay o (E.157)

where 6 is the dry angle and oy is the vapor single-phase heat transfer coefficient. ay is
determined using the hydraulic diameter and Reynolds number of the vapor phase.

0’ —sin (')
dny = sin (E.158)
0'+2 sm( )
Rey = ridyy fy ' e (E.159)
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E.3 Heat transfer models

whereby 6’ = 0.5 0 is the actual dry perimeter confirmed by experiments.
For nucleate boiling, the following empirical approach was proposed.

Oy = 00 ¥ Cr (4/G0)""™) F (pr) F (di) F(Ry) F (1, ) (E.160)

where 0 (= 18.89 kWm~2K~! for CO») and ¢o (= 150 kW m~2 for CO,) are normalization
values, ¥ is a correction factor accounting for the influences of heat conductivity of the tube,
boundary condition and flow pattern and Cr is a fluid-dependent parameter.

According to Steiner (2002) and Schael (2009) for CO,, the particular factors are

o {‘1‘0.789 (M /My,)*'"  approximation E161)
1.57 CO,
1 intermittent or annular flow
Y =< 0.86 stratified or wavy flow (E.162)
1 CO,
0.8 —0.13 x 10066 non-cryogenic refrigerants
n(py) =< 0.75 —0.027 x 10'2°7 CO,, smooth tube (E.163)
0.51 CO,, micro-fin tube
F(pr) = 2.692 p"% 11 'ff; ;i (E.164)
F(d;) = (do/d)".5 (E.165)
F(Ry) = (Ra/Ra)™"?? (E.166)
F (i, ) = (i /1ing)*2 (1= p2! (4/¢)" %) (E.167)

where dy = 0.0l m, R, o = 10~% m and rizg = 100 kg m~2s~! are normalization values and

pr=p/pc (E.168)
b =2.79Gcop>* (1—pr) (E.169)
Geo = 0.13Ahy 0 pY3 (008 (PLo — pv.0)" > (E.170)

All fluid properties in Eq. E.170 are related to a reduced pressure of p, = 0.1.

Liu and Winterton (1991)

A heat transfer correlation was presented similar to the Chen correlation.

oty = ((F opp er)? + (Sacoes)?) (E.171)
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where eg|g are functions of liquid Froude number (Fri, = 1 (pf gdi) 71).

! Fr, > 0.05

" {ng'l”“ Frp < 0.05 (E.172)
1 Frp >0.05

o {Fr(ﬁ‘s Fr, < 0.05 (E.173)

F and S were given by newly derived expressions of liquid Prandtl number
(Prp = L cpL 7{ 1) and all-liquid Reynolds number (Rep o = rird; up.—1).

F=[1+xPr (pLpy' —1)]" (E.174)

-1
S— [1 +0.055 FO1 Re%"’} (E.175)

Koyama et al. (1995), as published by Schael (2009)

Koyama et al. proposed the following correlation for micro-fin tubes.

OYp = Olp + Clepy (E.176)
Oy = 0o SKOTH (E.177)
O, = 0.0028Re(® Pri* A dy ! (E.178)

where o§, = 2.8 05a and aisa given by Eq. E.148. The two-phase Reynolds (Rey,) number
is calculated as follows.

Reyp = F'% (1 — ) rdg py " (E.179)
F=1+2X"%10.8x, "% (E.180)

where Xj; is the Martinelli Parameter.
The nucleate boiling contribution is given as follows.

KO™5 = (140.8757 +0.158 7% - 0.1571° +0.79070*) ' (E.181)
n=0ew (Sags) (E.182)
S=(l—exp(-§))&! (E.183)
E=dyap ! (E.184)

where dj, is given by Eq. E.149.
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Thome et al. (1997), as published by Schael (2009)

Thome et al. proposed the following micro-fin tube correlation.

3 3 1/3
Chp = Ene (Otc() + (ERB Otcb) )

Och = 0.0133Re) § Py 4 4. 57

(E.185)
(E.186)

where 0O, is given by Eq. E.150, Pri, = i cp . A lis the liquid Prandtl number and Re s

is the liquid film Reynolds number.

Rep s =4md (1 —x) (u(1—¢€)"
8 =025d;; (1 —¢)

The void fraction ¢ is calculated using the Rouhani and Axelsson (1970) model.

e 021 B 0.29\ 7
Erp = { 1+ | 2.64Re{ 00 pr; 0024 (1 .
g 90

Rer = ((1— ) rndyr) !
Emg = 1.89 (1i2/500)% — 3.7 (ri1/500) + 3.02

where A is the fin height, [ is the axial fin pitch and f is the helix angle.

Kattan et al. (1998c)

(E.187)
(E.188)

(E.189)

(E.190)
(E.191)

The correlation of Kattan et al. is given in Sec. 2.3. The constants in Eq. 2.54 fitted to the

experimental data are C = 0.013 and m = 0.69

Cavallini et al. (1999)

The micro-fin tube correlation by Cavallini et al. was derived assuming annular flow.

Nucleate and convective boiling contributions are linearly superposed.

Op = Oy + Oep

Onb = Ao E S
t

08p.1/3 p AL s c(do\" (10"
Ocp = 4 0.023Re] °Pr;/”" F— + ¢ R; (BoFry) | — —
dy ds m

(E.192)

(E.193)

(E.194)
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Table E.5: Constants for heat transfer correlation by Cavallini et al. (1999)

a b c s t v z
7t < 500 kgm =25~ ! 1.36 0.36 0.38 2.14 -0.15 0.59 0.36
m>500kgm 25! 1.36 0.36 0.38 2.14 -0.21 0.59 0.36

I and

where dy is the fin tip diameter, the normalizing values are ritg = 100 kgm 25~
dy=0.01 m, Bo = gpy hsmdg (San)*1 is the boiling number, Prp, = up. cp,Lﬂ,]jl is the
liquid Prandtl number and Fry = rir* (pg gdx) ~!is the vapor Froude number. The constants
a-z are listed in Tab. E.5.

Nucleate boiling suppression factor () and forced convection multiplier (F') are given as

S=ua [((17)0 X_1)0'9 (pvpL—l)O.S (HL,“\?I)O‘I:V (E.195)

F= [(1fx)+2.63x (prV—l)O'S}O'8 (E.196)

The tube roughness (R,) is related to the grooves of the tube.

1 [2heng (1—sin(y/2))
Ra= cos(B) < ntdg cos(y/2) + 1> (E.197)

Yun et al. (2002)

Yun et al. suggested a model based on convective heat transfer enhanced by nucleate boiling
in terms of Martinelli parameter (Xy) and Boiling number (Bo = ¢ (72 Ahv)f1 ).

qu = OpB f(BO7Xn) (E]gg)

¢ B ¢, ( Psdi & —cs (il Co CrpCs [ O @
(BO,XH) = C] Bo T +C4Xtt I XRCL PrL Tf (E199)

where Prp, = up cp A !is the liquid Prandtl number and Rey = (1 —x) mdg py lis liquid
Reynolds number. opg is the convective heat transfer coefficient given by Eq. E.144. The
constants C; to Cg are given in Tab. E.6

Table E.6: Constants for heat transfer correlation by Yun et al. (2002)

C G C3 Cy Cs Cs G Cg Co
0.009622 0.1106 0.3814 7.685 0.5100 -0.7360 0.2045 0.7452 -0.1302
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E.3 Heat transfer models

Figure E.2: Liquid distribution in stratified (left) and wavy (right) flow

Thome and EIl Hajal (2004)

The authors presented an updated Kattan et al. heat transfer model based on CO, data.

ed 1— ed 1/3
oty = 2 a2 ((Somn)® + 1) / (E.200)

The convective heat transfer coefficient (ay) at the dry perimeter as function of vapor
Reynolds (Rey = rid; x (Ly 8)71) and Prandtl numbers (Pry = py cp v Ay 1 yields

oy = 0.023Re)S Priy* Ay d,! (E.201)

For the liquid wetted perimeter, a film flow model was applied for describing forced
convective heat transfer.

Och = 0.023Re) 5P 2. 67 (E.202)

Rey 5 =48 (1—%) (uL(1—¢))”"' (E.203)
_ mdi(1—¢)

6=7 27— Ouy) (E.204)

where Prp = up cp . A lis the liquid Prandtl number and 6y is the dry perimeter determined
in dependency of the flow pattern.

Ostrat stratified flow

Tityy 1A — M
By = { Bt (WIA> wavy flow (E.205)
My.1jA — Ms-w

0 annular flow

Nucleate boiling contribution and suppression factor were substituted by Eq. E.206-E.207.

Ot = 0.71 0o + 3970 Wm 2 K~! (E.206)
§=18264(1— %) Re; (E.207)
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Wojtan et al. (2005b)

Wojtan et al. proposed a modified Kattan et al. heat transfer model. Calculation of the dry
angle (6yry) was adapted to a newly developed flow pattern map (Wojtan et al., 2005a).

0 slug flow
s =\ vy o
Bary = Titw_1|A — 11S-W st Y (E.208)
. ; N
Tw_g|a — 1M
— (WIA) Osrac Strat. slug + wavy flow
XA \w-pjA — MS-w

Further modifications included:

e calculation of the film thickness 6 (see Eq. E.217)
e calculation of By, using the Biberg equation (see Eq. E.44)
* introducing a nucleate boiling suppression factor of § = 0.8

New correlations for the heat transfer coefficient in the mist flow (o) and dryout (ap)
regions were proposed.

o = 0.0117Rep P Pry®y 183 (Ayd ") (E.209)
X — XDj
0 = Gl (pi) — ~————— (Otp (i) — O (%)) (E:210)
XDe — XDi

where Rey, is the homogeneous Reynolds number, Pry is the vapor Prandtl number and Y is
a multiplying factor.

Rep = rid; 1y (”ZV (1—x)> (E211)
L
Pry =ty cpv Ay (E.212)
p 0.4
Y=1-0.1 <(L—1) (1—x)) (E.213)
pv

Cheng et al. (2008b)

A further modification of the Kattan et al. (1998c) model for CO, was proposed, among
others, introducing models for mist and bubbly flow. It is related to the updated Cheng et al.
(2008a) flow pattern map, see Sec. E.1. The general formulation of the model (Eq. E.200),
the convective heat transfer at the dry perimeter (Eq. E.201) and the forced convective
boiling contribution at the liquid wetter perimeter (Eq. E.202-E.204) were adopted unaltered.
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E.3 Heat transfer models

The superposition expression of the dry perimeter 6qy for wavy flow (Eq. E.205) was
modified.

; .\ 0.61
mwy.qga —m
9dry = Ogtrar () (E.214)
Mmwy._1jA — Ms-w
The nucleate boiling contribution is given as modified Cooper equation.
0.55 M 02 q 0-58

= 131 p,; 00063 (] -0 — E.215
oy Pr (—1lg(pr) gmol | W2 ( )

1 for x < xp.a
§= d\> 5 \22 (E.216)

1-1.14 | — 11— — for x > %[
(do ) ( Ora ) ort = A
d a2 2i 1" a

§=mind - |(T]) - ——=—| ;2 E217
min { [(2> | 3 (E217)

where dy = 7.53 mm and 8.4 = O(X = x1.4) is the liquid film thickness at the onset of
annular flow (X = x1.o). For diameters greater dy, d; = dy is used.
Heat transfer in mist flow was correlated based on a homogeneous model.

o =2 x 107 8Rel 7 Pry 20y 183 %Y (E.218)
Rep = rind; 1y [x+’;v(1—x)] (E.219)
L
p 0.4
Y =1-0.1 Kv—l) (l—x)} (E.220)
pL

Finally, the heat transfer coefficient in the dryout region is given as superposition of fully
wetted to mist flow.

X —Xpj

Op = O4p (X = xpj) — - [atp (5 = pi) — ot (% = dpe) ] (E.221)

XDe — XDi

Hu et al. (2008a)

The micro-fin tube correlation of Hu et al. is given in Sec. 2.3.
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Fang (2013)

The heat transfer correlation by Fang reads

0.00061 <41000B01'13 —0.275+ (1£)" (m)o"‘)

Nu=a— =

E.222
A In (1.024 iy s/ pipw) i

where U and py_ s are the liquid viscosities calculated at wall temperature and at saturation
temperature, respectively and a is given in dependency of (Rep Fa®!1).

if (Rep Fa®!") < 600 then

)0.85 1.85

0.48+0.00524 (Re Fa®'")™™ — 5.9 x 107® (Re Fa" ')
if (600 > Rep Fa®!'!) > 6000 then
1= 057 (E.223)

if (Rep. Fa®!") > 6000 then
) —0.6

160.8 (Rey, Fa"!!

where Rep, = (1 —x) rivdy i !is the liquid Reynolds number, Pry = . LA !is the liquid
Prandtl number, Bo = ¢ (i Ah,) "' is the boiling number and Fa = ((p. — py) ©) (ri* ) -
is a newly introduced dimensionless number.

E.3.3 Flow boiling refrigerant-lubricant mixtures

Tichy et al. (1986), as published by Shen and Groll (2003)

The correlation was developed based on R12-lubricant mixtures flow boiling in a 9.58 mm
tube. The viscosity of the pure naphtenic oil was equal to 300SUS.

opd A" = Nupp C (Xq; Ja; wil) (E.224)
C = 10K (lg(Xu—K>) ™! (E.225)

Ki = K1a (Woi) + Kb (woi) 1g (Ja) (E.226)

Ky = Kaa (woir) —21g(Ja) (E.227)

where Nupg is the Nusselt single-phase correlation by Dittus and Boelter (1930), Ja is the
Jakob number, Xj; is the Martinelli parameter, C is an oil-dependent two-phase multiplier and
Ky are empirical constants, see Tab. E.7. All fluid properties correspond pure refrigerant
liquid properties.
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E.3 Heat transfer models

Table E.7: Constants for heat transfer correlation by Tichy et al. (1986)

Woil Kia Kip Ko,
0.00 3.79 -0.21 -9.0
0.02 3.56 -1.34 -11.0
0.05 2.17 -3.01 -13.0

Eckels et al. (1994), Eckels et al. (1998b)

Two-phase flow boiling heat transfer coefficients of R134a-POE oil mixtures were defined
based on the oil contamination approach.

Oltp,mix = EFy Op ref (E.228)

EFy =ag+ay (woiro) +az (') +az (woior') +as (ngl,o ') +

(E.229)
+as (woirom'?) +as (Woyo1'?) +a7 (who) +as (%)
InEFy = bo+ by (Woito) + bz (1i') 4+ b3 (Woiro i) +ba (W%i],o ') + (E.230)
+bs (wairo i) +be (wai 1) +b7 (wo o) +bs (1i?)
where i’ = 1i1/250 kg m~2s~! and a;_g and b;_g listed in Tab. E.8.
Table E.8: Constants for heat transfer correlation by Eckels et al. (1994) and Eckels et al. (1998b)
smooth tube micro-fin tube
150 SUS 169 SUS 369 SUS 150 SUS 169 SUS 369 SUS
ap 1 1.00 1.00 2.45 2.69 2.29
aj 3.96 6.92 -7.05 29.95 17.27 -1.23
a 0 0 0 1.01 -1.43 -0.99
a3 0 -572.10 -31.11 14.87 0 0.76
ay 411.00 0 0 0 0 0
as 0 304.90 0 0 3.73 0
ag 202.10 0 63.55 50.18 0 0
a; 0 0 0 194.70 -508.20 0
asg 0 0 0 0.24 0.39 0
by 0 0 0 0.98 1.02 0.91
by 4.95 9.66 -7.10 12.78 10.42 -1.67
by 0 0 0 0.63 -0.70 -0.60
b3 0 -753.60 -49.49 6.20 0 1.68
by 498.00 -2.78 0 143.60 0 -2.64
bs 0 449.30 0 0 1.87 0
be 245.20 0 57.90 78.37 0 0
by 0 0 0 26.56 -298.30 1.99
bg 0 0 0 0.17 0.17 0.14
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Gao et al. (2008a), as published by Li et al. (2014)

According to Li et al., Gao et al. proposed a modified Cheng et al. (2008b) type correlation,
redefining the suppression factor in the original model.

(E.231)

§(—0.5%+0.35) <07
S =
0 £>0.7

where S’ is the redefined and S is the original suppression factor.

Katsuta et al. (2008)

The correlation of Katsuta et al. is given in Sec. 2.4.

Li et al. (2014)

The correlation of Li et al. is given in Sec. 2.4.
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Appendix F

F.1 Smooth tube measurement data

F.1.1 Flow patterns

600 Tisaito et al. (2011)
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50040 kW m?
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vPB>Oo

oA DO

o A (s
ithis worki

mass flow velocity / kg m? s
w
3

vapor fraction

Figure F.1: Adiabatic flow patterns of CO, at 39.7 bar in the smooth tube plotted in Steiner flow pattern map
modified by Saito et al. (2011); dot-dashed lines represent new transition curves
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Figure F.2: Adiabatic flow patterns of CO,-POE oil mixtures (w,; o = 1.0 wt.-%, p = 26.4 bar) in the smooth
tube plotted in six established flow pattern maps
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Figure F.3: Adiabatic flow patterns of CO,-POE oil mixtures (w0 = 3.0 wt.-%, p = 26.4 bar) in the smooth
tube plotted in six established flow pattern maps
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F.1.2 Pressure drop

Frictional pressure drop
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Figure F.4: Comparison of predicted to measured frictional pressure drops at 26.4 bar for CO,-POE oil mixtures
containing nominal oil mass fractions of 0 — 3 wt.-%
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Figure F.5: Comparison of predicted to measured frictional pressure drops at 26.4 bar for CO,-POE oil mixtures
containing nominal oil mass fractions of 0 — 3 wt.-%
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Total pressure drop
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Figure F.6: Comparison of predicted to measured total pressure drops at 26.4 bar for CO,-POE oil mixtures
containing nominal oil mass fractions of 0 — 3 wt.-%
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F.1.3 Heat transfer
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Figure F.8: Comparison of predicted to measured heat transfer coefficients inside the smooth tube tube
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F.2 Micro-fin tube measurement data

F.2.1 Flow patterns
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Figure F.9: Adiabatic flow patterns of CO,-POE oil mixtures (wy0 = 2.0 wt.-%, p = 26.4 bar) in the
micro-fin tube plotted in newly modified Steiner flow pattern map
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Figure F.10: Adiabatic flow patterns of CO,-POE oil mixtures (wyy0 = 1.3 wt.-%, p = 12.0 bar) in the
micro-fin tube plotted in six established flow pattern maps
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F.2 Micro-fin tube measurement data
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Figure F.11: Adiabatic flow patterns of CO,-POE oil mixtures (wyy0 = 3.0 wt.-%, p = 12.0 bar) in the
micro-fin tube plotted in six established flow pattern maps
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F.2 Micro-fin tube measurement data

700 |Kattan et al. (1998)H o s & sw v w | T ElHajal & Thome (2003)
- 2 wt.-% POE oil A w-a <4 i > j-a 2 wt.-% POE oil
& 6000 kW m? oca # f o f| Jokwm?
'c 26.4 bar 26.4 bar
2 500+ g
2
o
i)
(]
>
2
o
o
7]
©
S
700 ~{Wojtan et al. (2005) —{Cheng et al. (2006)
< 2 wt.-% POE oil 2 wt.-% POE oil
& 60040 kW m? Jokw m?
‘e 26.4 bar 26.4 bar
2 500+ g
2 400 1
)
o
© 300+ g
< > Se) o @©
L 200+ E
8 < A [2AY <
@ 100+ i
£ v v v
0 T T T T T T T T
700 |Cheng et al. (2008) -1 Barbieri et al. (2008)
< 2 wt.-% POE oll 2 wt.-% POE oll
> 6000 kw m? Jokw m?
'€ 26.4 bar 26.4 bar
2 500+
2 400
o
i)
© 300+
2
S 200+
% <
@ 100+ |
£ v
0 T T T T T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
vapor fraction vapor fraction

Figure F.13: Adiabatic flow patterns of CO,-POE oil mixtures (wyy9 = 2.0 wt.-%, p = 26.4 bar) in the
micro-fin tube plotted in six established flow pattern maps
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Figure F.14: Adiabatic flow patterns of CO,-POE oil mixtures (wyy0 = 3.0 wt.-%, p = 26.4 bar) in the
micro-fin tube plotted in six established flow pattern maps
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F.2 Micro-fin tube measurement data
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Figure F.15: Adiabatic flow patterns of CO,-POE oil mixtures (o0 = 1.3 wt.-%, p = 39.7 bar) in the
micro-fin tube plotted in six established flow pattern maps
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Figure F.16: Adiabatic flow patterns of CO,-POE oil mixtures (wyy0 = 3.0 wt.-%, p = 39.7 bar) in the
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F.2 Micro-fin tube measurement data

F.2.2 Pressure drop
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Figure F.17: Comparison of predicted to measured total pressure drops for CO,-POE oil mixtures containing

a nominal oil mass fraction of 1.3 wt.-%
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Figure F.18: Comparison of predicted to measured total pressure drops for CO,-POE oil mixtures containing
a nominal oil mass fraction of 1.3 wt.-%
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Figure F.19: Comparison of predicted to measured total pressure drops for CO,-POE oil mixtures containing

a nominal oil mass fraction of 1.3 wt.-%
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Figure F.20: Comparison of predicted to measured total pressure drops for CO,-POE oil mixtures containing

a nominal oil mass fraction of 2.0 wt.-%
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Figure F.21: Comparison of predicted to measured total pressure drops for CO,-POE oil mixtures containing

a nominal oil mass fraction of 2.0 wt.-%
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Figure F.22: Comparison of predicted to measured total pressure drops for CO,-POE oil mixtures containing

a nominal oil mass fraction of 2.0 wt.-%
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Figure F.23: Comparison of predicted to measured total pressure drops for CO,-POE oil mixtures containing
a nominal oil mass fraction of 3.0 wt.-%
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Figure F.24: Comparison of predicted to measured total pressure drops for CO,-POE oil mixtures containing
a nominal oil mass fraction of 3.0 wt.-%

238



F.2 Micro-fin tube measurement data

pressure drop (pred.) / mbar m’

-1

pressure drop (pred.) / mbar m

pressure drop (pred.) / mbar m’

100 ; ;
Muiller-Steinhagen Storek & Brauer (1980) o ©°
& Heck (1986) d=d,) e
804 (d = dh) L | © ,0<'§° o
e " I§’ go° °
| II,'I 5 8 S i’, ) ,,/'/
60 PANEY 25y e ]
6 2”77
404 0 oggga" °,@°8'85 °e

N
o
1

o

100

Friedel et al. (1979)
d=d,) g

100

Chisholm (1973) %4 o
(d=d,)

80+

Grénnerud (1972)| = ° ¢
d=4d,) e o
o ° o ° ° ,'I °

o i ©

o ° / o

Lockhart & Martinelli (1949)

(d=d)

+/- 30%

80
pressure drop (meas.) / mbar m’

100 0

20 40 60 80
pressure drop (meas.) / mbar m’

100

Figure F.25: Comparison of predicted to measured total pressure drops for CO,-POE oil mixtures containing
a nominal oil mass fraction of 3.0 wt.-%
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F.2 Micro-fin tube measurement data

F.2.3 Heat transfer
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Figure F.27: Influence of the mass flow velocity on the circumference-averaged heat transfer coefficient in the
micro-fin tube at a pressure of 12.0 bar
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Figure F.28: Influence of mass flow velocity on the circumference-averaged heat transfer coefficient in the
micro-fin tube
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F.2 Micro-fin tube measurement data
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Figure F.29: Predicted to measured heat transfer coefficients inside the micro-fin tube (micro-fin tube correlations)
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Figure F.30: Predicted to measured heat transfer coefficients inside the micro-fin tube (smooth tube correlations)
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Figure F.31: Predicted to measured heat transfer coefficients inside the micro-fin tube (smooth tube correlations)
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G.1 Thermal conductivity measurement data

Table G.1: Measurement data of thermal conductivity by Thmels (2008b)

Woil T p A Woil T p A
kegkg™'] K] [bar] Wm™'K™] kegkg™'] K] [bar] Wm K]
0.186 232.85 60.9 0.1698 0.186 232.85 80.8 0.1700
0.186 232.85 100.6 0.1732 0.186 232.85 120.5 0.1744
0.186 232.85 140.5 0.1767 0.186 232.85 160.4 0.1772
0.186 242.55 59.9 0.1604 0.186 242.65 80.7 0.1619
0.186 242.65 100.7 0.1642 0.186 242.65 120.6 0.1651
0.186 242.55 140.5 0.1671 0.186 242.55 160.5 0.1689
0.186 252.65 60.0 0.1506 0.186 252.65 80.8 0.1523
0.186 252.65 100.7 0.1544 0.186 252.65 120.6 0.1550
0.186 252.65 140.6 0.1576 0.186 252.65 160.5 0.1593
0.186 262.75 60.0 0.1397 0.186 262.75 80.8 0.1423
0.186 262.75 100.7 0.1430 0.186 262.75 120.6 0.1460
0.186 262.75 140.6 0.1460 0.186 262.75 160.5 0.1491
0.186 272.65 60.0 0.1301 0.186 272.65 80.8 0.1319
0.186 272.65 100.7 0.1340 0.186 272.65 120.6 0.1362
0.186 272.65 140.6 0.1370 0.186 272.65 160.5 0.1390
0.186 282.65 60.0 0.1213 0.186 282.65 80.8 0.1230
0.186 282.65 100.7 0.1240 0.186 282.65 120.6 0.1258
0.186 282.65 140.6 0.1271 0.186 282.65 160.5 0.1289
0.394 233.05 60.7 0.1615 0.394 233.05 80.5 0.1633
0.394 233.05 100.4 0.1651 0.394 233.05 120.3 0.1673
0.394 233.05 140.3 0.1681 0.394 233.05 160.2 0.1704
0.394 242.95 60.8 0.1556 0.394 242.95 80.5 0.1568
0.394 242.95 100.4 0.1568 0.394 242.95 120.4 0.1590
0.394 242.95 140.3 0.1611 0.394 242.95 160.2 0.1619
0.394 253.05 60.8 0.1474 0.394 253.05 80.5 0.1483
0.394 253.05 100.4 0.1508 0.394 253.05 120.3 0.1512
0.394 253.05 140.3 0.1530 0.394 253.05 160.2 0.1540
0.394 263.05 60.8 0.1389 0.394 263.05 80.5 0.1411
0.394 263.05 100.4 0.1425 0.394 263.05 120.4 0.1438
0.394 263.05 140.3 0.1450 0.394 263.05 160.2 0.1455
0.394 273.15 60.9 0.1328 0.394 273.15 80.5 0.1342
0.394 273.15 100.5 0.1342 0.394 273.15 120.4 0.1358
0.394 273.15 140.3 0.1370 0.394 273.15 160.2 0.1382

continued on next page

245



Appendix G

Woil T p A Woil T p A
kegkg™'] K] [bar] Wm™'K™] kekg™'] K] [bar] Wm—'K™']
0.394 283.15 60.9 0.1241 0.394 283.15 80.5 0.1253
0.394 283.15 100.4 0.1276 0.394 283.15 120.4 0.1290
0.394 283.15 140.3 0.1302 0.394 283.15 160.2 0.1315
0.617 232.65 60.3 0.1553 0.617 232.55 80.5 0.1563
0.617 232.55 100.4 0.1575 0.617 232.55 120.4 0.1587
0.617 232.55 140.3 0.1599 0.617 232.55 160.2 0.1606
0.617 242.55 60.8 0.1510 0.617 242.95 80.1 0.1516
0.617 243.05 100.5 0.1528 0.617 243.05 120.4 0.1525
0.617 243.05 140.3 0.1543 0.617 243.05 160.3 0.1559
0.617 253.05 59.9 0.1460 0.617 253.05 80.0 0.1453
0.617 253.05 100.5 0.1463 0.617 253.05 120.4 0.1495
0.617 253.05 140.3 0.1492 0.617 253.05 160.3 0.1501
0.617 263.05 60.0 0.1406 0.617 263.05 80.0 0.1405
0.617 263.05 100.5 0.1422 0.617 263.05 120.4 0.1426
0.617 263.05 140.3 0.1440 0.617 263.05 160.3 0.1449
0.617 273.15 60.0 0.1347 0.617 273.15 80.0 0.1357
0.617 273.15 100.5 0.1368 0.617 273.15 120.4 0.1377
0.617 273.15 140.3 0.1385 0.617 273.15 160.2 0.1400
0.617 283.15 59.9 0.1300 0.617 283.15 79.9 0.1314
0.617 283.15 100.4 0.1326 0.617 283.15 120.4 0.1341
0.617 283.15 140.3 0.1344 0.617 283.15 160.2 0.1352
0.806 233.35 60.1 0.1493 0.806 233.35 79.9 0.1497
0.806 233.35 100.4 0.1505 0.806 233.35 120.4 0.1514
0.806 233.35 140.3 0.1525 0.806 233.35 160.2 0.1528
0.806 243.25 60.0 0.1460 0.806 243.25 79.9 0.1464
0.806 243.25 100.4 0.1475 0.806 243.25 120.4 0.1483
0.806 243.25 140.3 0.1494 0.806 243.25 160.2 0.1496
0.806 253.15 60.1 0.1432 0.806 253.15 79.9 0.1443
0.806 253.25 100.4 0.1447 0.806 253.15 120.4 0.1457
0.806 253.25 140.3 0.1463 0.806 253.15 160.2 0.1469
0.806 263.25 59.9 0.1412 0.806 263.25 79.9 0.1414
0.806 263.25 100.5 0.1431 0.806 263.25 120.4 0.1440
0.806 263.25 140.3 0.1434 0.806 263.25 160.3 0.1447
0.806 273.15 59.9 0.1386 0.806 273.15 79.9 0.1399
0.806 273.15 100.5 0.1392 0.806 273.25 120.4 0.1408
0.806 273.25 140.3 0.1415 0.806 273.25 160.3 0.1420
0.806 283.15 59.9 0.1350 0.806 283.15 80.0 0.1361
0.806 283.15 100.5 0.1358 0.806 283.15 120.4 0.1370
0.806 283.15 140.4 0.1367 0.806 283.15 160.3 0.1386
1.000 232.95 5.1 0.1420 1.000 232.95 40.2 0.1430
1.000 232.95 79.8 0.1437 1.000 232.95 119.4 0.1447
1.000 232.95 159.7 0.1457 1.000 242.95 54 0.1419
1.000 242.95 39.5 0.1426 1.000 243.05 80.0 0.1437
1.000 243.05 120.0 0.1442 1.000 242.95 160.1 0.1455
1.000 252.75 54 0.1404 1.000 252.85 39.6 0.1420
1.000 252.85 79.1 0.1425 1.000 252.85 119.9 0.1436
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G.2 Oil mass fraction measurement data

Woil T p A Woil T p A
kekg'] K] [bar] Wm~'K™'] kekg™'] K] [bar] Wm—'K™']
1.000 252.75 159.9 0.1447 1.000 262.85 5.4 0.1397
1.000 262.85 39.7 0.1413 1.000 262.85 79.1 0.1427
1.000 262.85 119.9 0.1431 1.000 262.85 159.9 0.1436
1.000 272.65 5.4 0.1392 1.000 272.65 39.7 0.1401
1.000 272.65 79.2 0.1413 1.000 272.65 120.0 0.1416
1.000 272.65 160.0 0.1431 1.000 282.65 5.4 0.1390
1.000 282.65 39.7 0.1393 1.000 282.65 79.2 0.1401
1.000 282.65 120.0 0.1417 1.000 282.75 160.0 0.1419
1.000 292.75 54 0.1381 1.000 292.75 39.7 0.1387
1.000 292.75 79.2 0.1403 1.000 292.75 120.0 0.1415
1.000 292.75 160.0 0.1415 1.000 302.75 5.4 0.1374
1.000 302.75 39.7 0.1377 1.000 302.75 79.2 0.1384
1.000 302.75 120.0 0.1396 1.000 302.75 160.0 0.1412
Table G.2: Measurement data of thermal conductivity by Feja and Romer (2008)

Fluid P/AT T A Ao

WK™ K] [Wm— K™ [Wm~ 1K™
CO, 0.5472 273.88 0.1282

0.5792 263.92 0.1368

0.6328 254.03 0.1513

0.6651 244.14 0.1600

0.6974 234.32 0.1688 0.4317
Reniso C 85 E 0.5785 234.94 0.1366

0.5706 254.45 0.1345

0.5633 274.26 0.1325

0.5556 294.14 0.1304 0.1611
CO,-oil mixture 0.5806 234.71 0.1372
(CO; + 89.6wt.-% Reniso C 85 E) 0.5729 254.39 0.1351

0.5676 274.21 0.1337

0.5467 294.08 0.1280

G.2 Oil mass fraction measurement data

Table G.3: Oil mass fraction measurements (smooth tube)

Date No sample weight oil fraction
vessle vessle/oil/CO, vessle/oil

14/Jan/2009 1 576.404 g 585.190 g 576.514 g 0.012g g !

2 576.406 g 586.492 g 576.508 g 0.010 g g~!

3 576.404 g 586.084 g 576.500 g 0.010 g g~!

24/Nov/2008 1 576.472 g 585772 ¢ 576.680 g 0.023 g g!

continued on next page

247



Appendix G

Date No sample weight oil fraction
vessle vessle/oil/CO, vessle/oil

2 576.466 g 587.728 g 576.698 g 0.021 g g!
3 576.464 g 589.382 g 576.718 g 0.020 g g~!
4 576.464 g 587.290 g 576.684 g 0.020 g g!

26/Nov/2008 5 576.468 g 589.166 g 576.724 g 0.020 g g~
6 576.468 g 587.502 g 576.720 g 0.023 g g!
7 576.462 g 587.446 ¢ 576.674 g 0.019 g g~!
8 576.462 g 587.032 g 576.670 g 0.020 g g~

28/Nov/2008 9 576.466 g 586.486 g 576.674 g 0.021 g g~!
10 576.464 g 586.034 g 576.662 g 0.021 g g~!
11 576.462 g 586.236 g 576.668 g 0.021 g g

29/Nov/2008 12 576.468 g 589.532 g 576.746 g 0.021 g g~!
13 576.468 g 589.484 g 576.736 g 0.020 g g~!

08/Dec/2008 1 576.454 ¢ 588.972 g 576.820 g 0.029 g g~!
2 576.454 g 587.682 g 576.780 g 0.029 g g
3 576.454 ¢ 587.850 g 576.804 g 0.031 g g!
Table G.4: Oil mass fraction measurements (micro-fin tube)

Date No sample weight oil fraction

vessle vessle/oil/CO; vessle/oil

12/Aug/2014 1 719.905 g 731.775 g 720.030 g 0.011 g g!
2 719.899 g 731.525 g 720.062 g 0.014 g g~!
3 719.892 g 732.162 g 720.038 g 0.012g g !
4 719.891 g 732.577 g 720.052 g 0.013 g g!
5 719.886 g 733.566 g 720.072 g 0.014 g g~!
6 719.886 g 735.440 g 720.095 g 0.013 g g!
7 719.882 g 728.324 g 719.975 ¢ 0.011 g g™!
8 719.883 g 728.584 g 719.981 g 0.011 g g~!
9 719.884 g 728.403 g 719.983 g 0.012g g!
10 719.884 g 727.649 g 719.975 g 0.012g g!

13/Aug/2014 11 719.879 g 7437185 g 720.193 g 0.013 g g!
12 719.888 g 741.779 g 720.177 g 0.013 gg!
13 719.885 g 738.323 g 720.131 g 0.013 g g!
14 719.883 g 739.645 g 720.150 g 0.014 g g~!
15 719.886 g 728.619 g 720.016 g 0.015g g™!
16 719.883 g 737.997 g 720.122 g 0.013 g g~!
17 719.885 g 733.880 g 720.074 g 0.014 g g~!
18 719.883 g 729.658 g 720.027 g 0.015g g™!
19 719.882 g 733.364 g 720.066 g 0.014 g g~!
11 719.884 g 734315 g 720.082 g 0.014 g g~!

17/Apr/2014 1 719918 g 737225 g 720.282 g 0.021 g g !
2 719.887 g 735.920 g 720.246 g 0.022gg™!
3 719.888 g 729.430 g 720.103 g 0.023 g g!
4 719.887 g 735.800 g 720.237 g 0.022gg!

248

continued on next page



G.2 Oil mass fraction measurement data

Date No sample weight oil fraction
vessle vessle/oil/CO, vessle/oil
5 719.880 g 735276 g 720.234 g 0.023 g g~!
6 719.894 g 733.744 g 720.204 g 0.022 g g!
7 719.896 g 729.704 g 720.112 g 0.022 g g7
22/Apr/2014 8 719.932 g 735221 g 720.241 g 0.020 g g~!
9 719.944 ¢ 730.391 g 720.158 g 0.020 g g~!
19/May/2014 10 719972 g 735312 g 720.248 g 0.018 g g~!
11 719.905 g 734.850 g 720231 g 0.022 g g
12 719.895 g 741.519 g 720.398 g 0.023 g g!
13 719.927 g 741295 g 720.402 g 0.022 g g
14 719.891 g 736.185 g 720.280 g 0.024 g g!
20/May/2014 15 719.862 g 735923 g 720.235 g 0.023 g g!
16 719.968 g 727.767 g 720.108 g 0.018 g g~
17 719.905 g 736.798 g 720.258 g 0.021 g g!
18 719.906 g 735404 g 720.220 g 0.020 g g~!
21/May/2014 19 719.877 g 741229 g 720.328 g 0.021 g g
20 719918 g 739.185 g 720.310 g 0.020 g g~
21 719.885 g 736.289 g 720.268 g 0.023 g g7!
22 719.948 ¢ 736.178 g 720318 g 0.023 g g~!
23/May/2014 23 719.881 g 739.715 g 720.289 g 0.021 g g~!
24 719.962 g 739311 g 720.309 g 0.018 g g~
25 719.923 g 737355 g 720.280 g 0.020 g g~!
26 719.903 g 739.904 g 720.340 g 0.022 g g!
27 719.898 g 734448 g 720.198 g 0.021 g g
28 719.906 g 738212 g 720262 g 0.019 g g!
29 719.910 g 729.337 g 720.117 g 0.022 g g™!
13/Feb/2014 1 719.905 g 730.382 g 720.243 g 0.032gg!
2 719.934 ¢ 728.811 g 720.200 g 0.030 g ¢!
3 719913 g 727750 g 720.157 g 0.031 gg!
4 720.157 g 727.066 g 720.400 g 0.035gg™!
5 719.935 g 727.153 g 720.148 g 0.030 g g~
6 719.931 g 727832 ¢ 720.163 g 0.029 g g!
11/Mar/2014 7 719.908 g 728473 g 720.184 g 0.032gg™!
8 719.908 g 743.780 g 720.654 ¢ 0.031 g g~!
9 719.922 ¢ 731248 g 720308 g 0.034 g g!
25/May/2014 10 719.854 g 729.292 g 720.163 g 0.033 g g!
11 719.857 g 729.709 g 720.184 g 0.033 g g!
12 719.859 g 730.191 g 720.209 g 0.034 g g~!
13 719.884 g 729.547 g 720.203 g 0.033 g g~!
14 719.867 g 731.160 g 720.240 g 0.033 g g!
15 719.906 g 729.675 g 720.218 g 0.032gg!
16 719.878 g 731.855 g 720.298 g 0.035 g ¢!
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G.3 Flow boiling experimental data

The following tables list the measurement data from flow boiling experiments. Listed below,
the nomenclature used inside the tables is described.

Label Description Unit

Woil,0 Nominal oil mass fraction —

p System pressure bar

T Saturation/bubble point temperature °C

1t Total mass flow velocity kgm~2s~!

X Vapor quality —

q Mean heat flux kWm™2

a Mean heat transfer coefficient KkWm2K™!
Ap/AL Pressure drop mbarm™!
FP Flow pattern -

gi Local heat flux at segment j=1...6 kWm™2

o Local heat transfer coefficient at segment j =1...6 kWm™2K™!
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Table G.5: Smooth tube: Heat transfer reproducibility measurements

Woil 0 p T i X q [o4 Ap/AL FP
0 26.41 -10.1 149.1 0.11 5.4 4 0.22 s/p
0 26.42 -10.09 151.7 0.11 7.8 5 0.17 s/p
0 26.42 -10.08 143.4 0.11 11.7 6 0.33 s/p
0 26.36 -10.16 146.7 0.11 15.1 8 0.39 s/p
0 26.39 -10.13 149.8 0.11 224 9 0.58 s/p
0 26.35 -10.18 149.1 0.12 322 12 0.75 s/p
0 26.39 -10.13 147.2 0.12 44.5 14 1 s/p
0 26.41 -10.1 147.6 0.12 54.3 16 1.18 s/p
0 26.43 -10.07 149.9 0.12 73.7 19 1.68 s/p
0 26.43 -10.07 141.2 0.33 3.5 3 0.59 s/p
0 26.43 -10.07 151 0.31 3.5 3 0.67 s/p
0 26.44 -10.06 142.2 0.33 6.6 4 0.67 s/p
0 26.45 -10.05 143.4 0.32 10.4 6 0.84 s/p
0 26.39 -10.13 146.6 0.32 13.8 7 1 s/p
0 26.4 -10.11 147.2 0.32 19.6 9 1.18 s/p
0 26.36 -10.17 145.7 0.32 30.2 11 1.58 s/p
0 26.39 -10.12 147.6 0.32 40.6 13 1.93 s/p
0 26.36 -10.16 149 0.32 52.7 15 2.27 s/p
0 26.4 -10.11 148.5 0.32 70.7 18 2.61 s/p
0 26.43 -10.08 152.4 0.5 2.5 2 1.76 a
0 26.43 -10.07 146.5 0.53 4.8 3 1.84 m
0 26.38 -10.14 149.3 0.52 8.8 5 1.93 m
0 26.39 -10.13 149.8 0.51 11.5 6 2.1 m
0 26.4 -10.11 149.4 0.51 17.7 7 2.25 m
0 26.42 -10.08 151.8 0.51 252 9 2.51 a
0 26.38 -10.14 148.1 0.52 36.1 12 2.84 m
0 26.4 -10.11 150.1 0.5 47.5 14 3.24 a
0 26.37 -10.15 148.6 0.52 64.2 16 3.7 m
0 26.4 -10.12 148.3 0.72 1.8 2 2.27 m
0 26.4 -10.11 149.4 0.71 4.2 3 243 m
0 26.41 -10.09 146.6 0.73 7.9 5 2.5 m
0 26.42 -10.08 147.7 0.72 10.5 5 2.6 m
0 26.43 -10.07 148.4 0.72 16 7 2.85 m
0 26.38 -10.13 142 0.75 225 8 3.02 m
0 26.39 -10.12 148.7 0.71 31.9 10 3.37 m
0 26.38 -10.14 148.3 0.73 41.4 12 3.71 m
0 26.41 -10.1 148.3 0.72 58.3 14 4.21 m
0 26.41 -10.09 148.9 0.92 1.7 3 2.77 m
0 26.42 -10.08 148.6 0.92 35 3 2.77 m
0 26.44 -10.07 150.5 0.91 6.5 4 2.99 m
0 26.43 -10.08 146.3 0.93 8.3 4 2.94 s/p
0 26.43 -10.07 150.6 091 8.6 5 3.04 m
0 26.39 -10.13 150.1 0.91 12.9 6 3.2 m
0 26.4 -10.11 149.5 0.92 19.8 7 3.47 m
0 26.44 -10.06 148.4 0.93 274 8 3.71 s/p
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G.3 Flow boiling experimental data

qi o q2 (053 q3 03 q4 0y qgs s de O

0.3 0.22 4.51 3.77 10.45 8.02 2.11 1.65 10.53 8.01 4.28 3.57
0.3 0.17 5.44 3.51 15.36 10.18 5.05 3.35 15.52 10.33 5.02 3.22
0.3 0.15 6.09 3.33 23.7 13.14  9.69 5.36 24.3 13.5 6.04 3.3

0.3 0.13 7.74 3.85 29.99 1491 1394  6.88 31.06 1538 7.7 3.84
0.3 0.11 11.36 4.72 43.1 18.26  23.89 997 44.26 18.69 11.73  4.88
0.3 0.1 14.87 5.35 62.67 22.85 37.95 13.83 6224  22.62 15.33 5.52
0.3 0.09 18.13 5.88 87.94 27.75 56.13 17.87 8432 26.62 20.06 6.53
0.3 0.08 22.45 6.52 105.44 30.77 7457  21.51 95.71 28.39 27.16 7095
0.4 0.08 27.93 7.54 145.57 37.11 111.06 27.72 12998 33.71 27.37 7.38
0.3 0.24 1.91 1.57 8.05 6.56 2.21 1.8 8 6.46 0.65 0.53
0.3 0.26 1.92 1.71 8.03 6.65 2.23 1.86 7.98 6.63 0.65 0.58
0.3 0.2 2.87 1.99 1499 998 491 3.29 1489 9.9 1.73 1.19
0.3 0.17 2.71 1.59 22.78 12.83 9.72 5.49 23.41 13.13 3.36 1.98
0.3 0.15 3.84 1.91 294 14.76 14.31 7.17 29.99 15.01 4.94 2.46
0.3 0.13 4.97 2.19 40.7 17.75 239 10.3 40.75 17.73 7.06 3.14
0.3 0.11 6.35 2.26 63.84 23.15 37.81 1396 62.09 22.49 10.61 3.82
0.3 0.11 6.82 2.31 85.72 27.18 56.69 18.09 81.45 25.85 12.85 4.42
0.3 0.09 9.37 2.71 109.28 31.21 75.8 21.69 104.15 2943 17.23 5.07
0.4 0.08 11.81 2.94 145.17 36.78 111.74 27.76 136.24 34 18.82 4.74
0.3 0.28 0.64 0.61 5.78 5.29 2.25 2.13 5.47 493 0.59 0.56
0.3 0.21 0.63 0.46 1146  7.89 4.99 3.42 1096 7.42 0.59 0.42
0.3 0.17 0.93 0.54 21.09 11.6 9.65 5.32 20.19 11.04  0.68 0.4

0.3 0.16 1.56 0.8 26.55 13.19 14.16  7.01 25.62 12.69  0.69 0.35
0.3 0.12 3.62 1.43 39.39 16.65 24.02 10.13 37.41 15.69 1.57 0.62
0.3 0.12 4.31 1.67 55.04 204 37.45 13.81 51.18 18.88 2.74 1.06
0.3 0.1 5.22 1.71 76.76  24.53 56.56 17.99 7326 2334 4.62 1.51
0.3 0.09 6.74 1.96 100.89 28.78 75.69 2148 9422 2688 7.22 2.1

0.3 0.08 8.69 2.07 133.21 33.57 108.54 26.86 125.57 31.24  8.99 2.14
0.3 0.39 0.57 0.72 3.84 4.74 2.15 2.68 3.55 4.49 0.29 0.37
0.3 0.23 0.52 0.4 10.15  7.36 5.11 3.71 8.64 6.46 0.29 0.22
0.3 0.17 0.65 0.37 18.99 10.88 10.12  5.82 17.31 9.96 0.29 0.16
1.4 0.61 0.33 0.16 24.08 12.31 1426 7.25 22.43 114 0.29 0.14
1.3 0.53 0.36 0.15 36.7 1596  23.65 10.3 3391 14.73 0.29 0.12
1.3 0.45 0.3 0.1 50.28 18.7 37.8 14.02 449 16.66 0.3 0.1

1.4 0.44 0.85 0.3 70.8 2296  56.11 18.06 61.74 19.87  0.31 0.11
1.4 0.39 0.94 0.28 94.13 26.78 77.38 22,04 7424 2144 032 0.09
1.3 0.33 1.15 0.28 125.77 31.1 112.48 27.54 108.56 26.56 0.49 0.12
0.3 0.48 0.3 0.48 3.68 5.45 2.19 3.22 3.55 5.12 0.3 0.48
0.3 0.25 0.29 0.24 8.05 6.32 4.95 3.89 7.33 5.82 0.29 0.24
0.3 0.18 0.29 0.17 14.64 8.71 9.62 5.75 13.76 8.17 0.29 0.17
0.3 0.15 0.29 0.14 19.15 9.92 14.1 7.35 15.96 8.42 0.29 0.14
0.3 0.16 0.29 0.15 19.09 10.18 14.15 7.47 17.59 9.34 0.29 0.15
0.3 0.13 0.29 0.12 27.77 12.38 23.95 10.56  24.89 11.07  0.29 0.12
0.3 0.1 0.29 0.09 43.03 15.43 38 14.04  36.9 13.21 0.29 0.09
0.3 0.08 0.29 0.07 57.77 17.5 57.15 18.28  48.41 14.41 0.29 0.07

Table G.5
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Woil 0 V4 T m X q o Ap/AL FP
0 26.44 -10.06 151.8 0.9 32.8 10 4.04 m
0 26.41 -10.1 149.5 0.92 42.6 11 4.3 m
0 26.38 -10.13 298.1 0.31 2.5 4 3.54 a
0 26.39 -10.12 298.5 0.31 6.5 5 3.88 a
0 26.41 -10.1 298.9 0.31 11.9 7 4.24 a
0 26.42 -10.09 301.2 0.3 15.8 8 4.54 a
0 26.38 -10.14 294.7 0.31 25.1 11 5.01 a
0 26.4 -10.11 297.2 0.31 34.6 13 5.56 a
0 26.37 -10.15 300.7 0.3 48.3 16 6.27 a
0 26.41 -10.1 304.2 0.3 61.2 17 6.98 a
0 26.38 -10.14 297.4 0.31 80.9 20 7.95 a
0 26.38 -10.14 297.3 0.51 2.8 5 5.66 m
0 26.39 -10.13 297.5 0.51 6.6 5 5.98 m
0 26.4 -10.11 301.4 0.5 11.6 7 6.41 a
0 26.35 -10.18 301.5 0.5 16.6 9 6.79 a
0 26.38 -10.13 303.8 0.5 23.9 11 7.36 a
0 26.39 -10.12 300.6 0.51 33.6 13 7.97 a
0 26.38 -10.15 296.8 0.51 48.2 15 8.7 m
0 26.4 -10.11 297.8 0.51 58.3 17 9.38 m
0 26.4 -10.11 296.9 0.51 78.6 19 10.28 m
0 26.38 -10.14 296.5 0.71 33 8 8.43 m
0 26.4 -10.11 298.6 0.71 6.8 7 8.32 m
0 26.42 -10.09 300.3 0.71 12.7 8 8.65 m
0 26.42 -10.09 298.3 0.71 16.7 9 8.83 m
0 26.39 -10.13 297.7 0.71 22.5 11 9.33 m
0 26.41 -10.1 299.4 0.71 329 13 9.95 m
0 26.39 -10.13 298.1 0.71 453 15 10.74 m
0 26.41 -10.11 298.3 0.72 54.9 16 11.25 m
0 26.42 -10.09 303.7 0.7 75.5 19 12.36 m
0 26.41 -10.1 301.7 0.1 5.8 5 1.99 a
0 26.37 -10.16 297.8 0.11 11.2 7 2.29 a
0 26.39 -10.13 298.2 0.11 16.3 9 2.62 a
0 26.41 -10.11 300.3 0.11 21.8 11 2.97 a
0 26.42 -10.08 300.7 0.11 29.8 13 3.25 a
0 26.44 -10.06 296.4 0.11 41 15 3.55 a
0 26.37 -10.16 299.1 0.11 54.9 18 4.15 a
0 26.38 -10.14 297.8 0.11 66.8 19 4.73 a
0 26.41 -10.1 301.5 0.11 94.7 23 5.84 a
0 26.42 -10.09 299.8 091 5.9 8 11.62 m
0 26.42 -10.09 302.4 0.9 13.9 11 11.95 m
0 26.4 -10.11 302.3 0.91 18.6 11 11.99 m
0 26.4 -10.12 299.9 0.91 26.1 12 12.09 m
0 26.4 -10.11 296.8 0.92 342 13 11.97 m
0 26.4 -10.12 299.3 0.91 42.8 14 12.46 m
0 26.41 -10.1 301.6 0.9 54.2 16 13.32 m
0 26.43 -10.07 298.9 0.91 65.4 16 13.52 m
Table G.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.3 0.08 0.3 0.07 67.37 20.12 73 2142 55.84 16.72 0.3 0.07
0.3 0.06 0.28 0.06 79.56  20.74 110.63 27.27 64.49 16.68 0.28 0.06
0.5 0.87 2.99 5.26 3.29 4.85 2.15 3.3 3.04 4.45 3.04 5.35
0.8 0.67 7.42 5.95 9.46 7.36 4.96 3.88 9.25 7.11 7.16 5.73
1.6 0.88 12.34 6.79 17.69 10.65 9.61 5.77 17.86 10.61 12.13 6.67
1.5 0.84 15.03 8.13 24.68 13.1 14.2 7.51 24.75 13.02 1444 7.8
1.6 0.74 21.04 9.54 41.96 18.07  23.77 1045  41.11 17.58 21.33  9.68
3.3 1.1 26.78  9.78 56.6 21.38  37.65 14.2 5595 20.79 27.08 9.89
4.4 1.75 32.05 11.58  80.8 26.2 56.78 18.34  81.65 2557 34.17 12.41
0.3 0.09 44.13 12.18 109.2 3097 7543 21.87 94.62 2752 4335 12.04
0.3 0.08 50.62 12.73 134.38 34.67 1129  27.75 135.24 3325 51.7 13.02
0.5 0.92 4.18 7.57 3.12 5.57 2.15 4.06 2.72 493 3.95 7.14
0.5 0.45 8.76 7.26 8.87 7.37 4.89 4.16 8.97 7.21 7.7 6.34
1.1 0.7 1247  7.93 17.17 10.73  9.56 5.92 17.58 10.72 12 7.62
1.5 0.83 1646  9.08 25.13 13.37 1447  7.67 25.05 13.16 17.3 9.57
1.8 0.84 19.48 9.23 40.4 17.53 23.78 10.47 38.44 16.74 19.65 9.31
3.5 1.24 25.88 998 55.37 20.86 37.94 14.08 5429 20.14 2474 952
5 1.51 31.61 10.04 8244 2623 56.36 1796 81.08 25.08 32.72 10.41
7 1.75 38.98 1022 9696 2859 7559 21.64 93.51 26.92 38 9.95
34 0.94 46.75 10.81 133.66 34.24 113.05 27.54 13478 32.71 40.28 9.22
5.2 12.59  3.65 9.4 2.56 6.58 2.11 5.31 2.37 5.92 3.69 9.51
3.7 3.88 9.5 9.47 7.04 7.08 5.07 5.13 6.3 6.32 9.25 9.21
1.9 1.32 16.62 11.04 17.03 11.19  9.64 6.42 15.41 10.2 15.37 10.15

1.2 0.61 19.84 11.08 23.08 13.13 14 79 2295 1281 1942 10.83
0.3 0.22 2027 11.19 3629 1688 2342 1077 3456 16.03 19.84 10.94
0.8 0.3 27.63 1061 5502 2133 3676 1426 5142 20 2598 9.94

2.7 0.85 2752 997 81.67 2639 5732 1853 7539 2433 2748 9.96
2.6 0.69 31.01 8.84 100.61 29.22 7533 21.74 91.11 26,52 28.61 8.12
0.3 0.1 3274 9.03 147.18 36.18 112.83 27.63 129.88 3191 29.78 8.17
5.1 4.88 8.47 7.98 5 4.47 2.19 2.02 5 4.36 8.94 8.44
9.9 5.77 15.55 998 10.77  7.23 4.98 3.34 10.78  7.13 15.17  9.72
9.9 5.94 2278 1247 16.67 9.72 9.93 5.63 18.19 1028 20.53 11.16
9.7 5.47 27.82 1423 2668 1328 1415 7.13 2729 1342 251 12.72
11.9 4.71 34 15.01 3727 1639 2348 103 36.9 16.16 35 15.49
8.2 2.46 4581 1585 5577 2091 3757 1408 53.56 20.08 4524 15.63
0.3 0.12 56.5 1791 7797 252 56.6 18.1 76.05 2426 61.82 19.82
0.3 0.09 5853 176 101.74 29.05 75.64 2149 9594 2733 6847 20.97
0.4 0.07 82.65 20.08 149.86 36.95 1137 27.88 13474 3326 86.74 21.22
73 9.91 6.64 9.09 5.41 7.33 4.99 6.67 5.13 6.85 6.12 8.35
12 9.6 17.12 132 1438 10.83  9.57 7.26 1331 998 17.05 13.14
11.5 7.57 2281 1394 2232 1341 1432 859 20.53 1247 2028  12.27
10.7 3.41 2793 1131 33.09 16.1 2345 1096 3297 158 28.66 11.63
45 1.71 28.05 1054 5485 21.02 3786 1455 52.77 20.04 27.14 10.17
22 0.86 27.59 997 7594 25.1 56.27 1853 7037 2347 2464 8.84
1.6 0.52 30.58 893 99.75  29.09 7482 21.8 90.59 2652 27.88 8.1
0.3 0.09 25.03  6.35 122.83 2934  111.89 26.3 11032 2625 2212 5.59
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Appendix G

Table G.6: Smooth tube: Heat transfer measurements

Woil 0 p T m X Ap/AL FP q o

0 26.43 -10.07 149.9 0.12 1.68 w 73.6 18.5
0 26.41 -10.1 147.6 0.12 1.18 w 54.1 15
0 26.39 -10.13 147.2 0.12 1 w 443 13.7
0 26.35 -10.18 149.1 0.12 0.75 w 32.1 11.2
0 26.39 -10.13 149.8 0.11 0.58 w 22.3 9.2
0 26.36 -10.16 146.7 0.11 0.39 w 15 7.3
0 26.42 -10.08 143.4 0.11 0.33 w 11.6 6.2
0 26.42 -10.09 151.7 0.11 0.17 w 7.7 4.8
0 26.41 -10.1 149.1 0.11 0.22 w 5.3 4.1
0 27.97 -10.12 148.1 0.11 0.02 w 0.3

0 26.4 -10.11 148.5 0.32 2.61 w 70.5 17.6
0 26.36 -10.16 149 0.32 2.27 w 52.6 14.7
0 26.39 -10.12 147.6 0.32 1.93 w 40.5 13

0 26.36 -10.17 145.7 0.32 1.58 w 30.1 10.9
0 26.4 -10.11 147.2 0.32 1.18 w 19.5 8.4
0 26.39 -10.13 146.6 0.32 1 w 13.7 6.7
0 26.45 -10.05 143.4 0.32 0.84 w 10.3 59
0 26.44 -10.06 142.2 0.33 0.67 w 6.5 4.5
0 26.43 -10.07 141.2 0.33 0.59 w 34 2.7
0 26.43 -10.07 151 0.31 0.67 w 34 29
0 27.99 -10.09 148.9 0.31 0.5 w 0.3

0 26.37 -10.15 148.6 0.52 3.7 w 64.1 15.8
0 26.4 -10.11 150.1 0.5 3.24 w 47.4 13.5
0 26.38 -10.14 148.1 0.52 2.84 w 36 11.5
0 26.42 -10.08 151.8 0.51 2.51 w 25.1 9.3
0 26.4 -10.11 149.4 0.51 2.25 w 17.6 7.3
0 26.39 -10.13 149.8 0.51 2.1 w 11.4 59
0 26.38 -10.14 149.3 0.52 1.93 w 8.7 5

0 26.43 -10.07 146.5 0.53 1.84 w 4.7 34
0 26.43 -10.08 152.4 0.5 1.76 w 2.4 2.2
0 28.03 -10.08 151.6 0.51 1.71 w 0.3

0 26.41 -10.1 148.3 0.72 4.21 w 58.2 14.2
0 26.38 -10.14 148.3 0.73 3.71 w 41.3 12
0 26.39 -10.12 148.7 0.71 3.37 w 31.8 10.5
0 26.38 -10.13 142 0.75 3.02 w 22.4 7.9
0 26.43 -10.07 148.4 0.72 2.85 w 16 6.7
0 26.42 -10.08 147.7 0.72 2.6 w 10.4 5

0 26.41 -10.09 146.6 0.73 2.5 w 7.9 4.6
0 26.4 -10.11 149.4 0.71 243 w 4.1 3.1
0 26.4 -10.12 148.3 0.72 2.27 w 1.7 2.1
0 28 -10.13 150.4 0.71 2.27 w 0.3

0 26.41 -10.1 149.5 0.92 43 w 42.5 9.9
0 26.44 -10.06 151.8 0.9 4.04 w 32.8 9

0 26.44 -10.06 148.4 0.93 3.71 w 27.3 7.4
0 26.4 -10.11 149.5 0.92 3.47 w 19.7 6.8
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G.3 Flow boiling experimental data

qi o q2 o0 q3 03 q4 Oy qgs s de O
0.2 0.1 27.8 7 1454  36.6 1109 279 129.8 32.7 27.2 6.9
0.2 0.1 22.3 6.2 105.3 29.2 74.4 20.7 95.6 26.5 27 7.5
0.2 0.1 18 5.6 87.8 27.2 56 17.3 84.2 26.1 19.9 6.2
0.2 0.1 14.7 5.1 62.5 21.7 379 13.1 62.1 21.6 15.2 5.3
0.2 0.1 11.3 4.6 43 17.7 23.8 9.8 44.1 18.2 11.6 4.8
0.2 0.1 7.6 3.7 29.9 14.5 13.8 6.7 31 15 7.6 3.7
0.2 0.1 6 3.2 23.6 12.5 9.6 5.1 24.2 12.9 5.9 3.2
0.2 0.1 53 3.3 153 9.6 5 3.1 154 9.7 4.9 3.1
0.2 0.2 4.4 3.4 10.4 8 2 1.6 10.4 8 4.2 3.2
0.2 0.1 11.7 2.9 145 36.1 111.6  27.8 136.1 339 18.7 4.7
0.2 0.1 9.2 2.6 109.1 30.6 75.6 21.2 104 29.2 17.1 4.8
0.2 0.1 6.7 2.1 85.6 27.4 56.5 18.1 81.3 26 12.7 4.1
0.2 0.1 6.2 2.2 63.7 23 37.7 13.6 62 22.4 10.5 3.8
0.2 0.1 4.8 2.1 40.6 17.5 23.8 10.3 40.7 17.6 7 3

0.2 0.1 3.8 1.8 29.3 14.4 14.2 7 29.9 14.7 4.8 2.4
0.2 0.1 2.6 1.5 22.7 13 9.6 5.5 233 13.3 3.3 1.9
0.2 0.1 2.8 1.9 14.9 10.2 4.8 3.3 14.8 10.1 1.6 1.1
0.2 0.2 1.8 1.4 8 6.3 2.1 1.7 79 6.2 0.5 0.4
0.2 0.2 1.8 1.6 7.9 6.8 2.1 1.8 79 6.8 0.5 0.5
0.2 0.1 8.6 2.1 133.1 329 108.4  26.8 1254 31 8.9 2.2
0.2 0.1 6.6 1.9 100.7 28.7 75.6 21.5 94.1 26.8 7.1 2

0.2 0.1 5.1 1.6 76.7 24.4 56.5 18 73.2 233 4.5 1.4
0.2 0.1 42 1.6 54.9 20.5 37.4 13.9 51.1 19 2.7 1

0.2 0.1 3.5 1.5 39.3 16.3 239 9.9 37.3 15.5 1.5 0.6
0.2 0.1 14 0.7 26.5 13.7 14.1 7.3 25.5 13.2 0.6 0.3
0.2 0.1 0.8 0.5 21 12.1 9.5 5.5 20.1 11.6 0.6 0.4
0.2 0.1 0.5 0.4 114 8.3 49 3.6 10.8 7.9 0.5 0.3
0.2 0.2 0.5 0.5 5.7 53 2.2 2 5.4 5 0.5 0.4
1.2 0.3 1 0.2 125.6  30.7 112.3 274 108.5 26.5 0.3 0.1
1.2 0.4 0.8 0.2 94 27.3 77.3 22.5 74.1 21.5 0.2 0.1
1.2 0.4 0.8 0.2 70.7 23.4 56 18.5 61.7 20.4 0.2 0.1
1.2 04 0.2 0.1 50.2 17.7 37.7 13.3 44.8 15.8 0.2 0.1
1.2 0.5 0.3 0.1 36.6 154 23.6 10 33.8 14.3 0.2 0.1
1.3 0.6 0.3 0.1 24 11.5 14.2 6.8 22.4 10.7 0.2 0.1
0.2 0.1 0.5 0.3 18.9 11.1 10 5.9 17.3 10.2 0.2 0.1
0.2 0.2 0.4 0.3 10.1 7.7 5 3.9 8.5 6.5 0.2 0.2
0.2 0.3 0.5 0.6 3.8 4.6 2 2.5 3.5 43 0.2 0.3
0.2 0 0.2 0 79.5 18.5 110.6 257 64.4 15 0.2 0

0.2 0.1 0.2 0.1 67.3 18.4 729 19.9 55.7 15.2 0.2 0.1
0.2 0.1 0.2 0.1 57.7 15.8 57.1 15.6 48.3 13.2 0.2 0.1
0.2 0.1 0.2 0.1 43 14.8 37.9 13 36.8 12.7 0.2 0.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o

0 26.39 -10.13 150.1 0.91 32 w 12.8 5.5
0 26.43 -10.08 146.3 0.93 2.94 w 8.3 4.2
0 26.43 -10.07 150.6 0.91 3.04 w 8.5 4.6
0 26.44 -10.07 150.5 0.91 2.99 w 6.4 3.8
0 26.42 -10.08 148.6 0.92 2.77 w 34 2.9
0 26.41 -10.09 148.9 0.92 2.77 w 1.6 24
0 28.02 -10.1 148.7 0.92 2.64 w 0.3

0 26.41 -10.1 301.5 0.11 5.84 i 94.5 22
0 26.38 -10.14 297.8 0.11 4.73 i 66.7 19.4
0 26.37 -10.16 299.1 0.11 4.15 i 54.7 17.9
0 26.44 -10.06 296.4 0.11 3.55 i 40.9 14.3
0 26.42 -10.08 300.7 0.11 3.25 i 29.7 13
0 26.41 -10.11 300.3 0.11 2.97 i 21.7 11.4
0 26.39 -10.13 298.2 0.11 2.62 i 16.2 9.4
0 26.37 -10.16 297.8 0.11 2.29 i 11.1 7.1
0 26.41 -10.1 301.7 0.1 1.99 i 5.7 5.2
0 27.98 -10.11 301.1 0.1 1.51 i 0.3

0 26.38 -10.14 297.4 0.31 7.95 a 80.7 20
0 26.41 -10.1 304.2 0.3 6.98 a 61.1 17.4
0 26.37 -10.15 300.7 0.3 6.27 a 48.2 16.9
0 26.4 -10.11 297.2 0.31 5.56 a 34.5 12.7
0 26.38 -10.14 294.7 0.31 5.01 a 25 11.2
0 26.42 -10.09 301.2 0.3 4.54 a 15.7 8.3
0 26.41 -10.1 298.9 0.31 4.24 a 11.8 6.9
0 26.39 -10.12 298.5 0.31 3.88 a 6.4 52
0 26.38 -10.13 298.1 0.31 3.54 a 24 3.8
0 27.9 -10.15 299.2 0.31 3.47 a 0.3

0 26.4 -10.11 296.9 0.51 10.28 a 78.5 19.1
0 26.4 -10.11 297.8 0.51 9.38 a 58.2 16.1
0 26.38 -10.15 296.8 0.51 8.7 a 48.1 15.3
0 26.39 -10.12 300.6 0.51 7.97 a 335 12.3
0 26.38 -10.13 303.8 0.5 7.36 a 23.8 10.7
0 26.35 -10.18 301.5 0.5 6.79 a 16.6 8.8
0 26.4 -10.11 301.4 0.5 6.41 a 11.6 7.2
0 26.39 -10.13 297.5 0.51 5.98 a 6.5 53
0 26.38 -10.14 297.3 0.51 5.66 a 2.7 5

0 27.9 -10.15 300.8 0.51 5.73 a 0.3

0 26.42 -10.09 303.7 0.7 12.36 a 753 19.9
0 26.41 -10.11 298.3 0.72 11.25 a 54.8 15.6
0 26.39 -10.13 298.1 0.71 10.74 a 45.2 14.9
0 26.41 -10.1 299.4 0.71 9.95 a 32.8 12.6
0 26.39 -10.13 297.7 0.71 9.33 a 22.4 11.6
0 26.42 -10.09 298.3 0.71 8.83 a 16.7 9.3
0 26.42 -10.09 300.3 0.71 8.65 a 12.6 8.5
0 26.4 -10.11 298.6 0.71 8.32 a 6.7 6.6
0 26.38 -10.14 296.5 0.71 8.43 a 3.2 7.3
0 27.9 -10.13 298.8 0.71 8.51 a 0.3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 0.1 0.2 0.1 27.7 119 239 10.3 24.8 10.7 0.2 0.1
0.2 0.1 0.2 0.1 19 9.6 14 7.1 159 8 0.2 0.1
0.2 0.1 0.2 0.1 19 10.2 14.1 7.5 17.5 9.4 0.2 0.1
0.2 0.1 0.2 0.1 14.5 8.7 9.5 5.7 13.7 8.2 0.2 0.1
0.2 0.2 0.2 0.2 8 6.8 4.8 4.1 7.2 6.1 0.2 0.2
0.2 0.3 0.2 0.3 3.6 5.2 2.1 3 3.5 5 0.2 0.3
0.2 0 82.5 19.2 149.7 34.8 113.6 26.4 134.6 31.3 86.6 20.1
0.2 0.1 58.4 17 101.6  29.5 75.5 21.9 95.8 27.8 68.3 19.9
0.2 0.1 56.3 18.4 77.8 25.5 56.5 18.5 75.9 24.8 61.7 20.2
8.1 2.8 45.7 16 55.7 19.5 37.4 13.1 53.5 18.7 45.2 15.8
11.8 5.2 33.9 149 37.2 16.3 234 10.3 36.8 16.1 349 153
9.6 5 27.7 14.5 26.6 14 14.1 7.4 27.2 14.3 25 13.1
9.8 5.6 22.7 13.1 16.6 9.6 9.8 5.7 18.1 10.4 20.5 11.8
9.8 6.3 15.5 9.9 10.7 6.9 49 3.1 10.7 6.9 15.1 9.7
5 4.5 8.4 7.6 4.9 4.5 2.1 1.9 49 4.5 8.9 8.1

0.2 0.1 50.5 12.5 1342 332 1127 279 135.1 335 51.6 12.8

0.2 0.1 44 12.6 109.1  31.2 75.3 21.5 94.5 27 43.2 12.4
4.2 1.5 31.9 11.2 80.7 28.3 56.7 19.9 81.5 28.6 34 11.9
3.1 1.2 26.7 9.8 56.5 20.8 37.6 13.9 559 20.6 27 10
L5 0.7 20.9 9.3 41.9 18.7 23.7 10.6 41 18.3 21.2 9.5
1.4 0.8 14.9 79 24.6 13 14.1 7.5 24.7 13.1 14.4 7.6
1.6 0.9 12.3 7.2 17.6 10.3 9.5 5.6 17.8 10.5 12.1 7.1
0.8 0.6 7.4 6 9.3 7.6 4.8 4 9.1 7.5 7.1 5.8
0.4 0.6 29 45 32 5 2 32 29 4.6 29 4.6

33 0.8 46.7 11.3 133.6 325 113 27.5 1346 327 40.2 9.8
6.8 1.9 389 10.8 96.9 26.8 75.5 20.9 93.4 25.8 37.9 10.5

4.8 L5 315 10 82.3 26.2 56.3 17.9 81 25.7 32.6 10.4
3.4 1.3 25.8 9.5 55.2 20.3 379 13.9 54.2 19.9 24.6 9
1.8 0.8 19.4 8.7 40.3 18 23.7 10.6 38.3 17.2 19.6 8.8
1.4 0.8 16.4 8.7 25 133 14.4 7.7 25 13.3 17.2 9.2
1 0.6 12.4 7.7 17.1 10.6 9.5 59 17.5 10.9 11.9 7.4
0.5 0.4 8.7 7 8.8 7.1 4.8 39 8.9 72 7.6 6.2
0.5 0.9 4.1 7.5 3.1 5.7 2 3.8 2.7 4.9 3.9 72

0.2 0.1 32.6 8.6 147.1  38.8 112.7  29.8 129.7 343 29.7 7.8
2.5 0.7 30.9 8.8 100.5  28.7 75.2 21.5 91 26 28.5 8.1
2.5 0.8 274 9 81.6 26.9 57.2 18.9 753 24.8 27.4 9
0.7 0.3 27.6 10.6 54.9 21.1 36.6 14.1 51.3 19.7 259 9.9
0.3 0.1 20.2 10.5 36.2 18.8 233 12.1 34.4 17.8 19.7 10.2

1.1 0.6 19.8 11.1 23 12.9 139 7.8 229 12.8 19.3 10.8
1.8 1.2 16.5 11.1 16.9 114 9.5 6.4 15.3 10.3 15.3 10.3
35 3.5 9.4 9.3 7 6.9 5 4.9 6.2 6.1 9.1 9
52 11.9 35 8.1 2.5 5.6 2 4.7 2.3 53 3.6 8.3
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o

0 26.43 -10.07 298.9 0.91 13.52 a 65.3 16
0 26.41 -10.1 301.6 0.9 13.32 a 54.1 15.9
0 26.4 -10.12 299.3 0.91 12.46 a 427 152
0 26.4 -10.11 296.8 0.92 11.97 a 34.1 13
0 26.4 -10.12 299.9 0.91 12.09 a 26.1 10.8
0 26.4 -10.11 302.3 0.91 11.99 a 18.5 11.5
0 26.42 -10.09 302.4 0.9 11.95 a 13.8 10.8
0 26.42 -10.09 299.8 0.91 11.62 a 5.8 8.5
0 26.41 -10.1 298.6 0.92 11.24 a 24 7.8
0 27.89 -10.13 300.7 0.91 11.38 a 0.3

0.03 26.41 -10.29 149.6 0.12 3.04 w 72.8 9
0.03 26.43 -10.25 150.9 0.12 2.18 w 51.5 7.9
0.03 26.43 -10.26 151.9 0.11 1.77 w 39.9 7.1
0.03 26.4 -10.3 150.9 0.11 1.26 w 28.2 6
0.03 26.39 -10.31 151 0.11 1.06 w 18.8 5
0.03 26.38 -10.33 149.6 0.11 1.13 w 13.1 4.4
0.03 26.43 -10.25 148.5 0.11 1.02 w 10.4 3.8
0.03 26.45 -10.23 149.9 0.11 0.87 w 6.5 3.1
0.03 26.44 -10.24 149.5 0.11 0.59 w 32 2.6
0.03 28.22 -10.25 149.3 0.11 0.6 w 0.3

0.03 26.4 -10.25 150.6 0.31 4.49 w 61.4 6.7
0.03 26.41 -10.23 150.1 0.31 3.65 w 455 6.2
0.03 26.38 -10.28 149 0.31 3.28 w 37.7 6.2
0.03 26.39 -10.26 150.6 0.31 3.27 w 31.9 7.3
0.03 26.42 -10.22 150 0.31 2.93 w 24.6 6.2
0.03 26.39 -10.26 149.3 0.31 2.28 w 17.4 5.5
0.03 26.37 -10.29 149.2 0.31 2.03 w 13.7 52
0.03 26.38 -10.28 149.1 0.31 1.7 w 9.6 4.6
0.03 26.43 -10.21 148.4 0.31 1.37 w 5 3.5
0.03 28.46 -10.24 148.4 0.32 1.1 w 0.3

0.03 26.38 -10.19 151.3 0.51 8.6 w 81 4.1
0.03 26.37 -10.2 151.1 0.51 8.24 w 76.2 4.1
0.03 26.38 -10.18 148.6 0.52 7.81 w 69.4 4
0.03 26.43 -10.12 148.4 0.52 5.15 w 32.5 5
0.03 26.39 -10.18 152.8 0.5 3.8 w 24.6 5.5
0.03 26.38 -10.2 152.6 0.5 3.56 w 19.1 5.5
0.03 26.43 -10.12 151.9 0.5 3.56 w 15.9 5.5
0.03 26.37 -10.22 150.1 0.48 3.01 w 113 5.1
0.03 26.4 -10.17 149.5 0.51 2.79 w 6.9 47
0.03 28.42 -10.2 149.5 0.51 1.7 w 0.3

0.03 26.44 -9.89 147.9 0.73 11.8 w 74.8 2.4
0.03 26.43 9.92 150.5 0.72 10.6 w 52.8 3.4
0.03 26.33 -10.03 146.5 0.73 8.57 w 26.5 52
0.03 26.37 -10 150.8 0.71 7.16 w 17.7 6.7
0.03 26.36 -10 149.1 0.72 5.93 w 13.5 6.6
0.03 26.43 -9.94 150.2 0.7 5.6 w 11.3 6.4
0.03 26.45 99 149.8 0.72 497 w 8.4 6.3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 0.1 24.9 6.1 122.7 302 111.7 275 1102  27.1 22 5.4
1.5 0.4 30.4 8.9 99.6 29.3 74.7 21.9 90.4 26.6 27.8 8.2
2 0.7 27.5 9.8 75.8 26.9 56.1 19.9 70.3 249 24.5 8.7
4.4 1.7 28 10.7 54.8 21 37.7 144 52.7 20.1 27 10.3
10.6 4.4 27.8 11.5 33 13.7 23.4 9.7 329 13.6 28.6 11.8
11.4 7.1 22.7 14.1 22.2 13.8 14.3 8.9 20.5 12.7 20.2 12.5
119 9.3 17.1 13.3 14.3 11.1 9.5 7.4 13.2 10.3 17 13.2
7.2 10.5 6.5 9.5 5.3 7.7 49 7.1 5 7.3 6 8.7
2.7 8.7 2.7 9 2.3 7.6 1.9 6.3 2 6.7 2.7 8.7

14.7 1.8 583 7.2 103.5 128 112 13.9 90.4 11.2 57.8 7.2

6.5 1 47.1 72 71.5 10.9 75.8 11.6 59.7 9.1 48.4 7.4
42 0.7 389 6.9 549 9.7 56.7 10 47.5 8.4 37.2 6.6
2 0.4 30.1 6.4 379 8.1 37.8 8.1 329 7 28.3 6

1 0.3 22 5.8 24.6 6.5 233 6.2 21.7 5.7 20.5 5.4
0.5 0.2 16.6 5.5 16.2 54 142 4.7 14.7 4.9 16.5 5.5
0.2 0.1 15.1 5.5 12.5 4.6 9.8 3.6 11 4 13.9 5.1
0.2 0.1 9.7 4.6 7.5 3.6 4.8 2.3 6.6 3.1 10.2 4.8
0.2 0.2 5.7 4.7 2.9 2.4 2 1.7 23 1.9 59 4.8
14.5 1.6 45.8 5 80.5 8.8 1123 123 69.9 7.6 45.6 5

9.3 1.3 38.5 52 59.5 8.1 75 10.2 533 7.3 37.4 5.1
5.7 0.9 33.1 5.4 51.5 8.4 55.8 9.1 46.3 7.6 33.6 5.5
6.1 14 31.6 7.2 43.9 10 38.1 8.7 39.9 9.1 31.9 73
4.8 1.2 28.4 7.2 323 8.2 23.5 6 30.4 7.7 28 7.1
0.2 0.1 19.7 6.2 26 8.2 14.3 4.5 24.7 7.8 19.7 6.2
0.2 0.1 155 59 20.8 8 9.7 3.7 19.6 7.5 16.1 6.2
0.2 0.1 11.6 55 14.5 6.9 4.9 2.3 14.2 6.8 12.2 5.8
0.2 0.1 6.7 4.7 7.4 52 2 1.4 7 4.9 6.9 4.8
0.9 0 76.6 3.8 123.1 6.2 91.9 4.6 1183 59 75.2 3.8
0.9 0 73.8 4 119.1 64 74.8 4 1163 6.2 72.6 39
0.9 0.1 66.6 3.8 1153 6.6 55.8 32 112.1 6.5 65.5 3.8
0.2 0 29.3 4.5 534 8.2 37.7 5.8 49 7.5 25.5 39
0.2 0 23.6 53 413 9.3 23.7 5.3 38.3 8.6 20.6 4.6
0.2 0.1 19.2 5.5 32.7 9.4 14.2 4.1 31.2 9 17 4.9
0.2 0.1 16.4 5.7 27.7 9.5 9.8 34 26.4 9.1 15.1 52
0.2 0.1 11.8 5.4 19.5 8.9 4.9 22 19.6 8.9 11.9 5.4
0.2 0.1 7 4.8 12.2 8.4 2 1.4 12.4 8.5 72 5

11.7 0.4 434 1.4 140.5 45 752 2.4 1379 4.4 40.2 1.3
35 0.2 36.4 2.3 98 6.3 56 3.6 91.6 59 31.5 2

1.6 0.3 19.2 3.8 48.4 9.5 379 7.5 40.2 79 11.7 2.3
0.8 0.3 15.5 59 334 12.7 239 9.1 24.1 9.2 8.3 3.1

0.8 0.4 10.9 53 26.2 12.8 14.3 7 21.4 10.5 7.6 3.7
0.8 0.4 10 5.7 22.6 12.8 9.7 5.5 18.4 10.4 6.1 3.4
0.4 0.3 7 53 17.3 13 4.8 3.6 15.6 11.7 5.5 4.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 26.41 -9.94 149.1 0.72 4.11 w 5.3 6
0.03 28.2 -9.99 149.5 0.72 2.44 w 0.3

0.03 26.35 933 149.1 0.91 5.84 w 10.2 0.6
0.03 26.44 -9.05 147.3 0.92 9.27 w 6.2 8.6
0.03 26.41 9.14 149 0.92 9.29 w 0 0
0.03 26.38 9.18 148.8 0.92 6.9 w 0 0
0.03 28.18 9.15 148.6 0.92 439 w 0.3

0.03 26.35 -10.36 305.6 0.11 7.37 i 85.1 12.4
0.03 26.4 -10.3 300.7 0.11 6 i 64.1 11.9
0.03 26.4 -10.3 2952 0.11 5.61 i 54.4 12.1
0.03 26.37 -10.34 303.1 0.11 5.12 i 428 11.5
0.03 26.39 -10.31 300 0.11 49 i 33.9 11.3
0.03 26.35 -10.37 298.9 0.1 4.65 i 25.7 10.9
0.03 26.4 -10.31 298.6 0.1 426 i 20.4 10.3
0.03 26.46 -10.23 297.7 0.1 3.33 i 12.6 7.8
0.03 26.44 -10.24 297 0.1 248 i 6 5.9
0.03 28.2 -10.27 297.1 0.11 1.54 i 0.3

0.03 26.4 -10.25 303 0.3 12.55 a 71.6 9.4
0.03 26.36 -10.3 302.3 0.3 10.61 a 54.1 12
0.03 26.35 -10.32 302.4 0.3 10.75 a 50.1 14.2
0.03 26.39 -10.27 302.6 0.31 8.66 a 38.6 11.4
0.03 26.36 -10.31 3022 0.31 7.43 a 29.6 10.5
0.03 26.4 -10.25 302.1 0.31 6.4 a 21.5 9.5
0.03 26.41 -10.24 301.8 0.3 5.62 a 16.8 8.6
0.03 26.37 -10.29 301.7 0.3 4.64 a 10.4 6.9
0.03 26.39 -10.27 300.7 0.3 3.72 a 3.5 45
0.03 28.13 -10.28 300.6 0.31 3.56 a 0.3

0.03 26.43 -10.12 300.2 0.51 20.6 a 72.6 6.1
0.03 26.37 -10.21 298.4 0.51 16.51 a 433 10.8
0.03 26.4 -10.16 298.5 0.51 13.82 a 354 10.9
0.03 26.38 -10.19 298.4 0.51 12.9 a 25.7 10.8
0.03 26.38 -10.2 298.9 0.51 11.85 a 17.5 10.4
0.03 26.43 -10.12 297.5 0.51 9.89 a 17.1 95
0.03 26.44 -10.11 297.9 0.5 8.99 a 13.7 9.2
0.03 26.47 -10.07 297.7 0.51 7.61 a 7.6 7.2
0.03 26.46 -10.08 297.4 0.51 6.51 a 3.3 49
0.03 28.18 -10.09 2972 0.52 5.9 a 0.3

0.03 26.42 -10.27 73.9 0.15 2.05 s 66.7 8.3
0.03 26.36 -10.34 75.2 0.13 1.77 s 49.9 7.4
0.03 26.41 -10.28 74.7 0.13 1.71 s 39.9 6.6
0.03 26.38 -10.32 74.6 0.12 1.56 s 29.7 5.6
0.03 26.43 -10.26 74.6 0.12 1.52 N 19.8 4.6
0.03 26.41 -10.29 74.3 0.12 1.64 s 13.9 3.8
0.03 26.39 -10.31 74.1 0.12 1.46 s 10.7 33
0.03 26.37 -10.34 74.1 0.12 1.3 N 7.1 2.7
0.03 26.38 -10.33 75.9 0.12 1.28 s 45 22
0.03 28.22 -10.37 75.5 0.11 s 0.3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds

0.3 0.3 4.1 4.7 11 12.6 2.1 2.4 10.2 11.7 4 4.5
6.3 0.4 6.5 0.4 13 0.7 14.1 0.8 12.8 0.7 8.7 0.5
0.9 1.2 2.9 4 11.7 16.1 9.6 13.3 9.4 13 2.7 3.8
0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0
399 5.8 66.6 9.7 116.6 17 113.3 16.6 106.7 15.6 67.3 9.8
37.8 7 56.8 10.6 82.5 154 75.6 14.1 75.4 14 56.1 104
38.9 8.7 554 12.3 63 14 56.1 12.5 58 12.9 55 12.3
36.1 9.7 47.6 12.8 45.5 12.2 37.6 10.1 42.5 11.4 473 12.7
32.3 10.8 42 14 32.7 10.9 23.7 7.9 30.6 10.2 42.1 14.1
27.4 11.7 34.2 14.6 22.5 9.6 14.2 6 20.7 8.8 35.1 14.9
23.3 11.8 28.9 14.6 159 8 9.8 49 15.3 7.7 294 14.8
14.7 9.2 17.6 11 10.6 6.6 49 3.1 10 6.2 17.5 10.9

7.8 7.7 79 7.1 5.3 52 2.1 2.1 5.7 5.5 7.1 6.9

26.4 3.5 72.9 9.6 78.9 10.4 112.1 148 69.8 9.2 69.2 9.1

19.4 43 58.7 13 61.5 13.6 75 16.6 55.4 12.2 54.8 12.1
27.4 7.7 54.6 15.5 579 16.4 56.6 16 52 14.7 523 14.8
10.2 3 47.1 139 47.2 13.9 37.7 11.1 435 12.9 45.6 135
42 1.5 39.7 14 35.7 12.6 239 8.4 34.7 12.3 39.6 14

1.1 0.5 31.8 14 252 11.1 14 6.2 24.6 10.8 323 14.3
1 0.5 254 13 19 9.7 9.5 4.9 19.1 9.8 26.8 13.7
0.5 0.4 16 10.6 12.4 8.2 4.9 33 12.3 8.1 16.4 10.9
0.2 0.3 49 6.2 4.4 5.6 2 2.6 4.4 5.6 5.4 6.9

8.4 0.7 57.1 4.8 109.5 9.2 1121 94 96.6 8.1 522 4.4
35 0.9 26.5 6.6 69.3 17.4 75.6 18.9 62.3 15.6 22.6 5.7
3.1 0.9 20.8 6.4 58.5 18 56.1 17.3 54 16.6 20.2 6.2
2 0.8 16.6 7 43.6 18.3 37.7 15.8 39.8 16.7 14.9 6.2
1.5 0.9 11.7 6.9 29.9 17.8 23.7 14.1 27.6 16.4 10.5 6.3
1.3 0.7 18.8 10.4 25.5 14.1 14.3 79 24.5 13.5 18.3 10.1

0.8 0.5 16.4 11 20.3 13.6 9.8 6.5 19.5 13 15.6 10.4
0.8 0.7 8.7 8.3 11.9 11.2 4.8 4.6 11.5 10.9 8 7.6
0.7 1 3.8 5.7 53 8 2 3.1 4.8 72 3 4.5
0.2 0 58.5 73 92.8 11.5 1089 135 742 9.2 65.5 8.1
0.2 0 44.7 6.6 70.6 10.5 75.5 11.2 56.8 8.4 51.7 7.7
0.2 0 35.8 59 56.8 9.4 56.4 9.3 46.6 7.7 43.8 72
0.2 0 272 5.1 443 8.3 37.6 7.1 37.7 7.1 31.2 59
0.2 0 19.1 4.4 29.3 6.8 23.6 5.4 25.4 5.8 212 4.9
0.2 0.1 133 3.6 222 6 14.3 39 19.2 52 14.5 39
0.2 0.1 10.7 3.4 17.1 53 9.5 3 14.9 4.7 11.6 3.6
0.2 0.1 79 3 11.3 43 4.9 1.9 10 3.8 8.2 3.1
0.2 0.1 53 2.6 72 3.6 2.1 1.1 6.5 32 5.6 2.8
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 26.42 -10.22 74.1 0.34 3.05 S-W 56.5 5.7
0.03 26.39 -10.26 75.5 0.33 2.82 S-w 39.1 5.3
0.03 26.42 -10.21 73.6 0.33 2.46 S-w 31 5
0.03 26.4 -10.25 74 0.32 2.11 S-W 23.1 45
0.03 26.38 -10.27 75.3 0.32 1.78 S-w 16.7 4
0.03 26.39 -10.26 74.5 0.32 1.51 S-w 12.2 35
0.03 26.39 -10.26 74.4 0.32 2.02 S-W 12.2 29
0.03 26.38 -10.27 73.9 0.32 1.19 S-w 7.7 24
0.03 26.38 -10.28 74.3 0.32 1.27 S-W 4.8 2
0.03 28.29 -10.3 75.1 0.31 S-W 0.3

0.03 26.45 -10.07 75.4 0.54 3.47 w 83 3.7
0.03 26.43 -10.1 74.3 0.54 2.89 w 72.2 3.5
0.03 26.44 -10.09 75 0.54 2.55 w 63.9 33
0.03 26.38 -10.17 74 0.53 223 w 26.8 4
0.03 26.37 -10.2 74.5 0.52 1.78 w 19.3 4
0.03 26.42 -10.13 74.5 0.52 1.63 w 14.3 3.8
0.03 26.42 -10.13 75.2 0.52 1.44 w 11.9 3.7
0.03 26.4 -10.16 74.3 0.52 1.27 w 8.4 33
0.03 26.4 -10.16 74 0.52 1.09 w 5.6 2.8
0.03 28.31 -10.18 75.4 0.51 w 0.3

0.03 26.43 99 75.2 0.73 4.66 w 70.3 2
0.03 26.45 9.86 74.8 0.73 4.09 w 64.4 2
0.03 26.45 -9.83 73.3 0.75 3.91 w 62.5 1.8
0.03 26.45 -9.87 75.2 0.73 3.79 w 60.6 1.8
0.03 26.45 9.86 74.5 0.74 3.75 w 59.8 1.8
0.03 26.44 -9.89 75.6 0.72 3.71 w 58.4 1.8
0.03 26.44 9.87 74.7 0.73 3.66 w 58 1.8
0.03 28.33 -9.97 75.7 0.7 w 0.3

0.03 26.4 -8.96 75.4 0.93 3.51 S-W 36.8 1
0.03 26.4 9.17 74.7 0.91 332 S-w 34.9 1.1
0.03 26.4 -8.95 74.3 0.93 3.11 S-W 31.2 1.2
0.03 28.28 -8.89 74.1 0.93 S-w 0.3

0.03 26.41 99 301.2 0.74 20.88 a 82.7 6.2
0.03 26.45 -9.89 298.6 0.72 22.53 a 75.9 22
0.03 26.38 -9.99 299.2 0.71 21.25 a 36.2 7.2
0.03 26.41 -9.96 299.9 0.71 19.46 a 28.5 10.2
0.03 26.37 -10.01 299.2 0.71 16.31 a 20.8 10.8
0.03 26.41 -9.96 298.8 0.71 13.76 a 15 95
0.03 26.39 -9.98 298.9 0.71 12.02 a 11.2 8.5
0.03 26.39 -9.98 298.2 0.71 11.37 a 8.1 7.4
0.03 26.38 -9.99 298.8 0.71 10.65 a 4 55
0.03 26.37 -10.01 298.7 0.71 9.66 a 1.7 5.1
0.03 28.21 -10.02 299.7 0.71 9.13 a 0.3

0.01 26.38 -10.44 298.1 0.11 17.62 i 89.1 17.4
0.01 26.44 -10.36 297 0.11 17.42 i 71.9 16.2
0.01 26.42 -10.39 300.5 0.11 16.91 i 56.8 13.6
0.01 26.36 -10.47 299.7 0.11 14.59 i 38.5 11.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.5 0 38.3 3.8 75.6 7.6 111.9 11.2 72.4 7.3 40.4 4.1
0.3 0 254 3.4 54.4 7.4 75.5 10.2 51.6 7 27.5 3.7
0.3 0 19.8 3.2 45.2 7.3 56.2 9 43.8 7 20.5 3.3
0.2 0 154 3 35 6.8 37.6 7.3 34.4 6.7 15.7 3

0.2 0 12.1 2.9 26.9 6.4 23.5 5.6 26.1 6.2 11.7 2.8
0.2 0.1 9.5 2.7 20.5 59 14.1 4 20.3 5.8 9 2.6
0.2 0 9.5 2.3 222 53 9.6 2.3 22.6 5.4 8.8 2.1

0.2 0.1 5.5 1.7 15.5 4.8 4.8 1.5 15.3 4.8 52 1.6
0.2 0.1 33 1.4 10 4.1 2.1 0.9 10.2 4.2 3.1 1.3

2.6 0.1 49.1 22 1464 6.6 1119 5 1362 6.1 51.5 2.3
1.6 0.1 43.8 2.1 1374 6.6 75.3 3.6 1329 6.4 422 2

1.6 0.1 37.7 2 127.6 6.7 56.3 29 123 6.4 37 1.9
0.2 0 15.3 2.3 47.3 7.1 38.1 5.7 45.4 6.8 14.3 2.1
0.2 0 11.7 2.4 35.1 73 234 4.9 34.6 72 10.8 2.3
0.2 0.1 9.2 2.5 26.9 72 14.1 3.8 26.9 72 8.4 2.3
0.2 0.1 8.1 2.5 229 7.1 9.6 3 23.1 72 73 2.3
0.2 0.1 5.7 22 17.2 6.7 4.8 1.9 17.4 6.8 53 2.1
0.2 0.1 33 1.7 12.3 6.3 2 1 12.6 6.5 29 L5
6.8 0.2 35.1 1 147.6 43 56.9 1.6 141.1 4.1 34 1

6.8 0.2 29.1 0.9 1448 45 37.6 12 1369 4.2 31.1 1

6.1 0.2 274 0.8 147.6 42 23.7 0.7 1415 4 29.1 0.8
6.5 0.2 26 0.8 1489 45 13.8 0.4 1413 43 27.1 0.8
53 0.2 259 0.8 1502 4.4 9.3 0.3 1409 42 27.5 0.8
72 0.2 23.7 0.7 1494 47 4.7 0.1 1394 43 26 0.8
6.8 0.2 229 0.7 149.6 45 2.1 0.1 141 43 259 0.8
8.3 0.2 12 0.3 92.6 2.4 9.5 0.3 84.8 22 13.6 0.4
79 0.3 9 0.3 91.5 3 4.8 0.2 84.6 2.8 11.7 0.4
7.6 0.3 7.8 0.3 83.8 32 2 0.1 717.1 3 8.7 0.3

5.3 0.4 439 33 1493 112 112.1 84 1428 10.7 42.8 32
222 0.6 18.8 0.6 1482 43 1123 33 1323 39 21.6 0.6
53 1.1 9.6 1.9 63.6 12.6 75.6 15 53.8 10.7 8.9 1.8
3.1 1.1 9.8 35 50.1 17.9 56.2 20.1 432 15.5 8.5 3.1
22 1.1 8.7 45 37.2 19.2 375 19.4 31.4 16.3 7.8 4.1
1.4 0.9 7.7 4.8 28.7 18.1 235 14.8 232 14.6 5.7 3.6

1 0.7 7 53 21.4 16.4 14.3 10.9 18.7 14.3 4.6 35
0.8 0.7 55 5 15.6 14.1 9.5 8.6 13.8 12.5 3.7 33
0.7 0.9 2.8 3.8 7.7 10.6 4.8 6.7 6.2 8.5 1.8 2.4
0.5 1.4 1.4 4 2.8 8.2 2 6 2.3 6.8 1.4 4

34.5 6.7 80.6 15.7 1214 237 1122 219 1085 212 71.3 15.1
28.6 6.4 732 16.5 98.6 222 75.2 16.9 86.1 19.4 70.1 15.8
24.7 59 55.2 132 79.3 19 56.8 13.6 70.8 17 543 13

16.4 4.9 36.8 11 55.7 16.6 37.8 11.3 49.5 14.8 34.7 10.3
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.01 26.38 -10.44 298.6 0.11 14.07 i 254 9.3
0.01 26.43 -10.38 296.9 0.11 13.27 i 19.2 8.5
0.01 26.4 -10.42 298.3 0.1 13.11 i 13.2 6.9
0.01 26.4 -10.42 298.7 0.11 13.54 i 8.4 5.6
0.01 26.39 -10.44 297.3 0.11 13.32 i 5.2 5.1
0.01 0 -10.47 297.4 0.11 i 0.3

0.01 26.39 -10.42 302.8 0.31 12.68 a 83 15.9
0.01 26.4 -104 300.7 0.3 11.37 a 62.6 14.6
0.01 26.45 -10.33 297.7 0.31 12.11 a 50.7 13.3
0.01 26.42 -10.38 300.1 0.3 18.27 a 34.6 10.6
0.01 26.38 -10.43 300 0.3 15.83 a 23 8.4
0.01 26.43 -10.36 298.6 0.31 15.46 a 14.8 7.2
0.01 26.41 -10.39 298.2 0.3 15.29 a 11 6.5
0.01 26.4 -104 298 0.31 15.86 a 6.6 55
0.01 26.39 -10.42 295.4 0.31 15.19 a 3.1 5
0.01 0 -10.43 296.9 0.31 a 0.3

0.01 26.41 -10.36 303.8 0.51 234 a 68.2 14
0.01 26.37 -10.41 302.8 0.5 23.06 a 54 13.4
0.01 26.36 -10.42 303 0.5 22.98 a 46 12.6
0.01 26.4 -10.37 302.4 0.5 20.78 a 35.9 11.6
0.01 26.37 -10.42 302.1 0.5 21.8 a 26.5 10.4
0.01 26.42 -10.35 299.5 0.51 21.08 a 17.9 9.1
0.01 26.4 -10.37 300.8 0.51 20.95 a 12.4 7.8
0.01 26.39 -10.38 300.2 0.51 19.43 a 7 6.3
0.01 26.37 -10.41 300.5 0.51 19.11 a 2.7 6.3
0.01 0 -10.42 300 0.51 a 0.3

0.01 26.42 -10.27 300.2 0.72 31.8 a 62.6 11.7
0.01 26.4 -10.29 300.9 0.71 26.5 a 448 13.7
0.01 26.38 -10.33 299.7 0.71 26.52 a 374 13.3
0.01 26.43 -10.26 301.6 0.71 23.9 a 29.2 12.5
0.01 26.39 -10.31 300.9 0.71 24.1 a 214 11.3
0.01 26.37 -10.34 302.4 0.7 23.69 a 14.7 9.7
0.01 26.43 -10.26 301.6 0.71 21.14 a 10.2 8.9
0.01 26.38 -10.33 301.1 0.7 22.75 a 5.2 6.5
0.01 26.38 -10.33 301.1 0.7 22.21 a 22 7
0.01 0 -10.32 300.5 0.71 a 0.3

0.01 26.45 9.84 300.2 0.91 38.98 a 483 2.8
0.01 26.4 9.92 301.6 0.91 37.65 a 36 4.1
0.01 26.36 -9.99 301.5 0.91 36.54 a 254 8.1
0.01 26.39 9.92 302 0.91 35.71 a 18.4 9.2
0.01 26.38 -10.01 303.4 0.9 33.86 a 11.2 9.1
0.01 26.42 -9.96 304.1 0.9 30.21 a 6.9 8
0.01 26.41 -9.97 303.7 0.9 29.83 a 5 7.2
0.01 26.38 9.97 300.6 0.91 31.09 a 3 5
0.01 26.4 -9.85 295.9 0.92 31.72 a 1.4 52
0.01 0 -9.95 301.1 0.91 a 0.3

0.01 26.41 -104 148.7 0.13 1.08 w 79.6 12.7
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
139 5.1 24.1 8.8 36.4 134 234 8.6 32.3 11.8 224 8.2
72 3.2 254 11.2 23.6 10.4 14.4 6.3 21.2 9.4 233 10.3

8.5 4.5 15.2 8 16.7 8.8 9.5 5 14.5 7.6 14.6 7.7
7.6 5.1 9.8 6.5 9.8 6.5 4.9 33 8.4 5.6 9.6 6.4
6.2 6.1 6.8 6.6 5 4.9 2.7 2.6 4.2 4.1 6.5 6.4
6.5 1.2 80.9 15.5 116.2 223 111.8 214 1042 20 78.6 15.1
42 1 65.1 15.1 86.9 20.2 75 17.5 79.7 18.5 64.5 15

7.4 1.9 525 13.7 71.8 18.8 56 14.6 66.6 17.4 50.1 13.1

35 1.1 31.4 9.6 53.7 16.4 37.7 11.5 50.1 153 31.2 9.5
1.8 0.6 20.5 7.5 37.4 13.7 233 8.5 34.7 12.7 20.5 7.5
1.4 0.7 13.8 6.7 23.6 11.5 14.1 6.9 22.5 10.9 13.1 6.4
1.2 0.7 10.9 6.5 17.9 10.6 9.5 5.6 15.7 9.3 10.6 6.3

1 0.9 8.2 6.8 9.3 7.7 4.8 4 8.2 6.8 8 6.7
0.8 1.3 4.8 7.7 32 52 2 32 2.7 43 52 8.4
0.2 0 455 9.3 107 21.9 1114 228 100 20.5 449 9.2
0.2 0.1 38.3 9.5 87.7 21.8 74.5 18.5 83.6 20.7 39.6 9.8
0.2 0.1 34 9.3 75.8 20.8 56.5 15.5 72.8 20 36.6 10
0.2 0.1 28.9 9.3 60.6 19.6 37.4 12.1 58 18.7 30.6 9.9
0.5 0.2 25 9.8 43.1 17 23.6 9.3 40.8 16.1 26.1 10.3

0.8 0.4 18.3 9.3 28.4 14.4 14.3 7.2 26.9 13.7 18.7 9.5
1.4 0.9 135 8.5 18.9 11.9 9.3 59 17.6 11.1 13.8 8.7

1.8 1.6 8.3 75 9.7 8.7 5 4.5 8.7 7.9 8.6 7.8
1.6 3.7 3.4 7.9 3.1 73 2 4.8 2.6 6 3.4 79
43 0.8 19.6 3.7 1145 214 1126 21 1055  19.7 19 3.6
33 1 17.5 5.4 79.5 243 75.6 23.1 75.3 23 17.8 5.4
2.5 0.9 16 5.7 67.7 24.1 56.3 20.1 64.7 23 17.1 6.1
1.6 0.7 13.8 5.9 54 23.1 37.8 16.1 522 22.3 15.7 6.7
1.6 0.9 13.4 7.1 385 20.4 23.6 12.5 36.3 19.2 15.1 8

3.6 2.4 11.3 75 24 15.8 14.3 9.4 222 14.7 12.8 8.5
3.6 32 8.4 73 16 14 9.5 8.3 14.7 12.9 8.9 7.7
29 3.6 4.4 5.5 79 9.8 4.9 6.1 6.8 8.4 4.4 5.4
1.6 5.1 2.1 6.8 2.8 9 2.1 6.8 2.3 72 2.1 6.8
11.3 0.7 4 0.2 87.5 5.1 112.1 6.5 69.6 4.1 53 0.3
9.5 1.1 32 04 66.9 7.6 76 8.6 56.2 6.4 44 0.5
4.1 1.3 2.8 0.9 46.3 14.8 56.5 18 39.4 12.5 35 1.1
2.6 1.3 4.2 2.1 34.7 17.4 37.8 19 26.8 13.4 4.4 22
2 1.7 3.1 2.6 20.7 16.8 23.6 19.2 14.5 11.8 32 2.6
2 2.3 2.7 3 11 12.7 14.3 16.4 8.8 10.1 2.8 32
1.8 2.7 2.7 39 7 10.2 9.5 13.8 5.8 8.4 3.1 44
1.4 23 2.3 3.7 4.1 6.8 4.9 8.1 32 53 2.3 3.7
0.8 3.1 0.9 33 2.1 8 2 7.7 1.4 52 1 39
0.2 0 65.3 10.4 1245 19.8 113 18 1134 18 61.3 9.8
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.01 26.43 -10.37 151 0.12 247 w 59.8 11.4
0.01 26.41 -104 148.7 0.12 3.77 w 474 10.1
0.01 26.37 -10.46 149.9 0.11 274 w 35.1 8.7
0.01 26.39 -10.43 149.2 0.11 9.61 w 24.6 7.4
0.01 26.37 -10.46 149 0.11 5.34 w 16.7 5.9
0.01 26.36 -10.47 149 0.11 2.68 w 12.3 5
0.01 26.43 -10.38 150.3 0.11 4.04 w 8 4.1
0.01 26.4 -10.42 150 0.11 4.89 w 42 3
0.01 0 -10.36 149.7 0.15 w 0.3

0.01 26.4 -104 148.4 0.33 3.87 w 65.7 10.1
0.01 26.46 -10.33 149 0.32 42 w 479 93
0.01 26.44 -10.35 149.9 0.31 6.37 w 39.3 8.6
0.01 26.4 -10.4 149 0.31 5.15 w 29.2 7.7
0.01 26.37 -10.45 150.6 0.31 4.64 w 20.6 6.8
0.01 26.35 -10.46 149.9 0.31 3.74 w 14.7 5.5
0.01 26.37 -10.44 149.6 0.31 2.7 w 10.9 4.8
0.01 26.4 -104 149.3 0.31 5.21 w 6.6 3.9
0.01 26.39 -10.41 149.5 0.31 437 w 3.5 2.9
0.01 0 -10.42 148.9 0.31 w 0.3

0.01 26.44 -10.35 149.2 0.33 12.6 w 65.6 10.2
0.01 26.39 -10.38 150.6 0.51 1.99 W 61.6 8.8
0.01 26.44 -10.32 149 0.52 1.28 w 445 8.2
0.01 26.4 -10.37 148.5 0.52 0.5 w 36.6 8
0.01 26.37 -10.4 148.5 0.52 3.02 w 29.1 7.6
0.01 26.41 -10.35 148.4 0.52 0.18 w 22.1 6.8
0.01 26.39 -10.38 148.1 0.52 5.23 w 15.8 59
0.01 26.38 -10.39 150.7 0.51 1.43 w 11.7 5.1
0.01 26.38 -104 151 0.51 1.38 w 6.9 4
0.01 26.36 -10.42 150.4 0.52 0.49 w 3 29
0.01 0 -10.44 150.8 0.51 w 0.3

0.01 26.44 -10.24 149.3 0.72 7.91 w 67.1 6.8
0.01 26.42 -10.27 148.7 0.72 5.62 w 47.1 7.4
0.01 26.38 -10.31 149.5 0.72 6.26 w 36.8 7.8
0.01 26.43 -10.25 149.3 0.71 421 w 29.1 7.8
0.01 26.4 -10.28 148.9 0.72 6.07 w 232 7.8
0.01 26.4 -10.3 149 0.71 2.97 w 17.9 7.2
0.01 26.38 -10.32 148.9 0.72 1.41 w 14.9 7.1
0.01 26.37 -10.32 148.7 0.73 2.63 w 10.1 6.2
0.01 26.37 -10.33 148.8 0.72 0.2 w 49 4.4
0.01 0 -10.29 149 0.72 w 0.3

0.01 26.46 9.74 148.4 0.93 12 w 70.6 2.3
0.01 26.4 9.92 150.5 0.91 11.8 w 44.6 5.1
0.01 26.44 9.9 150.9 0.91 12.74 W 34.4 6.8
0.01 26.41 9.86 149.7 0.92 14.25 w 24.1 7.4
0.01 26.37 991 149.1 0.92 13.6 w 14.8 7.8
0.01 26.45 -9.89 150.2 0.91 10.77 w 9.5 93
0.01 26.42 -9.96 151.3 0.9 8.87 w 7.1 9.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 0 52.9 10 92.2 17.5 74.9 14.2 83.6 159 54.8 104
0.2 0 374 8 76.4 16.3 56.5 12.1 69.2 14.8 44.7 9.5
0.2 0.1 29.1 7.2 59.2 14.6 37.9 9.4 52.6 13 31.8 7.9
0.2 0.1 20.9 6.3 42 12.7 23.5 7.1 38.6 11.6 22.6 6.8
0.2 0.1 14.3 5 28.7 10.1 14.1 5 26.1 9.2 16.6 5.9
0.2 0.1 11 4.5 21.3 8.7 9.5 3.9 19.2 7.8 12.4 5.1
0.2 0.1 8.7 4.4 14.1 72 4.8 2.4 12.8 6.5 7.8 4
0.2 0.1 59 4.2 5.8 4.1 2 1.5 5.3 3.8 5.9 4.2
0.2 0 394 6.1 109 16.8 111.5 17.1 94.7 14.6 39.2 6
0.2 0 28.6 5.6 82.4 16.1 75.1 14.7 72.6 14.2 28.6 5.6
0.2 0 24.6 5.4 68.7 15.1 56.2 124 60.9 134 25 5.5
0.2 0.1 18.8 5 514 13.5 37.5 9.9 47.6 12.5 19.6 5.2
0.2 0.1 13.8 4.5 37 12.1 23.6 7.7 349 114 14.3 4.7
0.3 0.1 10.8 4 26.4 9.9 14.4 54 25.5 9.6 11 4.1
0.2 0.1 8.3 3.7 19.8 8.9 9.6 4.3 18.5 8.2 8.7 3.9
0.2 0.1 5.6 3.3 124 7.3 4.8 2.9 11 6.5 53 3.1
0.2 0.2 3.5 2.9 6.3 5.2 2.1 1.7 6.2 5.1 2.9 2.4
0.2 0 38.9 6 107.2 16.6 112.9 17.5 95.2 14.8 39 6.1
0.2 0 40.4 5.8 92.3 13.2 112.2 16 84.6 12.1 39.9 5.7
0.2 0 26.8 49 71.6 13.2 75.8 13.9 65.8 12.1 26.6 49
0.2 0 21.3 4.6 62.3 13.6 56.5 12.3 58.1 12.7 21.1 4.6
0.2 0.1 16.1 4.2 53.3 139 37.8 9.9 50.8 13.3 16.6 4.3
0.2 0.1 12.1 3.7 423 129 239 7.3 41.9 12.8 12.2 3.7
0.2 0.1 7.8 2.9 32.1 11.9 14.3 5.3 323 12 8.3 3.1
0.2 0.1 4.8 2.1 25 10.8 9.7 4.2 254 11 5.1 2.2
0.4 0.2 2.7 1.5 16 9.3 4.8 2.8 15.6 9 2.1 1.2
0.4 04 1.1 1 7.1 6.8 2.1 2 6.5 6.2 1 1
0.2 0 32.5 3.3 117.4 12 112.5 11.5 110 11.2 29.9 3
0.3 0.1 222 3.5 85.4 13.4 75.2 11.8 79.3 12.5 19.9 3.1
0.4 0.1 17.5 3.7 70.4 15 56.4 12 61.3 13 14.7 3.1
0.3 0.1 15.8 4.2 60 16 37.7 10.1 49.3 13.2 11.3 3
0.3 0.1 13.8 4.7 49.2 16.5 23.8 8 41.8 14.1 10.2 3.4
0.3 0.1 11.3 4.5 38.3 154 14.3 5.7 342 13.8 9.2 3.7
0.3 0.1 9.4 4.5 31.8 15.1 9.6 4.6 29.7 14.1 8.4 4
0.2 0.1 6.2 3.8 222 13.7 4.9 3 21.1 13.1 58 3.6
0.3 0.2 1.8 1.6 12.2 10.9 2.1 1.9 11.5 10.2 1.6 1.4
6.2 0.2 13.8 0.4 146.4 4.8 111.5 3.6 1312 43 14.4 0.5
3.5 0.4 9.2 1.1 94.1 10.8 74.5 8.6 77.8 9 8.7 1
2.9 0.6 9.8 1.9 74.3 14.8 56.5 11.2 56 11.1 7 1.4
2 0.6 13.4 4.1 50.9 15.7 37.9 11.7 34.9 10.7 5.6 1.7
1.2 0.6 8.7 4.6 28.4 149 23.7 12.5 21.6 11.3 53 2.8
1.2 1.1 5.5 5.3 17.1 16.7 139 13.6 13.7 134 5.5 5.3
0.6 0.8 3.8 49 13.2 17.1 9.4 12.2 11.5 14.8 4.2 5.4
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.01 26.43 -9.93 150.8 0.9 7.29 w 4 7.2
0.01 26.4 -9.92 150.8 0.91 9.04 w 1.8 3.8
0.01 0 -9.98 150.5 0.9 w 0.3

0.014 14.88 -28.71 153.1 0.1 7.8 w 91.8 17.1
0.014 14.81 -28.85 153.5 0.1 6.51 w 63.8 13
0.014 14.82 -28.83 153.8 0.1 5.67 w 48.5 10.6
0.014 14.78 -28.92 153.2 0.09 541 w 28.3 6.9
0.014 14.81 -28.86 153.7 0.09 4.4 w 18.5 54
0.014 14.81 -28.86 153.6 0.09 4.5 w 12.6 4
0.014 14.81 -28.85 153.9 0.09 4.01 w 8.8 34
0.014 14.8 -28.87 154 0.09 4 w 5.6 2.7
0.014 14.81 -28.86 153.7 0.09 3.98 w 33 24
0.014 15.4 -28.88 153.8 0.09 3.8 w 0.4

0.014 14.84 -28.78 79 0.11 4.87 S 59.8 11.4
0.014 14.8 -28.86 79.4 0.1 3.05 S 44 8.9
0.014 14.8 -28.87 80.1 0.1 3.28 S 30.5 7.2
0.014 14.83 -28.8 78.6 0.1 3.19 S 20.2 5.1
0.014 14.84 -28.79 79.1 0.09 3.84 S 13.4 3.9
0.014 14.83 -28.8 79.4 0.09 4.12 S 9.7 3.1
0.014 14.8 -28.86 79.7 0.09 4.01 S 6 22
0.014 14.84 -28.78 78.4 0.09 3.98 S 2.6 1.5
0.014 15.4 -28.77 78.5 0.09 4.04 S 0.4

0.014 19.65 -20 76.3 0.11 3.69 S 53.4 11.2
0.014 19.65 -20 76.1 0.11 3.16 S 39.9 8.7
0.014 19.64 -20.01 76.3 0.11 2.77 S 28.3 6.9
0.014 19.62 -20.04 76.3 0.1 2.65 S 20.2 5.6
0.014 19.64 -20.02 76.6 0.1 2.73 S 14 4.4
0.014 19.64 -20.01 76 0.1 2.84 S 9.6 34
0.014 19.63 -20.04 76 0.09 2.54 S 54 2.6
0.014 19.64 -20.01 76.4 0.09 2.21 S 3.1 2
0.014 0 -20.04 76.2 0.09 S 0.3

0.014 14.86 -28.69 77.7 0.49 8.15 w 63.5 12.4
0.014 14.82 -28.75 717.5 0.49 5.44 w 50.6 10.6
0.014 14.83 -28.74 78 0.48 44 w 453 9.5
0.014 14.8 -28.8 78 0.48 3.7 w 36.2 8.4
0.014 14.87 -28.67 717.5 0.47 4.71 w 27.2 7.2
0.014 14.85 -28.71 7.7 0.48 433 w 20.6 6.2
0.014 14.82 -28.77 78 0.47 3.49 w 15.4 5
0.014 14.81 -28.78 77.4 0.48 3.17 w 7.7 3.1
0.014 14.84 -28.73 77.4 0.48 3.18 w 3 1.8
0.014 15.5 -28.73 77.6 0.48 3 w 0.4

0.014 14.81 -28.36 77.2 0.88 6.34 w 35.7 43
0.014 14.85 -28.25 76.7 0.89 5.35 w 18.3 10
0.014 14.82 -28.31 76.8 0.89 4.71 w 12.6 9.2
0.014 14.84 -28.3 77.2 0.88 441 w 9.7 7.8
0.014 14.8 -28.37 76.8 0.88 3.48 w 6.3 6.2
0.014 14.8 -28.39 77.2 0.88 34 w 3.9 4.8
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 04 1.8 3.3 8.5 15.2 49 8.8 7 12.5 1.7 3.1
0.2 0.4 0.4 0.8 4.4 9 2 4.2 3.5 7.2 0.4 0.8
28.6 5.3 76 14.2 1226 228 1125 21 1284 239 83 15.5
19.8 4 53.8 11 85.3 17.4 75.4 154 87 17.7 61.5 12.5
16 3.5 41.5 9 64 139 56.6 12.3 67.9 14.8 45 9.8
10.4 2.6 20.7 5.1 38.6 9.5 37.5 9.2 40.2 9.9 224 5.5
8.9 2.6 12.6 3.7 24 7 23.3 6.8 28.4 8.3 13.9 4.1
8.2 2.6 11.6 3.7 13.6 4.4 14.2 4.6 16.8 5.4 11.2 3.6
7 2.7 7 2.7 9.4 3.6 9.5 3.6 11.5 4.4 8.3 3.2
4.5 2.1 7 3.3 4.7 2.2 4.8 2.3 5.5 2.6 7.2 3.4
3.1 2.2 5.2 3.7 1.7 1.2 2 14 2.9 2 52 3.7

2.8 0.5 41.6 7.9 93.8 17.9 75.2 14.4 95.7 18.3 49.4 9.4
1.8 0.4 29.1 59 69.6 14.2 56.3 11.5 70.8 14.4 36.2 7.4

1.9 0.5 23.1 5.5 46.5 11 379 9 47.1 11.1 26.3 6.2
1.9 0.5 16.8 43 28.4 7.2 23.6 6 30.1 7.6 20.3 5.1
0.2 0.1 14.2 4.1 16.8 49 14.1 4.1 19.3 5.6 16.1 4.7
0.2 0.1 11.3 3.6 11.2 35 9.5 3 11.5 3.7 14.5 4.6
0.2 0.1 8 3 5.8 2.1 4.7 1.7 6.9 2.5 10.6 39
0.2 0.1 42 2.4 1.6 0.9 2 12 2.4 1.4 49 2.8
0.2 0 38.1 8 79.3 16.6 75.2 15.7 83.5 17.5 439 9.2
0.2 0 28.3 6.2 60 13.1 56.3 12.3 61 134 33.8 74
0.2 0.1 21.7 53 423 10.4 37.7 9.2 43.4 10.6 24.6 6
0.2 0.1 17.9 4.9 28.9 8 23.6 6.5 29.5 8.2 21.1 5.8
0.2 0.1 15.2 4.8 174 54 14.3 4.5 18.8 59 18.4 5.8
0.2 0.1 11.8 4.2 10.4 3.7 9.4 3.4 11.7 4.2 14.2 5.1
0.2 0.1 8.1 3.8 4.9 2.3 4.8 2.3 5.7 2.7 8.7 4.1
0.2 0.1 5.5 3.4 1.7 1.1 2 1.3 2.7 1.7 6.8 4.3
0.2 0 522 10.2 76.9 15 1122 219 76.7 15 62.8 12.3
0.2 0 37.8 7.9 72.2 15.1 75.2 15.7 72.2 15.1 46 9.6
0.2 0 323 6.8 71.5 15 56.3 11.8 713 15 40.2 8.5
0.2 0 23.1 53 62.3 14.4 37.7 8.7 63.6 14.7 29.9 6.9
0.2 0.1 15.5 4.1 50.6 13.4 23.5 6.2 52.5 13.9 21 5.5

0.2 0.1 10.5 32 39.7 11.9 14.3 4.3 442 133 14.7 4.4
0.2 0.1 7.8 2.5 30.6 9.9 9.5 3.1 34.3 11.1 10.2 33
0.2 0.1 33 1.3 15.6 6.3 4.8 1.9 18.6 7.5 3.7 1.5
0.2 0.1 1 0.6 6.5 4 2 1.2 73 4.4 1 0.6

22 0.3 229 2.8 62.5 75 37.6 4.5 61.6 7.4 27.6 33
0.2 0.1 134 7.4 26.7 14.6 23.7 13 28.6 15.7 17.2 9.4
0.2 0.1 9.4 6.8 18.8 13.6 14.3 10.3 21.2 15.4 12 8.7
0.2 0.2 6.7 5.4 15.3 12.4 9.5 7.6 17.9 14.5 8.3 6.7
0.2 0.2 29 2.8 11.3 11.1 4.8 4.7 14.5 14.1 4.1 4

0.2 0.2 1.6 2 72 8.7 2.4 29 10 12.1 2.3 2.7
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.014 15.9 -28.41 76.9 0.88 3.57 w 04

0.014 14.84 -28.64 77.8 0.68 7.64 w 49.2 12.1
0.014 14.8 -28.72 78.1 0.67 6.77 w 35.2 10.9
0.014 14.9 -28.51 77.4 0.69 6.02 w 28.7 9.8
0.014 14.79 -28.72 77.1 0.69 4.11 w 22.7 8.9
0.014 14.8 -28.72 77.5 0.68 4.67 w 19.2 7.9
0.014 14.79 -28.72 77.6 0.68 4.62 w 11.6 5.7
0.014 14.81 -28.68 77.3 0.69 3.52 w 4.1 2.9
0.014 15.4 -28.69 76.2 0.7 3.44 w 04

0.014 19.6 -20.02 78.1 0.47 4.44 w 57 9
0.014 19.66 -19.93 77.2 0.47 5.27 w 41.2 8
0.014 19.64 -19.96 7.7 0.47 493 w 343 7.3
0.014 19.64 -19.95 78.1 0.46 4.87 w 27.3 6.4
0.014 19.64 -19.96 78.3 0.46 4.26 w 21.4 5.7
0.014 19.67 -19.92 78.2 0.46 3.75 w 16.3 49
0.014 19.67 -19.91 78.3 0.46 3.73 w 12.1 4.1
0.014 19.62 -20 78.2 0.46 2.48 w 7.7 3.2
0.014 19.65 -19.95 78.3 0.46 3.44 w 4.1 22
0.014 20.4 -19.98 78.5 0.46 w 0.3

0.014 19.64 -19.75 79.3 0.81 5.64 w 23.1 9.7
0.014 19.67 -19.7 79.5 0.8 5.09 w 18.2 8.9
0.014 19.63 -19.74 79.1 0.81 4.43 w 14.8 8.3
0.014 19.66 -19.72 79.6 0.81 4.23 w 10.2 6.2
0.014 19.62 -19.78 79.4 0.81 4.38 w 6.7 5.1
0.014 20.3 -19.74 79.4 0.81 w 0.3

0.014 14.85 -28.74 151.8 0.3 9.8 w 88.1 18.6
0.014 14.85 -28.74 152.2 0.29 7.76 w 64.7 14.9
0.014 14.85 -28.73 152.1 0.29 7.07 w 50.2 12.2
0.014 14.83 -28.78 152 0.29 5.67 w 32 8.5
0.014 14.85 -28.73 151.9 0.29 5.08 w 20.3 6.5
0.014 14.82 -28.8 151.9 0.29 4.62 w 10.6 43
0.014 14.83 -28.78 152.5 0.29 4.13 w 7.6 3.5
0.014 14.86 -28.72 152.3 0.29 4.03 w 4.3 2.5
0.014 14.85 -28.74 152.3 0.29 4.03 w 2 2.5
0.014 15.5 -28.69 151.8 0.29 4.13 w 0.4

0.014 19.63 -20 292.7 0.3 16.85 a 93.1 27.3
0.014 19.62 -20.02 294.6 0.3 14.49 a 75.7 25.8
0.014 19.67 -19.94 297.3 0.3 13.29 a 66 24
0.014 19.64 -19.99 298.3 0.29 11.12 a 50.7 18.8
0.014 19.62 -20.02 297.2 0.3 8.38 a 0 0
0.014 19.69 -19.9 297.1 0.3 7.47 a 14.7 7.3
0.014 19.65 -19.97 297.4 0.3 7.18 a 10.6 6.3
0.014 19.64 -19.98 296.1 0.3 6.8 a 6.7 5.7
0.014 19.63 -20 296.1 0.3 6.61 a 2.4 4.7
0.014 20.2 -19.98 296.3 0.3 6.44 a 0.3

0.014 19.62 -19.98 299 0.5 19.54 a 73.2 19.6
0.014 19.65 -19.93 298.1 0.5 16.05 a 55.7 22.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 0.1 434 10.7 72.9 18 56.3 13.9 74.5 18.4 48.1 11.9
0.2 0.1 26.7 8.3 56.5 17.5 37.7 11.7 58.7 18.2 314 9.7
0.2 0.1 20.5 7 50 17.1 23.7 8.1 53.1 18.1 24.5 8.4
0.2 0.1 14.1 5.5 44.1 17.4 14.1 5.6 46.5 18.3 17.1 6.7
0.2 0.1 11.5 4.7 38.1 15.6 9.5 3.9 41.9 17.2 14.3 5.9
0.2 0.1 4.9 2.4 24.5 12 4.8 2.3 29.6 14.5 5.5 2.7

0.2 0.1 0.2 0.1 9.1 6.5 1.9 1.4 12.8 9.1 0.2 0.1

0.2 0 34.9 5.5 76.1 12 1125 177 73.8 11.6 444 7

0.2 0 21.6 4.2 58.7 114 75.1 14.6 63.1 12.2 28.2 55
0.2 0 17.7 3.8 524 11.2 56.5 12 56.2 12 22.6 4.8
0.2 0 13.9 32 45.1 10.5 37.6 8.8 49.5 11.5 17.8 4.2
0.2 0.1 10.8 2.9 379 10 23.7 6.2 422 11.1 13.8 3.6
0.2 0.1 8.1 2.4 30.9 9.2 14.1 4.2 34.3 10.2 10.5 3.1
0.2 0.1 5.8 2 23.6 8 9.5 33 255 8.7 7.8 2.7
0.2 0.1 3.8 1.5 15 6.2 4.9 2 17.3 7.1 4.7 1.9
0.2 0.1 1.6 0.9 8.4 45 2 1.1 9.8 52 2.8 1.5
0.2 0.1 15.5 6.5 39.7 16.6 23.6 9.9 413 17.3 18.3 7.6
0.2 0.1 12.7 6.2 329 16.2 14.3 7 34.7 17 145 7.1
0.2 0.1 10 5.6 28.3 15.8 9.5 53 29.4 16.4 11.5 6.4
0.2 0.1 59 3.5 21.1 12.7 4.9 3 22.4 135 7 4.2
0.2 0.2 2.7 2.1 154 11.7 2.1 1.6 15.9 12.1 3.7 2.8

10.6 22 91.7 19.4 109.7 232 1122 237 1112 235 93.3 19.7

0.2 0 69.4 16 82.5 19 75.6 174 84.4 19.5 75.8 17.5
0.2 0 52.5 12.7 65.7 15.9 56.6 13.7 66.9 16.2 59.3 14.4
0.2 0.1 243 6.4 44.9 11.9 37.4 9.9 48.1 12.7 36.8 9.8
0.2 0.1 12.6 4 319 10.2 23.8 7.6 37.3 12 16.3 52
0.2 0.1 7.6 3 15 6 14.1 5.7 18.1 7.3 8.7 3.5
0.2 0.1 6.2 29 9.9 4.6 9.5 4.4 13.1 6 6.6 3.1
0.2 0.1 4.5 2.6 5.1 3 4.8 2.8 6.3 3.7 5.1 3
0.2 0.2 3 3.6 1.8 22 2.1 2.5 2.7 32 2.5 2.9
31.6 9.3 98.7 29 107 31.4 111.6 328 1063 31.2 103.5 304
27.9 9.5 87.9 30 83.2 28.4 75.1 25.6 87.9 30 922 31.4
27.9 10.1 80.3 29.2 68.8 25 56.4 20.5 76.9 28 85.7 31.2
26.1 9.7 60.1 22.3 51 18.9 379 14.1 62.8 233 66.1 24.5
0 0 0 0 0 0 0 0 0 0 0 0
59 3 14.9 7.4 14.7 7.3 14.2 7.1 19.9 9.9 18.7 9.3
59 3.5 11.8 7 10.5 6.3 9.4 5.6 13.1 7.8 13.1 7.8
59 4.9 8 6.8 5.7 4.8 4.8 4 7.8 6.6 8.2 6.9
3.8 7.5 32 6.3 1 1.9 2 4 2.4 4.7 2 4

1.6 0.4 555 14.9 94.9 255 1125 302 109.1 293 65.3 17.5
35 1.4 455 18.4 71.6 28.9 75.2 30.4 83.4 33.7 55.2 22.3
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.014 19.64 -19.94 298.7 0.5 14.98 a 45.4 19.9
0.014 19.64 -19.95 299 0.49 11.86 a 33.2 15.1
0.014 19.68 -19.87 299 0.5 11.25 a 27.1 14.1
0.014 19.64 -19.95 298.1 0.5 10.87 a 18.3 11.5
0.014 19.62 -19.97 297.7 0.5 10.5 a 10.6 8.1
0.014 19.62 -19.97 297.8 0.5 9.39 a 4.6 5.6
0.014 19.63 -19.96 297.7 0.5 8.96 a 1.8 5.8
0.014 20.3 -19.93 297.6 0.5 8.94 a 0.3

0.014 19.68 -19.95 300.4 0.1 11.73 i 100.6 243
0.014 19.63 -20.02 302.8 0.09 10.19 i 77.8 21.6
0.014 19.62 -20.04 302.8 0.09 9.22 i 64.1 19.9
0.014 19.64 -20.01 302.7 0.09 8.08 i 47.4 16.4
0.014 19.6 -20.08 302.8 0.09 6.89 i 30.2 12.3
0.014 19.65 -19.99 299.6 0.09 5.51 i 16.2 7.5
0.014 19.65 -19.99 302 0.09 5.22 i 10.5 59
0.014 19.6 -20.07 301.2 0.09 4.68 i 6.1 4.8
0.014 19.61 -20.06 300.5 0.09 4.5 i 33 4.5
0.014 20.3 -19.97 301.3 0.09 4.17 i 0.3

0.014 19.66 -19.35 150.1 0.9 13.37 w 42.6 3.2
0.014 19.62 -19.42 149.6 0.9 11.87 w 30 6.1
0.014 19.6 -19.44 149.8 0.9 9.87 w 17.9 8.5
0.014 19.66 -19.34 150.1 0.9 8.11 w 9.9 7.5
0.014 19.63 -19.39 150.3 0.9 6.18 w 5.9 5.1
0.014 19.64 -19.35 150.2 0.9 5.37 w 3 3.5
0.014 19.6 -19.46 150.4 0.9 4.87 w 1.2 2.9
0.014 20.4 -19.43 150.7 0.9 w 0.3

0.03 14.88 -28.61 304.3 0.09 18.92 i 94.5 0
0.03 14.84 -28.69 304.6 0.09 16.11 i 77.3 0.1
0.03 14.83 -28.71 304.6 0.09 14.83 i 67.7 0
0.03 14.83 -28.71 304.6 0.09 13.24 i 55.1 0
0.03 14.87 -28.64 302.8 0.09 13.18 i 51.5 0
0.03 14.83 -28.72 303 0.09 11.72 i 38.1 0
0.03 14.82 -28.73 303.1 0.09 10.67 i 30 0
0.03 14.84 -28.69 302.3 0.09 5.98 i 11.2 0
0.03 14.84 -28.68 302.4 0.09 4.95 i 5.1 0
0.03 15.7 -28.69 302 0.11 4.62 i 0.4

0.03 14.81 -28.7 302.6 0.3 38.17 a 129 7.5
0.03 14.84 -28.65 303.5 0.29 26.96 a 72.3 27.3
0.03 14.84 -28.64 300.7 0.29 23.06 a 50.9 22.6
0.03 14.83 -28.66 300.7 0.29 15.27 a 35.7 18.1
0.03 14.84 -28.65 300.9 0.29 12.24 a 28.5 15.4
0.03 14.82 -28.68 300.8 0.29 10.62 a 20 11.8
0.03 14.8 -28.72 300.2 0.3 10.42 a 14.2 9.3
0.03 14.79 -28.74 300.3 0.3 9.57 a 7 6.1
0.03 14.82 -28.67 300.3 0.29 8.96 a 2.1 44
0.03 15.7 -28.69 300 0.31 8.9 a 0.4

0.03 19.65 -19.9 302.6 0.1 15.7 i 89.1 18.7
274 Table G.6



G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
2 0.9 38.3 16.7 59.1 25.8 56.5 24.7 69 30.2 47.6 20.8
1.1 0.5 27.6 12.6 44.9 20.4 37.7 17.2 49.1 224 38.6 17.6
4.5 2.3 26.1 13.6 329 17.1 23.7 124 39.8 20.7 359 18.7
9.3 5.8 16.4 10.2 19.9 12.5 14.2 8.9 24 15 26.1 16.3
7.1 5.4 9.5 7.2 11.6 8.8 9.5 7.2 13.4 10.2 12.8 9.7
4.4 5.4 3.2 3.9 4.8 59 4.8 5.9 6.5 7.9 3.6 4.4
2.2 7 1.3 4.2 1.6 52 1.9 6.1 1.8 5.7 2 6.6

80.5 19.5 101.2 245 104.6 253 1123 272 105.8 256 99.1 24

70.4 19.5 87.9 24.4 74 20.6 75 20.8 74 20.6 85.5 23.8
64.3 20 79.3 24.6 55 17.1 56.4 17.5 54.9 17 74.5 23.1
51.4 17.8 64.5 22.3 342 11.8 37.8 13.1 35 12.1 61.6 21.3
35.1 142 39.2 159 20.6 8.4 23.7 9.6 22.7 9.2 40.2 16.3
18.8 8.7 19.2 8.8 11.5 53 14.1 6.5 14.4 6.6 19 8.7
12.4 7 12 6.8 7.6 43 9.5 5.4 9.1 52 12.3 7

8 6.4 7.9 6.3 3.7 29 4.8 3.8 45 3.6 7.5 6
5.1 6.9 49 6.7 1.1 1.5 2.1 29 2.1 2.9 4.5 6.1
0.2 0 12.7 0.9 72.9 5.4 56.4 4.2 88.9 6.6 24.6 1.8
0.2 0 8.2 1.7 48.8 10 37.6 7.7 66 135 19.6 4
0.2 0.1 6.3 3 28.3 13.4 23.6 11.2 35.7 16.9 13.4 6.3
0.2 0.2 4.1 3.1 17.8 13.5 14.1 10.7 16.6 12.6 6.4 4.9
0.2 0.2 1.6 1.4 10.1 8.7 9.5 8.2 10.4 9 33 2.8

0.2 0.2 0.2 0.2 5.5 6.5 4.9 5.8 5.5 6.6 1.4 1.7
0.2 0.5 0.2 0.5 1.6 3.8 1.9 4.7 2.3 5.7 0.8 2

86.6 0 85.7 0 1014 O 1121 0 99.8 0 81.7 0
78.6 0.1 83.2 0.1 733 0.1 75.1 0.1 733 0.1 80.5 0.1
75.6 0 79.5 0 583 0 56.5 0 58.8 0 713 0
69 0 723 0 40 0 37.5 0 41.6 0 70 0
66.9 0 68.8 0 383 0 23.5 0 41.9 0 69.4 0
50.6 0 57.6 0 233 0 14.3 0 25 0 58.1 0
413 0 459 0 16.2 0 9.5 0 18.3 0 48.4 0.1
12.6 0 14.2 0 9.5 0 5 0 10.2 0 15.5 0
6.3 0 6.7 0 39 0 2.3 0 4.6 0 7 0

1237 72 1284 75 1313 7.6 1127 6.5 147.1 85 1306 7.6
63.2 23.8 71.8 27.1 66.6 25.1 75.4 28.4 80.7 304 76.1 28.7
29.9 13.3 56.7 25.2 43.6 19.4 56.5 25.1 57.1 254 61.6 27.4

13 6.6 434 22 30.1 15.3 37.8 19.2 40.7 20.6 49 24.9
10.2 5.5 34.1 18.4 272 14.7 23.7 12.8 333 18 424 229
9.3 5.5 222 13.1 19.7 11.7 14.3 8.4 23.7 14.1 30.8 18.3
8 52 14.8 9.7 15 9.8 9.5 6.3 18.2 11.9 19.9 13.1
6.4 5.6 6.8 59 6.6 5.7 5 4.3 9.9 8.6 7.4 6.5
2.3 4.8 2 4.1 1.5 3.1 2 4.1 35 7.4 1.4 3
81.2 17 74.2 15.6 98.6 20.7 111.8 234 96.4 20.2 72.4 15.2
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 19.63 -19.93 302.6 0.1 13.55 i 70 18.4
0.03 19.63 -19.95 302.3 0.1 12.44 i 59.7 17.5
0.03 19.66 -19.89 300.8 0.1 11.49 i 493 16.7
0.03 19.66 -19.89 299.1 0.1 10.63 i 38.9 15.8
0.03 19.63 -19.94 301.4 0.09 9.87 i 30.1 15
0.03 19.64 -19.92 301.7 0.09 9.08 i 22.8 13.5
0.03 19.64 -19.92 300.4 0.09 6.44 i 11.7 7.8
0.03 19.63 -19.93 299.9 0.1 5.93 i 49 5.4
0.03 20 -19.98 301 0.11 4.66 i 0.3

0.03 19.69 -19.79 301.6 0.29 30.88 a 96.7 10.2
0.03 19.68 -19.81 299 0.29 25.1 a 59.4 26.7
0.03 19.63 -19.89 300.2 0.29 22.18 a 50.5 24
0.03 19.67 -19.84 300.4 0.29 15.28 a 39.9 20.5
0.03 19.64 -19.88 300.2 0.29 12.7 a 33.3 17.6
0.03 19.61 -19.93 299.9 0.3 10.88 a 27.1 15.6
0.03 19.61 -19.92 300.4 0.29 9.18 a 20.7 12.6
0.03 19.63 -19.89 299.7 0.29 7.32 a 12.5 8.9
0.03 19.68 -19.81 299.8 0.29 7.44 a 3.9 5.4
0.03 20 -19.82 299.6 0.31 7.31 a 0.3

0.03 26.92 -9.25 301.6 0.1 10.32 i 80.5 13.4
0.03 26.95 -9.22 301.8 0.09 8.83 i 60.7 14.3
0.03 26.95 922 302.3 0.09 8.24 i 493 13.9
0.03 26.94 923 3022 0.08 7.86 i 39.4 13.3
0.03 26.89 93 301.7 0.09 7.52 i 30.7 12.6
0.03 26.9 -9.29 299.5 0.09 7.1 i 243 12
0.03 26.92 925 303.1 0.09 6.45 i 19.7 11.6
0.03 26.91 927 301.7 0.09 4.82 i 13 9.2
0.03 26.9 9.28 301.9 0.09 4.18 i 7.4 6.6
0.03 274 925 302.5 0.11 3.63 i 0.2

0.03 26.95 9.16 297.5 0.3 1532 a 84.7 8.3
0.03 26.94 9.17 2972 0.3 12.71 a 60.5 11.5
0.03 26.96 9.15 297 0.3 11.51 a 514 15
0.03 26.91 921 296.4 0.3 8.69 a 39.3 12.3
0.03 26.94 9.19 298.2 0.3 7.18 a 29.7 10
0.03 26.92 921 298.4 0.3 6.09 a 21.5 8
0.03 26.9 9.23 297.6 0.3 5.69 a 13.9 6.1
0.03 26.94 9.18 297.8 0.3 5.37 a 7.2 3.7
0.03 26.93 9.19 297.7 0.3 4.87 a 3.7 25
0.03 27.7 9.16 297.3 0.32 5.13 a 0.2

0.03 19.67 -19.87 150.1 0.12 5.96 w 76.3 12.2
0.03 19.66 -19.88 150.1 0.11 476 w 56.6 10.2
0.03 19.67 -19.87 150 0.11 4.13 w 43.1 8.6
0.03 19.61 -19.97 150.2 0.11 3.78 W 30.4 6.7
0.03 19.59 20 150.3 0.11 3.76 w 22.1 5.4
0.03 19.62 -19.96 150.6 0.1 3.77 S-W 16.6 4.6
0.03 19.62 -19.95 150.8 0.1 3.73 w 12.4 4
0.03 19.64 -19.92 150.6 0.1 32 w 8 3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
69.4 18.2 70.1 18.4 69.4 18.2 75.8 19.9 67.3 17.7 68.1 17.9
64.3 18.8 65.7 19.2 54 15.8 56.4 16.5 54.2 159 63.7 18.7
58.2 19.7 61.3 20.7 38.7 13.1 37.8 12.8 40.2 13.6 59.9 20.2
50.7 20.7 54 22 26.1 10.6 23.5 9.6 27.1 11 51.7 21.1
40.2 20.1 45.8 22.8 16.9 8.4 14.3 7.1 19.2 9.6 443 22.1
31.9 18.9 33.7 19.9 12.8 7.6 9.5 5.7 13 7.7 36.1 214
14.1 9.5 16.3 10.9 8 54 4.8 32 8.6 5.8 18.1 12.2
6.3 7 6.5 7.3 3.2 3.6 2.1 2.3 4 4.4 7.1 7.9
93 9.8 80.2 8.4 95.7 10.1 112.5 11.8 117 12.3 81.9 8.6
54.7 24.6 54.6 24.5 53.2 239 754 33.9 62.1 27.9 56.4 254
38.7 18.4 534 254 46.8 22.3 56.3 26.8 53.6 25.5 54.1 25.8
21.3 11 47.6 24.4 38.1 19.6 36.6 18.8 47.3 24.3 48.4 24.9
16.8 8.9 424 224 31.3 16.5 23.6 12.5 399 21.1 46 24.3
12.5 7.2 37 21.2 23.6 13.6 14.3 8.2 319 18.3 433 24.9
7.7 4.7 27.6 16.8 18.9 11.6 9.4 58 23.3 14.3 37.2 22.7
1 0.7 16.5 11.7 12.1 8.6 49 3.5 152 10.8 25.4 18
1.8 2.5 4.5 6.2 3.4 4.7 2.1 2.9 5.7 7.9 5.7 7.9
54.2 9 57.5 9.6 100.3 16.7 112 18.7 100.9 16.8 58.3 9.7
44.9 10.6 51.6 12.1 69.9 16.4 75.8 17.8 69.8 16.4 52.4 12.3
39.6 11.1 46.1 13 53.2 15 56.5 15.9 52.7 14.8 47.4 133
36 12.1 42.2 14.2 39 13.1 379 12.8 38.4 12.9 42.8 144
32.5 13.3 37.2 15.2 26.3 10.8 239 9.8 27.1 11.1 37.2 152
28.5 14.1 33.5 16.5 16.7 8.3 14.2 7 17.9 8.9 35 17.3
25 14.8 27.3 16.1 12.8 7.6 9.5 5.6 13.1 7.7 30.3 17.9
16.6 11.7 19.8 14 8 5.7 4.8 34 8.9 6.3 20 14.2
10.3 9.2 10.5 9.4 4.8 4.3 2 1.8 5.7 5.1 10.7 9.6
35 3.5 77.3 7.6 90.4 8.9 112.3 11.1 123.6 12.2 69.4 6.8
28.9 5.5 52.9 10.1 62.2 119 75.3 14.3 90.4 17.2 534 10.2
33.5 9.8 51.5 15 54.4 159 56.3 16.4 61.4 17.9 51 14.9
18.3 5.8 42.1 13.2 43.3 13.6 37.9 11.9 49.2 15.4 45.2 14.2
5.4 1.8 37 12.5 32.6 11 239 8.1 359 12.1 43.5 14.7
2 0.7 26 9.7 235 8.8 14.1 53 26.1 9.7 37.2 139
1.4 0.6 15.7 6.8 15.1 6.6 9.5 4.1 17.1 7.4 24.8 10.8
0.2 0.1 8.7 4.4 6.7 34 4.8 2.5 8.9 4.5 14 7.1
0.2 0.1 52 3.5 3.2 22 2.2 1.5 4.6 3.2 6.8 4.7
26.3 4.2 59.5 9.5 98.4 15.8 112.5 18 102.7 16.4 58.3 9.3
18.6 3.4 46.9 8.5 76.3 13.7 75.6 13.6 74.4 134 48 8.7
13.2 2.6 37 7.3 57.1 11.3 56.4 11.2 56.3 11.2 38.7 7.7
11.2 2.5 274 6 38.9 8.6 37.7 8.3 39.2 8.6 28.1 6.2
11.3 2.8 21.2 52 26.7 6.6 23.6 5.8 27.4 6.7 22.4 5.5
10.2 2.8 18.5 5.1 18.8 5.2 14.3 3.9 19.2 5.3 18.6 5.1
9.8 3.1 15.3 49 11.5 3.7 9.5 3.1 11.9 3.8 16.2 5.2
5.9 2.2 11.2 4.2 6.8 2.5 4.9 1.8 7.2 2.7 11.9 4.4
Table G.6 277



Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 19.68 -19.86 150.5 0.1 2.99 w 43 2
0.03 21 -19.89 150.9 0.11 1.22 w 0
0.03 26.94 -9.22 148.1 0.11 2.48 w 71.6 9.1
0.03 26.94 -9.22 148.5 0.1 1.94 w 51.6 8.4
0.03 26.95 -9.21 148.2 0.1 5.54 w 41.1 7.5
0.03 26.93 -9.24 148.2 0.1 1.36 w 28.7 6.4
0.03 26.93 -9.24 148.5 0.1 1.3 w 19.8 5
0.03 26.95 -9.21 148.5 0.1 1.27 w 14.5 4.2
0.03 27.01 -9.14 147.5 0.1 1.2 w 11.4 3.7
0.03 26.99 -9.17 148.4 0.1 0.76 w 7 2.8
0.03 26.96 9.2 148.3 0.09 0.86 w 4 2.1
0.03 28 -9.22 148.2 0.11 0.98 w 0.2
0.03 26.93 9.1 146.5 0.52 7.65 w 68.6 2.7
0.03 26.97 -9.06 147.4 0.51 6.6 w 61.3 2.9
0.03 26.93 9.1 147.7 0.51 5.89 w 54.4 33
0.03 26.95 -9.09 147.5 0.51 3.44 w 23.8 6.4
0.03 26.95 -9.09 147.8 0.51 2.84 w 17.7 6
0.03 26.97 -9.06 147.9 0.51 2.61 w 14.6 54
0.03 26.95 -9.08 147.4 0.51 1.91 w 9.9 4.7
0.03 26.95 -9.09 147.7 0.51 2.32 w 5.8 34
0.03 28 -9.15 147.9 0.52 2.13 w 0.2
0.03 26.97 -9 152.8 0.59 7.86 w 56.9 2.7
0.03 26.95 -9.05 152.6 0.56 6.02 w 31.2 6.2
0.03 26.96 -8.91 152.4 0.7 5.16 w 13.9 7.1
0.03 26.98 -8.88 152.4 0.7 3.71 w 12.3 6
0.03 26.94 -8.93 152.5 0.7 3.04 w 8.9 53
0.03 26.95 -8.92 152.5 0.7 2.69 w 5.6 4.8
0.03 0 -8.94 152.7 0.7 1.79 w 0.2
0.03 26.92 -9.21 156.9 0.28 4.82 w 64.8 7.1
0.03 26.93 9.2 156.5 0.28 4.12 w 49.1 8.5
0.03 26.94 -9.19 156.6 0.28 3.69 w 41.3 8.3
0.03 26.96 -9.16 156.3 0.28 3.38 w 35.7 8.2
0.03 26.9 -9.24 156.4 0.28 3.13 w 28.4 7.7
0.03 26.91 -9.23 154.9 0.29 2.06 w 19.5 59
0.03 26.91 -9.23 155.2 0.29 1.66 w 13.7 44
0.03 26.91 -9.22 1559 0.28 1.59 w 10.1 3.9
0.03 26.91 -9.22 155.8 0.28 1.2 w 5.1 2.6
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
3.3 1.5 6.3 3 3.3 1.5 2 0.9 3.7 1.7 7.4 3.5
20.9 2.7 50.3 6.4 96.7 12.3 112.4 14.3 97.9 12.5 51.6 6.6
11 1.8 41.2 6.7 69.7 11.3 75.5 12.2 69.8 11.3 42.6 6.9
8.5 1.6 34.4 6.3 55.5 10.2 56.4 104 55.5 10.2 35.9 6.6
5.7 1.3 27.8 6.2 359 8 37.8 8.4 36.2 8.1 28.7 6.4
6 1.5 21.5 5.4 22.7 5.7 234 5.9 22.7 5.7 22.3 5.6
5.6 1.6 18.5 5.4 14.4 4.2 14.1 4.1 15.8 4.6 18.6 5.4
5.4 1.8 16.2 5.3 10.4 34 9.5 3.1 10.5 3.4 16.2 5.3
2.9 1.2 12.8 5.1 4.2 1.7 4.8 1.9 4.5 1.8 13 5.2
0.2 0.1 9.1 4.7 1.3 0.7 2.3 1.2 1.8 1 9.5 49
2 0.1 64.5 2.5 93 3.7 754 3 99.7 3.9 77.1 3

1.5 0.1 59.3 2.8 85.1 4.1 56.4 2.7 91.7 4.4 73.6 3.5
0.2 0 55.1 3.3 78.4 4.7 37.6 2.3 87.9 5.3 67.4 4

0.2 0.1 19.6 5.3 36.2 9.7 23.7 6.4 38.9 104 24.1 6.5
0.2 0.1 154 5.3 28.6 9.8 14.2 4.8 29.5 10.1 18.1 6.2
0.2 0.1 134 5 24.1 9 9.5 3.5 24.8 9.2 15.3 5.7
0.2 0.1 9.1 4.3 16.6 79 4.8 2.3 17.5 8.3 11.2 53
0.2 0.1 5.1 3 8.9 5.2 2 1.2 114 6.6 7.3 4.2
0.2 0 46.7 2.2 95.2 4.5 37.7 1.8 99.8 4.7 61.9 2.9
0.2 0 19.5 3.9 48.6 9.7 23.7 4.7 57.2 114 38 7.6
0.2 0.1 9.3 4.8 20.8 10.6 14.1 72 24.3 124 14.7 7.5
0.2 0.1 9.1 4.5 20.3 10 9.3 4.6 229 11.3 11.7 5.8
0.2 0.1 7 4.2 15.3 9.1 4.8 2.8 16.4 9.8 10 5.9
0.2 0.2 4.8 4.1 8.5 73 2 1.7 11.1 9.5 7 6

30.8 34 49.2 5.4 76.1 8.4 112.4 124 72 7.9 48.2 5.3
25.7 4.5 42.6 7.4 57 99 75.2 13 54 9.4 40 6.9
24.8 5 39.9 8 45.8 9.2 56.5 11.4 44.5 9 36.6 7.4
22.4 5.2 36.4 8.4 42.6 9.8 374 8.6 39.8 9.2 35.5 8.2
18.1 4.9 34 9.2 31.4 8.5 23.9 6.4 32.1 8.6 31.1 8.4
4.6 1.4 20.3 6.2 26.9 8.2 14.1 4.3 28.6 8.7 22.4 6.8
0.2 0.1 15.3 5 19.8 6.4 9.5 3.1 18.3 5.9 19.1 6.2
0.2 0.1 11.6 4.5 15 5.8 4.8 1.8 14.7 5.7 14.3 5.5
0.2 0.1 6.8 34 5.7 2.9 2.1 1.1 6.4 3.2 9.6 4.8
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Table G.7: Smooth tube: Diabatic pressure drop measurements

Woil 0 V4 T m X Ap/AL FP q
0.03 28.53 -10.21 150 0.12 2.82 w 80.2
0.03 28.58 -10.15 150 0.12 2.28 w 57.2
0.03 28.55 -10.2 150 0.12 1.85 w 45.9
0.03 28.59 -10.14 150 0.11 1.43 w 33.6
0.03 28.55 -10.19 150 0.11 1.03 w 23
0.03 28.59 -10.13 150 0.11 0.85 w 16.2
0.03 28.58 -10.13 150 0.11 0.68 w 12.1
0.03 28.58 -10.14 150 0.11 0.66 w 7.5
0.03 28.62 -10.09 150 0.11 0.35 w 3.8
0.03 28.61 -10.06 150 0.11 0.21 w 0
0.03 28.62 -10.13 150 0.32 3.45 w 57.9
0.03 28.58 -10.17 150 0.31 2.78 w 43.5
0.03 28.54 -10.21 150 0.31 2.08 w 35.7
0.03 28.6 -10.13 150 0.31 1.94 w 28.3
0.03 28.58 -10.16 150 0.31 1.78 w 21.4
0.03 28.57 -10.17 150 0.31 1.53 w 16
0.03 28.57 -10.18 150 0.31 1.36 w 12.7
0.03 28.6 -10.15 150 0.31 1.11 w 8.6
0.03 28.6 -10.13 150 0.31 0.94 w 4.5
0.03 28.59 -10.09 150 0.31 0.72 w 0
0.03 28.64 -10.11 150 0.52 7.42 w 84.9
0.03 28.64 -10.13 150 0.51 5.79 w 64.5
0.03 28.67 -10.1 150 0.51 4.93 w 41.5
0.03 28.63 -10.15 150 0.51 3.88 w 30.5
0.03 28.59 -10.2 150 0.51 3.53 w 23.5
0.03 28.64 -10.13 150 0.51 3.49 w 18.6
0.03 28.63 -10.15 150 0.51 3.3 w 15.1
0.03 28.64 -10.14 150 0.51 3.11 w 11.3
0.03 28.62 -10.15 150 0.51 2.63 w 7.1
0.03 28.66 -10.08 150 0.51 1.85 w 0
0.03 28.67 -10.01 149.6 0.71 9.57 w 66.2
0.03 28.64 -10.07 149.2 0.72 8.16 w 41.9
0.03 28.64 -10.09 149.9 0.71 7.14 w 30.5
0.03 28.63 -10.1 148.2 0.72 5.84 w 21.2
0.03 28.62 -10.11 148.8 0.72 5.18 w 15.8
0.03 28.62 -10.11 148.9 0.72 4.37 w 12.8
0.03 28.6 -10.14 150 0.71 4.16 w 9.5
0.03 28.59 -10.15 148.9 0.72 3.56 w 5.1
0.03 28.64 -10.08 149.3 0.72 2.29 w 0
0.014 20.6 -21.48 300.6 0.71 23.39 a 70.2
0.014 20.6 -21.47 300.1 0.71 21.3 a 55
0.014 20.5 -21.58 302.7 0.7 20.58 a 47.3
0.014 20.5 -21.47 306 0.7 17.35 a 324
0.014 20.5 -21.52 303.4 0.7 15.15 a 21.3
0.014 20.6 -21.52 303.1 0.72 14.3 a 11
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G.3 Flow boiling experimental data

Woil 0 V4 T m X Ap/AL FP q o
0.014 20.5 -21.43 302.6 0.72 13.91 a 74
0.014 20.6 -21.47 301.1 0.73 13.1 a 3.1
0.014 20.6 -21.4 302.4 0.72 12.75 a 1
0.014 20.5 -21.5 300.2 0.73 12.67 a 0
0.03 20 -21.44 300.8 0.51 24.44 a 80.8
0.03 20 -21.44 300.9 0.51 23.68 a 60.3
0.03 19.9 -21.49 300.3 0.51 19.29 a 37.2
0.03 20.2 -21.43 300.4 0.51 15.41 a 27.4
0.03 20.3 -21.38 300 0.51 12.9 a 20.7
0.03 20.3 -21.4 299.5 0.51 11.73 a 15.4
0.03 20.2 -21.37 298.4 0.51 11.8 a 10.7
0.03 20.2 -21.44 297 0.51 10.6 a 4.7
0.03 20.2 -21.45 298.5 0.51 10.17 a 1.2
0.03 20.2 -21.43 298.8 0.51 10.02 a 0
0.03 27.8 -9.87 297.2 0.52 18.84 a 80.5
0.03 27.8 -9.93 297.1 0.52 12.35 a 37.6
0.03 27.8 -9.86 296.6 0.52 10.66 a 29
0.03 27.8 -9.91 294.1 0.52 9.66 a 21.7
0.03 27.8 -9.96 295.7 0.52 7.48 a 17
0.03 27.8 -9.91 295.6 0.52 7.49 a 13.5
0.03 27.8 -9.99 295.9 0.52 7.01 a 7
0.03 27.8 -9.97 296.5 0.52 6.72 a 3.2
0.03 27.8 -9.99 296.9 0.52 6.54 a 0
0.03 21 -20.74 150 0.52 16.1 w 99.6
0.03 21.1 -20.71 149.4 0.52 14.54 w 81.9
0.03 21.1 -20.68 150 0.51 12.2 w 67
0.03 21.1 -20.61 150.4 0.51 8.98 w 35
0.03 21.1 -20.6 150.4 0.51 7.01 w 26.6
0.03 21.1 -20.6 150.5 0.51 6.27 w 23.4
0.03 21.1 -20.59 150.5 0.51 5.36 w 19.1
0.03 21.1 -20.68 150.4 0.51 4.98 w 14.1
0.03 21.1 -20.58 150.2 0.51 4.52 w 6.3
0.03 21.1 -20.59 150.1 0.51 3.8 w 0
0.03 21 -20.72 149.1 0.72 14.61 a 65.5
0.03 21.2 -20.64 149.7 0.72 14.67 a 64.5
0.03 21.2 -20.55 149.8 0.72 13.25 a 50.3
0.03 21.1 -20.7 147.9 0.72 9.64 a 20
0.03 21.2 -20.6 149.7 0.71 7.26 a 13.4
0.03 21.2 -20.63 149.9 0.71 5.46 a 9.8
0.03 21.2 -20.57 149.6 0.71 4.58 a 6.7
0.03 21.2 -20.62 149.5 0.71 4.9 a 2.7
0.03 21.2 -20.56 149.6 0.71 4.46 a 0
0.03 0 -9.96 74.9 0.52 1.74 w 44.6
0.03 0 -9.97 75.1 0.51 2.19 w 38.5
0.03 0 -9.94 75.9 0.54 1.85 w 56.2
0.03 0 -9.99 75.8 0.52 1.34 w 44.8
0.03 0 -9.96 75.3 0.51 2.13 w 17.2
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Woil 0 V4 T m X Ap/AL FP q
0.03 0 -9.93 75.4 0.52 1.84 w 11.9
0.03 0 -9.93 75.8 0.5 1.48 w 9.1
0.03 28 -9.84 80.3 0.13 1.36 S 73.5
0.03 28 -9.86 80.5 0.12 0.55 S 48.1
0.03 28 -9.8 80.5 0.12 0.39 S 38
0.03 28 -9.87 80.5 0.11 0.35 S 26
0.03 28 -9.85 80.4 0.1 0.61 S 16.9
0.03 28.3 -9.89 80.4 0.1 0.59 S 11.2
0.03 28.3 -9.89 80.4 0.1 0.32 S 7.9
0.03 28.3 -9.96 80.5 0.1 0.18 S 4.6
0.03 28.3 -9.91 80.5 0.1 0.01 S 2.1
0.03 28.3 -9.91 80.4 0.1 2.26 S 0
0.03 28 -9.85 74.7 0.33 1.7 S-w 51.7
0.03 28 -9.81 74.3 0.32 1.53 S-w 35.9
0.03 28 -9.87 75.1 0.3 1.28 S-w 26.7
0.03 28 -9.79 75.4 0.29 1.29 S-w 18.6
0.03 28 -9.79 74.9 0.31 1.03 S-w 12.3
0.03 28 -9.88 75 0.3 0.93 S-W 7.9
0.03 28 -9.82 75.6 0.31 0.75 S-w 5.3
0.03 28 -9.82 75.5 0.31 0.05 S-w 34
0.03 28 -9.79 75.9 0.31 0.06 S-w 2
0.03 26 -9.83 75.7 0.31 S-w 0
0.03 26 -9.91 75.1 0.54 242 w 65.3
0.03 26 -9.92 75.2 0.51 1.53 w 17.2
0.03 26 -9.94 75.3 0.51 1.32 w 11.3
0.03 26 -9.91 75.5 0.51 0.91 w 8
0.03 26 -9.84 75.3 0.51 1.41 w 5.4
0.03 26 -9.76 75.4 0.51 w 0
0.03 26 -9.76 75.4 0.51 w 0
Table G.7
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Table G.8: Smooth tube: Adiabatic flow pattern measurements

Woil,0 p T 7 X Ap/AL FP
0.01 26.4 -10 74.5 0.09 5.09 S-W
0.01 26.4 -10 74.9 0.09 4.36 S-W
0.01 26.4 -10 75.1 0.19 4.37 S-W
0.01 26.4 -10 74.7 0.29 4.7 S-W
0.01 26.4 -10 74.8 0.29 4.72 S-W
0.01 26.4 -10 74.5 0.4 4.9 S-W
0.01 26.4 -10 74.1 0.5 4.73 S-W
0.01 26.4 -10 75 0.49 4.27 S-W
0.01 26.4 -10 74.5 0.54 5.23 w
0.01 26.4 -10 74.4 0.6 5.22 w
0.01 26.4 -10 75.1 0.59 4.39 w
0.01 26.4 -10 73.9 0.66 5.65 w
0.01 26.4 -10 75.9 0.68 5.74 w
0.01 26.4 -10 75 0.74 4.47 w
0.01 26.4 -10 75.3 0.8 6.06 wi/f
0.01 26.4 -10 74.5 0.8 4.85 w/f
0.01 26.4 -10 75 0.86 5.99 w/f
0.01 26.4 -10 74.6 0.9 5.79 wi/f
0.01 26.4 -10 74.5 091 4.98 w/f
0.01 26.4 -10 74.6 0.96 4.89 w/f
0.01 26.4 -10 74.8 0.11 7.97 S-W
0.01 26.4 -10 73.9 0.32 3.12 S-W
0.01 26.4 -10 74.7 0.52 5.45 S-W
0.01 26.4 -10 75.3 0.72 4.11 w
0.01 26.4 -10 74.5 0.92 4.72 wi/f
0.01 26.4 -10 76.1 0.09 1.51 S-W
0.01 26.4 -10 75 0.3 0.15 S-W
0.01 26.4 -10 74.3 0.5 0.45 S-W
0.01 26.4 -10 74.3 0.6 1.16 w
0.01 26.4 -10 74.6 0.69 3.16 w
0.01 26.4 -10 75.9 0.79 -0.35 w/f
0.01 26.4 -10 75.5 0.88 -0.35 w/f
0.01 26.4 -10 75.4 0.94 0.94 w/f
0.01 26.4 -10 75.4 0.98 -0.35 wi/f
0.01 26.4 -10 149.2 0.09 4.82 S-W
0.01 26.4 -10 148.8 0.09 5.65 w
0.01 26.4 -10 148.6 0.19 5.23 w
0.01 26.4 -10 148.9 0.3 54 w
0.01 26.4 -10 148.5 0.3 5.83 w
0.01 26.4 -10 148.5 0.4 5.53 w
0.01 26.4 -10 148.2 0.5 6.12 w
0.01 26.4 -10 148.8 0.49 6.26 w
0.01 26.4 -10 150 0.54 6.35 w
0.01 26.4 -10 149.9 0.59 6.62 w
0.01 26.4 -10 149.7 0.6 6.83 w
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G.3 Flow boiling experimental data

Woil,0 p T ] X Ap/AL FP q [0
0.01 26.4 -10 149.5 0.65 6.83 w
0.01 26.4 -10 149.6 0.7 7.05 w
0.01 26.4 -10 149.5 0.74 6.9 w/f
0.01 26.4 -10 149.1 0.8 7.01 w/f
0.01 26.4 -10 149.3 0.8 7.32 w/f
0.01 26.4 -10 149.1 0.85 7.39 wi/f
0.01 26.4 -10 148.6 0.9 7.8 wi/f
0.01 26.4 -10 149.3 0.91 7.37 w/f
0.01 26.4 -10 149.3 0.95 8.27 w/f
0.01 26.4 -10 150.8 0.51 0.89 w
0.01 26.4 -10 149 0.72 -0.35 w
0.01 26.4 -10 150.5 0.9 9.68 w/f
0.01 26.4 -10 300.6 0.09 6.28 i
0.01 26.4 -10 299.8 0.09 2.06 i
0.01 26.4 -10 297.4 0.19 5.64 i
0.01 26.4 -10 300.7 0.29 6.41 i
0.01 26.4 -10 300.9 0.29 3.79 i
0.01 26.4 -10 298.9 0.4 5.07 i-a
0.01 26.4 -10 300.7 0.49 5.92 a
0.01 26.4 -10 301.3 0.49 5.65 a
0.01 26.4 -10 302.1 0.54 7.27 a
0.01 26.4 -10 300.2 0.59 7.7 a
0.01 26.4 -10 300.3 0.6 6.18 a
0.01 26.4 -10 299.6 0.65 8.47 a
0.01 26.4 -10 299.3 0.7 9.22 a
0.01 26.4 -10 298.9 0.75 10.13 a
0.01 26.4 -10 302.2 0.8 11.3 a
0.01 26.4 -10 300.4 0.8 10.36 a
0.01 26.4 -10 300.6 0.85 11.94 a
0.01 26.4 -10 295.3 0.91 12.53 a
0.01 26.4 -10 299.5 0.9 8.14 a
0.01 26.4 -10 301 0.92 12.4 a
0.01 26.4 -10 297.4 0.11 12.51 i
0.01 26.4 -10 296.9 0.31 15.12 i-a
0.01 26.4 -10 300 0.51 18.53 i-a
0.01 26.4 -10 300.5 0.71 19.14 a
0.01 26.4 -10 301.1 0.91 30.2 a
0.03 26.4 -10 148.7 0.09 0.37 w
0.03 26.4 -10 147.7 0.3 0.87 w
0.03 26.4 -10 147.1 0.51 1.84 w
0.03 26.4 -10 149.3 0.7 2.28 w
0.03 26.4 -10 148.2 0.1 0.32 w
0.03 26.4 -10 155.8 0.29 0.13 w
0.03 26.4 -10 147.9 0.51 1.41 w
0.03 26.4 -10 302.8 0.3 3.71 i-a/f
0.03 26.4 -10 302.5 0.09 1.21 i
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Table G.9: Micro-fin tube: Heat transfer measurements

Woil.0 P T 1 X Ap/AL FP q o

0 18.59 -21.85 77.7 0.77 3.17 w 0.3

0 18.59 -21.86 77.9 0.77 3.18 w 0.3

0 18.59 -21.86 77.9 0.78 3.35 w 3.9 11.8
0 18.6 -21.85 78.8 0.77 3.46 w 7 13.1
0 18.6 -21.85 75.8 0.81 3.63 w 10.7 14.2
0 18.6 -21.84 78.9 0.77 3.79 w 15.2 15.7
0 18.61 -21.83 79.1 0.76 4.23 w 25.3 19.2
0 18.61 -21.82 78.9 0.76 5.11 w 39.9 21.8
0 18.62 -21.81 78.9 0.75 6.07 w 59.6 24.7
0 18.62 -21.81 80.4 0.73 7.17 w 79.4 27.8
0 18.62 -21.82 79.3 0.74 7.19 w 79.4 27.7
0 18.66 -21.75 266.8 0.83 37.38 a 0.3

0 18.66 -21.75 263.2 0.84 37.47 a 0.3

0 18.67 -21.72 267 0.84 37.66 a 4 17

0 18.67 -21.72 265.2 0.85 37.8 a 4 17.1
0 18.66 -21.74 265.8 0.84 37.87 a 7 19.7
0 18.66 -21.73 266.2 0.84 37.97 a 7 19.7
0 18.67 -21.72 266.1 0.85 38.08 a 10 21.4
0 18.68 -21.71 264.3 0.85 38.27 a 9.9 21.2
0 18.68 -21.7 266.2 0.86 38.57 a 15.5 23.8
0 18.69 -21.69 264.9 0.87 38.16 a 15.6 23.9
0 18.69 -21.69 263.2 0.85 40.02 a 25 25.1
0 18.69 -21.69 266.2 0.84 40.21 a 24.8 25

0 18.69 -21.68 266.1 0.84 42.65 a 39.4 27.6
0 18.68 -21.71 266.6 0.84 42.15 a 39.3 27.8
0 18.69 -21.69 264 0.84 45.59 a 59.9 32
0 18.69 -21.68 266.3 0.83 45.99 a 60 31.9
0 18.71 -21.66 265.7 0.83 48.67 a 78.5 359
0 18.7 -21.67 265.5 0.83 48.63 a 78.5 359
0 18.71 -21.66 269 0.82 55.41 a 120.2 44
0 18.71 -21.66 274.3 0.79 56.72 a 120.3 43.7
0 19.48 -20.35 526.6 0.09 18.54 i-a 0.2

0 19.48 -20.35 526.9 0.09 18.42 i-a 0.2

0 19.49 -20.34 522.6 0.09 18.53 i-a 4 6.2
0 19.49 -20.34 528.9 0.09 19.03 i-a 4 6.2
0 19.5 -20.33 525 0.09 19.25 i-a 8.2 8.4
0 19.49 -20.33 527.3 0.09 19.93 i-a 8.2 8.3
0 19.5 -20.32 526.2 0.09 20.11 i-a 10.9 9.4
0 19.5 -20.32 522.6 0.09 19.77 i-a 10.8 9.5
0 19.51 -20.31 528.7 0.09 20.7 i-a 15.1 11.3
0 19.5 -20.32 527.5 0.09 20.88 i-a 15.1 11.2
0 19.42 -20.46 534.2 0.09 25.82 i-a 39.8 19.7
0 19.41 -20.47 537.4 0.09 26.06 i-a 39.8 19.6
0 19.52 -20.3 527.9 0.09 22.34 i-a 25.2 15

0 19.51 -20.3 529.6 0.09 22.4 i-a 25.2 15
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G.3 Flow boiling experimental data

qi o q2 (053 q3 03 q4 Oy qgs s de O
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

6 17.8 7.5 22.1 1.8 55 1.4 4.4 52 14.6 1.8 6.4
9.6 17.8 12.3 21.8 4.4 8.4 3 5.9 8.2 15 4.5 9.7
15.8 20.3 16.5 20.5 8.6 11.3 5 7.1 11.2 15 7.1 10.7
22 22 22.2 21.4 12.2 12.8 8.1 9 14.9 15.8 11.7 13.3
37.5 27.7 36.2 24.7 26.1 19.6 15.7 12.6 24.6 19.9 11.6 10.6
33.7 21.3 67.6 34 534 27.8 37.9 20.9 38.1 21.1 8.8 5.8
18.3 10.3 96.4 39.8 1004 39 74.2 30.5 60 24.8 8.5 4.1
8.5 4.6 111.7 41.8 147.6 483 1172 394 83.3 29.2 7.8 3.4
8.5 4.6 111.7 419 147.5 48.3 117.2 394 83.4 29 7.8 33
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

4.7 19.4 49 19.4 2.3 12.4 3.7 17.5 4.3 16.6 3.9 16.4
4.8 19.6 4.9 19.5 2.3 12.5 3.8 17.6 43 16.6 4 16.5
8.5 22.8 7.9 21.1 5.5 17.9 6.1 18.8 6.9 18.3 7 19.3
8.5 22.7 7.9 21.1 5.5 18.1 6.1 18.8 6.9 18.4 7 19.2
119 24.2 11.1 22.5 8.3 20.4 9.5 21.6 9.4 19.3 9.6 20.2
11.8 24.4 11 224 8.3 20 9.4 21.3 9.4 19.1 9.6 20.2
17.8 26.4 17.3 25.2 14 24 13.7 22.2 15.8 22.9 14.5 21.9
17.7 26.5 17.4 25.5 14 24 13.8 22.3 159 23.1 14.6 222
30.4 29 25.5 24.7 252 27.3 21.3 22.8 24.1 23.7 23.4 23
30.3 29 25.4 24.6 25 27.1 21.2 22.7 23.9 23.6 23.2 23
44.7 30.8 40.4 27.1 43.1 31 355 25.5 36.5 25.7 36 25.7
44.7 30.9 40.4 27.3 43 31.1 35.5 25.7 36.5 25.8 359 25.8
71.1 37.6 60.3 30.8 65.2 353 54.5 29.1 56.9 30.5 51.5 28.9
71.2 37.6 60.4 30.7 65.3 35.1 54.6 29 57 304 51.6 28.8
93.2 42.8 76.3 33.6 87.6 39.7 72 32.2 74.6 34.2 67.3 32.6
93.2 42.7 76.4 33.7 87.7 39.8 72 32.3 74.6 34.2 67.3 32.6

145.7  54.8 1145 40.7 1372 48.6 108.8 384 1129 414 102.1 403
145.8 542 1146 404 137.3 485 109 38.2 113 41.2 1022 40

0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2
7.6 11.3 32 5.1 0.2 0.3 3 5 4.7 72 5.6 8.5
7.6 11.2 32 5 0.2 0.3 2.9 4.9 4.7 72 5.6 8.5

12.2 12.5 5.1 53 9.2 8.3 5.1 5.5 8.1 8.5 9.4 10
12.2 12.4 52 53 9.1 8.2 5.1 5.5 8.1 8.4 9.4 9.9
16.3 14.1 7.8 6.9 9.3 75 7.5 6.8 11.3 9.9 12.8 11.3
16.3 14.3 7.8 6.9 9.3 7.6 7.4 6.9 11.2 9.9 12.7 11.5

24.6 17.9 11.4 8.6 9.8 72 10.8 8.4 16.2 12 18.1 13.6
24.5 17.7 115 8.5 9.8 7.1 10.8 8.4 16.2 11.9 18.1 134
63.4 31.2 34.8 17 344 16.4 26.5 13.1 37.4 18.8 422 21.9
63.4 30.8 34.8 16.9 343 16.3 26.5 13 37.2 18.6 423 21.9
39.8 233 20.9 12.4 20 11.6 17.5 10.6 24.9 14.9 28.2 17.3
39.8 23.4 20.9 12.3 20 11.6 17.5 10.6 24.8 14.9 28.2 17.3
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Woil 0 V4 T m X Ap/AL FP q o

0 19.43 -20.43 534.4 0.09 29.65 i-a 61 254
0 19.44 -20.43 535.5 0.09 29.56 i-a 61 25.5
0 19.45 -20.41 535.8 0.09 32 i-a 78.6 29.7
0 19.45 -20.41 534.9 0.09 31.73 i-a 78.5 29.6
0 19.47 -20.37 528.9 0.09 37.97 i-a 117.9 37.4
0 19.47 -20.38 531.3 0.09 37.98 i-a 117.6 37.5
0 19.48 -20.35 525.7 0.28 47.76 a 0.2

0 19.48 -20.36 526.3 0.28 48.44 a 4.6 6.6
0 19.48 -20.36 527 0.28 47.75 a 6.9 8.1
0 19.49 -20.33 525.6 0.29 49.11 a 10.1 9.3
0 19.48 -20.35 526.7 0.28 50.27 a 14.9 11.2
0 19.44 -20.43 524.3 0.29 52.68 a 25.1 144
0 19.45 -20.4 526 0.29 56.03 a 41 18.9
0 19.47 -20.37 523.1 0.28 57.15 a 59.6 23.6
0 19.49 -20.35 521.1 0.29 62.06 a 79.8 27.7
0 19.55 -20.24 525.2 0.27 64.3 a 114.6 34
0 25.93 -10.74 80.2 0.3 0.62 w 0.2

0 25.94 -10.72 81.2 0.3 0.62 w 0.2

0 25.94 -10.73 80.9 0.3 0.74 w 4.2 11.4
0 25.94 -10.73 81 0.3 0.75 w 4.2 114
0 25.94 -10.73 81.2 0.3 0.94 i 7.5 11.5
0 25.94 -10.73 81.5 0.29 0.91 S-w 10.3 12.8
0 25.95 -10.72 80.7 0.3 1.05 S-w 15.1 15.1
0 25.95 -10.71 80.6 0.3 1.06 S-w 15 14.8
0 25.96 -10.7 80.7 0.3 1.5 w 25.8 18.9
0 25.96 -10.7 81.1 0.29 1.88 w 40.6 234
0 25.97 -10.69 81.4 0.29 1.94 w 40.7 23.1
0 25.99 -10.67 80.9 0.3 2.47 w 60.9 28.1
0 25.99 -10.66 80.7 0.3 2.5 w 60.8 28

0 26 -10.65 80.6 0.3 2.88 w 79.5 30.9
0 25.97 -10.69 80.2 0.65 2.07 w 0.2

0 25.98 -10.68 79.9 0.66 2.05 w 0.2

0 25.98 -10.67 80.4 0.67 2.23 w 3.9 12.6
0 25.98 -10.68 80.4 0.66 24 w 7.6 15.1
0 25.98 -10.67 79.7 0.67 2.34 w 7.6 15

0 25.99 -10.66 82.2 0.65 2.45 w 10.2 16.4
0 25.99 -10.66 82.3 0.62 2.51 w 15.4 18.7
0 25.99 -10.66 83.1 0.63 3.01 w 25.8 21.5
0 26 -10.65 80.5 0.65 2.98 w 25.8 21.3
0 26.01 -10.63 81.5 0.66 3.69 w 42.1 25

0 26.01 -10.63 81.2 0.65 4.35 w 61.3 29

0 26 -10.64 81.3 0.64 4.95 w 78 31.2
0 26.01 -10.64 80.7 0.65 4.94 w 78 31.3
0 26.74 -9.67 263 0.47 16.88 a 0.2

0 26.76 -9.64 265.5 0.47 16.68 a 3.8 9

0 26.76 -9.64 263.6 0.46 16.26 a 7.1 11.9
0 26.76 -9.63 261.9 0.48 16.46 a 10.2 14
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
94.3 39.7 56.1 23.1 57.2 22.4 41.3 16.6 56.6 23.8 60.5 27.1
94.4 39.8 56.1 23.1 57.2 22.5 41.4 16.7 56.5 239 60.6 27.2
119.2  46.1 71.3 26.7 77.1 26.8 54.8 194 71.7 27.4 77.4 31.7
119.1 45.9 71.3 26.7 77 26.9 54.8 194 71.6 27.3 77.4 31.6
1759 583 1109 349 118.5 34 84 24.3 105 33.6 113.1 39.5
1757 585 110.6 349 118.3 34.2 83.8 24.4 1045 335 1129 396
0.2 0.2 0.2 0.2 0.2 0.2

5.4 7.5 3.9 5.8 3.5 4.5 4.2 6.4 5.8 8.5 4.6 6.7
8.3 9.3 5.5 6.6 5 5.6 5.9 7.4 9.3 10.9 7.6 8.7
11.6 10.5 7.7 72 7.7 6.8 10.3 9.8 13.2 12.2 10.1 9.5
17.8 13.2 114 8.7 12 8.8 14.3 11.1 19.4 14.5 14.6 11.1
32.1 18.3 18.7 10.8 24.1 134 23.6 13.8 29.1 16.8 22.8 13.5
53.4 24.6 33.1 15.3 41.2 18.1 36.5 16.7 46.8 21.6 349 16.9
80.4 322 50.8 20.1 62.3 23 514 19.8 63.7 25.5 48.8 20.7
109.7  39.1 70.1 24.4 86.5 27.5 68.9 22.8 81.1 28.7 62.7 239
159.4 49.2 102.7 30.7 121.6 32.8 99.6 27.5 113.8 34.2 90.5 29.6
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

7 19.1 6.1 15.8 4.2 10.7 1.3 34 3.3 8.9 3.6 10.4
6.9 19.1 6 15.8 4.2 10.7 1.3 34 3.4 9 3.5 10.5
10 14.8 11.5 18.2 7.3 11.2 3.6 5.5 6.9 10.7 54 8.4
10 12.1 16.6 21.1 11.1 13.7 49 6.1 11 13.5 8.2 10.4
10 10.1 22.8 23.5 17.9 17.7 10 9.6 18.2 17.7 11.6 11.8
10 9.7 22.8 23.1 17.8 17.5 10 9.5 18.2 17.5 11.5 11.6
10 7.2 353 26.2 35.1 259 19.6 14 349 25.1 19.7 14.8
9.6 5.5 49.9 29.9 58.3 34.3 37.8 20.8 59.5 333 28.5 16.7
9.7 5.2 50 28.9 58.5 34.1 379 20.7 59.6 33.1 28.6 16.7
8 3.5 70.6 339 88.6 42.7 70.1 30.3 89.6 40.5 38.4 17.8
8 3.5 70.5 33.6 88.4 42.6 70 30.2 89.4 40.3 38.4 17.7
8 2.8 85.4 35.3 115.7  48.1 100.6  36.3 116.2 439 50.9 19.1
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

6.1 18.6 4.6 15.7 0.2 0.8 3.3 11.1 3.9 12.3 5.5 17.2
10.7 20.5 8.4 16.6 6.2 12.7 4.8 9.5 6.1 124 94 18.9
10.7 20.5 8.4 16.5 6.2 12.4 4.8 94 6.1 12.3 9.4 18.9
15.7 23.8 10.5 17.4 6.3 11.1 7.4 12.1 7.6 12.6 13.5 21.5
21.1 24.6 21.3 25.1 10.9 14.3 11.8 14.3 119 14.7 154 19.1
14.3 14.5 44 .4 36.6 32.4 25.7 27.6 21.5 254 21 10.7 9.8
14.3 14.2 44.5 36.5 324 25.7 27.6 214 254 20.8 10.7 9.5
7.4 5.8 66.8 432 57.7 33.8 66.5 35.2 47.5 27.5 7 4.5
5 3.3 74.5 429 89.3 42.8 108.5 44.5 84.1 37.4 6.1 3.2
49 2.4 83 41.2 118.2  49.5 142.8  50.1 113.6  42.1 5.4 2.2
49 2.4 82.9 41.2 1182 494 1428  50.2 113.5 423 54 2.2
0.2 0.2 0.2 0.2 0.2 0.2

5.9 13.3 3.1 7.7 1.7 3.3 2.8 6.6 5.4 13 4.2 9.8
10.3 16.8 52 9.1 5.9 8.4 4.1 7.2 9.6 16.7 7.5 13
14.7 19.6 7.8 11 6.6 8.2 6.6 9.6 14 19.7 11.4 15.8
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o

0 26.76 -9.64 264.7 0.47 16.86 a 15.8 17.2
0 26.77 -9.63 263.2 0.47 17.61 a 26 22.1
0 26.77 -9.62 263.3 0.46 18.48 a 39.6 28

0 26.79 -9.6 263.1 0.47 20.18 a 58.8 34.8
0 26.79 -9.59 262.4 0.47 21.3 a 80.4 41.4
0 26.8 -9.59 265.3 0.46 23.9 a 119.1 50.1
0 26.82 -9.56 263.1 0.65 24.2 a 0.2

0 26.81 -9.57 263.2 0.66 24.59 a 3.9 9.7
0 26.81 -9.57 262.9 0.65 24.02 a 7.1 12.6
0 26.81 -9.57 262.2 0.66 23.9 a 10.1 14.1
0 26.81 -9.58 261.9 0.66 23.35 a 15.1 16.8
0 26.81 -9.57 262.2 0.65 24.02 a 25.3 20.9
0 26.82 -9.56 266 0.65 25.48 a 39.8 26.5
0 26.83 -9.55 265.1 0.65 27.35 a 60.7 334
0 26.84 -9.54 263.5 0.65 28.29 a 79.7 38.4
0 26.83 -9.55 266 0.63 31.12 a 116.5 46.6
0 25.93 -10.74 261.1 0.66 23.12 a 0.2

0 25.94 -10.72 259.7 0.67 23.07 a 0.2

0 25.96 -10.7 260.6 0.68 23.72 a 4.1 14.8
0 25.96 -10.71 260.1 0.68 23.77 a 4.1 14.8
0 25.95 -10.71 262.9 0.65 23.4 a 7 16.4
0 25.94 -10.72 265 0.66 23.79 a 10.1 18.1
0 25.96 -10.71 263.5 0.65 24.11 a 15.3 20.6
0 25.96 -10.7 262.7 0.66 24.34 a 15.4 20.6
0 2591 -10.77 265.6 0.66 25.32 a 25.4 25.1
0 25.92 -10.75 264.6 0.66 27 a 39.6 31

0 25.94 -10.73 266.5 0.65 29.42 a 61 38.2
0 25.95 -10.71 265.8 0.64 30.25 a 79.8 43.6
0 25.96 -10.71 265.3 0.65 33.42 a 116.8 50.3
0 25.96 -10.7 268.4 0.63 31.9 a 116.8 51.7
0 25.97 -10.69 421.6 0.81 58.17 a 0.2

0 25.96 -10.7 4184 0.82 58.21 a 0.2

0 25.96 -10.71 416.3 0.8 58.13 a 4.3 16.2
0 25.94 -10.73 413.5 0.81 57.48 a 43 16.4
0 25.94 -10.74 422.4 0.75 57.69 a 74 16
0 25.93 -10.74 417.2 0.77 57.03 a 7.3 16
0 25.95 -10.72 4214 0.76 58.29 a 10 16.4
0 25.96 -10.71 420.5 0.81 59.37 a 15.1 19
0 25.99 -10.67 425.8 0.8 61.36 a 25.2 21.8
0 25.97 -10.69 423 0.8 62.72 a 39.6 26.1
0 25.99 -10.66 418.1 0.82 65.05 a 60.9 31.8
0 26.02 -10.63 4243 0.81 68.34 a 80.1 36.1
0 26.02 -10.62 429.9 0.79 75.89 a 121.8 43.4
0 39.31 4.62 83.5 0.29 0.46 S-w 0.1

0 39.32 4.63 81.9 0.29 0.46 S-w 0.1

0 39.31 4.62 84.1 0.31 0.53 S-w 3.9 9.4
0 39.32 4.63 82.6 0.3 0.57 S-w 6.9 12.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
21.7 23 12.1 13.2 12.2 12.3 10.8 124 20.6 232 17.6 19.5
36 29.7 20.6 17.2 22.3 17.6 19.8 17.3 32.6 28.6 24.9 223
53.2 37 32 22 36.9 24 319 22.7 47.3 349 36.5 27.6
81.4 47.5 48.6 28 56 30.6 48.6 28.6 69.5 42.5 48.6 31.7
107.6  55.6 67.5 33.7 83.1 38.3 68.3 34.3 91.1 48.7 65 37.6
161 69.2 100.9 41.8 1245 485 102.8  41.6 1329 557 92.2 43.6
0.2 0.2 0.2 0.2 0.2 0.2

49 11.3 3.2 8.8 1.6 3.8 3.7 10 5.7 14.3 4 9.7

9.4 15.8 5.5 10.3 3.7 6.3 6.6 12.6 9.4 17.1 7.8 13.4
12.9 17.3 7.8 11.3 6.5 8.8 9.3 13.6 12.9 18.4 11.3 15.5
19.3 20.8 11.6 13.2 12.1 12.9 13.6 15.5 18.8 21.1 15.5 17.2
329 26.9 19.6 16.4 22.7 18.1 233 19.1 29.7 24.8 235 20.1

53.4 353 322 21.5 39.7 25.2 36.1 234 432 29.2 34 24.1
82.2 45.6 50.2 27.8 63.9 332 56.6 29.6 63.1 35.2 48.4 29.1
107.5 527 67.9 32.8 85.7 38.8 74.9 34 79.3 38.8 63.1 335
1582 64.8 1024 40.7 127.8 484 107.9 404 1125 451 90.3 40
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

5.7 17.9 3.6 12.9 1.7 7 4.1 16.5 5.6 20.4 4 144
5.7 17.7 3.6 13 1.7 7 4.1 16.6 5.6 20.3 4 14.3
9.2 19.6 5.5 13.1 3.4 9.2 6.8 17.1 9.5 21.6 7.7 17.8
13 21.7 7.6 14 6.3 12.7 9.3 17.8 12.6 22.1 11.6 20.1

19.5 24.8 11.8 15.9 12.1 17.5 14.1 19.7 18.8 24.8 15.7 21.1
19.6 24.8 11.8 159 12.1 17.5 14.1 19.5 18.8 24.7 15.7 21
32.6 30.7 20 19.7 22.7 23.7 22.7 22.8 29.3 28.4 252 25.4
532 39.8 31.3 24.1 39.4 31.7 359 279 434 33.6 34.2 28.9
82.4 50.4 50.2 30.9 63.8 39.7 56.9 343 63.6 394 48.9 343
108.1 583 67.7 36.3 85.9 45.8 74.9 39.1 79.1 43.1 62.9 39

1584  68.8 102.6 437 1283 53 108.5 438 1129 48 90 443
1585 704 102.7 446 1284  54.8 108.5  45.1 113 49.4 90 45.7
0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2

8.6 30.7 2.5 10.8 33 12.5 8.3 29.7 1.8 7.3 1.3 6
8.7 314 2.6 11.4 3.4 12.8 8.4 30.1 1.8 72 1.2 5.5
13.1 279 3.7 9.2 7.1 15.3 12.7 259 5.7 12.8 1.9 4.7
13.1 28 3.7 9.2 7 15.3 12.6 26 5.7 12.8 2 4.9
15.9 253 49 8.9 10.4 17.1 15.6 242 8.4 13.7 5.1 8.9
21.2 26.5 8.2 11.7 16.8 21.2 20.3 24.4 13.5 16.6 10.4 13.7

352 29.8 14.7 13.8 29 25.3 27.6 234 23.8 20.1 20.6 18.2
55.3 355 239 16.9 46 30.6 38.6 249 39.7 254 34.4 233
84 43.9 39.8 22.5 68.8 36.2 55.7 28.1 63.9 31.7 53 28.7
114.1 514 57.3 27.5 89.4 39.7 73.5 31.6 76.1 333 70.1 33.1
173.8 633 96 359 139.9 47.1 113.7 376 107.3 378 1004 389
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

3.7 79 6.8 16.5 2.8 8 45 11.3 39 9.3 1.3 32
1.8 3 12.3 21.7 79 15.3 8.2 14.4 8.6 15.3 29 5.4
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o

0 39.31 4.62 83.2 0.29 0.65 S-w 9.8 15

0 39.31 4.62 82.9 0.3 0.78 S-w 15.1 18.5
0 39.33 4.64 82.3 0.3 0.96 S-w 24.7 234
0 39.33 4.64 81.5 0.29 1.29 w 39.6 28.7
0 39.34 4.65 82.2 0.29 1.27 w 39.6 28.7
0 39.34 4.65 82.4 0.28 1.66 w 60.1 344
0 39.33 4.64 83.3 0.27 1.66 w 60.1 344
0 39.31 4.62 81.9 0.28 1.95 w 79.1 39.8
0 39.35 4.66 81.6 0.28 1.95 w 79.1 39.7
0 39.25 4.56 81.4 0.7 1.31 w 0.1

0 39.24 4.56 81.4 0.7 1.32 w 0.1

0 39.25 4.56 80.7 0.69 1.38 w 4.1 13.5
0 39.24 4.55 79.2 0.72 1.47 w 7 15.7
0 39.25 4.56 81.4 0.67 1.49 w 9.7 17.1
0 39.25 4.56 81.5 0.68 1.68 w 15 19.2
0 39.25 4.56 81.1 0.69 1.92 w 25.3 22.1
0 39.24 4.55 81.9 0.67 2.34 w 39.7 24.7
0 39.25 4.56 82.3 0.67 2.34 w 39.7 24.6
0 39.24 4.55 81.2 0.68 2.71 w 59.5 27

0 39.24 4.55 81.1 0.68 3.19 w 77.4 29.7
0 39.29 4.6 260.3 0.47 9.09 i-a 0.1

0 39.28 4.59 262.9 0.45 9.07 i-a 0.1

0 39.28 4.59 261.3 0.46 9.22 i-a 4 15.5
0 39.28 4.59 263.7 0.44 9.2 i-a 7.1 18.7
0 39.24 4.55 265 0.44 9.44 i-a 9.8 21.5
0 39.29 4.6 262.1 0.44 9.65 i-a 15.4 26.5
0 39.3 4.61 266.1 0.44 10.39 i-a 25.4 33.7
0 39.28 4.59 265 0.46 11.33 i-a 39.6 41.3
0 39.31 4.62 265.5 0.44 12.26 i-a 60 49.2
0 39.31 4.62 265.7 0.43 13.4 i-a 80.1 49.4
0 39.31 4.62 265.4 0.44 13.46 i-a 80.1 50.9
0 39.31 4.62 265.5 0.43 14.47 a 109.9 49

0 39.31 4.62 266.3 0.43 14.56 a 109.8 50
0 39.35 4.66 525.2 0.06 9.58 i-a 0.1

0 39.34 4.65 525.3 0.06 9.41 i-a 0.1

0 39.34 4.65 519.9 0.08 10.23 i-a 3.9 10.4
0 39.34 4.66 521.7 0.07 10.01 i-a 7 13.4
0 39.32 4.63 524 0.06 10.33 i-a 10 16.4
0 39.23 4.54 520.8 0.07 11.07 i-a 14.9 20.4
0 39.22 4.53 524.4 0.06 11.79 i-a 24.8 27.2
0 39.22 4.53 523.3 0.07 13.56 i-a 40.3 35.5
0 39.24 4.55 519.9 0.07 15.22 i-a 59.5 43

0 39.25 4.56 524.5 0.06 17.48 i-a 80.9 49.6
0 39.25 4.56 523.6 0.06 17.39 i-a 80.9 49.6
0 39.23 4.54 521.8 0.06 20.49 i-a 109.7 56.4
0 39.23 4.54 521 0.07 20.45 i-a 109.7 56.3
0.013 11.58 -36.06 77.7 0.17 0.6 i 0.3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.1 0.2 15.6 24 13.6 21.5 11.1 16.5 13.1 19.9 5 8.2
0.1 0.1 21.5 26.4 222 28.3 16.7 19.9 21.2 25.5 8.7 11
0.1 0.1 32.1 29.9 40.8 39.3 27.8 25.6 35 33.1 12.7 12.7
0.1 0.1 474 33.7 68.5 50.5 46.7 33.1 56.6 41.3 18.5 13.5
0.1 0.1 47.4 33.6 68.5 50.4 46.7 33 56.7 41.4 18.5 13.8
0.1 0.1 69.3 38.2 1049 o61.1 72.8 41.1 84.1 49.1 29.3 16.8
0.1 0.1 69.3 38 1048 61.1 729 41.1 84.2 49.1 294 16.7
0.1 0.1 85 45.6 143 70.9 98.7 47 115 57.3 32.6 18.3
0.1 0.1 85 45.3 143.1 70.8 98.6 46.9 115.1 57.2 32.7 18.2
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

6.2 21.7 3.6 12.5 6 17 4.1 11.7 3.8 13.1 1.1 4.8
8.9 219 7.2 16.9 10.5 21.2 6.7 13.6 7.1 16.9 1.3 3.8
5.6 14.3 12.8 24.4 17.1 25.5 134 20.1 9.5 17.9 0.1 0.3
4.3 8.3 19 28.7 27.6 31.7 22 24.5 17.1 21.5 0.1 0.2
2.2 2.4 26.4 28.8 51.7 42.8 41 324 30.6 26.1 0.1 0.1
0.1 0.1 35.1 23 85.4 53.3 68 40.8 49.5 31.2 0.1 0.1
0.1 0.1 35.1 232 85.5 52.8 68 40.5 49.4 31 0.1 0.1
0.1 0 26.1 124 1383 622 1158 51 76.8 36.3 0.1 0
0.1 0 36.2 13.6 176.8  68.3 1494  56.2 101.4  39.8 0.1 0
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

6.4 24.6 2.7 11 3.3 12 3.6 12.8 4.2 15.3 4 17.3
10.2 27 6.1 159 6 152 5.6 13.8 7.5 19.1 72 20.9
14.3 31.3 8.5 18.5 9 18.9 6.9 14.4 10.5 22.6 9.7 234
21.5 37.3 134 23 14.8 24.1 11.7 18.8 16.1 27.5 15 28.7
37.6 49.8 21.4 29 24.9 31.2 19.1 23.6 26 34.6 23.2 34.2
57 60.2 34.5 36.8 40.4 38.8 31.2 29.7 39.3 41.2 35.2 40.9
90.5 74.6 51.8 44.6 61.4 46.9 47.4 35.8 57 46.8 52 46.6
119.7 73 81.8 54.5 88.2 54.5 72.5 42.8 55.8 352 62.5 36.5
119.7 774 81.8 54.9 88.2 54 72.5 43.4 56 36.8 62.6 39.1
1259 583 1478 68 167 68.3 1323 546 66.1 344 20 10.5
1259  62.1 1477  69.2 166.9  68.5 1322 55 66.2 34.4 20 10.7
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

7.7 20.3 1.4 3.8 3.1 8.6 4 10.6 3.2 8 4 11
12.2 23.8 4.1 79 6.5 12.3 6.5 12 6.2 11.2 6.6 13.5
16.7 28 7.2 11.6 9.7 15.3 9.2 14.1 8.2 12.9 9.2 16.3
24.6 34.8 12.3 16.4 14.7 19.1 12.4 15.9 12 16 13.2 20

41.4 46.8 21.7 23.3 242 249 20.6 20.6 19.5 20.9 21.5 26.5
65.9 60.8 37.6 324 41.5 333 323 25.6 31.1 27.1 333 33.8
97.6 74.2 54.5 38.9 62.6 40.8 48.4 31 452 323 48.7 41

1304 847 75.9 45.8 85.2 47.1 66.2 35.7 60.9 36.7 66.7 47.5
130.5 84.6 75.9 45.8 85.2 47.2 66.3 35.7 60.9 36.7 66.7 47.5

176.2  96.6 100.2 513 1203 55 91.2 40.8 81.5 41.2 89 53.4
176 96.4 100.2 513 120.2 55 91.2 40.8 81.4 41.1 89 533
0.3 0.3 0.3 0.3 0.3 0.3
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.58 -36.07 78 0.17 0.73 i 0.3

0.013 11.59 -36.05 77.1 0.18 0.9 i 0.3

0.013 11.58 -36.08 71.5 0.17 0.96 i 0.3

0.013 11.57 -36.08 78.6 0.17 0.72 i 0.3

0.013 11.58 -36.07 78 0.17 0.97 i 0.3

0.013 11.54 -36.15 77.7 0.17 1.3 i 7.9 10.8
0.013 11.54 -36.17 78.2 0.17 0.98 i 7.7 10.6
0.013 11.53 -36.19 78.3 0.17 1.21 i 13.4 12.1
0.013 11.54 -36.17 78.2 0.17 1.48 i 13.5 11.9
0.013 11.54 -36.16 77.9 0.17 1.66 i 20.2 13.3
0.013 11.55 -36.15 77.6 0.17 1.62 i 20.2 13.3
0.013 11.55 -36.14 78 0.17 1.96 i 24.2 13.9
0.013 11.55 -36.14 71.5 0.17 2.29 i 24.1 13.9
0.013 11.55 -36.14 78 0.17 2.06 i 24.2 14
0.013 11.55 -36.14 78.4 0.17 2.81 i 343 15.1
0.013 11.56 -36.12 78.8 0.17 2.44 i 34.1 14.8
0.013 11.55 -36.14 77.8 0.17 2.77 i 343 15
0.013 11.57 -36.1 78.4 0.18 3.98 i 433 16.9
0.013 11.55 -36.15 78.6 0.17 4 i 43.4 16.4
0.013 11.56 -36.13 78 0.17 6.47 i 61.8 19.8
0.013 11.51 -36.23 79.3 0.17 5.31 i 61.8 19.4
0.013 11.54 -36.16 78 0.2 7.8 i(D) 78.4 22.8
0.013 11.57 -36.1 76.9 0.2 7.88 i(f) 78.2 22.9
0.013 11.54 -36.17 78.4 0.2 74 i(f) 78.4 22.6
0.013 11.58 -36.08 76.8 0.25 9.12 i(f) 96.9 25.8
0.013 11.54 -36.16 77.3 0.25 9.52 i(f) 97 25.5
0.013 11.57 -36.09 77.6 0.58 4.04 i 0.3

0.013 11.58 -36.06 80.6 0.56 4.13 i 0.3

0.013 11.58 -36.06 78.5 0.57 4.05 i 0.3

0.013 11.58 -36.06 76.5 0.59 4.53 i 8.6 11.8
0.013 11.6 -36.02 77.6 0.58 431 i 8.4 11.8
0.013 11.6 -36.02 80.2 0.56 491 i(f) 12.6 12.8
0.013 11.57 -36.09 77.6 0.58 4.77 i(D) 12.6 12.7
0.013 11.59 -36.05 80.7 0.55 5.25 i(f) 20 15
0.013 11.59 -36.05 77 0.58 5.24 i(f) 20 15
0.013 11.59 -36.04 717.5 0.58 5.7 i(f) 25.8 15.8
0.013 11.59 -36.04 76.9 0.59 5.73 i(f) 25.7 16
0.013 11.6 -36.02 76.1 0.6 5.9 i(f) 25.7 15.9
0.013 11.6 -36.02 79.3 0.57 6.42 w-a (f) 32.3 16
0.013 11.59 -36.05 77.6 0.57 6.51 w-a (f) 32.3 15.7
0.013 11.6 -36.01 77.6 0.57 7.77 w-a (f) 42.1 17
0.013 11.59 -36.05 76.3 0.58 7.61 w-a (f) 42.1 16.8
0.013 11.59 -36.04 78.3 0.57 7.76 w-a (f) 42.1 17.1
0.013 11.59 -36.04 78 0.57 9.59 w-a (f) 54.9 20
0.013 11.6 -36.03 77.6 0.58 9.55 w-a (f) 54.9 19.9
0.013 11.59 -36.04 75.5 0.6 12.61 w-a (f) 71.5 22.2
0.013 11.61 -35.99 77.7 0.58 12.41 w-a (f) 71.5 23.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
14.1 19.1 10.7 14.6 4 5.7 1.9 2.8 49 6.8 11.7 16

139 18.6 10.5 14.5 3.8 54 1.7 2.4 4.8 6.6 11.6 159
16.5 15.4 213 19.1 8.2 73 4.6 4.2 8.8 79 21.1 18.9
16.6 15.1 214 18.8 8.3 72 4.7 4.2 8.8 7.7 21.2 18.6

18 12 34.4 22.5 12.2 8.1 9.3 6.3 12.6 8.4 34.9 22.6
18 11.9 343 22.3 12.2 8.1 9.3 6.2 12.5 8.4 35 22.6
14.8 8.7 42.7 24.3 16.6 9.7 13.8 8 19.2 11 383 21.9
14.7 8.8 425 24 16.5 9.5 13.7 7.9 19 10.9 38.2 22.1
14.8 8.8 42.6 24.5 16.6 9.7 13.8 8 19.1 11 383 22.1

17.4 7.6 49.8 21.9 36.2 16.3 22.6 10.4 30.9 13.8 48.6 20.8
17.3 7.3 49.7 21.6 359 16.1 22.5 10.3 30.9 13.6 48.4 20.3

17.5 7.6 49.8 21.8 36.3 16.2 22.6 10.3 31 13.7 48.6 20.3
17.4 7.1 56.9 22 552 21.1 36.1 14 473 18.3 46.8 18.9
17.5 6.5 57.1 21.2 55.2 20.8 36.3 13.9 47.5 17.9 46.9 17.9
33.8 10.8 753 23.6 86.1 27.1 54.1 17.5 71.3 22.8 50 17.2
33.8 104 754 23.3 86.2 27 54.1 17.3 713 22.6 50.1 16
40.5 11.9 1064 303 103.2 299 71.9 21.1 97 28.3 51.5 15.7
40.3 12.2 106.3 303 103 29.7 71.7 21 96.7 28.1 51.3 16
40.6 11.9 1064 30 103.2  29.6 71.9 20.9 96.9 27.8 51.6 15.1
46.8 12.4 1352 36 130.1 345 107.4 282 1134 302 48.4 13.2
46.9 12.3 1352 355 130.1 345 107.5 282 1135 299 48.5 12.8
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

10.4 14.4 8.5 11.8 8.6 11.6 2.4 33 8.6 11.8 13.2 17.8
10.2 14.4 8.3 11.8 8.5 11.7 22 3.1 8.4 11.7 13 17.9

16.4 16.4 12.3 12.6 9.8 10.2 4.8 4.9 13.5 13.6 18.9 18.8
16.3 16.5 12.2 12.6 9.8 9.9 4.8 4.9 13.5 13.5 18.8 18.8
26.9 20.2 20.3 15.1 15.9 12.1 9 6.8 19.8 14.9 28.3 21.2
26.9 20.1 20.3 15.2 159 12 9 6.8 19.8 14.9 28.3 21.2
40.4 24.5 254 15.8 23.6 14.4 13.7 8.5 25.2 15.4 26.5 16.3
40.1 24.7 254 15.7 235 14.4 13.6 8.4 252 15.6 26.4 17
40.2 24.5 25.4 15.7 23.5 14.3 13.7 8.4 252 15.5 26.4 16.8
56.9 28.3 39.6 19.5 31.2 15.2 22.6 11.2 35.8 17.8 7.7 4
57.1 274 39.6 19.3 30.9 15.1 22.6 11.1 35.8 17.4 7.6 39

66.3 26.6 56.6 232 44.4 17.7 36.1 14.8 46 18.6 3.1 1.3
66.3 25.6 56.6 22.7 44.5 18 36.1 14.9 46 18.2 3.1 1.3
66.3 27 56.6 23 44.4 17.7 36.1 14.8 45.9 18.6 32 1.4
87.9 32 713 26.2 59.7 21.4 54.2 20 50.4 18.2 6 22
87.9 323 712 26 59.8 20.9 54.2 19.5 50.4 18.3 6 22
109.6  30.6 91.1 28.7 86.3 29.9 71.9 23.8 54.3 16.1 15.8 44
109.6  36.2 91.1 30 86.4 27.6 71.9 24 54.3 18 15.8 53
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.62 -35.97 71.2 0.57 12.28 w-a (f) 73.2 23.9
0.013 11.65 -35.89 71.7 0.58 14.76 w-a (f) 92.1 26.8
0.013 11.6 -36.02 78.1 0.58 15.07 w-a (f) 2.3 26.9
0.013 11.58 -36.07 77.8 0.77 5.5 w-a 0.3

0.013 11.58 -36.06 78.4 0.77 5.52 w-a 0.3

0.013 11.6 -36.03 78.2 0.77 5.32 w-a 0.3

0.013 11.61 -36 78 0.77 6.11 w-a 3.7 15
0.013 11.59 -36.05 77.8 0.77 5.95 w-a 3.8 15
0.013 11.58 -36.06 77.9 0.77 6.45 w-a (f) 8.1 15.6
0.013 11.58 -36.06 78.3 0.77 6.3 w-a (f) 8.2 15.4
0.013 11.6 -36.03 78.1 0.77 6.18 w-a (f) 8.2 15.3
0.013 11.6 -36.01 78.9 0.76 6.83 w-a (f) 13.5 15.7
0.013 11.59 -36.04 77.8 0.77 6.97 w-a () 13.5 15.5
0.013 11.6 -36.02 78.5 0.77 7.39 w-a (f) 20.2 17.2
0.013 11.61 -36 77.4 0.78 7.54 w-a (f) 20.3 17.1
0.013 11.61 -36 71.7 0.78 7.76 w-a (f) 20.2 16.6
0.013 11.6 -36.02 71.7 0.78 8.82 w-a (f) 29.8 19.5
0.013 11.61 -35.99 78.3 0.77 8.86 w-a (f) 29.8 18.8
0.013 11.61 -35.99 78 0.78 11.13 w-a (f) 41.8 22.1
0.013 11.62 -35.97 79.5 0.76 11.14 w-a (f) 41.8 214
0.013 11.62 -35.96 83.4 0.72 14.21 w-a (f) 58.4 24.8
0.013 11.63 -35.95 82.5 0.73 13.68 w-a (f) 58.2 23.6
0.013 11.62 -35.96 82.8 0.73 15.73 w-a (f) 76 232
0.013 11.64 -35.92 83 0.73 17.17 w-a (f) 76 24.6
0.013 11.64 -35.91 84 0.72 16.86 w-a (f) 75.8 204
0.013 11.63 -35.94 80.3 0.75 15.99 w-a (f) 76 26.1
0.013 11.61 -36 155.3 0.02 0.3

0.013 11.63 -35.96 159.1 0.13 3.16 0.3

0.013 11.64 -35.93 159.7 0.13 3.25 0.3

0.013 11.63 -35.95 160.4 0.13 3.54 8.6 10.8
0.013 11.65 -35.9 160 0.13 3.57 8.5 10.9
0.013 11.65 -35.91 160.3 0.13 5.91 27.3 14.3
0.013 11.66 -35.88 158.9 0.13 6.29 27.3 14.4
0.013 11.64 -35.93 159.7 0.14 4.89 19 12.4
0.013 11.64 -35.92 153.6 0.13 5.11 25.6 14.9
0.013 11.64 -35.92 154.3 0.14 5.96 25.6 14.8
0.013 11.67 -35.84 159.5 0.14 7.24 31.5 14.9
0.013 11.63 -35.94 160.4 0.14 7.38 31.2 14.2
0.013 11.65 -35.89 1542 0.14 6.29 32.9 16
0.013 11.66 -35.88 153 0.14 7.24 32.9 16
0.013 11.67 -35.86 153.5 0.14 7.4 37.9 16.7
0.013 11.64 -35.91 1532 0.14 5.63 37.8 16.8
0.013 11.64 -35.92 159.3 0.14 10.11 47.7 18
0.013 11.65 -35.91 1575 0.14 10.48 478 18.5
0.013 11.66 -35.87 165 0.13 9.21 455 17.7
0.013 11.65 -35.89 152.9 0.14 8.42 453 17.1
0.013 11.68 -35.82 1575 0.14 8.48 56.9 19.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
112.6 374 94.1 30.8 89.2 279 724 239 55.3 18.2 15.8 5.2
1386  38.6 119.1 35.1 1094  32.7 107 31.6 58.1 16.8 20.7 5.7

138.8  40.2 119.2  35.1 109.6  32.1 107.1 312 58.2 16.8 21 6
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

29 11.3 3.1 12.4 4.6 19.9 2 8.2 49 19.5 4.6 18.7

32 12.5 33 12.6 4.6 19.3 2.1 8.5 4.9 18.7 4.6 18.3
9.9 18.5 7.6 14.4 8.8 16.8 4.8 9.5 8.1 15.8 9.6 18.8

10.1 18.4 7.6 14.2 8.9 17 4.9 9.4 8.1 154 9.7 18.2
10 18.2 7.6 14.1 8.9 16.8 4.9 9.2 8.1 15.3 9.7 18.2
15.7 18.2 14.2 16.7 135 15.7 9.3 10.9 12.4 14.3 15.9 18.6
15.7 18 14.2 16.4 134 15.4 9.3 10.8 12.3 14.1 15.8 18.3
24.4 20.6 219 18.7 20.6 17.4 13.7 11.8 18.5 15.6 22 18.9

24.5 20.6 21.9 18.7 20.7 17.2 13.7 11.7 18.6 15.5 22.1 18.8
24.4 19.9 219 18.1 20.6 16.6 13.7 114 18.6 15.1 22.1 18.4
40.2 25.6 322 20.8 29.5 19.5 22.7 15.3 24.4 16.1 29.8 19.7
40.3 24.5 322 20.5 29.5 18.9 22.7 14.7 24.4 154 29.8 18.7

63.3 32.6 43.1 23 44.5 24 36.2 19.8 27.3 14.4 36.6 18.9
63.3 31.6 43.1 22.4 44.4 23.1 36.2 18.9 27.2 13.9 36.6 18.4
86.7 37.3 62.9 26.4 69.7 29.3 542 23 38.4 159 38.2 16.5
86.6 35.2 62.7 252 69.6 28.3 54.1 224 38.4 15.3 38.1 15.4
107.3 32 84.4 259 103.6 337 71.8 223 42 12.3 47 13
107.1 315 84.3 27.4 103.5 365 71.7 24.6 42.1 135 47 14
107 26.5 84.1 229 103.4 307 71.6 20.3 41.9 11 46.8 11.2
107.2 348 84.3 29.2 103.6  40.6 71.7 25.6 422 13 47 135
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

12.9 16.1 11.4 14.4 6.4 8.2 1.4 1.7 8.5 10.2 11.2 14.2
12.9 16.6 11.2 14.4 6.4 8.3 1.2 1.4 8.3 10.1 11.2 14.4

315 17 39.3 20.8 29.1 139 5.1 2.6 19.6 10.4 39.3 20.9
31.5 17.3 39.2 20.9 29.1 14.1 5.1 2.6 19.6 10.5 393 21.2
27.1 17.9 29.2 19 10.9 72 5.1 32 14.3 9.1 275 18

30.4 17.5 389 22.6 214 12.6 9.5 5.5 22 12.7 31.4 18.3
30.4 17.6 389 22.4 21.4 12.6 9.5 5.6 22 12.6 31.4 18.3
38 18.3 449 21.5 28.9 13.1 8.3 3.8 29.5 13.7 39.2 18.8
37.1 16.4 45.1 20.9 29.1 133 6.8 3.1 29.7 13.6 39.4 18

30.4 14.9 49.5 24 323 15.9 13.6 6.7 335 15.9 37.8 18.6
30.4 14.9 49.5 239 323 16 13.7 6.7 335 16 37.8 18.7
40.3 17.6 52.7 23.3 35.8 16.1 24 104 36.6 16.1 37.8 17.1
40.3 17.9 52.7 24 35.8 16 239 10.3 36.6 16.1 37.8 16.6

31.8 11.6 65.7 24.3 47.8 19.1 36.5 14.1 515 194 52.8 19.2
31.9 12.5 65.8 252 47.9 19.2 36.6 14.1 51.6 19.8 52.8 20.2
349 13.8 67.6 26.6 359 15.2 36.3 14 44.7 17.1 535 19.7
349 12.8 67.5 25.1 352 14.8 36.3 13.9 44.7 16.8 534 19.2
33.8 11.9 77.1 26.7 63.4 22.5 54.4 18.2 70.8 23.5 41.7 14
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.64 -35.93 158.4 0.14 10.66 57.1 19.8
0.013 11.69 -35.8 164.1 0.17 11.33 52.4 18.7
0.013 11.67 -35.84 164.6 0.13 12.43 55.2 18.6
0.013 11.67 -35.86 163.3 0.13 9.55 55.1 18
0.013 11.66 -35.88 158.2 0.13 13.49 69.4 22.3
0.013 11.65 -35.9 158.3 0.14 13.56 69.5 21.7
0.013 11.67 -35.85 170.1 0.13 18.61 75.2 23.1
0.013 11.65 -35.9 170.4 0.13 15.43 74.6 23.5
0.013 11.55 -36.13 160.7 0.13 3.89 i 0.3

0.013 11.55 -36.13 161.2 0.13 3.68 i 0.3

0.013 11.55 -36.13 161.1 0.13 3.3 i 0.3

0.013 11.56 -36.12 162.1 0.13 4.18 i 6.5 12.6
0.013 11.55 -36.13 161.5 0.13 4.19 i 6.5 12.5
0.013 11.53 -36.19 160.9 0.14 4.08 i 9.9 13
0.013 11.53 -36.19 160.7 0.14 5.24 i 9.9 13.1
0.013 11.51 -36.23 160.6 0.14 5.01 i 16.2 14
0.013 11.52 -36.21 160.5 0.14 5.15 i 16.2 13.8
0.013 11.53 -36.19 160.6 0.14 5.33 i 23.3 15.6
0.013 11.53 -36.18 160.6 0.14 5.55 i 23.2 15.5
0.013 11.56 -36.13 161.5 0.14 6.39 i 23.3 15.5
0.013 11.54 -36.17 159.2 0.14 7.06 i 34.7 17.3
0.013 11.56 -36.12 160 0.14 7.39 i 34.8 17.6
0.013 11.54 -36.17 159.7 0.14 9.06 i 45.8 19.1
0.013 11.55 -36.15 160.5 0.13 9.66 i 45.8 19.2
0.013 11.55 -36.14 160.8 0.13 12.94 i(f) 60.2 21.1
0.013 11.57 -36.09 160.3 0.13 15.04 i(f) 60.2 21.2
0.013 11.56 -36.11 160.9 0.13 11.73 i(f) 60.3 20.8
0.013 11.57 -36.09 159.8 0.13 11 i(f) 76 23
0.013 11.58 -36.08 159.9 0.13 14.89 i(f) 75.9 23.7
0.013 11.6 -36.03 162.8 0.13 20.11 i(f) 99.4 27.6
0.013 11.6 -36.03 162.4 0.14 20.02 i(f) 99.4 27.5
0.013 11.59 -36.05 159.1 0.14 16.64 i(f) 99.3 27.2
0.013 11.53 -36.19 158.2 0.34 11.24 i-a 0.3

0.013 11.54 -36.17 159.8 0.33 11.09 i-a 0.3

0.013 11.55 -36.14 159.9 0.33 10.91 i-a 0.3

0.013 11.55 -36.13 160.5 0.33 11.51 i-a 5.8 15.1
0.013 11.53 -36.19 160.2 0.33 11.58 i-a 5.8 15.2
0.013 11.53 -36.18 159.2 0.33 11.36 i-a 9.7 14.8
0.013 11.55 -36.15 160 0.33 11.64 i-a 9.7 14.7
0.013 11.55 -36.14 159.8 0.34 12.1 i-a 14.7 15.6
0.013 11.56 -36.12 161.1 0.33 12.31 i-a 14.8 15.5
0.013 11.56 -36.12 160.3 0.33 11.35 i-a 14.8 15.6
0.013 11.56 -36.12 161 0.33 12.84 i-a 20.5 16.6
0.013 11.55 -36.13 159.7 0.33 12.82 i-a 20.4 16.6
0.013 11.53 -36.18 159.9 0.33 13.73 i-a 30.7 18.6
0.013 11.56 -36.1 161.2 0.33 13.89 i-a 30.8 18.6
0.013 11.57 -36.1 160 0.33 16.07 i-a 45 21.4
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
34.1 12.1 71.3 26.9 63.6 22.6 54.7 18.4 71 239 41.9 149
46.2 16.5 87.1 30.1 37.5 14.5 539 18.5 53.1 18.9 36.6 13.8
46.2 15 87.1 27.9 37.4 144 539 18.1 57.4 19.5 49 16.7
46.1 144 87 27.7 37.3 14.2 53.8 17.8 57.3 19 48.9 15.1
64.5 21 84.1 27.5 74 24.1 72.9 22.4 73.3 23.6 47.5 15.4
64.7 19.5 84.2 26.6 74.1 24.1 73 22.3 73.6 232 47.6 14.7
63.2 20.2 96 29.6 71.1 22.4 107.6  29.9 69.3 21.9 43.9 14.8
55.3 19.1 101.8 32.2 71.2 22.5 106.3 29.9 69.2 22.1 44 15.1
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

10 19.3 7.2 14 4.6 8.8 2.6 5.1 4.7 9.2 9.6 194
10 19.1 7.3 139 4.6 8.6 2.7 52 4.6 9 9.7 19.1

12.8 17.4 12.5 16.4 6.2 7.9 4.8 6.2 6.8 8.9 16.2 21.2
12.8 17.4 12.5 16.4 6.2 8.2 4.7 6.3 6.7 8.9 16.1 21.3
24.4 20.8 18.3 15.9 10.8 9.2 9.2 8 11.6 10 23.1 19.9
24.4 20.4 18.3 15.8 10.8 9.2 9.2 79 11.6 9.9 23.1 19.4
30.2 20.4 27.6 18.7 17.6 11.6 139 9.3 17.7 11.7 32.8 21.8
30.1 20.2 27.5 18.7 17.5 11.5 13.8 9.2 17.7 11.8 32.7 21.9
30.2 20.4 27.6 18.6 17.6 11.6 13.8 9.3 17.8 11.8 32.8 21.5
40.3 19.7 389 19.8 345 17.2 22.8 11.5 333 16.5 383 19.1

40.4 20.3 39 20.1 34.6 17.3 229 11.6 33.4 16.7 38.4 19.7
44.1 18.5 51.3 21.5 532 21.7 36.2 15.1 47.9 19.9 42.1 17.9
44.1 18.2 51.1 21.5 532 22 36.2 153 48 19.8 42.1 18.1
48.8 17.1 67.9 23.7 76.2 26.3 54.5 19.1 70.2 24.2 43.8 15.8
48.9 17.3 68 23.3 76.3 26.6 54 19.1 70.4 244 439 16.8
48.9 16.9 68.1 23.4 76.3 26.3 54 19 70.5 24 44 15.5
67.8 19.5 87.5 27.3 95.4 29.4 71.8 22.5 83.9 25.1 49.6 13.9
67.7 21.3 87.5 27.4 95.3 29.4 71.7 22.6 83.8 26 49.6 15.5

81.2 22.2 123.1 342 121.8 343 108.1  30.1 98.4 27.1 63.5 17.7
81.2 22.1 1232 339 122 339 108.2  29.8 98.5 272 63.6 18

81.1 22 123 34.1 121.8 339 108 29.7 98.4 26.7 63.4 16.8
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

8.9 23 3.4 8.9 5.1 12.4 2.5 6.3 6.5 17.2 8.4 22.6
8.9 23 35 9 5.1 12.3 2.5 6.2 6.6 17.7 8.4 232
12.5 19.2 8 12.1 7.5 11.4 4.8 7.4 9.6 14.8 15.9 24
12.5 19 79 12 7.5 11.2 4.8 7.4 9.5 14.8 15.9 24

20.2 21.3 10.9 11.7 11.8 12.5 9.2 9.7 15.3 16.1 21.2 222
20.2 21.2 10.9 11.7 11.8 12.4 9.2 9.7 15.3 15.9 21.2 22

20.3 21.3 11 11.9 11.8 12.5 9.2 9.8 15.3 15.9 21.2 22

28 224 15.9 12.9 17.7 14.4 13.7 11.3 20.2 16.4 27.8 222
27.8 22.4 15.6 12.8 17.6 14.4 13.6 11.3 19.9 16.3 27.7 22.3
38 232 23 14 32.7 19.2 22.8 13.8 31 18.7 37 22.5
38 232 23 14 32.7 19.3 22.8 13.8 31 18.7 37 22.5
52.7 25.4 34.4 16.4 50 23.4 36.2 17.4 43.5 20.7 533 25.2
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.58 -36.07 160.1 0.33 16.58 i-a 45 21.3
0.013 11.57 -36.09 160.6 0.33 15.93 i-a 44.9 21.4
0.013 11.58 -36.06 159.8 0.33 19.84 i-a (f) 63.5 25.2
0.013 11.61 -36 159.2 0.34 20.38 i-a (f) 63.6 25
0.013 11.57 -36.09 159.6 0.33 22.25 i-a (f) 71.5 27.7
0.013 11.59 -36.05 160.7 0.33 21.63 i-a (f) 77.5 27.7
0.013 11.57 -36.08 159.4 0.34 27.03 i-a (f) 107 322
0.013 11.6 -36.01 158.9 0.34 27.52 i-a (f) 106.9 32.7
0.013 11.61 -36 160.1 0.33 27.13 i-a (f) 106.9 32.1
0.013 11.72 -35.73 154.4 0.54 18.95 0.3

0.013 11.73 -35.7 153.4 0.54 18.46 0.3

0.013 11.76 -35.64 154.7 0.54 18.64 1.9

0.013 11.72 -35.73 154.4 0.54 18.85 34 18.6
0.013 11.71 -35.76 156.3 0.53 18.47 8.8 17.2
0.013 11.73 -35.7 157.4 0.53 18.94 8.8 16.8
0.013 11.75 -35.67 157.4 0.53 17.78 12.7 17.1
0.013 11.74 -35.67 157.8 0.53 19.06 12.7 16.8
0.013 11.75 -35.65 158.4 0.53 20.05 18 17.1
0.013 11.77 -35.6 157.9 0.54 20.64 17.2 16.8
0.013 11.73 -35.7 154.8 0.54 19.73 26.5 18.3
0.013 11.75 -35.66 159 0.52 19.59 26.3 18.1
0.013 11.81 -35.5 160.3 0.53 25.6 46.3 21.2
0.013 11.74 -35.68 161.5 0.52 24.88 46.4 21.7
0.013 11.74 -35.67 160.4 0.53 29.02 66.9 25.8
0.013 11.76 -35.64 160.8 0.52 28.62 67.1 25.9
0.013 11.74 -35.67 161.4 0.53 31.4 78.2 27.9
0.013 11.77 -35.61 161.5 0.52 31.76 78.2 27.6
0.013 11.79 -35.55 159.9 0.53 33.64 92.4 29.5
0.013 11.76 -35.63 161.6 0.5 33.74 92.7 30.1
0.013 11.66 -35.88 156.6 0.54 17.67 0.3

0.013 11.69 -35.81 155.4 0.54 17.95 0.3

0.013 11.57 -36.1 155.2 0.54 18.1 0.3

0.013 11.6 -36.01 1554 0.54 17.78 0.3

0.013 11.58 -36.06 161.7 0.03 0.3

0.013 11.6 -36.02 155.8 0.54 17.67 33

0.013 11.57 -36.09 155.5 0.54 18.35 34 20.8
0.013 11.58 -36.07 155 0.54 18.13 6.6 18.5
0.013 11.6 -36.03 155.9 0.54 19.16 6.6 18.4
0.013 11.58 -36.06 156 0.54 18.12 12.8 17.6
0.013 11.6 -36.01 155.6 0.53 18.17 12.9 17.5
0.013 11.61 -36 156 0.54 18.67 12.9 17.2
0.013 11.61 -35.99 155.2 0.54 17.79 18.3 17.8
0.013 11.6 -36.01 155.9 0.54 20.03 18.4 17.2
0.013 11.6 -36.02 155.6 0.54 21.87 29.8 18.5
0.013 11.61 -36 156.2 0.54 21.92 29.8 18.3
0.013 11.6 -36.01 156.7 0.54 23.56 44 20.7
0.013 11.63 -35.94 155.8 0.54 23.78 44 20.7
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

52.7 25.3 34.4 16.3 49.9 234 36.1 17.3 434 20.5 53.3 25.1
52.7 254 34.3 16.4 49.9 234 36.1 17.3 434 20.7 53.3 252
76.7 30.2 48.3 19.1 69.5 27.8 54 21.6 61.8 24.5 70.4 27.9
76.8 30.1 48.4 19 69.6 27.8 54.1 21.5 61.9 24.2 70.7 27.6
100.4 35.7 63.7 22.4 82.4 29.6 72.2 25.8 68.9 24.6 77.5 28

100.5 353 63.7 224 82.4 29.8 72.2 25.8 68.9 24.7 77.6 28.2
1443  44.1 91.7 27.5 126.1 373 108 32.5 73.5 21.9 98.5 29.9
144 44.1 91.6 27.4 125.9 37.2 107.8 32.9 73.5 23.1 98.4 31.7
144.1 43.9 91.7 27.4 1259 373 107.8 325 73.7 21.9 98.4 29.9

0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
0.3 3.6 0.6 1.5 49 0.5

22 12.1 33 17.5 4.8 27.5 1.7 8.1 5.8 31.3 2.5 15.1
10.2 19.7 6.9 13.7 8.6 17.8 53 10.1 10.3 20.1 11.1 21.6

10.4 19.3 7 13.3 8.6 16.9 5.4 9.9 10.5 19.9 11.2 21.2
14.3 19 11.4 15.3 11 16 9 12.1 15.4 20.2 15 19.9
14.3 18.9 11.4 15.1 11 15.5 9 11.7 15.5 19.9 14.9 19.7
20.9 19.6 18.4 17 15.7 15.5 139 133 18.8 18.1 20.2 19.4
20.8 20.1 14.4 14.2 15.5 15.7 13.8 133 18.7 18.2 20.2 19.6
29.4 20 253 17.6 22.6 16.4 22.7 15.7 27 18.3 31.9 21.4
29.4 20 253 17.5 22.6 16.4 22.7 15.7 27 18.4 30.6 20.6
535 24.4 44.1 20.1 45.1 21.1 36 16.6 452 20.7 53.7 24.4
53.7 249 442 20.6 453 21.6 36.1 17 453 21.1 539 25
79.5 30.5 60.7 23.3 65.6 25.8 54.8 21.1 62.3 24 78.6 30
79.4 30.5 60.6 23.3 67 26.4 54.5 21 62.3 24 78.5 30.1
92.5 32.7 71 252 65.7 25 72.1 252 74.9 26.5 92.8 329
92.5 32.8 71 25.2 65.7 24.7 72.1 24.8 74.9 26 92.8 324
96.2 32.8 90 28.9 86.3 28.6 107.3 307 92.6 28 82.2 28
96.7 33.1 90.3 28.7 86.7 28.7 107.6  31.6 92.7 29.3 82.3 29
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

3 0.3 4.7 1.9 5.7 44

32 18.6 0.3 1.9 4.8 30.6 2 12.3 5.8 34.1 4.5 26.9
8.2 222 4.1 11.1 6.2 17.5 4.8 135 8.3 23.6 79 22.7
8.1 22.1 43 11.3 6.1 17.4 4.8 13.4 8.2 233 79 22.8
15.4 20.9 8.1 11.3 12.8 17.6 9.3 13.1 14 19.5 17.2 233

15.5 20.9 8.2 11.3 12.8 17.4 9.3 12.9 14.1 19.3 17.2 23
15.5 20.3 8.2 10.9 12.9 17.1 9.4 12.8 14.1 19.1 17.2 22.8

23.6 22.1 13.6 13.1 17.8 17.5 14 14.1 17.7 17.7 229 22

23.7 21.7 13.6 12.6 18 16.5 14.1 134 17.8 17.2 23 21.6
36.6 22.5 214 13.4 31.1 19.1 229 14.5 30.5 19 36.6 22.5
36.5 223 21.3 13.2 31.1 18.9 22.8 14.4 30.5 18.8 36.6 222
539 25 36.4 16.9 43.4 20.7 36.1 174 425 20.2 51.5 24.3

539 25.1 36.4 17.1 43.5 20.5 36.2 17.2 42.5 20.1 51.5 24.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.61 -36 156.5 0.54 28.21 66.9 26.2
0.013 11.64 -35.93 156.2 0.54 28.7 66.4 25.7
0.013 11.63 -35.93 157.2 0.53 28.77 66.4 25.5
0.013 11.62 -35.96 157.7 0.53 34.25 95.1 30.9
0.013 11.64 -35.91 157.5 0.53 33.38 95.1 28.5
0.013 11.71 -35.76 154 0.54 38.76 124.4 36.3
0.013 11.67 -35.85 156 0.54 40 124.5 36.8
0.013 11.71 -35.76 156.4 0.54 39.88 124.4 35.9
0.013 11.59 -36.03 159.6 0.53 18.22 a 0.3

0.013 11.59 -36.03 162.6 0.52 18.24 a 0.3

0.013 11.57 -36.09 159.8 0.53 17.41 a 0.3

0.013 11.56 -36.1 160 0.52 18.84 a 4.9 17.2
0.013 11.59 -36.05 160.5 0.52 18.75 a 4.9 16.8
0.013 11.6 -36.03 160 0.52 19.14 a 4.9 16.5
0.013 11.57 -36.08 159.9 0.53 20.44 a 9 16.5
0.013 11.59 -36.05 159.2 0.53 18.76 a 9 16.8
0.013 11.59 -36.03 160.3 0.52 19.25 a 9 16.6
0.013 11.57 -36.09 160 0.52 18.97 a 15 17.1
0.013 11.6 -36.02 159.6 0.52 19.89 a 14.3 16.7
0.013 11.6 -36.01 160.8 0.52 20.18 a 15 16.5
0.013 11.6 -36.01 159.7 0.52 19.38 a 19.8 17.5
0.013 11.6 -36.01 160.5 0.52 20.54 a 19.8 17.2
0.013 11.64 -35.93 159.7 0.53 20.4 a 19.6 17
0.013 11.58 -36.08 160.7 0.52 22.08 a(f) 30.3 18.7
0.013 11.6 -36.03 160.6 0.52 21.9 a(f) 30.3 18.6
0.013 11.61 -36 160 0.52 22.88 a(f) 30.4 18.4
0.013 11.59 -36.04 160.6 0.49 23.47 a(f) 44.2 20.5
0.013 11.61 -35.99 162.6 0.48 23.13 a(f) 44.1 20.4
0.013 11.59 -36.05 161.6 0.49 21.94 a(f) 43.9 20.7
0.013 11.58 -36.06 160.7 0.52 25.69 a(f) 47.2 20.3
0.013 11.59 -36.03 161.4 0.52 25.31 a(f) 47.2 20.5
0.013 11.62 -35.98 160.9 0.52 24.88 a(f) 47.2 20.3
0.013 11.63 -35.94 160.8 0.52 29.42 i-a (f) 67.4 24.6
0.013 11.62 -35.97 160.2 0.52 29.95 i-a (f) 67.5 25.2
0.013 11.64 -35.93 160 0.53 34.17 i-a (f) 90.7 29.8
0.013 11.64 -35.92 160.9 0.52 33.34 i-a (f) 90.6 29.7
0.013 11.62 -35.97 161 0.53 40.83 i-a (f) 121.7 36.4
0.013 11.64 -35.93 161.4 0.53 40.78 i-a (f) 121.8 36.4
0.013 11.65 -35.9 161.1 0.53 41.62 i-a (f) 121.6 36.3
0.013 11.57 -36.09 155 0.74 23.52 a 0.3

0.013 11.6 -36.01 157.5 0.73 22.56 a 0.3

0.013 11.61 -35.98 158.8 0.72 23.8 a 0.3

0.013 11.61 -35.99 156.5 0.74 24.04 a 1.3

0.013 11.58 -36.06 157.3 0.73 25.18 a 1.3

0.013 11.58 -36.07 156.9 0.73 23 i-a (f) 5.3 22.6
0.013 11.59 -36.04 158.5 0.73 22.77 i-a (f) 53 22.7
0.013 11.6 -36.01 156 0.74 23.83 i-a (f) 8.3 21.1
302 Table G.9



G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

79.2 30.7 53 20.5 72.6 28.5 54.3 21.8 62.7 24.9 79.8 31.1
76.7 299 51.8 20.1 72.6 28 54.3 214 62.7 24.4 79.9 30.6
76.7 29.6 52 20.1 72.6 27.4 54.3 21 62.7 24.1 79.9 30.4
110.3 36 81.9 26 104.1 342 72.3 239 86.5 28.2 1157 372

1103 342 81.9 25.1 104.1 309 72.3 21.6 86.5 25.5 1157 335
1427 425 106.1  30.3 140.8 428 107.5 309 1103 312 138.8 40

1429 423 106.3 305 140.8 44 107.7 315 1106 315 138.8  40.7
1427 42,6 106 30.5 1409  42.6 107.5  30.1 110.6 303 138.8 393
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

59 20.2 1.6 6 6.5 24.2 1.9 7.2 5.8 21 7.4 24.6
5.9 19.6 1.7 5.9 6.5 233 2.1 7.6 5.8 20.3 7.4 24.1
6 19.4 1.8 6.1 6.5 22.3 2 7 5.8 20.2 7.4 24
10.5 19.6 6.4 11.6 10 17.7 4.6 8.4 11.5 21 10.9 20.5
10.5 19.9 6.4 11.9 10 18.6 4.6 8.7 11.5 21.3 10.9 20.6
10.6 19.7 6.5 11.8 10 18.2 4.6 8.6 11.5 21 10.9 20.5

18.7 21.3 9.7 11.2 17.7 19.5 9.2 10.7 16.5 18.9 18.2 20.9
18.8 21.6 9.7 11.6 13.5 16.2 9.4 11.1 16.5 18.9 18.1 20.8
18.8 20.9 9.6 10.7 17.6 18.2 9.3 10.3 16.5 18.3 18.1 20.3
23.6 209 15.9 14.2 20.2 17.7 13.8 125 20.1 17.8 25.1 21.9
23.6 20.7 15.8 13.8 20.2 17.3 13.7 12.1 20.1 17.5 25.1 21.8

23.4 20.5 15.6 13.5 20 16.9 13.6 12 19.8 17.4 249 21.5
38 232 24.8 15.5 30.1 18.6 22.7 143 29.7 18.4 36.2 222
38 232 24.8 15.4 30 18.5 22.7 14.2 29.7 18.2 36.3 22.1
38.2 23 25 15.2 30.2 18 229 13.9 29.9 18.1 36.4 22

50.6 23.5 39.6 18.1 44 20.1 36.6 17.1 42.1 19.7 52.1 24.4
50.5 23.6 39.6 18.3 44 20 36.2 16.8 42.1 19.6 519 24.2

50.4 239 39.5 18.4 43.8 20.5 36.1 17.1 42.1 19.8 51.7 24.4
56.5 24.2 393 16.8 45.9 20.1 36.1 15.8 45.1 19.5 60.3 25.5

56.5 24.3 39.3 16.9 45.9 20.3 36.1 16 452 19.6 60.3 25.7
56.4 243 39.3 16.9 45.9 20.3 36.1 15.8 452 19.2 60.3 253
79.1 29.2 55.2 20.7 70.6 25.7 54.2 19.8 65.4 23.5 80 28.9
79.2 29.5 553 20.6 70.7 26.5 54.2 20.5 65.5 24.5 80 29.9
104.8 347 71.9 24 100.5 329 71.9 235 90.3 29.1 105 345
1046 349 71.8 24 100.3 33 71.8 23.7 90.1 28.8 104.8 339
1389 419 93.6 28.1 136.7 43 107.5 319 1123 323 1413 41
139 41.7 93.7 28 136.8  41.8 107.7 318 1124 332 1414 422
138.8 42 93.5 27.9 136.6 419 107.5  31.6 1122 328 1413 419
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 1.8 22 2 1.5

0.3 0.3 1.7 2.4 2.1 1.3

45 18.1 3 12.4 7.2 31.8 4.9 21.1 6.3 27.7 5.8 24.6
45 17.4 3.1 12.7 72 32.8 45 204 6.3 28 59 24.7
7.8 19.9 5 13.2 9.3 24.6 9.4 22.5 9.7 24.2 8.6 22.4
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.62 -35.98 156.4 0.73 22.39 i-a (f) 8.3 214
0.013 11.59 -36.03 154.1 0.75 23.34 i-a (f) 13.4 214
0.013 11.61 -36 155.6 0.74 23.63 i-a (f) 13.5 21.1
0.013 11.62 -35.98 155 0.74 23.46 i-a (f) 13.5 21
0.013 11.61 -35.99 154.9 0.74 24.5 i-a (f) 25 21.5
0.013 11.62 -35.96 153.6 0.75 25.7 i-a (f) 25 21.1
0.013 11.63 -35.95 155 0.74 29.04 i-a (f) 38.4 22.9
0.013 11.61 -36 153.5 0.75 30.1 i-a (f) 38.3 23.1
0.013 11.61 -35.98 153.1 0.75 34.19 i-a (f) 58.7 27
0.013 11.64 -35.91 155 0.74 31.8 i-a (f) 58.7 25.7
0.013 11.65 -35.89 154.4 0.75 34.12 i-a (f) 58.6 26.1
0.013 11.63 -35.95 153.7 0.74 40.45 i-a (f) 80.7 31.1
0.013 11.65 -35.89 153.5 0.74 38.68 i-a (f) 80.7 30.7
0.013 11.63 -35.95 152.6 0.76 49.32 i-a (f) 122.6 34.7
0.013 11.66 -35.87 153.5 0.75 47.57 i-a (f) 122.6 35.5
0.013 11.58 -36.07 155.6 0.74 25.41 0.3

0.013 11.58 -36.07 155.8 0.74 24.01 0.3

0.013 11.6 -36.03 156.4 0.73 23.52 0.3

0.013 11.6 -36.02 155.8 0.74 24.59 0.3

0.013 11.6 -36.03 155 0.74 25.19 1.5

0.013 11.6 -36.02 154 0.75 23.42 1.5

0.013 11.6 -36.03 155.6 0.74 25.13 1.5

0.013 11.57 -36.09 156.3 0.73 25.69 4.8 22.6
0.013 11.6 -36.03 157.2 0.73 22.6 4.8 22.9
0.013 11.6 -36.02 156.4 0.73 25 4.7 22.4
0.013 11.58 -36.07 157.5 0.73 249 9 21.7
0.013 11.6 -36.03 157 0.73 25.48 9 21.4
0.013 11.61 -35.99 157.1 0.73 24.44 9 21.5
0.013 11.58 -36.08 155.8 0.74 26.18 13.4 214
0.013 11.6 -36.03 156.1 0.73 25.44 13.4 21.4
0.013 11.61 -36 156.7 0.73 25.77 13.4 21.3
0.013 11.63 -35.96 156.9 0.73 29.01 22.7 20.9
0.013 11.58 -36.06 157.6 0.73 27.93 22.8 21.4
0.013 11.61 -35.99 158.3 0.73 27.57 22.8 21.5
0.013 11.6 -36.03 157 0.73 30.95 35.5 22.8
0.013 11.62 -35.98 155.6 0.74 30.05 35.5 22.6
0.013 11.62 -35.97 154.1 0.75 30.39 35.5 23.1
0.013 11.63 -35.95 158.5 0.73 36.2 56.5 26.5
0.013 11.63 -35.94 156.9 0.73 355 56.6 26.9
0.013 11.62 -35.98 157.4 0.73 36.35 56.6 27.5
0.013 11.61 -36.01 158.2 0.73 34.85 56.5 27.2
0.013 11.63 -35.95 159.2 0.72 38.92 80.1 28.7
0.013 11.64 -35.92 158.5 0.73 41.3 80.1 28.7
0.013 11.65 -35.91 160.8 0.71 40.06 79.9 30.6
0.013 11.66 -35.86 160.6 0.72 49.74 119.3 342
0.013 11.61 -36 159.5 0.72 46.96 119.3 30.9
0.013 11.65 -35.89 159.6 0.72 52.08 119.4 38.1
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
7.8 20.2 5 13.3 9.3 253 9.4 23.1 9.6 24.2 8.5 22.6
13.1 21 8.7 14.3 16.2 25.7 13.8 21.6 14.2 224 14.5 234
13.2 20.7 8.8 14 16.3 25.4 13.9 21.4 14.2 22.1 14.6 23.2
13.1 20.7 8.7 14 16.2 25 139 21.1 14.2 22 14.6 229
26.2 22.5 17.8 15.4 32.9 27.5 22.8 20 25.1 21.5 253 22

26.2 22.4 17.8 15.2 329 26.7 229 19.4 25.1 21.1 253 21.5
40.4 23.7 30.8 18.2 45.7 27.8 36.5 224 36.3 21.6 40.8 23.8
40.4 24.2 30.7 18.6 45.7 27.7 36.4 223 36.1 21.8 40.6 242

62.5 28.5 46.3 21.6 72.2 33.4 54 25.1 53.1 24.4 63.9 29.1
62.6 27.7 46.4 20.6 723 31.6 54 23.8 53.1 23.1 63.9 275
62.4 27.6 46.3 20.4 72.1 32 539 24.2 53 24 63.8 28.5
87.3 33.7 63.3 24.9 99.1 39.5 72.1 275 73.4 27.6 89 333
87.4 34 63.3 24.7 99 37.8 72.1 273 73.4 275 89 332

139.1  38.6 105.3 294 153.5  47.1 107.7 294 105 28.9 124.8 345
139.1 412 105.3 309 153.5 495 107.7  29.1 105 28.4 1249  34.1

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 3.1 1.9 1.3 2

0.3 0.3 3.1 1.8 1.4 2

0.3 0.3 32 1.9 1.5 1.9

5.4 24 2.8 13.2 5.7 30.4 4.8 233 4.9 21.5 49 233
53 233 29 13.8 5.7 32.1 4.8 239 4.9 214 49 22.8
53 23 2.8 13 5.7 30.7 4.8 234 4.8 21.5 49 22.8
9.4 222 6.7 16.3 9.4 243 9.4 22.8 8.2 19.1 10.9 25.6
9.3 22 6.7 16.1 9.4 243 9.4 224 8.3 18.8 10.9 24.9
9.3 21.7 6.7 16.1 9.4 24.4 9.4 22.8 8.3 19 10.9 24.8
14 222 10.3 16.7 13.8 23.1 13.8 223 12.7 19.7 15.6 24.5
14 222 10.4 16.9 13.8 23.4 139 22.3 12.7 19.6 15.6 242
14.1 22.4 10.5 16.9 13.9 23 139 22 12.8 19.5 15.6 24.1
21.3 20.1 20.2 18.4 25.6 232 22.6 21 19.1 17.7 274 25
21.4 20.4 20.3 18.8 25.7 239 22.7 21.7 19.2 18.1 27.5 25.4
21.3 20.7 20.3 19 25.6 239 22.6 21.6 19.2 18.2 275 25.6

38.7 24.6 30.8 19.6 39 25.1 36.1 23.4 29.6 19.1 38.9 24.9
38.6 24.4 30.7 19.5 38.9 25.1 36.1 234 29.5 18.9 38.8 24.5

38.7 249 30.8 19.9 39 25.6 36.1 23.8 29.6 19.3 389 25

62.8 29.5 47.1 22.1 65 30.3 54.2 25.8 46.8 22 63.3 29.5
62.8 29.8 47.1 22.3 65.1 30.9 54.3 26.1 46.8 222 63.3 29.9
62.9 30.6 47.1 23 65.2 31.4 54.3 26.6 46.8 22.8 63.3 30.4

62.8 30.1 47.1 22.6 65.1 31.2 54.3 26.4 46.7 22.5 63.3 30.2
89.7 32.6 67.8 24.1 94.9 34.3 71.9 25.7 66.8 23.8 89.2 31.5
89.7 32 67.8 24.1 94.9 333 72 26 66.9 243 89.1 32.1
89.4 34.4 67.7 259 94.6 36.3 71.9 27.8 66.7 25.6 88.9 33.7

1379  39.1 97.9 28.2 142.8 44 107.4  29.7 104.1 289 1256 353
137.8 374 98 26.1 142.8 379 107.6  26.8 104 25.8 125.7 315
1379 44 98.1 30.9 1429 479 107.7 337 104 32.6 125.7 398
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.62 -35.98 156.7 0.93 a 0.3

0.013 11.64 -35.92 158 0.92 a 0.3

0.013 11.65 -35.9 158.8 0.92 a 0.3

0.013 11.61 -35.99 159.7 0.92 23.27 a 1.8 12.3
0.013 11.64 -35.92 160.3 0.91 22.72 a 1.8 12.7
0.013 11.62 -35.97 158.9 0.92 20.85 a(h) 42 15.8
0.013 11.64 -35.91 158.5 0.92 24.16 a(h) 4.1 16.3
0.013 11.62 -35.97 158.2 0.93 22.46 i-a (f) 9.6 16.4
0.013 11.66 -35.88 159.5 0.92 23.61 a(h) 9.6 15
0.013 11.66 -35.87 158.2 0.93 24.42 a (f) 9.6 15.5
0.013 11.62 -35.96 158.1 0.93 23.91 i-a (f) 14.5 17.9
0.013 11.65 -35.89 158 0.93 24.61 i-a (f) 14.4 16
0.013 11.64 -35.93 158.8 0.92 29.54 i-a (f) 22.1 19.4
0.013 11.66 -35.86 158.9 0.92 28.44 i-a (f) 22.1 19.7
0.013 11.64 -35.93 158.1 0.93 33.66 i-a (f) 35.1 20.2
0.013 11.67 -35.86 157.7 0.93 31.79 i-a (f) 35.1 20.4
0.013 11.67 -35.85 158 0.93 33.29 i-a (f) 35 16.9
0.013 11.65 -35.9 158.3 0.93 4273 i-a (f) 56.2 20.6
0.013 11.67 -35.84 159.7 0.92 39.49 i-a (f) 56.1 20.5
0.013 11.55 -36.14 264.8 0.13 10.09 i-a 0.3

0.013 11.56 -36.12 263.8 0.13 10.23 i-a 0.3

0.013 11.56 -36.11 265 0.13 10.49 i-a 0.3

0.013 11.57 -36.09 265.3 0.12 10.86 i-a 5.2 11.1
0.013 11.54 -36.15 266 0.13 10.68 i-a 5.3 11.2
0.013 11.55 -36.15 264.8 0.12 10.98 i-a 8.3 11.5
0.013 11.56 -36.12 265.8 0.12 10.91 i-a 8.3 11.4
0.013 11.56 -36.11 265.1 0.12 11.57 i-a 8.3 11.5
0.013 11.57 -36.09 265.2 0.12 11.73 i-a 12.2 12.4
0.013 11.57 -36.08 266.6 0.12 11.3 i-a 12 12.4
0.013 11.51 -36.23 265.4 0.13 12.8 i-a 18.4 14.1
0.013 11.52 -36.21 265.6 0.12 12.13 i-a 18.4 14.1
0.013 11.53 -36.2 265.6 0.13 14.05 i-a () 29.2 16.8
0.013 11.53 -36.18 263.8 0.13 14.35 i-a (f) 29.3 16.8
0.013 11.54 -36.17 265.3 0.13 13.88 i-a (f) 29.3 16.8
0.013 11.55 -36.15 266.8 0.12 18.06 i-a (f) 46.8 204
0.013 11.55 -36.14 265.8 0.12 17.16 i-a (f) 46.6 204
0.013 11.54 -36.16 263.9 0.13 224 i-a (f) 66.4 23.9
0.013 11.54 -36.17 264.9 0.13 22.8 i-a (f) 66.4 23.8
0.013 11.54 -36.15 264.9 0.13 25.76 i-a (f) 80.9 25.9
0.013 11.56 -36.11 266.6 0.13 24.47 i-a (f) 80.7 25.9
0.013 11.56 -36.1 263.4 0.13 25.56 i-a (f) 80.8 26.1
0.013 11.58 -36.08 264.4 0.13 30.38 i-a (f) 104.5 28.4
0.013 11.57 -36.09 263.8 0.13 29.92 i-a () 104.6 28.6
0.013 11.58 -36.06 262.8 0.52 46.9 a 0.3

0.013 11.54 -36.16 263.1 0.52 47.92 a 0.3

0.013 11.58 -36.06 265.3 0.51 46.58 a 0.3

0.013 11.53 -36.18 263.6 0.52 47.59 a 32 324
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 1.9 0.3 1.9 4 26.3 2.5 16.5 2.4 17.1 14 9.9
0.3 1.9 0.3 2 4 27.5 2.2 15.1 2.4 18.1 1.6 11.4
1.8 6.5 3.2 11.5 6 23.5 49 18.6 3.9 15.3 53 19.2
1.6 5.7 3.1 11.5 6.1 24.8 4.9 19.3 3.9 16.3 54 20.1
6.7 11.4 7.3 12.5 13.9 23.6 9.2 16.3 9.6 16.4 10.7 17.8
6.7 10.8 7.3 11.6 13.9 21.3 9.3 14.7 9.6 15 10.7 16.4
6.7 11 72 11.9 13.9 22.4 9.3 15.1 9.6 15.6 10.7 17.1
15.3 18.2 12.3 15.3 18.6 23.8 13.8 17.9 152 18.4 11.6 14
15.2 16 12.2 13.6 18.5 21.2 13.7 16.1 152 16.5 11.6 12.5
19.9 16.6 18 15.5 31 28.9 22.7 20.9 20.5 17.5 20.7 16.8
199 16.7 18 15.6 31 28.8 22.7 21.1 20.5 18.2 20.7 17.7
324 17.6 25.1 14 50.5 30.7 36.2 21.8 352 19.9 30.9 16.9
32.4 18.1 25.1 14.2 50.5 32.7 36.2 21.7 353 19.3 30.9 16.2
324 15.3 25 119 50.4 25.5 36.1 17.4 353 16.6 31 14.4
59 20.1 45 15.7 75.5 29.2 54.3 20 53 20 50.2 18.5
589 20.7 45 15.8 75.4 29.2 54.3 19.3 53 19.5 50.1 18.3
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

6.8 14.3 3.5 7.6 4.8 10.3 1.8 4 34 7.6 10.8 22.8
6.9 14.3 3.7 7.8 4.8 10.4 2 4.4 3.5 7.8 10.9 22.8

10.6 14.7 6.1 8.4 7.3 9.9 4.9 6.7 6.3 8.8 14.4 20.2
10.6 14.8 6.1 8.4 7.3 9.8 4.9 6.7 6.3 8.8 14.4 20
10.6 14.9 6.1 8.4 7.3 9.8 4.9 6.8 6.4 8.9 14.4 20.1

15.8 16.2 10.1 10.3 9.3 9.3 9 9 9.9 10.1 18.8 19.4
15.6 16.2 10 10.3 9.2 9.3 8.9 9 9.8 10 18.7 19.5
243 18.8 16.6 12.7 14.3 10.9 13.7 10.5 15 11.6 26.2 20.3
24.4 18.8 16.6 12.7 14.4 10.8 13.7 10.4 15 11.5 26.2 20.2
36.9 21.3 27.1 15.6 255 14.6 225 12.9 24.4 14.1 389 224
37 21.3 272 15.6 25.6 14.6 22.5 13 24.4 14 389 22.3
37 21.3 272 15.6 25.6 14.6 22.5 12.9 24.4 14 389 22.3
59.4 255 42.1 18.4 46.9 20.4 36.3 16 40.4 17.7 55.5 24.3
59.2 25.8 42 18.4 46.9 20.4 36.2 16 40.1 17.6 55.3 24.4

84.8 30.4 62.1 22.3 70.9 25.5 54.1 19.7 59.7 21.2 66.8 24

84.8 30.1 62.2 222 70.9 25.4 54.1 19.6 59.7 21.3 66.9 24

101.3 326 79.8 25.5 88.6 28.2 72.1 233 70.1 223 73.4 23.6
101.1 328 79.6 25.6 88.5 28.2 71.9 233 69.9 223 732 235
1012 333 79.7 25.7 88.5 28.3 72 234 70 22.3 733 23.5
1347  36.2 107.7  29.6 117.6 325 108 29.7 81.2 22 77.6 20.7
1349 364 107.9  29.8 1179 326 108.2  29.8 81.2 222 77.6 20.9

0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
1.7 18.7 0.3 2.8 7 69.5 1.8 21.7 3.8 41.4 4.2 40.5

Table G.9 307



Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.57 -36.1 263.2 0.52 48.41 a 32

0.013 11.55 -36.15 260.1 0.53 49.64 a 5.3 23.1
0.013 11.58 -36.07 260.8 0.52 47.6 a 5.3 23.3
0.013 11.56 -36.1 260.2 0.52 50.58 a 9.9 19.8
0.013 11.58 -36.06 262.8 0.52 49.34 a 9.9 20.1
0.013 11.56 -36.13 264.4 0.51 49.05 a 13.6 20
0.013 11.59 -36.05 264 0.51 50.64 a 13.6 19.3
0.013 11.59 -36.05 263.5 0.51 48.85 a 13.6 19.8
0.013 11.64 -35.92 262.6 0.52 51.33 a 22.8 20.2
0.013 11.59 -36.05 263.9 0.51 52.67 a 229 20
0.013 11.56 -36.11 264.2 0.51 55.12 a 37.1 21.6
0.013 11.6 -36.02 263.3 0.52 54.1 a 37.2 21.6
0.013 11.62 -35.96 263.2 0.52 63.61 a 56.7 24.3
0.013 11.59 -36.04 265.9 0.51 59.55 a 56.7 24.8
0.013 11.61 -35.99 263.4 0.52 59.96 a 56.7 24.7
0.013 11.63 -35.95 259.4 0.53 68.14 a 78.4 28.1
0.013 11.63 -35.95 260.4 0.52 66.81 a 78.3 28.2
0.013 11.7 -35.78 262.9 0.52 77.81 a(f) 118.8 34.7
0.013 11.62 -35.97 263.1 0.52 78.36 a(f) 118.7 34.4
0.013 11.64 -35.92 260.8 0.52 77.84 a(f) 118.8 34.5
0.013 11.54 -36.17 261 0.52 47.37 a 0.3

0.013 11.56 -36.12 260.4 0.52 46.04 a 0.3

0.013 11.58 -36.07 257.8 0.53 47.14 a 0.3

0.013 11.57 -36.09 258.4 0.53 47.52 a 2.8

0.013 11.53 -36.18 257 0.53 47.93 a 2.9

0.013 11.54 -36.18 255.8 0.53 49.65 a 4.9 17.7
0.013 11.57 -36.1 260.2 0.52 48.33 a 4.8 17.6
0.013 11.54 -36.17 256.3 0.53 49.46 a 9.7 17.5
0.013 11.57 -36.1 257.4 0.53 49.36 a 9.7 17.4
0.013 11.54 -36.17 258.2 0.53 50.51 a 14.8 18.1
0.013 11.56 -36.1 258.3 0.53 48.36 a 14.9 18.1
0.013 11.54 -36.16 260.9 0.52 52.54 a 23.4 18.7
0.013 11.58 -36.07 261.4 0.52 51.27 a 233 18.8
0.013 11.59 -36.03 256.3 0.53 52.16 a 23.3 18.6
0.013 11.56 -36.11 258.5 0.53 55.06 a 38.4 20.7
0.013 11.58 -36.06 260.1 0.52 55.21 a 38.3 20.7
0.013 11.56 -36.11 262.4 0.52 59.74 a 58.2 24.2
0.013 11.6 -36.02 261 0.52 61.45 a 58.2 24
0.013 11.58 -36.08 260.8 0.52 65.29 a 79.2 27.8
0.013 11.6 -36.02 259.2 0.53 68.28 a 79.2 27.4
0.013 11.62 -35.97 260 0.52 68.33 a 79.1 27.4
0.013 11.66 -35.88 268.8 0.51 78.67 a(f) 121.8 343
0.013 11.63 -35.95 267.3 0.51 80.39 a(f) 121.6 34.1
0.013 11.65 -35.9 268.1 0.51 79.13 a(f) 121.7 34.4
0.013 11.58 -36.07 263.1 0.72 62.51 a 0.3

0.013 11.52 -36.21 261.8 0.72 62.35 a 0.3

0.013 11.57 -36.1 261 0.72 61.42 a 0.3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
1.9 0.3 7.2 1.9 3.9 4.3

49 21.6 1.8 7.6 8.9 36.2 4.8 21.8 5.1 23.7 6.2 27.8
49 21.8 1.8 7.6 8.9 37 49 21.9 5.1 239 6.2 27.7
10.5 21.1 4.9 9.5 12.9 26.2 9.3 19 10.7 21.5 10.7 21.7
10.6 21.2 49 9.7 13 26.5 9.4 19.2 10.7 21.8 10.8 21.9

13.7 20.4 7.8 11.4 16.7 24.9 13.7 20.2 14.9 21.6 14.6 21.7
13.7 19.5 79 10.9 16.7 23.9 13.7 19.6 14.8 21.1 145 21
13.7 20.1 79 11.3 16.7 24.5 13.8 19.9 14.9 21.3 14.6 21.3

24.9 22 15.8 14.1 25.5 22.8 229 20.5 22.1 19.5 254 22.2
25 21.7 16 13.8 25.6 225 23 20.2 22.3 19.5 25.7 22.1
40.1 23.5 273 16 44.7 25.5 36.1 21.1 35.1 20.3 39.4 229
40.2 235 274 16 44.7 25.5 36.2 21.2 35.1 20.4 39.4 22.9
63.1 27.3 45 19.4 68.3 29 54.4 234 48.8 21 60.7 26

63 27.8 45 19.9 68.3 29.6 54.4 239 48.8 21.4 60.7 26.4
63.1 27.7 45 19.8 68.3 29.4 54.4 23.7 48.8 21.3 60.7 26.3
91.7 32.6 62.3 22.4 93.8 33.6 72.1 26 66.8 24 83.6 29.7

91.6 32.8 62.3 22.5 93.8 33.8 72.1 26.3 66.7 24.1 83.5 30
138.6  40.7 96.9 28.3 1444 419 107.8 315 100.5 293 1245 364

138.5 405 96.9 28.1 1443  41.6 107.7 312 100.5 29 1245 36
138.6 404 96.8 28.1 1443 415 107.7 314 100.5 293 1245 364
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 7 1.9 2.9 4.6

0.3 0.3 7.1 2 2.9 4.6

2.5 9.3 1.7 6.4 8.3 30.3 4.9 17.7 4.1 15.6 75 272
2.3 8.5 1.6 6 8.3 30.9 4.8 17.5 4.1 15.5 7.4 26.9
8.4 15 5.5 9.9 13.8 24.3 9.1 16.4 9.8 17.8 11.6 21.3
8.4 14.9 5.6 9.8 13.9 243 9.2 16.4 9.8 17.6 11.6 21.3
13.5 16.6 104 12.6 18.6 22.7 13.8 17 14.9 18.1 17.8 21.7
13.5 16.6 10.4 12.6 18.6 22.7 13.8 17 15 18.1 17.8 21.7
23.6 18.8 18.2 14.3 27.6 21.7 23.1 18.6 20.9 16.9 26.9 21.6
23.6 18.9 18.2 14.5 27.6 21.9 22.8 18.6 20.9 17 26.9 21.7
23.6 18.7 18.2 14.3 27.6 21.7 22.8 18.5 20.9 16.9 26.8 21.6
433 23.1 31 16.8 43.9 235 36.5 19.9 33.7 18.3 419 22.6
433 23 31 16.7 43.8 23.4 36.5 20 33.7 18.3 41.8 22.6
62.9 26.4 48.6 20.4 722 29.3 54.2 22.6 47.9 20 63.3 26.3
63 26.2 48.7 20.2 72.2 29.1 54.2 22.5 48 19.9 63.3 26.2
90.3 31.7 66.9 23.6 95.4 332 71.8 25.5 64.7 22.8 86 30.1
90.3 31.2 66.8 232 95.4 32.7 71.8 25 64.7 22.5 86 29.8
90.3 31.2 66.8 232 95.3 32.7 71.7 25.1 64.7 22.5 86 29.8

143.1 404 103.9 293 146.5 407 108 30.5 102.1  28.7 127.3  36.1
143 40.2 103.7  29.1 146.3 405 107.7 304 1019  28.6 1272 36
143.1  40.6 103.8 293 146.4 408 107.9  30.7 1019  28.8 1272 363

0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.53 -36.2 259.3 0.73 61.14 a 3.8 26.4
0.013 11.56 -36.12 260.3 0.73 61.24 a 3.7 22.6
0.013 11.52 -36.2 258.7 0.73 62.55 a 5.3 20.5
0.013 11.56 -36.11 258.3 0.73 61.36 a 54 20.6
0.013 11.53 -36.19 260 0.73 63.03 a 10.4 20.8
0.013 11.57 -36.08 261 0.72 63.08 a 10.4 20.7
0.013 11.53 -36.18 265 0.71 65.14 a 14.9 21
0.013 11.56 -36.11 261 0.72 64.77 a 14.9 20.9
0.013 11.58 -36.06 261.2 0.72 66.07 a 14.9 20.7
0.013 11.54 -36.16 261.5 0.73 68.36 a 24.5 21.2
0.013 11.57 -36.08 263 0.72 67.29 a 24.4 21.3
0.013 11.55 -36.13 264.3 0.72 71.28 a 36.7 22.9
0.013 11.57 -36.08 265.3 0.71 71.04 a 36.7 23
0.013 11.55 -36.13 266.6 0.71 75.89 a 58.4 26.5
0.013 11.6 -36.02 267.7 0.71 77.86 a 58.3 26.2
0.013 11.6 -36.01 265.4 0.71 78.47 a 58.3 26.6
0.013 11.56 -36.11 267.1 0.71 82.97 a 82.4 31.5
0.013 11.6 -36.02 267.6 0.71 84.64 a 82.4 30.9
0.013 11.63 -35.95 269.5 0.7 97.57 a(f) 130.8 40
0.013 11.58 -36.06 267.8 0.71 98.59 a(f) 130.7 40.1
0.013 11.63 -35.95 267.9 0.7 97.83 a(f) 130.8 40.3
0.013 11.54 -36.17 520.8 0.12 35.09 i-a (f) 0.3

0.013 11.54 -36.16 521.1 0.12 34.64 i-a (f) 0.3

0.013 11.54 -36.15 520.4 0.12 34.06 i-a (f) 0.3

0.013 11.58 -36.07 520.6 0.12 34.96 i-a (f) 2.7 16.7
0.013 11.53 -36.2 519.9 0.12 34.36 i-a (f) 2.8 16.5
0.013 11.55 -36.15 522.3 0.12 36.09 i-a (f) 7.2 13.2
0.013 11.55 -36.14 522.9 0.12 36.44 i-a (f) 7.1 13.4
0.013 11.55 -36.14 521.6 0.12 36.68 i-a (f) 10.8 13.8
0.013 11.58 -36.06 521.7 0.11 37.4 i-a (f) 10.6 13.4
0.013 11.52 -36.21 518 0.12 36.78 i-a (f) 10.7 13.4
0.013 11.55 -36.13 518.8 0.12 39.68 i-a (f) 15.6 13.8
0.013 11.53 -36.18 522 0.12 39.46 i-a (f) 15.7 13.9
0.013 11.53 -36.19 529.3 0.12 43.47 i-a (f) 26.5 15.8
0.013 11.56 -36.13 522.2 0.12 43.27 i-a (f) 26.5 15.7
0.013 11.53 -36.18 520.8 0.12 51.5 i-a (f) 45.6 19.6
0.013 11.56 -36.11 519.5 0.12 50.81 i-a (f) 45.7 19.6
0.013 11.57 -36.09 521.8 0.12 50.37 i-a (f) 45.6 19.6
0.013 11.55 -36.15 517.4 0.12 63.86 i-a (f) 66.7 23.7
0.013 11.54 -36.16 519.4 0.12 61.8 i-a (f) 66.8 23.8
0.013 11.54 -36.16 527.3 0.12 71 i-a (f) 95 28.2
0.013 11.55 -36.13 525 0.12 72.68 i-a (f) 94.9 28.1
0.013 11.57 -36.1 525.2 0.12 72.73 i-a (f) 94.8 28.2
0.013 11.57 -36.09 5249 0.12 86.68 i-a (f) 139.1 34.7
0.013 11.61 -36 525 0.12 87.02 i-a (f) 139.2 34.8
0.013 11.58 -36.07 486.3 0.34 88.72 a 0.3

0.013 11.57 -36.09 488.9 0.34 87.47 a 0.3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

0.3 2.4 2.6 18.4 8.1 57.5 2.5 16.9 4.4 28.5 4.7 344
0.3 2 2.6 15.5 8.1 50.2 2.5 15.1 4.4 25 4.6 27.9
1.5 6.3 3.2 134 10.3 38.6 4.8 18.4 4.8 18.8 7 27.4
1.9 7.6 3.5 139 10.3 384 4.8 18 4.8 18.4 7 27.2

7.5 15.5 8.2 16.6 16.3 315 9.3 18.5 9.4 18.8 11.7 239
75 15.4 8.2 16.5 16.3 31.7 9.3 18.5 9.4 18.8 11.7 23.4

12.9 18.5 11.9 17.1 21 29.1 14 19.8 132 18.6 16.3 23.1
13 18.5 12 17.1 21 28.8 14 19.7 13.2 18.5 16.3 23.1
12.9 18.4 11.9 16.9 21 28.5 139 19.3 13.2 18.2 16.3 22.6
239 20.9 19.9 17.4 33.1 27.6 23 20.2 20.4 18 26.3 229
239 21 19.9 17.5 33.1 27.7 23 20.4 20.4 18.1 26.3 23.1
39.1 24.3 322 20.2 42.1 26.3 36.3 22.7 31.9 19.9 38.4 24.1
39.2 24.5 322 20.2 42.1 26.3 36.3 22.7 319 20 38.5 24.3
64.1 29 54.8 24.6 64.4 29.4 54.3 249 48.3 22.1 64.3 29.2
64.1 28.5 54.8 24.2 64.4 29 54.3 24.7 482 22 64.3 29.1

64.1 29.2 54.8 24.7 64.3 294 54.4 249 48.2 22.1 64.3 29.2
92.3 354 71.8 27.5 95.4 36.1 72.1 27.7 69.7 26.6 93.1 354
92.4 349 71.8 27.1 95.4 355 72.1 27.1 69.7 26.1 93.1 34.7
163.9 498 113.9 345 145.1 444 107.8 333 108 333 146.2 447
163.8 499 113.7 346 145 444 107.6 333 107.9 335 1464  45.1
163.9 504 113.9 349 145.1 447 107.7 335 108 334 1464 449

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

2.1 12.5 0.3 1.9 3.5 21.7 1.9 11.3 3.7 23.4 4.7 29.2
2.1 12 0.3 1.8 3.5 20.8 22 12.5 3.8 23 4.8 29.1
9.1 16.7 2.9 5.3 7.4 13.6 4.7 8.8 9.4 17.2 9.4 18
9 16.9 2.8 53 7.3 13.6 4.7 8.8 9.4 17.5 9.4 18.3
11.6 15 7 8.7 9.7 12.3 9.1 114 11.5 14.6 16.2 20.8
11.3 14.5 6.8 8.4 9.5 11.9 8.9 11.2 11.4 14.4 15.9 20.2
11.5 14.4 6.9 8.4 9.6 11.9 9 11.3 11.5 14.3 15.9 20
17.9 159 10.7 9.4 132 11.7 13.7 12.2 16.5 14.7 21.6 19.1
18 16 10.8 9.5 133 11.8 13.8 12.2 16.5 14.6 21.7 19.2
31.2 18.5 17.2 10.3 25 14.9 22.8 13.6 27.8 16.5 352 20.8
31.2 18.4 17.2 10.2 25.1 14.9 229 13.6 27.7 16.4 352 20.8
55.8 23.8 30.8 13.2 47 20.1 36 15.6 46.7 20.1 57.5 24.8
55.8 239 30.9 13.3 47 20.1 36.1 15.6 46.7 20.1 57.5 24.7
55.8 239 30.8 13.3 47 20.2 36 15.6 46.6 20.1 57.4 24.7
82.1 29.2 46.1 16.5 70.1 24.8 539 19.2 63.9 22.8 84.2 29.8
82.2 29.3 46.1 16.5 70.1 24.8 54 19.2 64 22.8 84.2 29.9
124 36.7 69.9 20.8 97.3 28.8 72 21.5 90.1 26.8 116.7  34.6
1239 365 69.9 20.8 97.1 28.8 71.9 21.5 90 26.8 116.5 345
1237 36.6 69.8 20.8 97 28.8 71.9 21.6 90 26.8 116.5  34.6
177.8 447 111.6 277 136.4 34 107.6  26.8 130.7 325 170.2 423
1782 449 111.7  27.8 136.5 34.1 107.7 269 131 32.7 170.1 425
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 11.6 -36.01 494.4 0.33 83.35 a 0.3

0.013 11.6 -36.01 482.7 0.34 87.52 a 24 22.5
0.013 11.56 -36.11 485.1 0.34 87.85 a 2.4 22.3
0.013 11.58 -36.06 486.2 0.34 87.62 a 4 17.4
0.013 11.57 -36.09 489.9 0.34 87.34 a 4 17.3
0.013 11.6 -36.02 491.3 0.34 89.45 a 4 16.7
0.013 11.6 -36.02 495.8 0.33 89.99 a(f) 8.1 15.7
0.013 11.62 -35.96 496.7 0.33 87.8 a(f) 8 15.9
0.013 11.56 -36.1 492.7 0.33 90.23 a(f) 11.3 15.9
0.013 11.58 -36.06 494.5 0.33 90.98 a(f) 11.2 15.5
0.013 11.52 -36.2 493.3 0.33 88.77 a(f) 11.3 15.9
0.013 11.58 -36.08 506.3 0.32 93.91 a(f) 19.7 17.2
0.013 11.65 -35.9 515.7 0.32 89.79 a(f) 19.6 17.1
0.013 11.58 -36.07 530.1 0.31 94.08 a(f) 33.4 19.7
0.013 11.59 -36.05 523.5 0.31 96.88 a(f) 33.3 19.7
0.013 11.59 -36.05 518.6 0.32 98.28 a(f) 33.2 19.2
0.013 11.55 -36.13 507 0.32 99.68 a(f) 50.2 22.3
0.013 11.59 -36.05 503.9 0.33 102.48 a(f) 50.2 22.2
0.013 11.62 -35.98 526.6 0.31 104.2 a(f) 73.7 25.8
0.013 11.61 -36 507.8 0.33 114.42 a(f) 73.6 243
0.013 11.55 -36.13 523.4 0.31 107.94 a(f) 73.7 24.1
0.013 11.58 -36.06 519.9 0.32 121.26 a(f) 111.2 29.1
0.013 11.62 -35.97 523.1 0.32 124.16 a(f) 111.3 29
0.013 11.63 -35.94 527.6 0.31 119.92 a(f) 111.2 31.1
0.013 25.95 -10.7 81.1 0.14 0.86 w 0.2

0.013 25.97 -10.67 81.6 0.14 0.9 w 0.2

0.013 25.95 -10.7 80.9 0.15 0.84 w 0.2

0.013 25.96 -10.69 81.1 0.15 0.97 w 4.8 8.6
0.013 25.96 -10.69 80.5 0.14 0.96 w 4.7 8.5
0.013 25.96 -10.68 81.2 0.15 1.1 w 9.2 9.7
0.013 25.97 -10.68 82.3 0.14 1.11 w 9.2 9.8
0.013 25.96 -10.69 80.9 0.14 1.19 w 11.7 9.4
0.013 25.96 -10.68 81.1 0.15 1.19 w 11.6 9.9
0.013 26 -10.63 81.5 0.15 1.37 w 16.3 10.9
0.013 25.95 -10.69 80.2 0.15 1.39 w 16.2 11
0.013 25.97 -10.67 79.7 0.15 1.8 w 27.4 13.1
0.013 25.98 -10.66 80.5 0.15 1.76 w 27.4 13.1
0.013 25.98 -10.67 80.2 0.15 2.23 w 40.3 15.6
0.013 25.96 -10.69 80 0.15 2.2 w 40.3 15.5
0.013 25.98 -10.66 80.7 0.15 2.21 w 40.3 15.6
0.013 25.99 -10.65 80 0.15 2.84 w (f) 59.1 18.3
0.013 25.99 -10.64 79.9 0.15 2.87 w (f) 59.2 18.4
0.013 26 -10.63 81.1 0.15 2.84 w (f) 59.1 18.5
0.013 26.01 -10.63 80.2 0.2 3.63 w () 74.7 18.9
0.013 25.98 -10.67 82.9 0.18 3.71 w (f) 74.8 19.1
0.013 26.02 -10.61 79.5 0.19 3.62 w (f) 74.8 19.3
0.013 26.03 -10.59 79.6 0.24 5 w (f) 94.8 18.4
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.3 0.3 0.3 0.3 0.3 0.3

0.3 2.8 0.3 2.6 4.3 45.1 2.3 24.1 2.9 26.6 4.3 33.6
0.3 2.7 0.3 2.5 43 46.2 2 21.6 2.9 27.6 4.4 333
2.6 11.6 0.3 1.4 6.7 28.9 49 21.3 4.6 19.9 4.8 21.1
2.8 12.5 0.3 1.4 6.7 28 4.9 20.8 4.6 20 4.8 20.8
2.7 11.8 0.3 1.4 6.7 27.2 5 20.1 4.6 19.3 4.8 20.4
8.2 15.7 4.2 8 10.2 19.7 9.4 18.4 7.7 15.1 8.9 17.4
8.1 15.8 4.1 7.9 10.2 20.2 9.3 18.7 7.6 15.3 8.9 17.6
13.2 17.7 5.7 7.9 13.7 19.2 13.8 19.6 9.7 14 12 16.9
13.1 17.2 5.6 7.7 13.6 18.8 13.7 19.2 9.6 13.6 11.8 16.3
13.3 18 5.7 8 13.7 19.3 13.8 19.6 9.6 14 11.8 16.6

21.3 18.3 12.7 11.1 234 20.5 22.7 20.1 18.6 16.3 19.4 17
21.2 18.1 12.6 11.1 232 20.4 22.7 19.9 18.5 16.1 19.3 16.7

31.7 18.9 28 16.4 39.2 23.1 36.2 21.6 31.6 18.6 33.6 19.8
31.5 18.6 28 16.3 39.1 233 36.2 21.7 31.5 18.6 33.7 19.8
31.3 18.3 279 15.9 39 225 36.1 21 315 18.1 33.6 19.3
50.4 22.7 40 18 60.1 26.4 54.4 239 47.5 20.9 48.6 21.7
50.3 22.7 40 18 60.1 26.4 54.4 23.8 475 20.8 48.6 21.6
81 28.3 61.5 21.5 88.3 30.7 71.9 253 67.5 23.7 71.8 25.4
80.9 26.7 61.3 20.2 88.2 29.1 71.8 24 67.4 223 71.7 239
81 26.2 61.5 20.1 88.3 28.8 72 23.8 67.5 222 71.8 23.6

124 32.1 98.5 25.6 133.5 349 107.5 283 96.2 253 107.7 283
1241 323 98.5 25.7 133.7 348 107.6  28.1 96.2 25.1 107.7 28

124 35.1 98.4 27.3 1334 373 1074 30 96.3 26.9 107.7 303
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

39 7.1 9.7 17.5 39 6.7 2 3.7 35 6.2 5.7 10.1
3.7 6.7 9.6 17.3 39 6.7 2.1 39 35 6.2 5.6 10.2
0.2 0.2 21.1 22.4 7.1 7.3 49 5.1 10.6 11 11.4 12.3
0.2 0.2 21 22.8 7.1 7.4 4.8 5.1 10.6 11.1 11.3 12.4
0.2 0.1 235 18.8 10.6 8.5 9 7.2 14.6 11.7 12.1 9.8
0.2 0.2 234 20.3 10.6 8.8 9 7.4 14.5 12.1 12.1 10.6
0.2 0.1 29.4 20 17.6 11.5 135 8.9 21 139 16 10.9

0.2 0.1 29.4 20.4 17.5 11.6 135 8.9 20.9 14.1 15.8 11
0.2 0.1 55.5 26.3 329 15.6 22.6 10.9 32.7 15.7 20.6 9.9
0.2 0.1 55.5 26.4 329 15.7 22.6 10.9 32.8 15.7 20.7 9.9

0.2 0.1 76.1 29.3 532 20.3 36.2 14 43.8 17.1 323 12.5
0.2 0.1 76.1 29.3 533 20.3 36.2 14 43.9 17.1 323 12.5
0.2 0.1 76.1 29.5 533 20.4 36.2 14 43.8 17.1 323 12.6
0.2 0.1 98.6 30.5 85.4 26 54.1 16.7 61.7 19.3 55 17.2
0.2 0.1 98.5 30.7 85.4 26.1 54.1 16.8 61.7 19.5 55 17.4
0.2 0.1 98.3 30.7 85.3 26.3 542 16.9 61.8 19.5 55.1 17.4
0.2 0 115.7  29.1 1104 28.1 72 18.3 80.6 20.4 69.6 17.4
0.2 0 115.7 293 110.5 283 72 18.3 80.7 20.7 69.6 17.7
0.2 0 115.8 297 110.7 287 72.1 18.5 80.6 20.9 69.7 18.1
13.2 2.5 138.1 264 127.2 258 106.9 202 1146 219 69 13.4

Table G.9 313



Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26.02 -10.61 80.6 0.24 4.96 w (f) 94.8 18.6
0.013 26.04 -10.58 81.3 0.23 5 w (f) 94.8 18.9
0.013 25.98 -10.66 81.1 0.33 0.69 w 0.2

0.013 25.99 -10.64 80.4 0.33 0.68 w 0.2

0.013 26.01 -10.62 78.2 0.35 0.92 w 5.4 10.1
0.013 26.02 -10.61 80.1 0.34 0.89 w 4.9 9.7
0.013 26 -10.62 78.9 0.35 1.31 w (f) 11.9 10.2
0.013 26.02 -10.6 80.5 0.34 1.06 w (f) 11.9 9.1
0.013 26.02 -10.61 80.1 0.34 1.33 w (f) 11.4 10.3
0.013 26.03 -10.59 80.4 0.34 1.42 w (f) 16 10.2
0.013 26.02 -10.6 80 0.34 1.45 w (f) 15.9 10.7
0.013 26.02 -10.6 80.9 0.34 1.64 w (f) 20.7 11.5
0.013 26 -10.64 80.5 0.34 1.94 w (f) 20.5 11.5
0.013 26.03 -10.58 79.9 0.34 2.86 w (f) 32 13.5
0.013 26.04 -10.58 80.7 0.33 2.5 w (f) 31.8 13
0.013 26.04 -10.58 82.3 0.33 3.03 w (f) 42 14.6
0.013 26.06 -10.55 78.4 0.35 3.05 w (f) 42 14.5
0.013 26.04 -10.57 83 0.33 4.2 f 53.1 15.7
0.013 26.09 -10.51 81.1 0.34 3.91 f 53.1 16.1
0.013 26.04 -10.58 80.9 0.34 3.82 f 63.5 16.5
0.013 26.06 -10.55 82.8 0.33 431 f 63.5 16.6
0.013 26.06 -10.55 75.4 0.36 4.74 f 82.5 17
0.013 26.05 -10.56 82.3 0.33 4.82 f 82.6 17.8
0.013 25.65 -11.09 81.3 0.53 1.5 w (f) 0.2

0.013 25.66 -11.08 79.3 0.53 1.47 w (f) 0.2

0.013 25.67 -11.07 78.9 0.54 1.51 w (f) 0.2

0.013 25.67 -11.07 79.1 0.54 1.64 w (f) 3.8 9.8
0.013 25.69 -11.04 79.1 0.55 1.63 w (f) 39 10
0.013 25.72 -11 79.8 0.54 1.94 w (f) 10.1 114
0.013 25.66 -11.08 79.1 0.54 1.9 w (f) 10.1 11.3
0.013 25.68 -11.06 78.7 0.55 2.15 w (f) 13.2 11
0.013 25.69 -11.04 79.6 0.54 2.15 w (f) 13.1 11
0.013 25.68 -11.06 79.2 0.54 2.34 w (f) 16.8 11.6
0.013 25.65 -11.1 79.8 0.54 2.34 w (f) 16.8 11.5
0.013 25.66 -11.08 79 0.55 3.1 f 29.6 15
0.013 25.7 -11.03 80.5 0.53 3.08 f 29.7 15.2
0.013 25.7 -11.02 79.8 0.54 3.69 f 43.4 17.7
0.013 25.7 -11.03 78.5 0.55 3.75 f 43.4 17.6
0.013 25.69 -11.03 79.7 0.54 4.56 f 55.8 18.6
0.013 25.69 -11.05 80.7 0.53 4.56 f 55.8 18.5
0.013 25.71 -11.02 79.9 0.53 5.1 f 66.3 18
0.013 25.7 -11.03 79.3 0.54 52 f 66.1 18.6
0.013 26.01 -10.6 77.6 0.56 1.65 w (f) 0.2

0.013 26.03 -10.58 77 0.57 1.64 w () 0.2

0.013 26.04 -10.56 76.5 0.6 1.92 w (f) 7.8 13.2
0.013 26.03 -10.58 76.9 0.57 1.84 w (f) 7.9 13
0.013 26.04 -10.57 76.3 0.57 1.81 w (f) 7.8 12.9
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
13.3 2.5 138.2  26.6 127.1 26.3 106.9 204 1145 222 69 13.6
13.2 2.6 1382  27.1 1272 26.5 106.9  20.8 1145 224 69 13.8
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

79 14.9 11.8 21.3 3.6 6.7 1.9 3.5 3 5.5 4.4 8.4
7.8 15.1 11.8 23 0.3 0.8 2 4.3 3 6.2 4.4 9
3.8 3.1 25.5 214 10.8 9.3 4.7 4.1 15.8 13.7 10.7 9.4

3.8 2.7 25.5 20.1 10.8 8.6 4.7 3.8 15.8 11.8 10.7 7.7
3.8 33 25.6 22.6 10.1 9.1 4.7 4.4 13.6 12.5 10.8 9.9

0.2 0.1 30.7 19.8 18.5 11.9 9.3 6 25.2 15.7 11.8 7.6
0.2 0.1 30.7 20.2 18.5 12.4 8.9 6 25.1 17.1 11.8 8.5
29 1.6 32.1 17.8 28.9 15.8 13.7 7.6 32.3 18.1 14.3 8.1
29 1.6 32 17.8 28.8 15.8 12.5 7.1 323 18.3 14.2 8.4
0.2 0.1 44.5 19.1 51.6 21 23.5 9.9 52.7 22.1 19.6 8.7
0.2 0.1 445 18.2 51.5 20.8 22.5 9.4 52.7 21.6 19.6 8.1
2.5 0.9 515 17.9 722 24.6 36 12.6 66 23 23.6 8.3
2.3 0.8 51.6 17.8 72.3 24.6 36.1 12.6 66 22.8 23.7 8.2
4.1 1.2 64.1 18.7 87.2 25.7 539 16 80.9 239 28.2 8.6
4.1 1.3 64.1 19.7 87.2 26.4 54 16.2 80.9 24.4 28.1 8.7
53 1.4 81.1 20.7 95.6 25.8 72.1 18.7 94.2 24.3 32.7 8.3
53 14 81 20.7 95.6 25.7 72.1 18.8 94.1 245 32.7 8.6
14.6 3 95.6 19.9 1215 252 1082 21.6 1194 246 35.6 7.5
14.6 32 95.8 21.1 121.6 265 108.3 223 119.6 255 35.7 8
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

4.8 12 43 11.4 3 8.5 1.6 4 2.7 6.6 6.4 16.2

4.8 12.3 4.4 11.7 2.8 79 1.9 4.8 2.9 7.1 6.5 16.4
15.2 17.1 17.1 19.5 10.5 11.9 5.1 5.7 8.4 9.3 45 5
15.2 16.9 17.2 19.5 10.5 11.8 5.1 5.6 8.4 9.1 4.5 4.9
7.8 6.5 30.1 25.1 15.4 12.9 9.2 7.7 14.9 12.3 1.9 1.5

75 6.4 30 254 153 12.9 9.2 7.7 14.8 12.3 1.8 1.6
4.1 2.8 37.7 26 21.4 15 13.7 9.4 20 13.7 3.9 2.7
4.1 2.8 37.6 259 21.4 14.9 13.7 9.4 20 13.6 3.8 2.6
10.2 52 583 29.7 44.9 22.8 224 11.3 33.6 16.9 8.4 4.2
10.3 5.4 58.5 30.1 45 22.8 22.6 11.5 33.6 17.1 8.4 43
17.8 7.4 78.7 31.7 65.9 27.1 36.3 14.6 46.5 19 15.3 6.2
17.8 7.4 78.7 317 65.9 26.9 36.3 14.5 46.6 18.9 15.3 6.2
20.8 7 95 31.3 80.2 27.8 54.1 17.7 65.1 21.3 19.5 6.4
20.9 7 95 31.2 80.2 27.7 542 17.5 65.2 21.3 19.6 6.4
20.9 53 106 27.6 96.2 28.8 72.1 19.4 82.7 21.5 20.2 5.1
19.5 5.5 106 29.2 96.1 29.5 72 19.7 82.6 222 20.2 5.5
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

14.7 25 10.8 18.1 7.8 12.4 1.9 33 53 9 6.6 11.5
14.8 24.7 10.8 17.8 7.8 12.2 2 33 53 8.8 6.6 11.1

14.5 24.5 10.6 17.7 7.7 12.1 2.1 35 52 8.7 6.5 11.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26.02 -10.59 77.6 0.57 1.97 w (f) 10.7 11.2
0.013 26.02 -10.59 76.9 0.57 1.94 w (f) 10.7 11.1
0.013 26.04 -10.57 78.4 0.56 1.95 w (f) 10.7 11.2
0.013 26.04 -10.56 77.6 0.56 223 w (f) 14.8 11.2
0.013 26.04 -10.57 76.2 0.57 221 w (f) 14.8 11
0.013 26.06 -10.54 71.5 0.56 221 w (f) 14.8 11.1
0.013 26.06 -10.54 71.2 0.55 2.48 w (f) 19.8 12.1
0.013 26.08 -10.52 78 0.54 243 w (f) 19.8 12.1
0.013 26.11 -10.48 71.5 0.56 2.44 w (f) 19.9 12.2
0.013 26.05 -10.56 76.2 0.57 3.36 f 36 15.8
0.013 26.08 -10.52 79.2 0.55 3.29 f 36 15.7
0.013 26.08 -10.51 73.2 0.6 3.33 f 36 15.8
0.013 26.07 -10.52 77.1 0.57 4.15 f 49 17.3
0.013 26.07 -10.52 76.9 0.57 4.13 f 49 17.1
0.013 26.06 -10.54 76.1 0.58 498 f 60.3 17.7
0.013 26.07 -10.53 77.6 0.57 4.88 f 60.3 17.3
0.013 26.06 -10.53 71.3 0.57 493 f 60.2 17.5
0.013 26.1 -10.49 77.4 0.56 5.18 f 66.6 16.9
0.013 26.1 -10.49 77.9 0.55 5.03 f 66.6 16.8
0.013 26.1 -10.48 77.6 0.56 5.27 f 66.4 17
0.013 26.1 -10.49 78.9 0.55 5.22 f 66.6 16.9
0.013 26.07 -10.52 75.7 0.57 5.43 f 66.6 17.1
0.013 25.97 -10.65 81.4 0.73 29 w (f) 0.2

0.013 25.97 -10.65 82.1 0.72 2.92 w (f) 0.2

0.013 25.95 -10.66 80 0.74 2.87 w (f) 0.2

0.013 25.96 -10.66 82.2 0.71 2.83 w (f) 0.2

0.013 25.97 -10.64 80.9 0.73 3.13 w (f) 43 13.1
0.013 25.96 -10.66 80.9 0.73 3.15 w (f) 42 12.7
0.013 25.96 -10.66 81.3 0.72 3.13 w (f) 42 12.8
0.013 25.97 -10.64 83.1 0.71 3.09 w (f) 42 12.7
0.013 25.95 -10.67 81.9 0.71 3.35 w (f) 9.1 14.4
0.013 25.96 -10.66 81.4 0.72 3.3 w (f) 9.2 14
0.013 25.97 -10.64 81.2 0.71 331 w (f) 9.1 13.8
0.013 25.97 -10.65 81 0.72 3.53 w (f) 13.6 11.7
0.013 25.97 -10.64 80.8 0.73 3.5 w (f) 13.6 11.7
0.013 25.97 -10.64 82.4 0.71 3.57 w (f) 13.5 11.9
0.013 26 -10.6 78.5 0.75 372 f 17.7 12
0.013 25.99 -10.62 81.3 0.72 3.75 f 17.7 11.9
0.013 25.97 -10.64 81.8 0.72 3.79 f 17.7 12
0.013 25.98 -10.63 81.4 0.72 4.48 f 27.5 13.7
0.013 25.98 -10.63 81.7 0.72 445 f 27.5 13.5
0.013 25.99 -10.61 79.9 0.74 4.44 f 27.5 13.6
0.013 25.99 -10.61 81.8 0.72 5.65 f 40 14.8
0.013 26 -10.61 80.5 0.73 5.57 f 39.9 14.8
0.013 26 -10.6 80.2 0.74 5.56 f 39.9 15
0.013 26.02 -10.58 82.2 0.72 6.78 f 49.7 15
0.013 26 -10.6 80.7 0.74 6.71 f 49.6 15.3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
14.6 154 224 24 12.5 12.3 4.6 5 9.7 10.5 0.2 0.2
14.6 15.1 224 23.8 12.5 12.3 4.6 4.9 9.7 104 0.2 0.2
14.7 15.3 22.5 239 12.5 12.3 4.6 5 9.7 10.5 0.2 0.2
3.8 2.9 34.7 26.5 19.5 14.1 9.2 7.1 18.1 13.8 34 2.6
3.9 2.9 34.7 259 19.5 13.9 9.3 7 18 134 3.6 2.6
4 3 347 26.2 19.5 14 9.3 7.1 18 13.6 34 2.5
2.8 1.7 42.4 26.6 294 17.2 139 8.5 259 15.8 4.6 2.9
2.7 1.7 42.5 26.5 29.4 17.3 13.6 8.4 26 15.9 4.7 29
3 1.9 42.5 26.7 29.5 17.4 13.6 8.4 26 16 4.7 2.9
17.2 7.7 62.6 28.2 60.7 254 224 9.9 43.8 19.2 9.1 4
17.3 7.6 62.6 28 60.6 254 224 9.9 43.8 19.1 9.1 4
17.3 7.9 62.7 28.3 60.6 25.5 224 9.9 43.9 19.2 9.1 4
24.5 8.9 82 29.1 82.2 28.1 359 12.7 57.9 20.6 11.4 4.1
24.4 8.9 82 29 82.2 27.8 359 12.6 58 20.4 114 4.1
23.7 7.3 98.9 29.2 95.1 27.8 53.6 15.5 76.3 224 14 4.2
23.7 6.9 98.8 28.4 95.1 27.2 53.7 15.4 76.3 21.8 14 4
23.6 7.1 98.8 28.7 95 27.3 53.6 15.5 76.3 224 13.9 4.1
21.3 5.3 113.7 283 89.6 24 71.9 17.9 87.7 21.9 15.7 3.9
21.3 5.1 113.7 27.6 89.6 24.7 71.9 17.9 87.6 21.6 15.7 3.8
21.1 5.4 113.3  28.8 89.3 23.7 71.7 17.9 87.3 22.1 15.5 4
21.3 5.2 113.7 28 89.5 24.8 71.8 17.9 87.5 21.7 15.6 3.8
21.3 5.6 113.7  28.8 89.5 23.2 71.8 18.1 87.7 22.8 15.7 4.1
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

54 17.2 6.8 20.5 3.7 10.5 2.1 6.5 3.3 10.2 4.3 13.7
5.3 16.7 6.9 20.3 3.5 9.8 2.1 6.2 3.3 10 4.2 13.3
5.3 16.6 6.8 20.1 3.6 10.2 2 6.2 3.4 10.3 4.3 13.6
5.4 16.7 6.7 19.9 3.7 10.4 2.1 6.3 3.2 9.7 4.1 13
15.6 24.7 124 19.7 8.1 12.7 49 7.6 5.9 9.2 7.9 12.6
15.6 239 12.5 19.5 8.2 12.5 5 7.5 5.9 8.8 8 12
15.6 23.6 124 19.1 8.1 12.4 4.8 7.3 6 8.9 7.9 11.8
14.4 12.3 30.5 26.3 15 12.8 9.1 8 12.5 10.7 0.2 0.2
14.4 124 30.5 26.5 15 12.8 9.1 8 12.4 10.6 0.2 0.2
14.3 12.9 30.3 26.7 14.9 12.8 9 8 124 10.9 0.2 0.2
8.2 5.6 43.5 29.5 21.9 14.6 13.8 94 19 12.6 0.2 0.1

8.1 5.6 43.6 29.5 21.8 14.6 13.7 9.4 18.7 124 0.2 0.1
8.1 5.6 435 29.7 21.8 14.7 13.7 9.5 18.8 12.7 0.2 0.1
13.5 6.8 61.4 30.7 37.7 18.7 229 11.5 29.5 14.8 0.2 0.1

13.5 6.5 61.3 30 37.5 18.4 22.8 11.3 29.4 14.4 0.2 0.1
13.5 6.7 61.3 30.4 375 18.6 22.8 11.4 29.4 14.6 0.2 0.1
19 7 79.2 29.2 59.7 22.1 36.1 135 44.1 16.5 1.7 0.6
18.9 7 79.1 29.4 59.6 21.9 36 13.4 44 16.4 1.7 0.6
18.9 72 79.1 29.8 59.6 222 36 13.6 44 16.7 1.8 0.7
21.2 6.5 89.3 27.4 71.7 21.2 54.1 16.2 53 16.2 8.7 2.6
21.2 6.6 89.2 27.8 71.7 21.6 54 16.4 529 16.6 8.7 2.7
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26 -10.47 81.8 0.91 3.13 w (f) 0.2

0.013 26.01 -10.51 83.7 0.88 3.08 w (f) 0.2

0.013 26.01 -10.4 80.5 0.93 3.12 w (f) 0.2

0.013 26.01 -10.43 80.8 0.92 3.51 w (f) 5 19.6
0.013 26.01 -10.5 82.8 0.9 3.34 w (f) 5 15.1
0.013 26.03 -10.46 82.5 0.9 3.37 w (f) 5 16.2
0.013 26.02 -10.47 82.6 0.9 34 w (f) 5 15.8
0.013 26.01 -10.48 81.7 0.9 3.68 w (f) 9.4 14.2
0.013 26.02 -10.48 82.2 0.9 3.56 w (f) 9.4 14.5
0.013 26 -10.49 81.9 0.9 3.73 w (f) 9.4 14.9
0.013 26.01 -10.5 82.7 0.89 3.58 w (f) 9.5 14
0.013 26.01 -10.46 81.8 0.91 4.1 f 15.5 11.9
0.013 26.02 -10.48 83.3 0.9 4.22 f 15.6 12
0.013 26.03 -10.43 82.3 0.91 4.17 f 15.6 11.5
0.013 26.02 -10.47 82.7 0.9 4.09 f 15.6 114
0.013 26.01 -10.52 81.5 0.88 4.12 f 18.5 11.6
0.013 26 -10.55 84 0.86 4.06 f 18.5 11.4
0.013 26.05 -10.47 82 0.88 4.14 f 18.5 11.6
0.013 26 -10.5 81.9 0.9 5.13 f 26.6 11.4
0.013 26 -10.52 83.2 0.89 5.14 f 26.6 11.2
0.013 26.01 -10.5 82 0.89 5.02 f 26.7 11
0.013 26.03 -10.46 82.1 0.9 4.92 f 26.6 10.8
0.013 25.64 -11.12 156.3 0.12 1.15 i 0.2

0.013 25.65 -11.11 155.4 0.13 1.49 i 6.6 114
0.013 25.63 -11.14 155.1 0.13 1.56 i 6.7 11.4
0.013 25.65 -11.1 155.6 0.13 2.17 i 14.5 15.1
0.013 25.65 -11.11 155.7 0.13 2.22 i 14.6 15
0.013 25.65 -11.11 155.2 0.13 2.75 i 22.9 17.4
0.013 25.66 -11.09 156 0.12 2.95 i 229 17.6
0.013 25.66 -11.09 155.8 0.13 3.37 i 28.7 18.4
0.013 25.63 -11.13 155.6 0.13 3.49 i 28.9 18.8
0.013 25.66 -11.09 155.7 0.12 4.32 i(f) 38.6 19.7
0.013 25.66 -11.09 154 0.13 4.27 i(D) 38.6 20
0.013 25.68 -11.07 156.4 0.13 5.39 i(f) 50.2 21.8
0.013 25.63 -11.13 155.3 0.13 4.88 i(f) 50.2 22.2
0.013 25.66 -11.09 1559 0.12 5.47 i(f) 63.8 23.6
0.013 25.66 -11.09 156.1 0.13 5.79 i(f) 63.8 23.7
0.013 25.69 -11.05 155.3 0.13 5.7 i(f) 63.8 23.7
0.013 25.7 -11.04 155.5 0.13 6.42 i(f) 76.3 25.1
0.013 25.68 -11.07 155.2 0.13 6.07 i(f) 76.4 24.8
0.013 25.67 -11.08 155.3 0.14 7.61 i-a (f) 109.7 28.2
0.013 25.68 -11.07 155.1 0.13 7.33 i-a (f) 109.7 28.6
0.013 26.03 -10.6 162 0.12 2.7 i 0.2

0.013 25.98 -10.66 160.8 0.13 2.56 i 0.2

0.013 26 -10.63 162.7 0.13 2.99 i 8.2 12.1
0.013 26 -10.63 161.8 0.13 2.92 i 8.1 12
0.013 26.01 -10.62 163.2 0.12 3.35 i 15.4 15.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

6 24.7 7.2 30.4 7.2 23.5 2 7.8 3.7 15.5 3.7 15.8
6 19.1 7.2 22.8 7.2 19.1 2 6 3.7 11.7 3.7 11.9
6 20.6 7.2 24.6 7.2 199 2 6.5 3.7 12.6 3.7 12.8
6.1 19.6 7.2 24.2 7.2 19.7 2.1 6.8 3.7 12.1 3.7 12.1
13.3 20 15.8 24.1 9.2 13.9 4.4 6.8 6.5 9.8 7.1 10.8
13.3 20.3 15.8 24.1 9.3 14.3 4.5 7 6.5 10 7.1 11.2
13.3 20.8 15.8 253 9.3 14.5 4.5 7.3 6.5 10.3 7.1 11.3
134 19.5 15.9 23.7 9.4 139 4.6 6.9 6.5 9.7 7.2 10.6
134 10.6 37.6 28.9 19.1 14.3 9.1 7.2 12 9.1 2.1 1.6
13.5 10.7 37.6 29 19.1 14.2 9.1 7.2 12 9.3 2.1 1.7
134 10.2 37.6 27.6 19.1 13.7 9.1 6.9 12.1 9 2 1.5
134 10 37.6 27.3 19.1 13.7 9.1 6.9 12.2 8.9 2.1 1.5
10.4 6.9 49.1 30.6 22.3 13.8 13.5 8.6 154 9.7 0.2 0.1
10.4 6.8 49 30.2 22.3 13.5 13.6 8.4 15.5 9.5 0.2 0.1
10.4 7 49.1 30.6 22.3 13.8 13.6 8.5 154 9.7 0.2 0.1
14 6 59.6 25.3 41.8 18 22.3 9.7 21.9 9.3 0.2 0.1
14 5.9 59.6 24.9 41.8 17.6 22.3 9.7 21.9 9.3 0.2 0.1
14 5.8 59.7 24.6 41.8 17.2 22.3 94 21.9 9.1 0.2 0.1
14 5.8 59.6 24.1 41.8 16.6 22.3 9.2 21.9 9 0.2 0.1
0.2 0.2 0.2 0.2 0.2 0.2

8.8 15.5 9.6 16.7 4.6 8 3.3 5.6 3.6 6 9.7 16.7
9.6 16.4 9.6 16.4 4.6 79 3.4 5.6 3.6 6 9.6 16.1
20.3 21.3 18.7 19.7 12.8 13.3 4.5 4.7 9.6 9.9 21.3 21.7
20.4 21 18.7 19.4 13 13.4 4.5 4.7 9.6 9.9 21.3 21.7
30.5 23.1 29.3 22.5 23.5 17.7 9.1 6.9 19.8 14.8 254 194
30.5 234 29.3 22.6 234 17.6 9.1 6.8 19.9 15 254 20
35 22 35.7 23.2 31.6 20.1 14 8.9 27.1 17.2 29 19
35.1 229 359 23.7 31.7 20.2 14 8.9 27.3 17.5 29.1 19.5
352 17.7 48.8 24.9 50.1 254 22.7 11.7 35.5 18.4 394 20.3
35.2 18.4 48.8 25.5 50 25.3 22.7 11.7 35.5 18.5 394 20.3
32.3 14.5 65.7 28.1 71.1 30.1 36.3 15.5 51.6 22.5 439 19.9
32.3 15.3 65.8 29.2 71.2 30.3 36.4 15.6 51.7 22.7 44 20.2
38.5 14.9 81.5 30.3 92.1 33.7 54.3 19.7 62.1 23 54.2 20.1
38.6 15 81.5 30.3 92.1 33.8 54.4 19.8 62.1 232 54.1 20.3
38.6 15.2 81.6 30.5 92.1 33.8 54.4 19.8 62 23 54 20.2
44 14.9 91.6 30.9 108.6 36 75.6 24 70.3 229 67.5 222
44 13.7 97.1 31.1 1042 35 75.5 24.1 70.3 229 67.6 21.9
68.6 17.1 1404 36 153.9  40.8 107.3 27 96.3 24.7 91.8 239
68.6 17.4 140.5  36.5 1539 41.6 107.2  27.1 96.2 24.8 91.8 24.2
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

13.2 19.6 9.9 15.1 6.3 8.8 2.6 3.7 6.1 8.9 11 16.6
13 194 9.8 152 6.2 8.7 2.6 3.8 6.1 8.7 10.9 16.3
22.3 22.3 19.2 19.3 13.1 12.3 4.8 4.7 12.3 11.9 20.9 20.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26 -10.63 162.2 0.13 342 i 15.5 15
0.013 25.97 -10.68 163.2 0.13 3.88 i 22.5 17.1
0.013 25.98 -10.66 162.4 0.12 3.85 i 22.5 16.7
0.013 26.04 -10.58 163.4 0.12 4.17 i(f) 27.4 17.2
0.013 26.02 -10.61 162.3 0.13 4.14 i(f) 27.3 17.7
0.013 26.03 -10.59 160.9 0.13 5.43 i(f) 36.5 18.9
0.013 26.07 -10.53 161.8 0.13 5.34 i(f) 37.2 18.4
0.013 26.03 -10.59 162.1 0.12 6.49 i(h) 51.1 20.9
0.013 26.06 -10.56 162 0.12 6.02 i(f) 51.1 21.1
0.013 26.06 -10.56 163.3 0.12 7.11 i(f) 65.1 224
0.013 26.05 -10.57 164.3 0.12 7.09 i(D) 64.8 22.6
0.013 26.06 -10.56 157.2 0.13 7.53 i(f) 78.7 23.6
0.013 26.1 -10.49 156.4 0.13 7.55 i(f) 78.8 23.6
0.013 25.99 -10.64 157.2 0.13 8.18 i-a (f) 109.3 26.2
0.013 25.94 -10.72 157.2 0.13 8.35 i-a (f) 109.3 26.4
0.013 26 -10.64 158.5 0.12 2.4 i 0.2

0.013 25.99 -10.64 158 0.12 2.18 i 0.2

0.013 25.97 -10.67 158.6 0.13 2.34 i 0.2

0.013 26.03 -10.6 156.9 0.13 2.34 i 5.8 11.9
0.013 25.97 -10.67 157.2 0.12 241 i 5.9 11.8
0.013 25.99 -10.65 157.4 0.12 2.37 i 5.8 11.8
0.013 26 -10.63 157.8 0.12 2.44 i 5.8 11.7
0.013 26.01 -10.62 158.2 0.12 24 i 8.4 12.9
0.013 26.01 -10.62 158.1 0.12 2.59 i 8.4 12.8
0.013 25.98 -10.66 158.3 0.12 2.58 i 8.3 12.8
0.013 25.99 -10.65 157.6 0.13 3.44 i 20 16.8
0.013 26.01 -10.62 157.5 0.12 3.46 i 20.1 16.7
0.013 26 -10.63 158.3 0.12 32 i 20.1 16.5
0.013 26.01 -10.62 158 0.12 4.01 i 26.2 17.7
0.013 26.02 -10.61 156.6 0.12 3.84 i 26.1 17.9
0.013 26 -10.64 156.7 0.13 3.78 i 26.1 18.2
0.013 26.01 -10.62 158 0.12 4.48 i(f) 31.8 18.4
0.013 26 -10.64 156.8 0.13 4.39 i(D) 31.7 18.5
0.013 25.98 -10.65 157.7 0.12 4.46 i(f) 31.7 18.7
0.013 26.01 -10.61 156.8 0.13 5.35 i(f) 43.8 20.6
0.013 26.02 -10.61 157.7 0.12 5.14 i(f) 43.8 20.2
0.013 26 -10.64 158.3 0.12 5.66 i(f) 43.8 20.6
0.013 26.03 -10.59 157 0.13 6.78 i(f) 59.5 23.1
0.013 26.02 -10.61 156.7 0.13 6.5 i(f) 59.4 23.2
0.013 26.07 -10.53 157 0.13 7.18 i(f) 76.1 24.8
0.013 26.01 -10.62 157.7 0.12 6.96 i(f) 76.1 24.5
0.013 26.04 -10.58 156.6 0.13 6.76 i(f) 76.1 24.5
0.013 26.04 -10.58 157.7 0.13 8 i-a (f) 108.5 27.6
0.013 26.05 -10.56 156.9 0.13 8.1 i-a (f) 108.5 27.8
0.013 26.04 -10.58 157.7 0.13 7.98 i-a (f) 108.5 27.8
0.013 25.95 -10.69 155.6 0.32 3.59 i-a 0.2

0.013 25.95 -10.69 1559 0.32 3.62 i-a 0.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
22.3 21.7 19.2 19 13.1 12.3 49 4.7 12.3 11.8 21 20.5
27.4 21.2 30.8 23.2 18.8 14 8.8 6.6 19.6 14.8 294 232

27.4 20.5 30.8 23.1 18.8 13.9 8.8 6.5 19.6 14.5 29.4 21.9
329 20.4 36.2 232 23.8 15.4 135 8.6 24.8 15.7 329 19.9
329 21.1 36.2 23.8 23.8 15.6 13.5 8.7 24.7 15.9 329 20.9

37 18.9 47.1 23.8 44.1 22 23 11.8 35.6 18.8 32.4 17.8
37.4 18 472 23 44.2 21.8 23.1 11.7 37.1 18.7 34.3 17.1
39 16 62.6 25.6 67.3 27.3 36.7 15.2 515 21.2 49.5 20.2
39 16.7 62.7 26.2 67.3 27.3 36.7 15.2 51.5 21.1 494 19.8
434 144 82 27.7 89 30.8 54.4 19.2 63.5 223 58 20.2
44.8 15.9 79.2 27.9 88.9 30.8 54.4 19 63.4 222 57.9 19.7
39.3 12.2 98.8 29.8 111.8 335 72.9 21.9 70.5 21.4 78.9 23.1
39.5 12.1 98.8 29.7 112 33.6 73 22 70.6 214 79.1 22.8
58.2 14.1 1455 346 149.1  36.6 106.8 252 91.8 21.8 1043 249
58.3 14.2 145.6 349 149.1 369 106.9 255 91.7 22 1043 249
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

9.2 18.1 8.6 17.7 3.4 6.9 2.2 4.6 4.1 8.2 7.6 15.7
9.2 18.3 8.6 17.5 34 6.8 22 4.5 4.1 8 7.7 15.5

9.3 18.9 8.7 17.7 33 6.7 2.3 4.6 39 7.7 74 15
9.2 18.8 8.7 17.7 33 6.7 2.3 4.8 3.7 7.4 73 14.9
12.6 19.6 10.9 17.5 5.4 8.1 4.4 6.6 59 8.7 10.9 16.9

12.6 19.5 10.9 17.2 5.4 8.1 44 6.7 59 8.7 11 16.8
12.5 19.2 10.8 17 53 8.1 4.4 6.6 5.8 8.7 11 17.1
22.6 19.2 27.8 23.4 16.3 13.6 8.9 7.5 17 14.1 27.6 23
22.6 19.1 27.8 232 16.3 13.7 9.1 7.7 16.9 14 27.7 22.8
22.6 18.6 27.8 23.4 16.3 13.7 9.1 7.7 17 13.9 27.7 22
21.2 14.9 39 25.8 25 16.8 135 9.3 26.1 17.6 324 22
21.2 15.3 389 26.3 249 16.8 13.5 9.3 26 17.6 323 22.3
21.1 15.7 38.8 26.9 249 16.9 135 9.3 259 17.7 323 22.6
24.1 144 449 25.6 32.1 18.6 22.6 13 31.7 18.3 35.6 20.5
24.1 14.5 449 259 32 18.6 22.5 13 31.4 18.3 354 20.7
24.1 14.8 44.8 26 32.1 18.5 22.5 13 31.6 18.4 355 21.7
253 12.8 60.6 28.1 523 239 36.1 16.7 454 21.3 434 20.9
25.3 12.3 60.6 27.5 522 23.7 36.1 16.6 45.4 21 434 20
25.2 12.8 60.5 28 522 23.7 36.1 16.6 453 21.3 433 21
31 12.8 79.4 30.4 71 29.4 54.2 20.9 59.3 232 56.3 22.1
30.8 12.9 79.3 30.8 76.8 29.3 54.1 20.8 59.2 232 56.2 222
389 132 103 333 103 33 72 23.6 67.3 224 72.4 232
389 12.5 103 323 103.1 332 72 23.7 67.4 22.3 72.5 23.1
389 12.7 103 32.4 103.1 332 71.9 23.6 67.3 222 72.5 22.6
65.9 16.5 130 33.6 1533 39.6 107.3 27 103.1 256 91.5 232
65.8 16.8 130 33.8 153.1 40 107.2  27.1 103.2 257 91.5 233
65.9 16.6 130 33.7 1532 39.8 1074  27.1 1032 258 91.5 235
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 25.96 -10.69 156 0.32 3.76 i-a 4.2 9.9
0.013 26 -10.63 156.3 0.32 3.42 i-a 4.2 10
0.013 25.96 -10.69 158 0.31 4.16 i-a (f) 13.8 14.8
0.013 25.98 -10.66 156.5 0.32 4.1 i-a (f) 13.8 14.8
0.013 25.97 -10.67 155.4 0.33 4.53 i-a (f) 21.8 17.2
0.013 25.98 -10.66 156.9 0.33 4.63 i-a (f) 21.8 17.1
0.013 25.97 -10.67 156.6 0.33 5.1 i-a (f) 26.1 17.8
0.013 26 -10.63 156.5 0.33 5.11 i-a (f) 26.1 18
0.013 25.98 -10.65 156.9 0.32 5.03 i-a (f) 26 17.8
0.013 26.03 -10.59 156 0.33 591 i-a (f) 36.3 19.7
0.013 25.95 -10.7 156.3 0.32 5.99 i-a (f) 36.3 19.4
0.013 26.02 -10.61 157.1 0.33 6.93 i-a (f) 47.1 21.7
0.013 25.99 -10.64 158 0.33 6.89 i-a (f) 47.1 21
0.013 26.01 -10.62 154.8 0.33 7.41 w-a (f) 55.4 22.1
0.013 25.99 -10.65 156.2 0.33 7.48 w-a (f) 55.4 22.6
0.013 26 -10.63 155 0.34 8.7 w-a (f) 68 22.6
0.013 26.02 -10.61 154.1 0.34 9.1 w-a (f) 68 23.1
0.013 25.99 -10.64 155.2 0.33 9.57 w-a (f) 80.5 22.7
0.013 26.02 -10.6 156.6 0.33 10.14 w-a (f) 80.5 22.7
0.013 25.58 -11.19 161.8 0.5 6.87 0.2

0.013 25.61 -11.15 162.3 0.5 6.87 0.2

0.013 25.6 -11.16 151.8 0.53 6.46 2.3 15.1
0.013 25.6 -11.17 151.7 0.54 6.43 22 14.7
0.013 25.6 -11.16 153.2 0.54 6.81 9.3 15.7
0.013 25.61 -11.15 154.1 0.53 6.72 9.3 15.7
0.013 25.61 -11.15 153 0.54 6.99 19.3 18.8
0.013 25.6 -11.17 153.8 0.54 6.82 19.4 18.9
0.013 25.63 -11.12 153.8 0.55 7.32 22.6 20.2
0.013 25.6 -11.16 154.8 0.54 7.52 22.7 19.9
0.013 25.62 -11.14 155.1 0.54 8.62 36.2 22.2
0.013 25.61 -11.15 154.5 0.54 8.54 36.4 22.4
0.013 25.61 -11.14 154.6 0.54 9.5 46.2 22.7
0.013 25.65 -11.1 154.8 0.53 9.24 46.2 22.6
0.013 25.64 -11.11 154.4 0.53 10.67 58.6 23.5
0.013 25.65 -11.09 155 0.53 10.97 58.6 23.3
0.013 25.66 -11.09 153.5 0.55 12.86 72 23.2
0.013 25.63 -11.12 154.3 0.55 12.73 72.1 22.9
0.013 25.63 -11.12 154 0.54 14.59 84.7 23.8
0.013 25.68 -11.06 153.7 0.55 14.34 84.7 23.8
0.013 25.59 -11.18 157.1 0.51 7.01 w-a (f) 0.2

0.013 25.59 -11.17 160 0.51 7.05 w-a (f) 0.2

0.013 25.59 -11.18 159.5 0.51 7.13 w-a (f) 0.2

0.013 25.65 -11.1 161.9 0.51 7.26 w-a (f) 6.9 14
0.013 25.59 -11.18 159.7 0.52 7.31 w-a (f) 6.9 14
0.013 25.61 -11.16 160.3 0.51 7.2 w-a (f) 10.3 15.1
0.013 25.6 -11.17 161.4 0.5 7.17 w-a (f) 10.3 15.1
0.013 25.55 -11.23 161 0.51 7.63 w-a (f) 19.8 18.4
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
5.8 13.6 6.1 14.3 2.3 5.7 2 4.6 4.2 9.7 4.9 11.7
5.9 13.8 6.1 14.5 2.2 5.7 2 4.8 4.1 9.7 4.9 11.8
21.6 22.7 17.1 18.2 10.5 11.5 4.7 52 13.7 14.7 15 16.6
21.7 22.8 17.1 18.2 10.5 11.5 4.8 52 13.7 14.7 15 16.5
26 21.1 32.6 25.1 20 15.5 9.3 73 24.9 19.3 18 14.8
26 21.1 32.6 25 20.1 15.6 9.4 7.3 24.9 19 18 14.5
27.8 194 414 27.6 26 17.4 13.7 9.3 29.6 20.1 18.2 12.8
27.8 19.8 41.4 27.7 26 17.5 13.7 94 29.6 20.3 18.2 133
27.7 19.7 41.3 27.7 25.9 17.4 13.6 9.3 29.5 20 18.2 12.8
34.4 18.9 61.2 32.5 36.9 20.2 22.8 12.5 42.8 232 19.8 11.1
34.3 18.2 61.3 32 36.9 20.1 22.8 124 42.8 23 19.8 11
34 16.3 82.5 36.9 49.7 229 36.1 16.5 53.3 24.6 26.7 129
34 15.2 82.6 359 49.7 22.7 36.1 16.3 53.4 239 26.8 12
34.2 14.1 924 36.6 59.6 24.1 539 20.9 61.4 24.4 31 124
342 14.8 924 37.5 59.6 24.4 539 21.1 61.3 24.7 31 12.9
39 129 111.9 36.8 72.6 25.6 72 23.7 75.7 24.7 36.7 11.8
39 13.6 111.9 376 72.7 259 72 23.8 75.7 254 36.7 124
36.6 10.5 1255 359 84.5 25.5 107.9 29 79.9 22.5 48.7 13
36.6 10.4 125.6 355 84.4 25.5 107.8  29.3 79.9 22.5 48.7 13.2
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

2 14 3.5 22.5 1.6 12.5 1.5 9 1.8 11.5 34 21.2
2 13.7 3.3 21.6 1.6 12.2 1.5 9.3 1.7 10.9 3.3 20.6
15.3 254 10.9 18.5 5.7 10.1 4.3 7.3 8.8 14.8 11 18.3
15.3 25.3 11 18.5 5.7 10.1 43 7.3 8.8 14.8 11 18.3

27.4 26.8 244 23.8 16.1 15.7 8.9 8.7 17.4 16.8 21.7 21
27.6 26.9 24.4 23.8 16.1 15.7 8.9 8.8 17.4 16.9 21.8 21.1

33.7 29.8 29.2 259 17 15.4 12.4 10.9 20.1 17.8 23.4 21.1
33.6 29.3 29.1 25.6 16.9 15.2 12.4 10.9 19.9 17.3 242 21.3
55.7 33.7 49 30.5 38.9 23.8 22.4 13.8 28.3 17.4 22.9 14.1
56 342 49.2 30.7 39.1 24 22.6 13.9 28.5 17.5 23.1 14
60.6 29 74.8 36.6 50.1 253 36.6 18 41.7 20.5 135 6.5
60.6 28.6 74.8 36.6 50.1 25.5 36.6 18 41.6 20.2 13.5 6.4
54.2 21.7 101.5 40 72.5 29.5 54.3 21.7 59.2 24.1 9.8 4.1
54.2 21.5 101.6  39.6 72.3 29.3 54.4 21.6 59.2 24 9.9 4
56.2 17.7 1139  36.5 96 31.7 72.8 23.5 77.4 24.7 15.9 5
56.3 17.1 113.9 359 96.1 31.9 72.9 233 71.5 24.4 16 4.9
56.1 16.2 129.9  36.6 106.7  30.7 107.3  29.1 92.2 259 16 4.6
56.1 16 1299  36.6 106.7  30.8 107.3  29.1 92.3 26 16 4.6
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

9.7 20 6.5 134 6.6 13 2.8 5.6 59 11.8 9.9 20.1
9.7 20 6.5 13.4 6.6 12.9 2.9 5.7 59 11.7 9.9 20.1
14.6 21.8 11 16.2 9 12.7 4.6 6.6 8.7 12.7 13.8 20.5
14.6 21.8 11 16.2 9 12.8 45 6.7 8.7 12.7 13.8 20.5
28.3 26.5 224 21.1 16.8 15.4 9.3 8.6 17.7 16.3 24 22.4
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 25.55 -11.24 162.5 0.5 7.56 w-a (f) 19.8 18.4
0.013 25.55 -11.23 161.7 0.51 8.49 w-a (f) 28.3 21
0.013 25.51 -11.29 162.1 0.51 8.27 w-a (f) 28.4 21
0.013 25.5 -11.3 161.2 0.52 9.35 w-a (f) 40.7 22.6
0.013 25.55 -11.23 160.3 0.52 9.43 w-a (f) 40.6 22.7
0.013 25.56 -11.21 161.3 0.51 10.53 w-a () 50.8 23.4
0.013 25.57 -11.21 161.3 0.52 10.49 w-a (f) 50.8 23.3
0.013 25.58 -11.19 161.3 0.51 11.83 w-a (f) 62.5 23.8
0.013 25.63 -11.12 160.5 0.52 11.76 w-a (f) 62.5 24.1
0.013 25.58 -11.19 160.2 0.52 13.48 w-a (f) 74.2 23.9
0.013 25.6 -11.17 161.6 0.51 13.26 w-a (f) 74.2 24.2
0.013 25.6 -11.16 161.3 0.51 15.43 f 91 24.7
0.013 25.58 -11.2 161.2 0.52 15.26 f 91.1 24.4
0.013 25.55 -11.24 159.9 0.51 7.42 w-a (f) 0.2

0.013 25.56 -11.23 159.5 0.51 74 w-a (f) 0.2

0.013 25.58 -11.19 159.8 0.52 7.45 w-a (f) 6.8 13.3
0.013 25.59 -11.18 159.2 0.52 7.72 w-a (f) 6.8 13.2
0.013 25.58 -11.19 160 0.51 7.43 w-a (f) 10.2 14.5
0.013 25.55 -11.24 160.3 0.51 7.56 w-a (f) 10.4 14.5
0.013 25.6 -11.16 160.9 0.51 7.75 w-a (f) 19.9 17.6
0.013 25.58 -11.19 160.7 0.52 8.07 w-a (f) 19.9 17.6
0.013 25.59 -11.18 161 0.51 8.46 w-a (f) 28.9 20.1
0.013 25.58 -11.2 160.4 0.52 8.5 w-a (f) 28.9 20
0.013 25.61 -11.15 161.1 0.51 9.79 w-a (f) 41 21.4
0.013 25.62 -11.14 160.2 0.52 9.68 w-a (f) 40.8 21.3
0.013 25.57 -11.21 161 0.52 10.81 w-a (f) 51.2 21.7
0.013 25.61 -11.15 160.5 0.52 10.49 w-a (f) 51.1 21.6
0.013 25.55 -11.24 160.3 0.52 11.95 w-a (f) 62.4 21.9
0.013 25.57 -11.21 160 0.52 12.26 w-a (f) 62.4 22.2
0.013 25.51 -11.29 159.2 0.53 13.85 w-a (f) 74.8 21.9
0.013 25.57 -11.21 161.2 0.52 13.74 w-a (f) 74.6 22.1
0.013 25.51 -11.28 153.6 0.53 14.48 w-a (f) 85.5 20.8
0.013 25.56 -11.22 158.6 0.52 15.11 w-a (f) 85.5 22.6
0.013 25.58 -11.2 160.1 0.52 15.43 w-a (f) 91.1 22.7
0.013 25.51 -11.29 160.9 0.52 16.1 f 91.2 22.5
0.013 25.95 -10.7 158.4 0.52 w-a (f) 0.2

0.013 25.93 -10.71 158 0.52 w-a (f) 0.2

0.013 25.95 -10.7 157.8 0.52 5.71 w-a (f) 34 12.7
0.013 25.93 -10.72 158.2 0.52 5.81 w-a (f) 34 12.7
0.013 25.95 -10.69 158.1 0.52 5.65 w-a (f) 34 12.5
0.013 25.93 -10.71 158.4 0.52 6.15 w-a (f) 8.3 14.9
0.013 25.96 -10.68 157.6 0.53 6.03 w-a (f) 8.4 14.9
0.013 25.95 -10.69 158 0.52 6.02 w-a (f) 8.3 14.8
0.013 26 -10.62 158.5 0.51 6.29 w-a (f) 16.5 17.5
0.013 25.93 -10.72 158.6 0.52 6.74 w-a (f) 16.6 17.4
0.013 25.95 -10.7 158 0.51 6.46 w-a (f) 16.5 17.4
0.013 25.97 -10.66 159 0.51 7.48 w-a (f) 28.3 20.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
28.4 26.4 22.5 21.1 16.8 15.5 9.3 8.6 17.8 16.4 24 224
43.1 31.9 33.8 252 252 18.6 13.8 10.3 229 17.1 31 232
43.2 31.9 33.9 25.3 25.3 18.6 139 10.3 23.1 17 31.1 229
57.6 323 59.1 32.7 47.8 25.6 229 12.8 32.3 18.3 24.6 13.7
57.4 32.6 59 32.7 47.7 25.6 22.8 12.8 32.3 18.4 24.4 13.9
59 27.8 78.3 36.3 62.3 28.1 36.6 16.7 47.7 21.9 21 9.7
59 274 78.4 36.2 62.3 28.2 36.6 16.7 47.7 21.8 21 9.5
60.8 23 98.4 37.5 83.6 31.3 54.8 20.8 59.5 23.1 18.2 7

60.7 23.8 98.4 37.9 83.6 31.6 54.8 20.9 59.5 235 18.1 72
59.6 18.9 1144  36.8 101.7  33.1 72.3 234 76.6 24.7 20.5 6.6
59.6 19.5 1145  37.6 101.9  33.1 72.3 23.5 76.6 25.1 20.4 6.6
64.5 18.2 129.2 357 127.7  33.6 107.3 282 92.7 25.8 24.7 6.7
64.6 17.2 129.2 347 127.7  34.1 107.5 283 92.8 25.6 24.8 6.7

0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2
9.6 19.6 6.4 13.1 6.5 11.2 2.6 5.1 5.6 11 10 19.8
9.5 19.6 6.4 13 6.5 11.2 2.6 5 5.5 10.9 10 19.8
14.5 21.5 10.8 15.8 8.9 11.3 4.6 6.3 8.7 124 13.8 19.9
14.7 21.5 11 15.8 9.1 11.3 4.7 6.4 8.9 12.3 13.9 19.8

28.4 25.8 22.6 20.7 16.9 13.8 9.5 8.3 17.8 15.5 24.4 21.5
28.4 25.7 22.6 20.5 16.9 139 9.5 8.3 17.9 15.6 244 21.5
43.7 30.8 34.6 24.5 26.1 17.3 14.1 9.8 23.8 16.5 31.3 21.6
43.6 30.7 34.6 24.5 26.1 17.2 14.2 9.9 23.7 16.4 31.2 21.6
57.5 30.7 59.8 31.2 47.9 23.4 235 125 32.7 17.6 24.7 13.1
572 30.5 59.8 31.1 47.7 23.5 22.8 12.2 32.6 17.6 24.6 12.9

59.5 25.1 78.4 33.7 62.7 26 36.9 16 483 20.5 21.1 8.8
59.4 25 78.4 33.7 62.7 26.1 36.9 16 48.2 20.4 21.1 8.5
60.5 20.8 98.3 34.7 83.8 28.7 54.8 19.6 59.1 21.2 18.1 6.2
60.5 214 98.3 35 83.7 28.8 54.8 19.9 59.1 21.6 18 6.5
60.3 16.9 115.1 338 102.8  30.1 72.7 22 77.1 22.9 20.7 5.9
60.1 17.3 1149 342 102.6  30.1 72.5 22.1 76.9 232 20.6 59
64.9 13.7 1294 309 93.1 259 107.8  26.7 93.3 22 24.5 53
64.9 16.4 129.6 342 929 26.5 1079 278 93.2 24.4 24.6 6.3
64.8 16.2 1293 327 127.1  30.6 107.7  26.8 93.1 24 24.4 6.1
65.1 155 129.5 319 1272 315 1079  26.8 93.2 235 24.6 6
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

42 152 4.4 17 2.3 9.3 1.9 7.1 33 12.1 4.3 15.5
4.2 15 4.3 16.7 2.2 9.1 2 7.6 33 12.2 43 15.4
42 14.9 4.3 16.5 2.3 9.2 1.9 7.1 33 12 43 15.3
12 21.4 10.5 18.9 5.8 10.3 4.8 8.5 8.3 14.6 8.7 15.8

12 21.3 10.5 18.8 5.8 10.4 4.8 8.5 8.3 14.6 8.6 15.7
11.9 21.3 10.5 18.7 5.8 10.3 4.8 8.4 8.3 14.6 8.5 154

23.7 24.9 21.2 22.5 12.1 12.9 9.1 9.7 15.1 16 18 19.1
23.8 249 21.2 22.3 12.1 12.8 9.1 9.7 15.1 15.9 18 19
23.8 24.8 21.2 22.3 12 12.7 9.1 9.6 15.1 159 18 19
44.4 31.8 37.7 27 26.2 18.7 13.7 9.9 26.9 19.4 21.1 15.8
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 25.97 -10.67 157.6 0.52 7.44 w-a (f) 28.3 20.2
0.013 25.96 -10.68 158.6 0.51 7.45 w-a (f) 28.3 20.2
0.013 25.96 -10.68 157.2 0.53 8.47 w-a (f) 37.6 20.9
0.013 25.99 -10.64 158.1 0.53 8.57 w-a (f) 37.6 20.9
0.013 25.95 -10.69 156.5 0.54 9.37 w-a (f) 48 21.7
0.013 25.98 -10.65 158.5 0.53 9.55 w-a (f) 48 21.7
0.013 25.99 -10.64 157.5 0.53 9.66 w-a (f) 48.1 214
0.013 26.01 -10.61 158 0.52 10.95 w-a (f) 61.6 22.1
0.013 25.99 -10.63 157.9 0.53 10.86 w-a (f) 61.6 22
0.013 25.98 -10.65 158 0.51 10.97 w-a (f) 61.6 222
0.013 26 -10.62 157 0.52 12.41 w-a (f) 74.7 22.6
0.013 26 -10.62 157.8 0.51 12.41 w-a (f) 74.7 22.5
0.013 26.01 -10.61 157.4 0.52 14.35 f 90.8 22.3
0.013 26.02 -10.6 156.4 0.53 14.36 f 90.7 24
0.013 26.01 -10.61 157.8 0.52 14.47 f 90.5 22.6
0.013 25.94 -10.7 161.6 0.51 w-a (f) 0.2

0.013 25.91 -10.74 160.7 0.51 w-a (f) 0.2

0.013 25.96 -10.68 160.3 0.51 w-a (f) 0.2

0.013 25.98 -10.65 159.8 0.51 w-a (f) 0.2

0.013 25.97 -10.67 161 0.51 6.52 w-a (f) 3.2 10.8
0.013 25.96 -10.68 160.1 0.51 6.56 w-a (f) 3.1 10.5
0.013 25.95 -10.69 160.2 0.51 6.92 w-a (f) 8 13.2
0.013 26.01 -10.61 162 0.51 6.99 w-a (f) 8 13.2
0.013 25.94 -10.71 160.5 0.51 7.05 w-a (f) 8 13.2
0.013 25.97 -10.66 160.3 0.51 7.25 w-a (f) 16 16.1
0.013 25.97 -10.66 158.8 0.52 7.37 w-a (f) 15.8 16.1
0.013 25.97 -10.67 159.9 0.51 7.33 w-a (f) 15.7 16.1
0.013 25.97 -10.67 160.3 0.51 8.15 w-a (f) 25.5 19.1
0.013 25.98 -10.65 160.5 0.51 8.17 w-a (f) 25.5 19
0.013 25.95 -10.69 161 0.51 7.75 w-a (f) 25.8 19
0.013 25.97 -10.67 161.4 0.51 8.44 w-a (f) 35 204
0.013 25.99 -10.64 160.7 0.51 8.57 w-a (f) 35.7 204
0.013 26.01 -10.61 160.5 0.51 8.27 w-a (f) 36 20.4
0.013 26 -10.62 160.6 0.51 9.89 w-a (f) 46.4 22.7
0.013 25.98 -10.65 161 0.51 9.53 w-a (f) 46.5 22
0.013 25.98 -10.65 161.6 0.5 9.69 w-a (f) 46.5 21.7
0.013 25.98 -10.64 161.1 0.52 11.37 w-a (f) 61.9 234
0.013 26.02 -10.6 160.4 0.51 11.63 w-a (f) 61.8 232
0.013 25.99 -10.63 161.1 0.51 11.3 w-a (f) 61.8 22.8
0.013 26.03 -10.59 162.1 0.51 12.63 w-a (f) 74.2 24
0.013 26.03 -10.58 161.9 0.51 12.51 w-a (f) 74.2 244
0.013 25.98 -10.65 161.8 0.51 14.08 f 89.8 23.1
0.013 26.02 -10.6 163.9 0.51 14.61 f 89.8 23.6
0.013 26.01 -10.61 161.5 0.51 14.42 f 89.8 242
0.013 26.02 -10.59 161.6 0.51 14.61 f 89.8 242
0.013 25.99 -10.62 155.3 0.73 8.24 a(h) 0.2

0.013 25.99 -10.62 156.5 0.72 8.14 a(f) 0.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
44.3 314 37.7 26.8 26.1 18.7 13.7 9.9 26.9 19.1 21 15.5
44.3 314 37.6 26.8 26.1 18.5 13.7 9.9 26.9 19.1 21 15.6

50.3 28.3 60.8 33.6 34.4 19.6 22.6 12.6 34.3 18.8 232 12.7
50.4 28.2 60.9 33.6 344 19.7 22.6 12.6 34.3 18.9 232 12.7

533 25 80.5 36.1 55.2 24.2 36.2 16.2 46.7 21.3 16.3 73
533 249 80.5 36 55.2 243 36.1 16.2 46.7 21.4 16.3 7.4
53.4 24 80.6 35.6 553 24 36.2 16.2 46.8 21.1 16.4 74
50.7 18.6 1014 363 82.5 28.5 54.1 19.4 64.1 23.4 17 6.2
50.6 18.6 101.3 363 82.6 28.5 54 19.4 64 233 16.9 6.1
50.7 18.8 1014 365 82.6 28.6 54.1 19.5 64.1 235 17 6.3
533 16.1 117.5 357 96.4 29.1 72.2 21.8 86.4 259 22.6 6.7
533 15.8 117.5 355 96.3 29.1 72.1 21.9 86.5 26 225 6.7
59.6 14.6 1393 34.1 113.1  28.1 107.6 262 1012 25.1 239 5.8
59.6 14.6 139.1  34.1 113.1 28 107.5 263 1012 256 239 59
59.4 14.7 138.9 344 1129 283 107.2 264 101 25.8 23.7 6
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

3.7 12.6 4.2 14.2 3.1 10.5 1.8 6.3 2.3 8 39 13.1
33 10.9 42 14.1 3.1 10.3 1.8 6.2 2.4 8.1 39 13.3
10.7 17.8 10.1 16.7 5 8.3 4.6 7.6 6.9 11.5 10.5 17.4
10.7 17.7 10.1 16.5 5.1 8.3 4.6 7.6 6.9 11.5 10.6 17.5
10.7 17.8 10.2 16.6 5 8.3 4.6 7.6 6.9 11.5 10.6 17.6
21.4 21.6 20.7 20.8 10.6 10.8 9 9.1 14.3 14.4 20.1 20
21.5 21.9 20.8 20.9 10.7 10.9 9.1 9.2 14.3 14.6 18.8 19.2
21.5 22.1 20 20.4 10.7 10.9 9.1 9.3 14.3 14.7 18.7 19.4
39 29 32.1 23.7 21.6 15.8 13.6 10.2 23.3 17.6 23.5 18.3
389 28.8 32.1 23.7 21.5 15.8 135 10.2 23.3 17.6 23.7 18.3
39 28.5 32.1 23.7 21.5 15.8 13.6 10.2 23.3 17.3 249 18.6
539 30.8 523 30.2 30.3 18 22.6 135 30 17.7 20.9 12.1
53.6 30.2 522 29.7 35 19.9 224 13.1 29.9 17.5 20.8 12
539 30.1 524 29.8 35.8 20.3 22.6 13.1 30.1 17.3 20.9 11.8
54.8 28 72.7 35.1 49.6 23.8 36.2 17.3 48 232 17.3 8.9
54.8 26.6 72.8 34.5 49.7 235 36.2 16.9 48 222 17.3 8.1
54.9 26 72.8 342 49.8 233 36.2 16.8 48.1 22 17.3 8.1
55.4 21.6 1003 37.6 80.1 29.7 54.4 20.7 67.1 254 13.9 5.4
55.3 21.2 1003 373 80 29.4 54.3 20.4 67 25.2 13.8 53
553 20.4 100.3 369 80 29.5 54.3 20.5 67 24.7 13.8 5.1
57.6 19.2 116.6  37.8 98.7 31.7 71.7 232 84.7 272 15.7 52
57.5 19.5 116.8 383 98.7 31.9 71.8 23.6 84.8 28 15.7 53
57.5 14.6 135 34.7 116.1 303 107.6  27.6 1009 259 21.6 5.4
57.5 152 135 355 116.3  30.7 107.7 28 1009 264 21.6 5.7

57.5 16.1 1349  36.5 116.1 309 107.7 284 100.8 273 21.6 59
57.5 15.9 135.1 364 116.1 315 107.8 283 100.8 273 21.6 59
0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 25.98 -10.63 155.2 0.73 8.1 a(f) 0.2

0.013 25.99 -10.61 154.9 0.74 8.46 a(f) 24 16.1
0.013 25.98 -10.63 156.6 0.73 8.32 a(f) 2.4 15.5
0.013 25.99 -10.62 155.3 0.73 8.47 a(f) 2.6 16.6
0.013 25.99 -10.62 156.5 0.72 8.63 a(f) 6.3 16.8
0.013 25.98 -10.63 156.9 0.72 8.5 a(f) 6.2 16.7
0.013 25.99 -10.61 155.6 0.73 8.75 a(f) 6.2 16.6
0.013 25.98 -10.63 156.8 0.72 9.53 a(f) 11.9 18.3
0.013 25.98 -10.63 155.8 0.73 9.67 a(f) 11.8 18.4
0.013 25.98 -10.63 156.5 0.72 9.47 a(f) 11.8 18.3
0.013 26 -10.6 155.7 0.73 11.04 a(f) 27.7 22.1
0.013 26 -10.6 156.4 0.72 11.37 a(f) 27.7 22.1
0.013 26 -10.61 156.5 0.73 11 a(f) 27.6 22.1
0.013 26.01 -10.58 156.3 0.72 12.19 a(f) 38.3 23.1
0.013 26.01 -10.59 156.5 0.72 12.29 a(f) 38.2 22.9
0.013 26.01 -10.59 156.3 0.73 12.9 a(f) 38.2 22.3
0.013 26.03 -10.57 156.7 0.73 13.54 a(f) 47.1 22.5
0.013 26.01 -10.58 155.7 0.74 13.36 a(f) 47 21.9
0.013 26.02 -10.58 155.7 0.73 13.32 a(f) 47.1 22.1
0.013 26 -10.44 156.5 0.92 10.42 f 0.2

0.013 26.02 -10.43 157.3 0.91 10.79 f 0.2

0.013 26.01 -10.41 156.6 0.92 11.23 f 0.2

0.013 26.04 -10.4 156.6 0.92 10.96 f 0.2

0.013 26.03 -10.39 156.6 0.92 11.52 f 1.7

0.013 26.04 -10.35 156.5 0.93 11.26 f 1.7

0.013 26.01 -10.41 156.5 0.92 11.33 f 1.6

0.013 26.04 -10.33 155.6 0.93 11.19 f 1.7

0.013 26.04 -10.36 155.8 0.93 12.63 f 7.4 24.7
0.013 26.01 -10.36 155.1 0.93 12.88 f 7.5 28.7
0.013 26.04 -10.36 1559 0.93 12.02 f 7.5 23.5
0.013 26.01 -10.39 156.2 0.93 12.61 f 7.5 24
0.013 26 -10.39 155.9 0.93 13.69 f 14 22.6
0.013 26.02 -10.41 156.3 0.92 13.92 f 14 21.6
0.013 26.04 -10.34 156.1 0.93 13.37 f 14 22.2
0.013 26.05 -10.34 156.2 0.93 17.92 f 45.5 19.2
0.013 26.04 -10.34 155.6 0.93 17.39 f 45.5 19.6
0.013 26.04 -10.39 156.8 0.92 18.24 f 45.5 18.1
0.013 26.01 -10.38 155.9 0.93 13.59 f 21.5 18.8
0.013 26.04 -10.37 157.2 0.92 14.36 f 21.5 18.9
0.013 26.03 -10.39 156.6 0.92 13.73 f 21.6 18.8
0.013 26.03 -10.37 156.3 0.93 14.74 f 21.6 19.1
0.013 26 -10.42 156.6 0.93 16.3 f 49.8 15.8
0.013 26.05 -10.36 156.2 0.92 17.3 f 50 15.9
0.013 26.05 -10.34 156.5 0.93 18.75 f 50 18.2
0.013 26.06 -10.37 156.9 0.92 17.27 f 49.9 15.6
0.013 26.04 -10.37 156.7 0.92 16.9 f 54.4 114
0.013 26 -10.4 155.7 0.93 18.18 f 54.4 15.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 0.2 0.2 0.2 0.2 0.2
2.3 15.8 2.7 18.4 3.5 20.8 2.3 15.6 1.8 124 1.9 13.7
2.3 14.6 2.9 19.3 3.5 20.1 2 13 2 134 1.9 12.8
2.7 17.9 2.9 19.1 3.5 20.3 2.2 14.7 2 13.8 2 139
7.1 18.9 7.9 21.5 4.3 11.9 4.6 12.9 5.4 14.6 8.3 21.2
6.8 18.4 7.9 21.5 43 11.8 4.6 12.8 5.4 14.4 8.3 21.1
6.8 18.4 7.9 21.6 4.3 11.8 4.6 12.8 5.4 14.2 8.2 21.1
16.6 25.3 13.5 21 79 12.2 8.8 13.6 10.8 16.9 13.6 21
16.6 25.3 13.5 21 7.9 12.2 8.8 13.7 10.7 16.9 13.5 21.1
16.6 252 13.5 20.9 7.9 12.3 8.8 13.7 10.7 16.7 13.5 20.9
40.9 32.8 33.8 27.3 24.8 19.2 13.6 11.1 22.8 18.3 30.2 24
41 32.7 33.8 27.1 24.8 19 13.6 11.1 22.8 18.3 30.2 24.1
40.8 32.8 33.7 27.3 24.7 19.3 13.6 11.1 22.7 18.2 30.1 239
53.2 322 54.2 32.5 447 26.7 22.6 13.6 239 14.9 31.1 19
53.2 32 54.2 322 44.6 26.7 22.5 134 23.8 14.5 31.1 18.5
53.1 31.6 54.1 31.1 44.5 25.1 22.4 12.8 23.8 14.5 31 18.9
59.8 28.1 72.9 34.8 53.1 27.6 35.8 16.6 29.8 13.8 31.1 14
59.8 27.8 72.8 34 53.1 26.2 35.6 16 29.9 13.5 31.1 13.7
59.8 27.7 72.8 34.3 53 27.5 35.6 16.4 30 13.5 31.1 13.5
0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2
1.3 22 2.5 1.8 2.3 0.2
1.4 2 2.5 1.6 2.3 0.2
0.8 2 2.5 1.9 2.3 0.2
1.1 2.2 2.7 1.8 2.3 0.2
9.6 31.6 7.4 25.1 9.6 29.5 4.5 15.7 8.3 27.7 5.2 18.4
9.7 374 7.5 29.1 9.7 33.7 4.5 18 8.4 322 52 21.7
9.7 30.3 7.5 23.8 9.8 28.5 4.5 14.8 8.4 26.1 5.2 17.3
9.7 30.9 7.5 24.5 9.8 28.9 4.5 15.1 8.4 26.9 5.2 17.8
18.5 29.2 15 24.2 14.9 23.9 9.2 154 139 22.6 124 20.4
18.5 28.1 15 23.1 14.9 22.8 9.2 14.6 139 21.5 12.3 194
18.6 29 15 239 14.9 23.3 9.2 15.1 139 21.9 12.3 19.8
61.6 24.8 59.4 23.5 86.8 40.4 13.6 53 26.9 10.9 24.8 10
61.6 25.1 59.4 24.3 86.9 42 13.5 5.4 26.9 10.9 24.8 10
61.6 23.6 594 22.6 86.9 374 13.5 52 26.9 10.5 24.8 9.6
28.6 24.7 25.2 22 20.5 18.1 13.6 12.3 20.2 17.5 21 18.2
28.6 24.6 25.2 21.8 20.6 18 13.7 12.4 20.2 18 20.9 18.6
28.7 24.3 25.2 21.6 20.6 18 13.7 12.6 20.3 18.1 21 18.5
28.7 24.8 25.2 22 20.6 18.3 13.8 12.7 20.2 18.1 21 18.6
67.8 20.6 76.5 232 88.3 31.1 23.1 7.1 23.1 7.2 20.2 6
67.9 20.4 76.7 23.3 88.5 31 232 72 23.2 7.2 20.3 6.1
67.8 224 76.6 26.1 88.5 37.6 233 8.1 232 8 20.4 6.7
67.8 19.5 76.6 232 88.4 31.5 232 7 232 6.9 20.3 5.8
65.8 12.6 87.8 17.6 99.6 23.7 36.1 7.3 27.3 5.4 9.4 1.8
65.9 17.8 87.9 239 99.7 314 36.1 9.8 27.4 7.6 9.4 2.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26.04 -10.39 156.2 0.92 18.54 f 54.2 16
0.013 26.05 -10.35 155.5 0.93 17.73 f 54.1 17.2
0.013 25.85 -10.84 260.4 0.12 4.92 i 0.2

0.013 25.86 -10.83 2579 0.12 4.86 i 0.2

0.013 25.86 -10.82 261.1 0.11 5.11 i 4.2 9.9
0.013 25.86 -10.82 260.2 0.12 5.09 i 4.2 10
0.013 25.84 -10.86 261.4 0.12 5.7 i 10.8 13.3
0.013 25.84 -10.85 260.9 0.12 5.7 i 10.8 13.3
0.013 25.85 -10.84 262.9 0.11 5.76 i 10.7 13.3
0.013 25.87 -10.82 258.6 0.12 6.49 i 18.7 16.9
0.013 25.86 -10.82 261.7 0.12 6.52 i 18.7 16.8
0.013 25.86 -10.82 263.1 0.12 7.22 i 26.5 19.8
0.013 25.88 -10.8 261.2 0.12 7.27 i 26.5 19.8
0.013 25.88 -10.8 260.9 0.11 7.18 i 26.4 19.7
0.013 25.88 -10.79 262.5 0.11 8.81 i(f) 40.8 24.2
0.013 25.92 -10.74 260.7 0.12 8.75 i(f) 40.8 24.3
0.013 25.88 -10.8 261 0.12 10.79 i(f) 59.6 28.2
0.013 25.89 -10.78 261.9 0.11 10.88 i(f) 59.6 28.1
0.013 25.89 -10.78 262.4 0.12 12.72 i-a (f) 76.6 30.5
0.013 25.92 -10.75 260.5 0.12 12.83 i-a (f) 76.8 30.5
0.013 25.9 -10.76 261.9 0.12 12.64 i-a (f) 76.8 30.8
0.013 25.89 -10.79 263.1 0.12 14.07 i-a (f) 91.4 31.7
0.013 2591 -10.76 261 0.12 14.14 i-a (f) 91.4 31.5
0.013 2591 -10.76 262.6 0.11 14.14 i-a (f) 91.4 31.5
0.013 25.9 -10.77 262.5 0.12 16.86 i-a (f) 118.9 33.2
0.013 25.92 -10.74 263 0.11 16.67 i-a (f) 119 333
0.013 25.93 -10.73 262.3 0.12 16.67 i-a (f) 119 329
0.013 26.08 -10.53 261.4 0.31 11.29 i-a 0.2

0.013 26.06 -10.54 258.9 0.32 11.08 i-a 0.2

0.013 26.05 -10.57 261.8 0.31 10.94 i-a 2.7 10.5
0.013 26.09 -10.51 263.2 0.31 10.95 i-a 2.8 10.6
0.013 26.11 -10.48 260.4 0.32 11.34 i-a 5.3 12
0.013 26.09 -10.51 260.6 0.31 11.22 i-a 5.4 12
0.013 26.15 -10.43 265.2 0.31 11.95 i-a (f) 17.8 17.4
0.013 26.11 -10.49 265.5 0.31 12.13 i-a (f) 17.9 17.3
0.013 26.12 -10.46 265.2 0.31 12.56 i-a (f) 25.6 20.2
0.013 26.11 -10.48 265.8 0.3 12.83 i-a (f) 25.6 20.2
0.013 26.15 -10.43 264 0.3 14.01 i-a (f) 45.5 26.1
0.013 26.12 -10.47 266 0.31 14.54 i-a (f) 44.7 26.1
0.013 26.15 -10.43 265.2 0.31 16.2 i-a (f) 65 29
0.013 26.19 -10.37 264.7 0.31 16.34 i-a (f) 64.8 29.1
0.013 26.13 -10.45 263.8 0.31 16.35 i-a (f) 65 29.1
0.013 26.12 -10.47 264.9 0.31 16.26 i-a (f) 65 29.1
0.013 26.11 -10.49 265.6 0.31 17.8 i-a (f) 78 29.9
0.013 26.17 -10.4 265.3 0.31 17.86 i-a (f) 78 29.7
0.013 26.17 -10.41 263.1 0.3 19.09 a(f) 91.8 30.6
0.013 26.17 -10.41 265.3 0.29 19.25 a(f) 91.7 30.9
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
65.7 18.1 87.7 24.2 994 33 36 10.2 27.4 7.7 9.1 2.5
65.6 19.5 87.5 26.1 99.2 35.8 36 10.9 27.3 8.3 9 2.7
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

6.3 14.6 6.1 14.3 2.3 5.5 2.2 5.3 2.6 6.1 5.8 13.7
6.3 14.6 6.1 144 2.2 5.4 2.1 5.1 2.8 6.6 5.8 13.6

14.9 18.4 13.7 16.9 8.3 10.2 45 5.6 9.4 11.3 13.9 17.3
14.9 18.6 13.6 16.9 8.3 10.2 4.5 5.6 9.4 11.3 13.9 17.2
14.9 18.5 13.6 16.9 8.2 10.2 4.5 5.6 9.4 11.3 13.9 17.1
27.3 243 223 20.2 159 14.2 9.1 8.3 15.1 135 22.7 20.6

27.4 24.4 223 20.2 15.9 14.3 9.2 8.3 15 13.4 22.7 20.4
35 26.3 332 24.7 22.7 16.9 13.4 10.1 20.9 15.6 335 24.9
349 26.4 332 24.7 22.7 16.9 13.6 10.2 20.8 15.6 335 25.1
35 26.2 332 24.6 22.7 16.9 13.4 10 20.9 15.6 333 24.8
559 33.1 48.8 29 36.3 21.7 22.6 135 31.6 18.9 494 29.3
56 332 489 29 36.2 21.6 22.6 13.5 31.6 18.9 494 29.3
71.5 36.5 723 33.8 58.4 27.7 36.3 17.3 48.2 229 65 30.7
71.5 36.2 722 339 58.4 27.7 36.3 17.3 482 229 64.9 30.5
92.3 36.6 88.9 35.8 82.8 33 539 21.6 64.7 25.8 77.2 30.5
92.6 36.5 89.1 35.6 83 33 54 21.5 64.9 25.8 713 30.7
92.6 37.6 89.1 36.1 83 33 54 21.6 64.8 25.7 713 30.5
99.8 353 107.1 37 106.4  36.5 71.9 24.8 76.5 26.6 86.9 30

99.8 34.4 106.9  36.7 106.3  36.6 71.9 24.8 76.5 26.7 86.8 30.1
99.8 345 107.1  36.6 106.2 364 71.9 24.8 76.5 26.7 86.9 30.1
117.8 327 136.6 378 148.6 422 107.2 299 1044 292 98.8 27.3

1179 333 136.7 379 148.6 423 107.1  29.8 1046  29.1 99 27.6
117.8 324 136.7 373 148.6 42 107.1  29.6 104.6 288 98.9 27.3
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

3.8 13.9 35 13.2 1.7 6.9 2.4 9.3 L5 6.1 3.4 13.5
39 14.2 35 12.8 1.8 7 2.4 9 1.6 6.2 3.7 14.4
7.6 16.8 6.8 15 1.4 34 44 9.7 3.6 8.2 8.3 18.7
7.6 16.8 6.9 15.1 1.5 3.6 4.4 9.8 35 8 8.4 18.8
25.7 25 19.8 19.1 13.6 13.3 9.2 8.9 14.7 14.4 239 23.4
25.8 25 19.9 19.1 13.6 13.3 9.2 8.9 14.8 144 239 233
37.1 29.3 26.4 20.9 21.2 16.8 13.4 10.6 21.3 16.7 34 26.6
37.2 29.3 26.4 21 21.3 16.9 134 10.6 21.4 16.8 34.1 26.6
67.3 38.6 50.1 28.6 42.7 24.4 22.5 13.2 372 21.5 53.1 30.5
67.3 39.1 47.6 27.7 42.7 24.5 22.5 13.3 349 20.7 53 31.1
94.3 42.7 74.1 333 81.6 34.2 36.2 16.5 52.4 239 514 233
94.1 42.6 74 33.4 81.3 34.3 36.1 16.5 52.3 24 512 23.7
94.3 42.6 74.1 33.3 81.5 34.4 36.1 16.5 52.4 24.1 51.3 23.8
94.2 42.7 74 333 81.5 34.4 36.1 16.5 52.4 24 513 23.6
95.5 37.9 101.3 387 99.1 36.3 54.3 20.9 65.9 25.6 522 20.2
95.6 37.4 101.3  38.6 99.1 36.2 54.1 20.9 66 254 522 19.8
97.9 335 119.6 40 1215 39 72.1 24 85.2 28.7 54.6 18.6
97.9 33.8 119.5 40 1214 392 72.1 24.1 85.1 29.1 54.5 18.9

Table G.9 331



Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26.18 -10.4 268 0.31 22.1 a(f) 111.8 30.9
0.013 26.17 -10.4 268.2 0.31 22.42 a(f) 111.9 30.9
0.013 26.15 -10.42 264.3 0.31 21.85 a(f) 111.8 31.1
0.013 25.68 -11.05 257.4 0.52 18.96 a 0.2

0.013 25.68 -11.06 256.5 0.52 18.71 a 0.2

0.013 25.64 -11.11 253.9 0.53 19.09 a 0.2

0.013 25.69 -11.04 257.7 0.52 19.22 a 2.6 12
0.013 25.64 -11.11 256.2 0.52 19.33 a 2.7 14.2
0.013 25.7 -11.03 257.3 0.52 19.71 a 74 14.5
0.013 25.69 -11.05 257.2 0.52 19.7 a 74 14.4
0.013 25.69 -11.04 259.8 0.51 20.01 a 11.9 16.1
0.013 25.65 -11.1 258.2 0.52 19.97 a 12 16
0.013 25.7 -11.04 263.4 0.51 19.91 a(f) 20.6 19.5
0.013 25.74 -10.98 260.7 0.52 19.61 a(f) 20.4 19.5
0.013 25.66 -11.09 264.8 0.51 20.46 a(f) 34.1 25.3
0.013 25.71 -11.02 264.8 0.51 19.83 a(f) 32.5 24.4
0.013 25.75 -10.96 266.7 0.5 24.53 a(f) 65.6 34
0.013 25.72 -11 267.8 0.5 24.47 a(f) 65.5 34.1
0.013 25.7 -11.02 266 0.5 26.56 a(f) 87.1 36.4
0.013 25.74 -10.97 264.5 0.51 26.98 a(f) 87.2 36.2
0.013 25.76 -10.95 264.4 0.51 29.3 a(f) 100.2 34.8
0.013 25.75 -10.97 264.9 0.51 28.48 a(f) 100.3 34.1
0.013 25.76 -10.95 265.7 0.51 30.59 a(f) 109.2 32.8
0.013 25.69 -11.05 264.9 0.51 30 a(f) 109.4 323
0.013 25.95 -10.7 260.3 0.52 21.27 a 0.2

0.013 25.95 -10.68 263 0.51 21.41 a 0.2

0.013 25.98 -10.65 260.2 0.52 21.15 a 0.2

0.013 25.95 -10.69 261 0.51 20.88 a 3.5 11.5
0.013 25.96 -10.67 261.6 0.51 21.17 a 3.5 114
0.013 25.96 -10.68 262.9 0.51 20.9 a 7.6 14.1
0.013 25.96 -10.67 263.7 0.51 20.81 a 7.6 14
0.013 25.97 -10.66 264.5 0.51 20.93 a 11.5 15.9
0.013 25.96 -10.68 264.8 0.51 20.56 a 11.7 15.9
0.013 25.93 -10.71 268.3 0.5 20.93 a(f) 18.9 18.4
0.013 25.97 -10.66 267.3 0.5 20.46 a(f) 18.9 18.4
0.013 25.99 -10.64 261.2 0.52 21.07 a(f) 38 25.3
0.013 25.99 -10.64 261.6 0.52 20.85 a(f) 38.1 25
0.013 26.03 -10.58 260.1 0.52 25.2 a(f) 71 33.1
0.013 26.03 -10.59 261.4 0.52 25.25 a(f) 70.8 32.8
0.013 25.97 -10.66 260.7 0.53 27.5 a(f) 86.8 33.8
0.013 26.04 -10.57 259.7 0.53 27.84 a(f) 86.9 33.6
0.013 26.03 -10.58 272.9 0.5 29.9 a(f) 98.1 333
0.013 26.04 -10.57 273.8 0.49 29.24 a(f) 98.2 33
0.013 26.03 -10.58 258.6 0.52 30.4 a(f) 107.4 28.6
0.013 26.05 -10.56 257.8 0.53 30.16 a(f) 107.4 28.3
0.013 25.98 -10.64 259.5 0.53 30.85 a(f) 111 28.6
0.013 26.05 -10.56 260.2 0.53 30.86 a(f) 110.9 28.8
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
102 28.5 154.1 42.3 141 39.2 1074 293 101.1 28.3 65.1 18
102 27.8 1542 42 1412 394 107.4  29.5 101.2  28.6 65.2 18.1
102 28.3 154.1 42.1 141.1 39.9 107.3  29.6 101.1 28.3 65.1 18.1
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.9 2.7 12 4.5 20 1.4 6.4 2.6 12 4.2 20.5

0.2 1.1 2.7 13.3 4.6 23.8 1.5 7.4 2.8 14.5 43 25

8.4 16.3 52 10.2 8.1 15.8 52 10.2 6.8 13.4 10.9 21.1
8.2 16.2 52 10.2 8.1 15.6 52 10.2 6.7 133 10.8 21.1
13.8 18.6 9.6 12.9 9.7 13.7 9.8 13.2 12 15.9 16.6 22.1
13.7 18.3 9.6 12.9 9.7 13.7 9.8 13.1 12.2 16.1 16.7 222
235 225 15.2 14.5 235 21.9 13.8 13.2 19.5 18.6 28.2 26.5

23.7 229 15.4 14.8 22 20.8 14 134 19.7 18.7 27.7 26.2
434 32 29.5 21.9 345 25.8 22.6 17 31.3 233 432 31.9
41 30.8 28.1 21.1 333 24.7 22.6 16.9 30.3 22.7 39.8 30.1
88.1 45.8 58.4 30.8 714 38.3 36.6 19.4 55 29 71.9 40.6
88 46 58.4 30.8 713 38.4 36.6 194 54.9 29.1 719 40.7
115 48 90 37.1 1149 492 55.1 22.8 67.6 28.2 79.9 33.4
1155 474 89.9 37.1 1154 498 55.1 22.7 67.7 27.7 79.9 32.6
111.7 393 120 40.6 1449 518 73 25 80.3 275 71 242
1119  38.6 120.1 405 145.1 511 73 24.8 80.4 26.7 71 232
107.7 339 141.7 422 1533 464 106 30.7 84.3 254 61.9 18.4
108 33 1419 4138 1535 46 106.2  30.6 84.7 24.7 62 17.5
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

2.4 79 4.3 14.4 3.5 11.1 2.1 6.9 4.1 13.8 4.4 14.8
2.6 8.2 4.3 14.2 3.5 11 2 6.7 4.1 135 44 14.6
8.7 16 7.7 14.3 6.1 11.1 5.1 9.6 8.7 16.1 9.2 17.6
8.7 15.8 7.7 14.3 6.1 11.1 5.1 9.5 8.7 15.9 9.2 17.3
12.9 17.8 114 15.7 8.8 12 8.3 11.5 12.3 17 153 21.2
13.1 17.9 11.6 15.7 9 12.1 8.5 11.5 12.5 16.9 15.3 20.9
23.2 22.6 17 16.7 15.5 15.1 14.2 13.8 19 18.6 243 23.8
232 225 17 16.7 155 15 142 13.7 19 18.6 244 239
50.7 339 38.2 25.4 345 22.4 229 15.4 36.8 24.7 452 30.3
50.8 334 38.2 25 34.6 21.9 229 15.1 37 24.5 45 29.9
96.8 452 73.5 343 79.5 37 414 19.4 58.7 272 76.3 354
96.7 44.9 73.2 34 79.3 37 41.3 18.8 58.5 26.8 76.1 35
1163 446 96.5 37.1 1129 463 54.7 21.1 66.7 25.7 73.9 28.2
1163 44 96.5 37 113 46.1 54.8 21 66.7 25.5 74 27.7
1209 412 1179 394 1332 459 72.3 242 79.9 27 64.3 22
121.1 409 118.1 394 1333 456 72.3 24.1 80 26.6 64.3 21.5
118.,5 309 1444  38.6 1444 39.8 107.5 284 91.2 24 38.1 9.9

1185 305 1444 384 1445  38.8 107.6 283 91.4 23.8 38.2 9.7
1162 298 1534 392 1554 4038 107.5 275 1014 26.1 32.1 8.2
116.1 303 153.3 395 1552 41 1074 27.6 101.3  26.2 32.1 8.2
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26 -10.62 262.8 0.52 a 0.2

0.013 26 -10.62 262.1 0.52 a 0.2

0.013 26.01 -10.61 263.9 0.51 a 0.2

0.013 25.99 -10.64 263.5 0.51 16.67 a 2.1 11.3
0.013 26 -10.63 262.7 0.51 16.64 a 2.2 12.1
0.013 26 -10.63 264.4 0.51 16.94 a 2.2 12.1
0.013 25.99 -10.64 264.5 0.5 17.33 a 6.7 14.9
0.013 26.01 -10.62 263.4 0.51 17.11 a 6.7 14.8
0.013 26.02 -10.59 263.1 0.52 17.26 a 12.4 17.1
0.013 25.95 -10.68 262.5 0.52 17.82 a 12.4 17
0.013 26 -10.62 263.3 0.51 17.53 a 12.4 17.1
0.013 26.01 -10.61 264 0.51 17.91 a(f) 18.4 19.2
0.013 26.02 -10.6 264 0.5 18.07 a(f) 18.4 19.2
0.013 26.03 -10.59 265.8 0.51 19.73 a(f) 31.7 23.8
0.013 25.98 -10.65 263.2 0.52 19.78 a(f) 31.7 23.7
0.013 26.04 -10.58 265.4 0.5 22.52 a(f) 56 30.5
0.013 26.04 -10.57 265.5 0.51 22.81 a(f) 55.7 30.5
0.013 26.05 -10.56 265.7 0.51 22.87 a(f) 55.7 30.5
0.013 26.06 -10.54 265.2 0.51 26.78 a(f) 88.4 33.1
0.013 26.07 -10.54 264.3 0.51 26.76 a(f) 88.3 33.6
0.013 26.08 -10.52 264.8 0.51 26.71 a(f) 88.3 33.9
0.013 26.07 -10.52 264.9 0.51 28.32 a(f) 97.5 30
0.013 26.07 -10.53 264.7 0.51 28.2 a(f) 97.4 29.4
0.013 26.01 -10.61 266.2 0.5 28.15 a(f) 99.1 31.2
0.013 26.07 -10.53 265.3 0.51 30.59 a(f) 117.3 31.1
0.013 26.07 -10.53 264.9 0.51 30.45 a(f) 117.1 30.7
0.013 26.07 -10.53 265.8 0.5 30.53 a(f) 117 30.6
0.013 25.98 -10.65 260.7 0.51 a 0.2

0.013 25.98 -10.65 258 0.52 a 0.2

0.013 25.98 -10.64 261.6 0.51 a 0.2

0.013 26 -10.63 261.3 0.51 18.16 a 2.9 12.4
0.013 25.99 -10.63 260.5 0.52 18.57 a 2.8 12.4
0.013 25.99 -10.64 260.5 0.51 18.88 a 7.7 14.3
0.013 25.97 -10.66 260.9 0.52 18.92 a 7.8 14.3
0.013 25.98 -10.65 260.8 0.51 18.85 a 7.8 14.2
0.013 25.97 -10.66 260.3 0.51 19.39 a 14 16.2
0.013 25.99 -10.63 261.6 0.51 19.17 a 14.1 16.3
0.013 26 -10.62 262.3 0.51 19.68 a(f) 21.9 19
0.013 25.99 -10.64 263 0.51 19.87 a(f) 21.9 19
0.013 26.05 -10.55 262.4 0.51 19.75 a(f) 21.8 19
0.013 26 -10.63 261.6 0.52 22 a(f) 38.6 24.9
0.013 26 -10.63 262.7 0.52 21.79 a(f) 38.8 24.9
0.013 26.01 -10.61 262.3 0.51 24.13 a(f) 59.7 30.6
0.013 26.02 -10.6 262.1 0.51 23.85 a(f) 59.7 30.7
0.013 26 -10.62 262.2 0.51 24.13 a(f) 59.8 30.7
0.013 26.03 -10.58 262.8 0.51 27.7 a(f) 90.9 34.6
0.013 26.02 -10.6 262.6 0.52 27.65 a(f) 90.9 34.7
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 1 3 17.3 2.6 13.8 1.8 9.8 2.1 11.2 2.9 14.9
0.2 1.1 3 18.3 2.7 14.6 1.9 10.2 2.4 13.3 2.8 15
0.2 1.1 3 17.9 2.7 14.6 1.8 9.7 2.6 14.4 2.8 15
6.5 14.9 8 17.6 5.4 12.3 4.5 10.2 8 17.4 7.7 17.1
6.5 14.5 8 17.6 5.4 12.3 4.5 10.2 8 17.4 7.7 16.9
124 17.8 14 19 11.7 154 9.3 12.7 13.7 18.9 13.1 18.7
12.5 17.8 13.9 18.7 11.6 15.2 9.5 12.7 13.8 18.8 13.3 18.7
12.5 17.9 13.9 18.7 11.6 15.3 9.4 12.8 13.8 19 13.3 18.8

21.3 22.3 20.3 20.9 13.8 14.8 13.7 14.4 20.3 20.9 20.8 21.7
21.4 224 20.3 20.8 13.9 14.9 13.7 144 20.3 20.9 20.8 21.7
39.9 29.9 329 24.8 273 20.4 22.3 16.8 31.8 23.7 36.2 27.1
39.9 29.8 329 24.7 273 20.3 22.4 16.8 31.8 23.6 36.2 27

71.7 39.4 63.2 34.1 50.6 272 36.5 20 50.3 27.5 63.9 34.8
71.8 39.5 61.5 335 50.6 27.4 36 19.9 50.2 27.7 63.9 35
71.8 39.5 61.5 334 50.6 273 36 19.9 50.3 27.7 63.9 35
116.8  43.7 96 35.8 130.2 483 54 20.2 73.8 27.7 59.3 22.7
116.6  44.7 95.9 36.3 130.2 487 54 20.4 73.8 28.3 59.2 23.4
116.8 453 96 36.5 130.3 49 54 20.6 73.8 28.5 59.2 23.7

1154 357 1202 372 1484 4438 72.1 22.6 82.7 25.7 46.4 14
1153 346 119.9  36.7 1482 44.1 72.1 223 82.5 25.1 46.4 13.6

1179 372 120.8 382 147.8 462 71.8 23 82.3 26.1 54 16.6
120.5 319 154.8 408 165.7  44.6 107.6  28.7 98.9 26.5 56 14.3
1203 31.1 154.6 403 165.6 442 107.4 285 98.7 26.2 55.8 13.8
1202 312 1545 403 1655 442 1074 284 98.7 26 559 13.6
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

1.4 6 3.7 15.4 4 16 1.6 6.8 2.9 12.8 39 17.1
0.9 3.8 3.7 159 39 16.4 1.7 7.4 3 134 39 17.5
9.4 17.3 59 11.2 7.1 13.2 4.5 8.5 8.7 16.1 10.7 19.7
9.4 17.1 6 11.3 7.4 13.4 45 8.5 8.7 15.8 10.9 19.8
9.4 16.9 6 11.3 7.4 132 4.6 8.4 8.6 15.7 10.9 19.6
17.2 20 12.2 14.2 11.1 12.8 9.1 10.6 14.8 17.1 19.6 22.6
17.3 20.1 12.2 14.3 11.2 12.8 9.2 10.6 14.9 17.2 19.7 22.7
29.7 25.7 20.1 17.5 16.9 14.7 13.7 12 22 19.2 28.7 25.1
29.7 25.5 20.1 17.4 16.9 14.7 13.7 12 22.1 19.2 28.7 25
29.7 255 20 17.4 16.9 14.6 13.7 12 22 19.2 28.7 25.1
52.8 34.2 39 25.1 325 20.7 22.5 14.7 36.2 234 48.5 31.4
53 34.1 39.1 25 327 20.6 22.7 14.6 36.4 235 48.8 31.4
85 435 61.3 31.6 52.7 26.8 36.1 18.5 522 26.9 70.7 36.4
85 43.6 61.4 31.7 52.8 26.9 36.2 18.6 52.1 26.9 70.7 36.6
85 43.5 61.5 31.6 52.8 26.8 36.4 18.6 52.3 27 70.7 36.5
1235 46.7 96.9 36.9 1183 459 54 204 72.4 274 80.3 30.4
1235 47 96.9 37 1183 46 54.1 20.5 72.4 27.4 80.3 30.4
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26.03 -10.59 263.2 0.51 27.86 a(h) 90.7 34.8
0.013 25.97 -10.66 262.9 0.51 29.18 a (f) 102.2 33.4
0.013 25.93 -10.72 263 0.51 29.51 a(f) 102.2 33.8
0.013 25.99 -10.64 262.1 0.51 31.8 a(h) 116.7 31.2
0.013 25.93 -10.72 260.8 0.51 31.32 a(f) 116.6 31.2
0.013 25.98 -10.65 263.1 0.51 31.64 a(h) 116.5 31.6
0.013 25.94 -10.68 264.2 0.7 23.62 a 0.2

0.013 25.95 -10.67 265.2 0.7 23.27 a 0.2

0.013 25.96 -10.66 264.5 0.71 23.31 a 0.2

0.013 25.96 -10.66 265.5 0.7 23.68 a 22 14.8
0.013 25.95 -10.67 264.7 0.7 23.48 a 23 14.6
0.013 25.96 -10.66 265.6 0.7 24 a 5.1 15.8
0.013 26.03 -10.56 263.6 0.71 23.8 a 5 15.8
0.013 25.96 -10.66 264.9 0.7 23.88 a 10 17.4
0.013 25.91 -10.72 263.4 0.71 24.44 a 10 17.3
0.013 25.96 -10.66 265.8 0.7 24.34 a 10 17.2
0.013 25.96 -10.66 266.1 0.7 25 a(h) 16.6 19.6
0.013 25.97 -10.65 267.5 0.69 25.1 a(h) 16.5 19.3
0.013 26.02 -10.58 265 0.7 27.39 a(f) 31.2 24.7
0.013 26.01 -10.59 262.6 0.71 27.53 a(f) 31.1 24.6
0.013 26 -10.6 263.9 0.7 26.36 a(f) 27 23.4
0.013 26.01 -10.58 260.2 0.72 35.49 a(f) 87.8 36.9
0.013 26.03 -10.56 260.9 0.72 35.71 a(h) 87.8 37.1
0.013 26.02 -10.58 261.4 0.71 35.79 a (f) 87.7 37.2
0.013 26 -10.6 260.4 0.72 36.93 f 96.1 31.8
0.013 26.01 -10.59 260.2 0.72 36.75 f 96.1 31.7
0.013 26.03 -10.56 260.6 0.72 36.79 f 96.1 322
0.013 26.02 -10.57 261 0.73 37.24 f 101.2 28.1
0.013 26.04 -10.55 261.3 0.72 37.61 f 101.1 29.1
0.013 26.02 -10.57 259.5 0.73 37.88 f 101.2 28.7
0.013 26.03 -10.57 259.7 0.72 38.44 f 109 26
0.013 26.01 -10.59 259.2 0.72 37.8 f 109 25.9
0.013 26.01 -10.48 264 0.9 26.94 a(f) 0.2

0.013 26.01 -10.48 264.7 0.9 26.19 a(h) 0.2

0.013 26 -10.49 263.6 0.9 26.53 a (f) 0.2

0.013 26.01 -10.46 263.2 0.91 26.62 a(f) 0.5

0.013 25.99 -10.51 265.6 0.9 26.44 a(h) 0.6 9.4
0.013 26.02 -10.48 265.4 0.89 26.47 a(f) 0.6

0.013 26.03 -10.45 263.5 0.9 27.88 a(f) 43 17.4
0.013 26.03 -10.43 262.8 0.91 27.42 a(h) 44 18.3
0.013 26.01 -10.47 263 0.91 27.79 a(f) 44 17.5
0.013 26.04 -10.42 2622 0.91 29.25 a(h) 11.2 19.6
0.013 26.04 -10.45 264.1 0.9 28.55 a(h) 11.1 18.7
0.013 26.03 -10.43 260.8 0.91 29.73 a(f) 11.1 19.7
0.013 26.03 -10.42 261 0.92 30.35 a(h) 15.9 20.1
0.013 26.03 -10.44 263 0.9 30.44 a (f) 15.8 19.5
0.013 26.04 -10.44 263.1 0.91 30.42 a(f) 15.9 19.6
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

123.2 47 96.5 36.9 118.1 46.2 539 20.5 72.3 27.5 80.2 30.7
125.8 409 123.3  39.8 141.1 47.3 71.7 234 81 26.4 70.2 224
126 41.8 123.4  40.1 141.1 47.9 71.6 23.6 81 26.5 70.2 22.7
1224 333 1534  40.3 167.6 44.6 1074 285 1042 28 45.3 124

1221 338 153.4 407 167.3 444 107.3 285 1044 278 453 12.2
1219  34.1 1533 408 167.2 448 107.2 287 1043 283 453 12.7

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 14 35 21.8 3.4 24.6 1.9 135 2.8 16.9 L5 10.5
0.2 1.4 3.6 21.6 3.4 23.8 2 13.7 2.8 16.7 1.5 10.4
52 16.5 4.6 14.3 6.6 20.3 4.8 14.9 45 14 4.7 14.9
52 16.5 4.5 14.3 6.5 20.2 4.7 14.9 45 142 4.7 15
11 19 9.3 16 10.2 18.2 9 15.9 9.9 17 10.7 18.4
11 18.9 9.3 159 10.3 18 9 15.7 9.9 16.8 10.6 18.1
11 18.9 9.3 15.9 10.2 18.2 9 15.6 9.9 16.7 10.7 18.1
17.5 21.1 15.1 17.8 17.3 20.7 13.8 16.6 16.2 19 19.5 22.8
17.5 20.7 15.1 17.5 17.3 20.4 13.8 16.3 16.2 18.7 19.4 224
39 30.6 28.3 222 28.5 22.9 24.1 194 30 23.7 37.1 29.2
39 30.5 28.2 222 28.5 22.8 24 19.3 30 23.7 37.1 29.2

325 28 23.6 20.6 23.6 21.2 22.6 19.6 26.9 229 32.7 27.9
121.3 459 84.3 322 136.9 726 36.1 13.9 75.3 28.6 72.9 28.2

121.3 462 84.3 32.3 136.9 726 36.1 14 75.3 29 72.9 28.6
1213 46.1 84.2 323 136.9 733 36.1 14.1 75.2 28.8 72.8 28.4
129.5 398 1112 34 146.1  58.1 54 16.6 80.5 249 55.4 17.4
1294 39.6 111.2 339 146.3 583 539 16.6 80.5 24.8 554 17.3
1294 3938 111.1 34.1 1463  60.5 54 16.8 80.5 24.7 554 17.2
129.5  33.1 133 34.2 150.1 513 72 18.6 82.5 21.2 40.3 10.3
1294 346 133 353 149.9 515 71.9 19.5 82.5 22.7 40.2 11.1
1294 337 133 35 149.9  50.8 72 194 82.5 22.3 40.3 10.8
1279 288 149.7 339 159 43.8 99.6 22.6 93.3 21.3 24.6 5.6
1279 29 149.7 34 1589 426 99.6 225 93.3 21.6 24.5 5.7
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.9 1.7 0.2 0.2

0.2 2 0.2 35 1.1 16.8 1.8 29.2 0.2 2.4 0.2 2.7
0.2 0.2 1.1 1.7 0.2 0.2

2.4 9.3 5 21.1 4.9 21.8 4.6 17.8 4.5 16.5 4.6 18
2.4 9.7 5.1 22.4 5 22.7 4.6 18.6 4.6 17.3 4.7 18.9
2.3 9.1 52 21.3 5 20.2 4.6 18.8 4.6 16.9 4.7 18.9
11.6 20 11.2 19.8 13.8 24.3 9.3 16.5 10.8 18.5 10.3 18.3
11.5 19.1 11.1 19.1 13.7 234 9.3 15.8 10.7 17.8 10 17.2
11.5 20.1 11.1 19.9 13.7 24.6 9.3 16.7 10.7 18.8 10 18.2
16.7 21.3 15.9 20.5 18.3 23.5 135 17 17.5 21.1 13.2 17.2
16.7 20.7 15.9 20 18.3 22.8 133 16.3 17.5 20.6 132 16.8
16.7 20.7 16 20 18.3 23.1 13.3 16.4 17.6 20.7 13.3 16.8

Table G.9 337



Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26.02 -10.45 262.3 0.91 34.18 f 26 22
0.013 26.04 -10.44 262.9 0.9 33.98 f 26.1 21.7
0.013 26.03 -10.43 261.6 0.91 33.83 f 26.1 22.1
0.013 26.05 -10.36 258.7 0.92 39.29 f 42.4 26.7
0.013 26.06 -10.33 257.5 0.93 38.51 f 423 25.9
0.013 26.06 -10.34 258.5 0.93 39.41 f 42.4 26.8
0.013 25.99 -10.41 259.3 0.93 40.72 f 66.1 25.9
0.013 26.07 -10.31 259.3 0.93 42.18 f 66 28
0.013 26.06 -10.36 260.5 0.92 40.93 f 66 25.8
0.013 25.88 -10.8 526.4 0.11 18.61 i-a 0.2

0.013 259 -10.77 529.7 0.1 18.57 i-a 0.2

0.013 25.92 -10.74 528.8 0.1 18.52 i-a 0.2

0.013 25.92 -10.74 527.4 0.11 18.28 i-a 0.2

0.013 2591 -10.75 526.8 0.11 18.31 i-a 0.2

0.013 25.9 -10.76 526.4 0.11 18.5 i-a 2.3 10.6
0.013 2591 -10.76 529.1 0.1 18.54 i-a 2.3 10.6
0.013 25.92 -10.75 528.5 0.11 18.69 i-a 54 11.5
0.013 25.93 -10.73 527 0.1 18.83 i-a 5.5 114
0.013 25.92 -10.75 526.9 0.1 19.95 i-a 11.7 14.6
0.013 25.93 -10.72 529.4 0.1 19.93 i-a 11.7 14.7
0.013 25.89 -10.78 529.2 0.1 21.3 i-a 19.8 18.3
0.013 25.95 -10.7 526.8 0.11 21.25 i-a 19.8 18.3
0.013 25.94 -10.72 526.5 0.11 21.17 i-a 19.8 18.3
0.013 25.94 -10.71 525.6 0.11 23.44 i-a (f) 33.9 23.9
0.013 25.96 -10.69 526.2 0.11 23.31 i-a (f) 33.9 23.8
0.013 25.92 -10.75 526.6 0.11 27.62 i-a (f) 56.6 30.7
0.013 25.95 -10.71 529.6 0.11 27.56 i-a (f) 56.7 30.7
0.013 25.96 -10.68 526.4 0.11 27.28 i-a (f) 56.8 30.7
0.013 25.96 -10.69 528.9 0.1 32.42 i-a (f) 85.6 37.3
0.013 25.99 -10.65 524.9 0.11 32.27 i-a (f) 85.7 37.3
0.013 25.94 -10.71 531.7 0.11 36.26 i-a (f) 107.4 40.7
0.013 25.98 -10.66 533.4 0.1 36.38 i-a (f) 107.3 40.7
0.013 26 -10.64 530.9 0.11 43 i-a (f) 147.9 44.6
0.013 26.02 -10.61 528.1 0.11 42.86 i-a (f) 147.8 44.6
0.013 25.99 -10.64 531.9 0.1 42.8 i-a (f) 147.7 44.6
0.013 25.97 -10.67 524.9 0.3 37.04 a 0.2

0.013 26 -10.63 526.3 0.3 37.42 a 0.2

0.013 26 -10.64 527.7 0.3 37.23 a(f) 1.5 12.8
0.013 26.02 -10.61 525 0.31 36.61 a(f) 1.4 12.5
0.013 25.98 -10.66 527.8 0.3 37.27 a(f) 1.4 12.7
0.013 25.98 -10.66 524.3 0.31 37.52 a(f) 4 12.3
0.013 25.97 -10.67 526.4 0.31 37.15 a(f) 4 12.5
0.013 25.99 -10.65 524.1 0.31 37.93 a(f) 4 12.5
0.013 26.02 -10.61 526.8 0.3 38.16 a(f) 7.6 13.5
0.013 26.01 -10.62 526.8 0.31 37.95 a(f) 7.6 13.6
0.013 25.97 -10.68 525 0.3 39.79 a(f) 13.2 15.7
0.013 26 -10.63 5252 0.31 39.77 a(f) 13.2 15.7
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
27.1 23 22.9 19.5 33 28.1 22.5 19.2 27.6 22.6 232 19.7
27.2 22.6 22.9 19.2 33 27.9 22.5 19 27.7 223 233 194
27.2 232 22.9 19.7 33 28.2 22.5 19.3 27.6 22.7 232 19.9
434 26.3 33.6 20.9 53.3 359 36.1 232 42.3 26.6 45.6 27.4
43.4 252 335 20.1 53.2 34.7 36 22.5 42.3 26 45.6 26.8
434 26.4 33.5 20.8 53.3 35 36.1 234 42.3 27.1 45.6 28.1
84.7 30.6 57.5 20.5 72.1 41.9 46.7 15.7 64.1 21.8 71.3 24.8
84.6 33 57.5 22.5 72.1 45.2 46.6 16.8 64.1 23.3 71.3 26.9
84.6 30.4 57.5 20.6 72 41.9 46.6 15.3 64 21.6 71.3 24.8
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

2.1 9.4 2.4 11.2 1.4 7.6 2.2 10.9 1.6 7.1 3.9 17.4
2.2 9.7 2.6 11.6 1.5 7.5 2.2 10.6 1.6 7 4 17.1

7.2 15.1 5.2 10.8 3.6 7.9 4.6 9.9 4.2 8.8 7.6 16.4
73 15.1 52 10.8 3.7 7.9 4.6 9.8 43 8.8 7.7 16.3

16.1 20.1 10.4 13.1 8.6 11 9 11.2 9.2 11.2 16.8 21.1
16.1 20.1 10.4 13.1 8.6 11 9.1 11.3 9.2 11.3 17.1 21.2
27.9 25.7 18.3 17 16.3 15.3 14 13 14.9 13.8 273 253
27.9 25.7 18.3 16.9 16.3 15.2 14 13 14.9 13.8 273 253
27.9 25.7 18.3 16.9 16.2 15.2 14 12.9 14.9 13.7 273 252
46.4 32.7 335 234 29.6 21 22.6 15.9 253 17.9 46.3 323
46.4 32.6 335 23.4 29.5 21 22.6 15.9 25.3 17.9 46.2 322
81 43.8 53.7 29.3 53.8 29.1 355 19.4 442 24.1 713 38.6
81.1 43.8 53.8 29.3 539 29 35.8 19.5 44.2 24 71.4 38.6
81.1 43.8 53.8 29.2 53.8 28.9 36.5 19.7 442 24 713 38.6

1249 542 85.4 37.1 81.8 355 53.8 23.6 66.8 29.3 101 443
125 54.2 85.4 37.1 81.8 355 539 23.6 66.9 29.3 101.1 442
1549 583 1114 422 103.3 394 72 27.5 80.5 30.9 122 45.9
1549 583 1114 422 103.1 393 72 275 80.2 30.9 1219 459
176.9 554 166 49.8 1612 47.6 107.6 322 1146 345 160.8 482
1769 553 165.9  49.8 161 47.8 107.5 323 1146 345 1609 478

176.8  55.2 165.9 499 161 48 1074 324 1145 345 160.7 479
0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2

0.2 1.3 2.3 22.3 1.5 13.7 1.8 16.6 1.1 9.5 1.8 13.6
0.2 1.3 2.3 22.4 1.5 13.4 1.6 14.8 1.2 10.4 1.7 13
0.2 1.3 2.3 232 1.5 13.9 1.8 15.8 1.3 11.9 1.3 10.4

22 6.5 5.3 17.1 2.6 8.5 4.8 14.8 4.1 12.5 4.9 14.6
2.1 6.4 53 17.3 2.7 8.8 4.8 14.9 4.1 12.6 49 14.8
2.3 7 53 17.3 2.5 8.3 4.8 15 4.1 12.6 49 14.8
6 10.6 9.6 17 4.5 8.3 9 15.8 8.5 14.8 79 14.3
6 10.7 9.6 17.1 4.6 8.4 9.1 15.9 8.5 14.9 79 14.3
123 14.6 14.1 16.8 9.8 11.8 13.6 16.1 14.7 17.3 14.9 17.8
12.3 14.6 14 16.7 9.8 11.8 13.6 16.1 14.7 17.3 14.7 17.7
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26.02 -10.6 529.4 0.29 39.31 a(f) 25 20.7
0.013 26.02 -10.6 526.4 0.3 40.05 a(f) 25 20.6
0.013 26.03 -10.59 528.6 0.3 40.76 a(f) 25.1 20.5
0.013 25.98 -10.65 525 0.31 43.34 a(f) 46.8 27.7
0.013 26.04 -10.58 527 0.3 43.15 a(f) 46.9 27.7
0.013 26.02 -10.6 527.6 0.3 48.14 a(f) 76 35.4
0.013 26.08 -10.52 528.3 0.3 47.28 a(f) 76.1 35.6
0.013 26.04 -10.58 533.7 0.28 53.72 a(f) 109.1 41.5
0.013 26.09 -10.51 531.9 0.3 54.38 a(f) 108.7 41.7
0.013 26.08 -10.52 531.3 0.3 54.64 a(f) 108.7 41.8
0.013 26.1 -10.49 533.1 0.3 62.44 a(f) 151.7 46
0.013 26.1 -10.5 532.4 0.29 63.07 a(f) 152.4 46.4
0.013 25.76 -10.95 528 0.5 60.04 a 0.2

0.013 25.74 -10.97 526.1 0.5 59.82 a 0.2

0.013 25.75 -10.96 526 0.51 59.73 a 1.2 11.3
0.013 25.76 -10.95 529.7 0.5 60.61 a 1.3 11.2
0.013 25.71 -11.01 528.8 0.5 60.69 a 4 12.7
0.013 25.76 -10.95 528.8 0.5 60.84 a 43 12.7
0.013 25.71 -11.01 5159 0.51 60.01 a 8.5 14
0.013 25.73 -10.98 516.9 0.51 60.61 a 8.5 14.1
0.013 25.72 -11 516.1 0.51 61.86 a 14.1 16.1
0.013 25.76 -10.95 522.5 0.5 60.66 a 12.4 15.6
0.013 25.72 -11 499.1 0.53 61.4 a(f) 23.5 19.9
0.013 25.78 -10.92 520.7 0.51 59.81 a(f) 23.3 19.6
0.013 25.74 -10.98 515.2 0.5 62.99 a(f) 46 27.4
0.013 25.79 -10.9 514.2 0.52 63.57 a(f) 46.1 27.2
0.013 25.82 -10.87 511.6 0.52 68.79 a(f) 70.5 333
0.013 25.81 -10.88 519.7 0.51 67.66 a(f) 70.6 34.2
0.013 25.81 -10.88 527.8 0.5 73.64 a(f) 103.1 41.5
0.013 25.84 -10.85 530 0.49 72.95 a(f) 99.8 41.4
0.013 25.84 -10.84 529.4 0.5 73.08 a(f) 99.9 41.2
0.013 25.85 -10.83 531.1 0.5 81.79 a(f) 148.8 49.2
0.013 25.77 -10.93 529.5 0.5 83.39 a(f) 148.8 49.4
0.013 26.16 -10.41 520.1 0.51 a 0.2

0.013 26.13 -10.45 524.6 0.5 a 0.2

0.013 26.12 -10.46 523.9 0.49 58.49 a 1.5 11.1
0.013 26.16 -10.41 520.5 0.5 58.95 a 1.6 11.6
0.013 26.11 -10.47 517.2 0.5 57.28 a 2.8 12
0.013 26.15 -10.42 517.5 0.51 57.21 a 2.7 11.8
0.013 26.16 -10.41 519.7 0.5 56.99 a 2.7 11.8
0.013 26.15 -10.43 514.2 0.52 59.48 a 7.6 13.8
0.013 26.17 -10.4 513.2 0.52 58.42 a 7.5 13.7
0.013 26.16 -10.41 517.4 0.51 59.12 a 7.6 13.8
0.013 26.13 -10.45 522.6 0.5 58.94 a 11.5 15.1
0.013 26.17 -10.4 523.4 0.5 58.54 a 11.5 15
0.013 26.19 -10.37 526 0.5 60.4 a(f) 24.9 19.6
0.013 26.18 -10.38 527.6 0.5 62.7 a(f) 24.8 19.6
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
26.5 21.9 25.7 21.1 20.3 16.8 22.7 18.7 24.8 20.5 30.2 24.9
26.5 21.8 25.7 21.1 20.3 16.8 22.7 18.7 24.8 20.4 30.2 24.8
26.6 21.8 25.8 21 20.3 16.8 22.7 18.6 24.8 20.3 30.2 24.7
56.8 33.7 45.7 27.2 43.4 25.2 36.1 21.5 43.1 25.6 55.9 33
56.8 33.8 45.8 27.2 43.4 25.2 36.2 21.6 43.1 25.6 55.9 33
97.8 45.8 74.9 35.1 74.8 33.8 54.1 25.6 65.9 31.1 88.6 41.2

97.9 46 75 352 74.9 33.8 54.1 25.7 66 31.2 88.6 41.5
1426 549 106.8 409 1182 425 73.8 28.6 92.8 35.7 120.6 464
1426 552 106.7 412 118.1 428 71.7 28.3 92.5 36 1204 46.6
1426 553 106.7 413 118.1 43 71.7 28.3 92.6 36.1 1205 46.7
198.5  60.7 151.1 46 176.9 522 106.4 326 121.7 37 1559 473
200.1 61.2 151.1 464 177.8  52.8 107.7 333 121.8 373 156 47.4
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

1.5 10 1.8 12.5 1.9 242 1.2 12.1 0.6 5.7 0.4 3.1
1.7 11 1.8 12.5 2 23.7 1.1 10.9 0.6 5 0.5 4
2.1 6.8 3.4 10.6 59 19.4 5 14.9 3.7 11.2 4.2 13.2
3.4 9.7 3.1 9.1 59 18.5 4.9 142 3.6 104 5 14.2
7.5 12.5 6.3 10.4 11.5 19.2 8.9 14.6 8.1 13.2 8.5 14.1
7.6 12.5 6.3 10.5 11.6 19.5 9 14.7 8.1 133 8.5 14
13.7 15.8 10 11.6 194 21.9 139 15.9 132 15.1 14.3 16.3
12.7 15.8 10.1 12.7 13.6 18.1 14.1 17.4 12.4 15.3 11.3 14.2
232 19.4 18.6 15.8 28 24.4 22.8 19.1 21.3 17.8 272 22.5
23.1 19.3 19.5 16.3 27.8 23.6 22.7 19.1 21 17.9 25.7 21.5
49 29.4 389 23.4 56 332 36 21.5 423 25.2 53.7 31.8
49.3 29.4 40 23.7 559 32.8 36 21.2 423 249 534 31.3
79.6 379 62.4 29.7 83.2 385 53.8 254 63 29.9 81.1 38.2
80.8 39.6 62.3 30.4 83 39.4 53.7 26 62.8 30.5 81 39.2

141 56.8 93.1 37.8 110.1  43.6 72.6 29.3 85.5 345 1164 469
1339 555 923 38.3 1049 433 72.3 30.1 80.1 335 1154 478

134 553 923 38.1 105.1 43 72.4 29.7 80.1 333 1155 476
199.2  64.6 1422 464 168.5  58.1 107.5 355 116.8  38.7 158.8 52
199.3 653 142.1  46.8 168.4  56.7 107.6  35.8 116.8 39 158.8  52.6
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 1.2 33 24.6 1.7 12.7 1.8 13.2 1.9 13.2 0.2 1.4
0.2 1.2 35 25.8 1.7 13 1.9 13.8 2.1 14.6 0.2 1.3
0.2 0.8 5.5 24.4 1.7 7.6 4.6 18.8 22 9.8 23 10.3
0.2 0.8 5.5 24.4 1.6 75 4.6 19 1.9 8.4 2.3 10.8
0.2 0.8 55 24.3 1.7 75 4.6 18.9 2.1 9.5 22 9.8
6 10.8 10.1 18.5 5.8 10.9 9.1 16.5 7 12.7 7.7 13.7
59 10.6 9.7 17.9 5.7 11 9.1 16.5 7 12.7 7.6 13.8
6 10.7 9.7 18 5.8 11 9.1 16.5 7.1 12.7 7.7 13.8
10.1 13.1 14.5 18.7 9.5 12.7 13.4 17.4 10.9 14.3 10.8 14.3
10 13 14.5 18.7 9.4 12.7 13.4 17.4 10.9 14.2 10.7 14.1
28.2 22.1 252 19.9 239 19.2 22.6 17.9 24.5 19 24.8 19.7
28.2 22.1 25.1 19.9 239 19.2 22.6 17.8 24.4 19 24.8 19.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26.13 -10.45 526.2 0.51 64.26 a(f) 50 27.8
0.013 26.19 -10.37 527.8 0.51 63.33 a(f) 49.9 27.7
0.013 26.19 -10.37 526.3 0.51 64.01 a(f) 49.9 27.6
0.013 26.21 -10.34 533.8 0.49 67.6 a(f) 76.3 34.6
0.013 26.23 -10.31 536.4 0.49 66.14 a(f) 76.4 34.5
0.013 26.23 -10.32 5334 0.49 65.45 a(f) 76.4 34.6
0.013 26.18 -10.38 531.5 0.49 73.39 a(f) 105.3 40.2
0.013 26.23 -10.31 532.4 0.49 74.35 a(f) 105.3 40.2
0.013 26.22 -10.32 534.5 0.49 78.89 a(f) 133.9 439
0.013 26.22 -10.32 538.1 0.48 78.64 a(f) 141 449
0.013 26.24 -10.31 5359 0.48 80.71 a(f) 141 45.1
0.013 25.97 -10.67 533.6 0.5 a 0.2

0.013 25.95 -10.69 528.5 0.51 a 0.2

0.013 25.95 -10.7 532.6 0.5 60.06 a 3.1 14.4
0.013 25.89 -10.77 531.8 0.51 60.27 a 3.1 14.3
0.013 25.94 -10.71 533.3 0.5 60.17 a 4.6 14.5
0.013 25.97 -10.66 532.2 0.5 60.41 a 4.6 14.3
0.013 25.98 -10.65 525.5 0.5 60.53 a 8.7 15
0.013 25.97 -10.66 523.7 0.51 60.28 a 8.6 15
0.013 25.96 -10.67 514.8 0.52 60.76 a 13.7 17
0.013 2591 -10.75 516.6 0.52 60.81 a 13.7 16.8
0.013 26 -10.62 522.4 0.51 62.01 a(f) 24 20.9
0.013 25.93 -10.71 521.6 0.51 62.74 a(f) 24.2 20.9
0.013 25.95 -10.69 523.6 0.51 62.81 a(f) 46.3 28.3
0.013 26 -10.62 523.9 0.51 61.33 a(f) 46.4 28.4
0.013 26.04 -10.57 517.3 0.51 62.53 a(f) 46.2 28.2
0.013 25.92 -10.73 510.9 0.52 63.23 a(f) 46.3 28.1
0.013 25.99 -10.64 515.6 0.52 67.06 a(f) 71.3 35.2
0.013 26.04 -10.57 5159 0.51 66.32 a(f) 71.3 35.2
0.013 26.01 -10.6 516.7 0.52 72.29 a(f) 99.8 41.1
0.013 26.04 -10.58 517.8 0.51 71.89 a(f) 99.6 41.1
0.013 25.97 -10.67 523.9 0.52 76.89 a(f) 131.9 45.7
0.013 25.96 -10.67 524.2 0.51 76.41 a(f) 131.7 46.1
0.013 25.93 -10.71 516 0.53 76.61 a(f) 135.7 46.3
0.013 25.99 -10.64 518.1 0.52 77.9 a(f) 135.7 46.5
0.013 25.89 -10.77 516.3 0.52 79.07 a(f) 135.6 46.6
0.013 25.98 -10.65 513.8 0.52 79.44 a(f) 135.6 46.6
0.013 25.93 -10.72 508.8 0.53 80.06 a(f) 135.5 46.6
0.013 25.98 -10.65 512.8 0.52 79.93 a(f) 136 46.7
0.013 26.09 -10.48 504.3 0.73 74.25 a(f) 0.2

0.013 26.09 -10.48 504.7 0.73 74 a(f) 0.2

0.013 26.1 -10.47 502.6 0.73 73.67 a(f) 0.2

0.013 26.11 -10.45 502 0.73 74.34 a(f) 0.2

0.013 26.12 -10.44 502.3 0.73 74.3 a(f) 1.4 15.3
0.013 26.1 -10.46 505.7 0.72 74.54 a(f) 14 14.4
0.013 26.09 -10.48 501.7 0.73 74.45 a(f) 1.4 14.5
0.013 26.09 -10.48 501.4 0.73 74.51 a(f) 4 16.4
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

62.3 34.8 46.4 26.1 57.4 30.6 36.1 20.4 42.9 24.1 54.7 30.6
62.2 34.8 46.5 26.2 57.5 30.5 35.7 20.2 42.8 24.1 54.8 30.6
62.3 34.7 46.6 26 57.5 30.4 35.7 20.1 42.9 24.1 54.7 30.5
97.8 44.9 75.3 342 82.5 36 54.2 24.9 65.2 29.8 82.9 37.9
97.9 44.8 75.4 34.1 82.5 359 54.3 24.9 65.3 29.8 82.9 37.9
97.8 44.8 75.4 342 82.5 35.8 54.2 24.8 65.3 29.9 82.9 38.1

1419 544 1023 392 1153 424 72 279 87.1 33.6 113.1 435
141.9 545 102.4 393 115.3  42.1 72 279 87.1 33.6 113.1  43.6
172.1 575 130 43 142.7  47.1 106.9 339 116.6 372 135 44.9
186.2 593 142.8 452 146.6  47.6 107.5 338 116.6  36.7 146.1  46.5
186.2 599 1429 456 146.6 474 107.5 339 116.6 37 146.1 469
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

33 13.7 29 13.5 3.4 17.4 3 154 2.5 11.7 33 14.9
2.6 10.7 3 13.8 3.8 18.9 3.1 15.7 2.5 11.6 3.4 15.3
43 13.2 4.6 14.6 4.5 15.3 4.8 15.6 4.8 14.5 4.4 13.7
43 13 4.6 14.4 4.5 15.1 4.8 15.3 5 14.7 43 133
9 15 8.6 14.7 9 15.8 9.1 16.2 73 12.8 9.2 15.8
8.9 14.9 8.5 14.7 8.9 15.7 9 16.1 72 12.7 9.1 15.8
13.4 16.6 133 16.4 13.8 17.3 14.6 18.3 12.3 15.3 14.6 18.2
13.5 16.6 13 15.9 13.9 17.1 14.9 18.2 12.4 152 14.6 17.9
27 23.4 22.5 19.5 25.1 21.8 22.6 19.8 21.6 18.8 25.5 222
27.2 233 22.7 19.4 252 21.8 22.7 19.7 21.7 18.7 25.6 22.1
58 354 425 26.1 50.6 30.3 36.4 22.7 39.4 244 50.8 31.1
58.1 355 42.6 26.1 50.6 30.4 36.4 22.8 39.5 24.5 50.9 31.3
57.8 353 424 259 50.5 30.1 36.2 225 39.4 243 51 31.2
58.1 353 42.6 259 50.7 30.1 36.4 224 39.6 24.2 50.7 30.9
93.4 46.2 68.1 33.6 73.6 358 54.2 27 60.1 29.9 78 38.7
93.5 46.2 68.1 33.6 73.6 35.7 542 27.1 60.2 29.9 78.1 38.7
1323 55 95.6 39.4 106.6 425 73.4 30.5 83.1 34.5 107.9 4438
132 55 95.4 39.5 106.2 425 73.2 30.5 82.9 345 107.7 448
169.3 582 1259 432 140 51.6 107.3 364 1126 38 136.3  46.6

169 58.6 125.7 435 139.8 525 107.1  36.7 1124 382 136.3 469
1835 61.8 1333 452 139.7 486 107.1  36.5 1119  38.1 1385 474

1834 62 1334 454 139.7  49.1 107.2  36.7 112 38.2 1385 475
183.3 622 133.1 454 139.5 499 107.2 364 112 38.2 1384 476
1832 624 133.1 455 139.5 496 107.2  36.2 112 38 1385 476
183.1 629 133.1 457 139.4 479 1072 36.4 112 38.4 138.4 482
183.8  63.1 1335 459 139.9 48 107.5  36.5 1125 385 1389 483
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 1.8 2.4 24.7 2.4 26.9 1.6 20.8 1.4 15.6 0.2 22
0.2 1.7 2.5 24 2.2 24 1.7 19.8 1.4 14.7 0.2 2
0.2 1.7 2.7 26.7 22 22.1 1.7 21 1.2 134 0.2 2
2.5 10 4.3 17.9 53 21.6 4.8 20.1 33 13.5 3.9 15.5
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 26.09 -10.47 501.9 0.74 74.85 a(f) 4 16.6
0.013 26.1 -10.47 499.5 0.74 74.99 a(f) 4 16.7
0.013 26.09 -10.48 503.8 0.73 75.36 a(f) 7.7 17.5
0.013 26.11 -10.45 503.1 0.73 75.06 a(f) 7.7 17.4
0.013 26.1 -10.46 501.7 0.74 75.27 a(f) 7.7 17.5
0.013 26.09 -10.49 506.5 0.72 76.22 a(f) 11.9 18.3
0.013 26.11 -10.46 502.6 0.73 76.23 a(f) 11.9 18.3
0.013 26.1 -10.47 504.2 0.73 75.55 a(f) 11.8 18.2
0.013 26.1 -10.46 502.7 0.73 77.38 a(f) 22.4 21.9
0.013 26.11 -10.45 506.2 0.72 77.64 a(f) 22.4 21.9
0.013 26.13 -10.43 506.8 0.72 80.02 a(f) 39 28.2
0.013 26.12 -10.43 507.5 0.72 80.56 a(f) 39 28.2
0.013 26.12 -10.44 504.2 0.73 80.34 a(f) 38.9 28.1
0.013 26.14 -10.41 508.3 0.72 85.77 a(f) 63.1 34.8
0.013 26.13 -10.42 505.7 0.73 85.25 a(f) 63.1 34.8
0.013 26.14 -10.42 508.9 0.72 85.78 a(f) 63 34.9
0.013 26.15 -10.41 510.7 0.72 88.21 a(f) 85.6 39.2
0.013 26.15 -10.4 507.1 0.73 88.21 a(f) 85.6 39.3
0.013 26.15 -10.4 511.2 0.72 88.21 a(f) 85.6 39.2
0.013 26.18 -10.36 512.7 0.71 88.21 a(f) 131 45.2
0.013 26.18 -10.36 509.5 0.72 88.2 a(f) 131 45.1
0.013 26.19 -10.35 511.3 0.72 88.21 a(f) 130.9 45.1
0.013 39.37 4.71 74.3 0.15 0.21 S-w 0.1

0.013 39.26 4.61 80.3 0.14 0.25 S-W 0.1

0.013 39.27 4.62 80.4 0.14 0.24 S-W 0.1

0.013 39.23 4.58 79.2 0.14 0.29 S-w 24 7.3
0.013 39.26 4.6 80.2 0.14 0.29 S-W 2.4 7.4
0.013 39.29 4.64 80.4 0.14 0.35 S-w 4.7 9.2
0.013 39.3 4.65 79.6 0.14 0.34 S-W 4.6 9.1
0.013 39.31 4.66 79.9 0.14 0.44 S-W 7.6 10.6
0.013 39.31 4.66 80.2 0.14 0.44 S-w 7.6 10.6
0.013 39.27 4.62 79.5 0.14 0.57 s-w (f) 10.7 11.9
0.013 39.27 4.62 78.6 0.15 0.56 s-w (f) 10.7 11.9
0.013 39.27 4.62 80.6 0.14 0.55 s-w (f) 10.6 11.8
0.013 39.3 4.65 80.4 0.13 0.75 s-w (f) 18 14.5
0.013 39.34 4.69 80.5 0.14 0.75 s-w (f) 18 14.4
0.013 39.27 4.62 80.5 0.13 1.03 s-w (f) 29.1 17.1
0.013 39.35 4.7 79.4 0.13 1 s-w (f) 29.1 17
0.013 39.25 4.6 74.7 0.14 1.27 w (f) 43 18.6
0.013 39.37 4.72 74.2 0.15 1.25 w (f) 43 18.7
0.013 39.37 4.72 80.3 0.13 1.31 w (f) 43.1 19.1
0.013 39.27 4.62 74.4 0.17 1.76 w (f) 62.1 20.3
0.013 39.31 4.66 74 0.17 1.72 w (f) 61.9 20.3
0.013 39.41 4.76 74.6 0.17 1.73 w () 62 20.3
0.013 39.39 4.75 74.3 0.35 3.34 f 119.7 10.3
0.013 39.35 4.71 74.5 0.35 34 f 119.8 10.1
0.013 39.29 4.68 74 0.58 1.1 w (f) 0.1
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
2.5 10.1 4.3 18.2 5.3 21.8 4.7 20.4 3.3 13.7 3.9 15.6
2.7 10.8 4.3 18.2 53 21.9 4.7 20.2 33 13.6 3.9 15.7
6 139 8.4 19 9 20.3 9.1 20.6 6.3 14.2 7.3 16.7
6 13.8 8.4 18.9 9 20.5 9.1 20.6 6.2 14.1 7.3 16.6
6 13.8 8.4 19 9.1 20.6 9.1 20.7 6.3 14.2 7.3 16.8
10.6 16.5 11.9 18.3 14.6 21.9 134 20.5 9.4 14.7 11.3 17.8
10.6 16.6 11.9 18.3 14.5 22 13.3 20.6 9.4 14.7 11.3 17.8
10.6 16.6 11.9 18.2 14.5 21.8 13.3 20.4 94 14.7 11.3 17.8
23.2 22.5 21.5 20.9 24.8 24.6 22.7 22.3 20.8 20.1 21.3 20.9
23.2 22.7 21.5 21 24.8 24.6 22.7 222 20.8 20 21.3 21
43.7 31.7 34.6 25.3 443 32 359 26 34 24.6 41.5 29.9
43.7 31.7 34.6 25.3 442 322 359 26.1 339 24.4 41.5 29.8
43.6 31.5 34.6 252 44.1 32 359 26 33.9 24.4 41.5 29.7
75.8 41.5 57.3 31.7 69.5 38.3 54 30.1 55.2 30.4 66.6 36.6
75.9 41.7 57.2 31.6 69.5 38.3 54 30.1 55.2 30.5 66.6 36.6
75.8 41.9 57.1 31.7 69.5 38.5 539 30.2 55.1 30.5 66.6 36.7
109.5 49.8 80 36.5 90.8 41.5 72.2 33.3 72.2 333 89 40.9
109.5 499 80 36.5 90.7 41.7 72.1 33.4 72.3 334 89 40.9
109.5 49.8 80.1 36.5 90.7 41.5 72.1 333 72.3 33.3 89 40.9
172.6 589 1213 41.8 138.4 483 108.1 37.8 112 38.5 133.4 459
172.5 58.6 121.3  41.8 138.5 484 108 37.8 112.1 38.5 133.4 458
172.6  58.7 121.3  41.8 138.4 482 107.9  37.7 112 38.6 1333 46
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 04 4.5 14.3 3.7 10.9 2.3 6.9 3.5 10.9 0.1 0.4
0.1 0.4 4.4 14.2 3.7 11 2.3 7.2 3.5 10.9 0.1 0.4
0.1 0.2 7.2 144 6.8 129 4.4 8.8 6.4 12.6 3.1 6.1
0.1 0.2 7.2 14.5 6.7 12.8 4.4 8.7 6.3 12.5 3 5.8
0.1 0.2 10.4 14.6 10.9 14.9 9.2 12.9 10.4 14.6 4.7 6.6
0.1 0.2 10.3 14.5 10.8 149 9.2 12.8 10.4 14.5 4.7 6.6
0.1 0.1 14.2 15.7 15.2 16.9 13.7 15.2 15 16.8 6.1 6.8
0.1 0.1 14.2 15.7 15.1 17 13.6 15.2 15 16.8 6 6.8
0.1 0.1 14.1 15.5 15.1 16.7 13.6 15.1 15 16.7 6 6.7
0.1 0.1 26.4 21.2 25 20 22.5 18.1 24.9 20 9.1 7.4
0.1 0.1 26.5 21.1 25.1 199 22.5 18 249 19.9 9.1 7.3
0.1 0.1 46.1 27.1 38.8 22.8 36 21.2 38.9 229 14.5 8.7
0.1 0.1 46.2 26.9 38.8 22.6 36 21.1 39 22.8 14.5 8.6
0.1 0 61.8 26.8 61.4 26.4 54.2 23.5 56.1 24.3 24.5 10.7
0.1 0 61.9 27 61.4 26.4 54.2 23.5 56.1 24.5 24.4 10.9
0.1 0 62.1 28.1 61.4 26.6 54.2 23.8 56.1 25 24.5 11.3
6.3 2.1 77.4 25.2 94.2 30.6 71.9 23.6 78.5 25.7 44 4 14.6
6.2 2.1 71.3 25.3 93.8 30.5 71.7 23.6 78.2 25.8 44.1 14.7
6.3 2.1 77.4 252 94.1 30.4 71.8 23.5 78.4 25.8 44.2 14.7
0.1 0 177.4 15 177 154 107.6 9 177.8 15.7 78.6 6.7
0.1 0 177.6 14.7 177.1 15 107.7 8.8 177.6 153 78.6 6.6
0.1 0.1 0.1 0.1 0.1 0.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.21 4.6 74.9 0.57 1.1 w (f) 0.1

0.013 39.27 4.65 752 0.57 1.11 w (f) 0.1

0.013 39.31 47 73.8 0.58 1.23 w (f) 4 11.1
0.013 39.3 4.69 76.1 0.56 1.23 w (f) 4 11
0.013 39.39 477 74.6 0.57 1.25 w (f) 5.1 10.3
0.013 39.34 473 74.1 0.58 1.25 w (f) 5.1 10.4
0.013 39.37 475 80.2 0.52 1.42 w (f) 8.4 11.2
0.013 394 477 82.4 0.51 1.4 w (f) 8.5 11
0.013 39.36 473 81.3 0.52 1.41 w (f) 8.5 11
0.013 39.35 472 81.1 0.51 1.52 w (f) 11.1 11.6
0.013 39.37 475 80 0.52 1.52 w (f) 11.1 11.6
0.013 39.38 476 79.8 0.53 1.74 w (f) 16.5 12.5
0.013 39.34 472 80.4 0.53 1.7 w (f) 16.5 12.5
0.013 39.38 476 80.5 0.52 2.09 w (f) 26.8 13.4
0.013 39.38 476 80.6 0.52 2.11 w (f) 26.8 13.4
0.013 39.29 4.68 80.5 0.53 2.1 w (f) 26.9 13.6
0.013 39.28 4.66 79.9 0.53 275 w (f) 429 13.7
0.013 39.25 4.63 79.7 0.53 274 w (f) 429 13.7
0.013 39.3 4.68 79.9 0.53 3.28 f 62.6 12.4
0.013 39.32 47 80.8 0.52 3.26 f 62.4 12.4
0.013 39.29 4.67 80.2 0.53 422 f 100.4 9.1
0.013 39.34 472 80.5 0.52 427 f 100.6 9.1
0.013 39.21 4.64 80.4 0.72 1.53 w (f) 0.1

0.013 39.32 475 80.1 0.73 1.51 w (f) 0.1

0.013 39.32 475 81.8 0.71 1.51 w (f) 0.1

0.013 39.32 476 80.2 0.73 1.65 w (f) 42 12.7
0.013 39.28 472 79.7 0.73 1.63 w (f) 4.1 12.3
0.013 39.31 474 79.6 0.73 1.66 w (f) 5.3 11
0.013 39.31 474 80.9 0.72 1.66 w (f) 5.3 10.8
0.013 39.32 475 82.2 0.71 1.66 w (f) 8 10.8
0.013 39.33 476 80.4 0.73 1.64 w (f) 8 10.8
0.013 39.34 477 81.4 0.72 1.64 w (f) 8 10.8
0.013 39.25 4.68 80.4 0.72 1.8 w (f) 12 11.7
0.013 39.25 4.69 79.4 0.73 1.79 w (f) 12.1 11.8
0.013 39.32 474 81.8 0.71 2.12 w (f) 18.3 12.7
0.013 39.31 474 81.2 0.71 2.09 w (f) 18.2 12.6
0.013 39.31 474 80 0.72 2.69 f 30.3 13
0.013 39.34 477 79.9 0.73 2.66 f 30.3 12.9
0.013 39.35 478 79.7 0.73 2.66 f 30.3 12.9
0.013 39.33 476 79.8 0.73 332 f 45 12
0.013 39.33 476 80.4 0.72 3.28 f 45 12
0.013 39.26 47 80.5 0.72 4.15 w-a 69.9 7.6
0.013 39.32 476 80.1 0.73 4.46 w-a 69.9 7.7
0.013 39.32 476 80.2 0.74 5.17 w-a 89.1 5.6
0.013 39.35 478 80.4 0.73 5.12 w-a 88.9 5.6
0.013 39.42 477 156.2 0.13 0.81 w 0.1

0.013 39.4 475 156.3 0.13 0.81 w 0.1
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

4.1 119 10.3 27.7 3.8 10.4 2 5.5 3.9 10.9 0.1 0.3
4 11.6 10.3 27.5 3.6 9.9 2.1 6.1 3.9 10.7 0.1 0.3
1.7 3.6 13.8 27.6 4.9 99 4.5 9.2 5.5 11.1 0.1 0.2
1.9 4 13.8 27.6 49 9.8 4.5 9.2 5.6 11.3 0.1 0.2
0.1 0.2 19.2 26 11 14.3 9 12.2 10.7 14.6 0.1 0.1
0.1 0.1 19.4 25.3 11.2 14.2 9.2 12.1 10.9 14.3 0.1 0.1
0.1 0.1 194 254 11.2 14.3 9.2 12.1 10.9 14.3 0.1 0.1
0.1 0.1 22 23.1 15 15.7 13.7 14.3 15.6 16.2 0.1 0.1
0.1 0.1 22 229 15 15.7 13.7 14.4 15.6 16.2 0.1 0.1
0.1 0.1 24.6 19.5 27.2 20.3 22.7 17.1 24.3 18.3 0.1 0.1
0.1 0.1 24.7 194 27.2 20.2 22.8 17 24.3 18.2 0.1 0.1
0.1 0 34.4 17.3 49.7 24.6 36 18.2 39.3 19.6 1.2 0.6
0.1 0.1 34.5 17.3 49.8 24.6 36 18.2 394 19.6 1.2 0.6
0.1 0.1 34.5 17.8 49.8 249 36 18.4 39.5 20.1 1.3 0.7
0.1 0 45.7 14.8 88.6 28 54.1 17.3 62.8 20 6.1 2
0.1 0 45.7 14.7 88.5 28.1 54.1 17.3 62.8 20 6 1.9
0.1 0 65.3 12.6 126.7 25.6 71.8 14 100.3 19.7 11.7 2.3
0.1 0 64.2 12.5 126.7 259 71.8 14.1 100.3 19.8 11.6 2.3
0.1 0 98.8 8.6 178.3 16.4 107.6 94 178.6 16.8 39.1 3.5
0.1 0 99.1 8.6 178.4 16.4 107.8 94 178.9 16.9 394 3.5
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

5.4 17 9.3 27.8 4.5 13.4 1.9 5.7 34 10.6 0.5 1.5
5.5 16.7 9.3 27.4 4.5 13.2 1.7 52 3.4 10.2 0.4 1.1
1.6 3.5 14.7 30.4 5.5 114 4.5 9.4 5.3 11.1 0.1 0.2
1.7 3.6 14.6 29.6 5.5 11.3 4.5 9.2 5.3 10.9 0.1 0.2
0.1 0.2 20.2 27 9.8 13.4 9 12.2 8.6 11.6 0.1 0.2
0.1 0.2 20.2 27 9.9 134 9.1 12.2 8.6 11.6 0.1 0.2
0.1 0.2 20.3 27.1 9.9 13.4 9 12.2 8.6 11.6 0.1 0.2
0.1 0.1 27.1 26.2 17 16.9 13.7 13.5 14 13.6 0.1 0.1
0.1 0.1 27.2 26.4 17.1 17 13.8 13.6 14 13.6 0.1 0.1
1 0.7 34.5 23.8 31.8 21.5 22.5 15.6 20.3 14.2 0.1 0.1
0.8 0.6 343 239 31.5 21.4 22.3 15.5 20.1 14.2 0.1 0.1
1.9 0.8 45.2 194 60.6 26 36.1 15.6 37.8 16.3 0.1 0
1.7 0.7 45.2 19.1 60.7 25.8 36.1 15.5 37.8 16.1 0.1 0
1.8 0.8 45.2 19.3 60.7 259 36.1 15.5 37.8 16.1 0.1 0
0.1 0 56.2 14.8 94.2 254 539 14.1 65.7 17.5 0.1 0
0.1 0 56.2 14.9 94.2 25.4 53.9 14.2 65.7 17.4 0.1 0
0.1 0 58.4 6.3 145.8 16.2 71.8 7.7 143.3 15.6 0.1 0
0.1 0 58.3 6.4 145.9 16.3 71.8 7.8 143.2 15.7 0.1 0
0 0 64.8 4 177.1 10.8 106.2 6.5 178.8 11.6 7.6 0.5
0 0 64.6 4 176.7 11 105.8 6.6 178.4 11.8 7.5 0.5
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.51 4.85 156.4 0.13 0.96 w 5 12.7
0.013 39.43 4.78 157 0.13 0.96 w 4.9 12.8
0.013 39.45 4.8 154.8 0.13 0.96 w (f) 5 12.8
0.013 39.47 4.82 156.2 0.13 1.12 w (f) 8.6 13.9
0.013 39.48 4.83 156.2 0.13 1.1 w (f) 8.6 13.7
0.013 39.48 4.82 156.6 0.13 1.33 w (f) 13.8 14.4
0.013 39.46 4.81 156.3 0.13 1.39 w (f) 13.7 14.6
0.013 39.48 4.83 1559 0.12 1.4 w (f) 13.8 14.7
0.013 39.43 4.77 155.7 0.13 1.68 w (f) 19 15.6
0.013 39.41 4.76 156.7 0.13 1.66 w (f) 19 15.8
0.013 39.43 4.77 156.5 0.13 2.02 w (f) 25.7 17.4
0.013 39.43 4.78 155.3 0.13 2.08 w (f) 25.9 17.3
0.013 39.47 4.82 156.8 0.12 2.72 w (f) 38.3 19.5
0.013 39.45 4.8 157.2 0.12 2.76 w (f) 38.3 19.5
0.013 39.42 4.77 157 0.13 3.33 w (f) 57.1 22
0.013 39.41 4.76 156.2 0.13 3.35 w (f) 57 21.9
0.013 39.47 4.82 156.3 0.13 3.34 w (f) 56.9 22
0.013 39.56 491 156.9 0.12 3.87 w (f) 71.8 23.3
0.013 39.45 4.8 156.8 0.13 3.84 w (f) 71.7 23.3
0.013 39.5 4.84 156.7 0.13 3.82 w (f) 71.7 23.2
0.013 39.48 4.82 157.1 0.13 5.26 f 106.6 23.1
0.013 39.54 4.89 157.3 0.13 5.15 f 106.6 23.1
0.013 39.48 4.84 158 0.31 3 w 0.1

0.013 39.49 4.84 158.3 0.31 2.99 i 0.1

0.013 39.48 4.84 158.2 0.31 2.87 i 0.1

0.013 39.49 4.85 158.9 0.31 3.15 i(f) 9.2 15.1
0.013 39.47 4.83 157.8 0.32 3.28 i(f) 9.2 14.8
0.013 39.49 4.84 159.1 0.31 34 i(f) 12 15.1
0.013 39.49 4.85 158.9 0.31 3.36 i(f) 12 15.1
0.013 39.48 4.84 158.2 0.3 3.8 w (f) 20.6 15.3
0.013 39.48 4.84 159.1 0.31 3.79 i(f) 20.5 15.7
0.013 39.51 4.87 158.4 0.32 4.27 i(f) 23.9 15.2
0.013 39.5 4.86 159.3 0.31 3.96 i(D) 24 15.4
0.013 39.49 4.85 157.3 0.31 342 i(f) 26.6 18.5
0.013 39.49 4.85 157.2 0.31 341 i(f) 26.6 18.6
0.013 39.52 4.88 158.2 0.32 4.57 i(f) 33.6 15.1
0.013 39.51 4.87 156.8 0.32 4.51 i(f) 33.7 14.8
0.013 39.46 4.82 158.3 0.31 4.27 i(f) 40.4 19.8
0.013 39.4 4.76 158.3 0.32 4.19 i(f) 40.5 19.6
0.013 39.45 4.81 158.7 0.32 4.3 i(f) 40.5 19.8
0.013 39.43 4.78 156.8 0.32 4.28 i(f) 40.5 19.9
0.013 39.47 4.82 156.9 0.31 4.54 i(f) 50.8 20.5
0.013 39.47 4.83 158.1 0.31 4.72 i(f) 50.7 20.6
0.013 39.45 4.81 157.9 0.31 4.59 i(D 50.7 20.1
0.013 39.43 4.78 158.5 0.31 4.66 i(f) 50.7 20.5
0.013 39.46 4.82 157.4 0.31 5.34 f 65.4 214
0.013 39.45 4.81 159.2 0.31 5.1 f 65.3 21
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
94 24.5 6.1 159 43 10.5 1.7 4.3 4 10.3 4.3 11
9.4 24.8 6.1 16 4.3 10.6 1.7 4.4 4.1 10.3 4.1 10.5
9.4 24.5 6.1 159 4.3 10.6 1.7 4.3 4.1 10.5 4.2 11
9.4 16.1 14.7 23.6 7.6 11.5 4.8 7.6 8.3 13.3 6.9 114
94 15.7 14.7 23.1 7.6 11.4 4.8 7.6 8.3 13.1 6.9 11
4.7 5 23.8 24.9 15.3 15.1 9.3 9.8 14.6 15.5 15.2 16
4.6 5.1 23.8 25 15.2 15.1 9.2 9.8 14.5 15.7 15.1 16.6
4.7 5.4 23.8 25.1 15.2 15.1 9.2 9.8 14.5 159 15.1 16.9
4.8 3.9 29.5 24.3 214 17.2 133 11.3 22 18.3 23.1 18.6
4.6 3.9 294 24.6 214 17.2 13.3 11.2 22 18.6 23.1 194
5.4 4 38.3 26.1 28.5 18.8 224 14.9 33.7 224 26.2 18
54 3.8 38.4 25.8 28.6 18.8 22.5 14.9 33.8 224 26.3 18.2
8.4 4.4 55.8 28.2 435 21.9 36.2 18.4 49.5 253 36.3 18.8
8.5 4.6 55.9 28.5 43.6 21.9 36.2 18.3 49.7 25.2 36.4 18.8
22.5 8.6 78.6 30.4 69 26.5 53.8 21 74.6 28.6 44.4 17.2
224 8.6 78.5 30.3 68.8 26.4 53.7 20.9 74.5 28.5 44.1 17
22.3 8.5 78.4 30.2 68.7 26.4 53.6 20.9 74.4 28.6 44.1 17.2
35.8 11.5 89.9 29.2 91.7 29.2 71.8 234 86.3 28.3 55.3 18.1
35.7 11.4 89.9 29.1 91.7 29.2 71.7 23.3 86.2 28.3 55.1 18.2
35.7 11.5 90 29.3 91.8 29.2 71.8 234 85.9 28.1 55 18
66.4 14.3 1259 272 142.5 31.1 107.7 233 1177 255 79.4 17.3
66.3 14.3 1259 272 1424 31.1 107.7 233 1179 255 79.4 17.3
0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
159 26.8 11.6 18.3 8.2 13 1.9 3.1 8.8 144 8.7 14.8
159 26.3 11.6 18 8.3 12.9 1.9 3 8.8 14.2 8.8 14.7
15.8 20.6 17.5 21.9 10.2 12.7 4.6 5.7 9.7 124 14.1 17.1
159 20.7 17.5 22 10.3 12.8 4.6 5.7 9.7 12.3 14.1 17
13.6 10.5 39.5 28.9 20.8 15.2 9.2 6.8 26.5 19.7 14.3 10.8
13.6 11.2 394 29.8 20.6 15.3 9.1 6.8 26.4 19.9 14.1 11.1
12.9 8.4 43.5 27.8 254 159 13.3 8.2 31 19.5 17.2 11.2
129 8.8 43.9 28.7 254 16 13.6 8.4 30.9 19.6 17.2 11
17.2 11.8 42.3 29.1 28.6 20 224 15.7 354 24.6 13.5 9.5
17.2 12 42.3 29.3 28.6 20 224 15.8 354 24.7 13.5 9.7
17.3 7.9 63.1 28.1 37 16.4 224 10 42.5 19.3 19.3 8.8
17.4 7.4 63.3 27.2 37.1 16.4 22.5 10 42.6 19.1 19.4 8.5
194 9.8 56.4 28.1 54.5 26.2 36 18 52.4 254 23.6 114
19.5 9.5 56.5 27.5 54.6 26.2 36.1 17.9 524 25 23.7 11.2
19.6 9.8 56.5 28.2 54.6 26.2 36.1 18 52.5 254 23.7 114
19.5 9.9 56.5 28.2 54.6 26.5 36 18.1 52.4 25.4 23.7 11.4
22 9 64.7 26.4 714 28.3 539 21.9 63.6 259 29.2 11.7
21.9 9.2 64.6 26.6 71.3 28.4 53.8 21.9 63.5 25.8 29.2 11.9
21.9 8.7 64.6 25.6 71.3 28.1 539 21.6 63.5 25.2 29.2 11.2
21.9 9.3 64.6 26.6 71.3 28.4 53.8 21.8 63.5 25.5 29.2 11.6
24.5 8.5 80.5 26.3 96.1 31 71.7 23.5 89.3 290.1 30.2 10.3
24.4 8.2 80.4 25.8 95.9 31 71.6 23.2 89.2 28.3 30.2 9.7
Table G.9 349



Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.46 4.82 159.3 0.3 5.28 f 65.3 20.9
0.013 39.42 4.78 158.7 0.31 5.04 f 65.2 20.9
0.013 39.53 4.88 157.8 0.3 6.23 f 90.9 19.8
0.013 39.47 4.83 158 0.31 6.23 f 90.8 19.8
0.013 39.48 4.84 157.7 0.31 6.42 f 90.7 20
0.013 39.5 4.86 156.7 0.31 6.38 f 90.7 19.5
0.013 39.55 491 156.2 0.33 2.6 w 0.1

0.013 39.51 4.86 156.1 0.33 2.64 w 0.1

0.013 39.49 4.85 157.4 0.33 2.57 w 0.1

0.013 39.42 4.78 155.6 0.32 2.73 w 5.5 14.2
0.013 39.43 4.79 155.5 0.32 2.73 i 5.5 14.2
0.013 39.43 4.78 155.9 0.32 2.76 w 54 14
0.013 39.39 4.75 156.8 0.32 2.88 w (f) 9.6 16.2
0.013 39.39 4.75 155.8 0.32 291 i(f) 9.6 16.1
0.013 39.44 4.8 156.6 0.32 291 i(f) 9.6 16.2
0.013 39.43 4.79 156.8 0.33 3.11 i(f) 13.6 17.2
0.013 39.42 4.78 155.8 0.33 3.06 i(f) 13.6 17.3
0.013 39.42 4.78 156.1 0.33 3.19 i(f) 13.6 17.3
0.013 39.41 4.77 156.2 0.33 3.36 i(D) 18.7 17.7
0.013 39.4 4.76 156.8 0.32 3.42 i(f) 18.6 17.8
0.013 39.44 4.79 156 0.33 3.31 i(f) 18.6 17.8
0.013 39.43 4.79 156.4 0.33 3.76 i(D) 26.3 19.1
0.013 39.44 4.8 155.6 0.33 3.78 i(f) 26.4 19
0.013 39.45 4.81 156.8 0.33 3.73 i(f) 26.3 19.1
0.013 39.46 4.82 156.9 0.33 4.38 i(f) 39.5 20.7
0.013 39.47 4.83 156.3 0.33 4.32 i(f) 39.5 20.5
0.013 39.46 4.82 155.9 0.33 4.39 i(f) 39.6 20.6
0.013 39.5 4.85 156.1 0.33 4.9 i(f) 52.2 21
0.013 39.5 4.86 156.3 0.33 491 i(f) 52.2 20.5
0.013 39.47 4.83 156.1 0.33 4.94 i(f) 52.3 21.1
0.013 39.43 4.79 155.4 0.33 5.77 f 67.5 19.9
0.013 39.46 4.82 155.7 0.33 5.84 f 67.5 20.1
0.013 39.45 4.81 155.2 0.33 5.68 f 67.4 19.9
0.013 39.48 4.84 156.5 0.33 6.94 f 91.1 18.1
0.013 39.47 4.83 155.1 0.33 6.96 f 91 18
0.013 39.48 4.84 157.1 0.32 7.08 f 91.1 18
0.013 39.49 4.86 156.4 0.52 3.13 w (f) 0.1

0.013 39.47 4.85 155.7 0.52 3.13 w (f) 0.1

0.013 39.46 4.84 155.7 0.52 3.12 w (f) 0.1

0.013 39.45 4.83 156.3 0.51 3.08 w (f) 0.1

0.013 39.46 4.84 155.5 0.52 3.35 w (f) 4.6 14.3
0.013 39.47 4.85 154.9 0.53 3.35 w (f) 4.5 14.3
0.013 39.5 4.88 155.4 0.52 3.36 w (f) 4.6 14.1
0.013 39.44 4.82 153 0.54 3.37 w () 4.6 14.2
0.013 39.46 4.84 155.5 0.52 3.65 w (f) 9.8 16.5
0.013 39.46 4.84 156.7 0.52 3.66 w (f) 9.9 16.5
0.013 39.46 4.84 157.4 0.52 3.63 w (f) 9.8 16.4
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
24.4 8.1 80.4 25.6 95.9 30.8 71.6 232 89.1 28.2 30.2 9.7
24.3 8 80.4 25.7 95.8 30.8 71.5 23.1 89.1 28.1 30.1 9.6
24.3 5.4 102.6 222 136.2 30 1074 233 1212 264 534 11.6

24.4 5.4 1025 222 136.1  30.1 1072 234 121.1 265 534 11.6
244 5.5 1024 224 136 30.1 107.2 234 121 26.6 53.4 11.6
24.4 53 1023 21.6 136 29.5 107.1 232 121 26.3 534 11.4

0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
9.4 242 6.1 15.7 4.4 11.2 2.3 6 4.8 125 6 15.6
9.4 24.3 6.1 15.6 4.4 11.2 2.4 6.2 4.8 12.3 6 15.4
9.4 24.1 6 15.5 4.4 11.1 22 5.7 4.7 12.3 59 15.4
15.2 25.8 10.5 18.1 8.5 14.1 4.8 8.1 9.7 16.1 9 14.9
15.2 25.5 10.6 18 8.5 13.9 4.8 8.1 9.7 16.1 9 15.1
15.2 25.7 10.6 18.1 8.5 14 4.7 8 9.7 16.2 9.1 15.1

17.6 22.4 19.2 24.7 10.4 13.3 9.2 11.7 14.6 18.4 10.4 12.7
17.6 22.5 19.2 24.7 10.4 13.3 9.2 11.7 14.7 18.6 10.5 12.7
17.7 22.5 19.1 24.5 104 13.3 9.3 11.8 14.7 18.5 10.4 12.9

18.8 17.4 31.6 29.5 16.4 15.7 13.5 13.1 23.7 23 8 7.7
18.8 17.8 31.6 29.7 16.4 15.7 13.4 13 23.7 23 8 7.8
18.8 17.7 31.6 29.7 16.5 15.7 135 13 23.6 229 79 7.6
19 13.6 43.8 31.6 25 18.3 22.4 16.3 36.5 26.3 11.3 8.2
19.1 13.8 43.8 31.8 25 18.2 22.5 16.2 36.5 26 11.3 8.1
19 14 439 31.9 25 18.3 224 16.2 36.5 26 11.2 8.1
20.5 11.3 63.3 33.1 46.8 23.8 36.1 18.9 51.9 27.4 18.6 9.8
20.5 11 63.2 32.6 46.7 23.6 36 18.8 51.8 27 18.6 9.6
20.5 11.1 63.3 32.6 46.9 23.7 36.2 18.9 52 273 18.7 9.8
26.1 10.9 72.9 29.4 66.2 26.6 54 21.6 72.8 29 21.2 8.7
26.1 10.2 72.9 28.4 66.2 26.4 54 214 72.7 28.4 21.1 8.3
26.2 11 72.9 29.7 66.3 26.6 54.2 21.6 72.8 29 213 8.7
30.4 8.8 82.5 239 96.4 29.1 71.7 21.6 92.8 27 31 8.9
30.4 9 82.5 242 96.4 29.2 71.8 21.7 92.8 274 31 9
30.3 8.7 82.4 24 96.4 28.9 71.7 21.7 92.8 273 31 8.9
25 5 1024 202 138.7 275 107.8 213 125 25.1 475 9.5
25 5 1023 20 138.7 274 107.7 214 1249 25 475 9.4
25 5.1 1024 202 138.6 274 107.8 213 125.1 25 47.5 9.3
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

9.1 28.6 3.9 12.7 4.4 13.2 1.7 5.4 39 12.4 43 13.5
9.1 28.5 3.9 12.8 4.4 13.3 1.6 5.2 39 12.4 43 135

9.1 279 4 12.7 4.4 12.9 1.7 53 39 12.3 43 134
9.1 27.7 4 12.7 4.4 13.1 1.8 5.8 39 12.3 43 13.4
16.9 28.2 10.5 18 9 14.6 4.6 7.7 10.6 17.6 7.4 12.8
17 28.3 10.5 17.9 9.1 14.6 4.6 7.7 10.6 17.5 7.4 12.8
16.9 28.2 10.5 17.9 9 14.6 4.6 7.7 10.6 17.6 7.4 12.8
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.48 4.85 158.5 0.51 3.68 w (f) 9.9 16.4
0.013 39.49 4.87 156.5 0.52 3.81 w (f) 13.7 17.6
0.013 39.51 4.89 155.6 0.52 3.78 w (f) 13.8 17.6
0.013 39.46 4.84 155.8 0.52 3.79 w (f) 13.7 17.6
0.013 39.44 4.82 155 0.53 3.79 w (f) 13.8 17.6
0.013 39.44 4.82 155.6 0.52 3.96 w-a (f) 17.3 17.7
0.013 39.47 4.85 155.3 0.52 4.01 w-a (f) 17.3 17.7
0.013 39.46 4.84 154 0.53 4 w-a (f) 17.2 17.7
0.013 39.45 4.83 156 0.52 3.99 w-a (f) 17.3 17.7
0.013 39.48 4.86 158.2 0.51 4.35 w-a (f) 23.8 17.5
0.013 39.48 4.86 156.9 0.52 4.33 w-a (f) 23.8 17.6
0.013 39.46 4.84 155.6 0.52 4.36 w-a (f) 23.7 17.6
0.013 39.49 4.87 156.6 0.52 431 w-a (f) 23.7 17.5
0.013 39.48 4.86 156.8 0.52 5.23 w-a (f) 35.4 19.2
0.013 39.48 4.86 154.9 0.53 4.95 w-a (f) 35.3 17.6
0.013 39.41 4.79 156.7 0.52 4.99 w-a (f) 35.3 17.6
0.013 39.48 4.86 156.3 0.52 4.96 w-a () 354 17.6
0.013 39.43 4.81 155.6 0.53 5.66 f 46.5 18.5
0.013 39.5 4.88 1552 0.52 5.68 f 46.5 18.5
0.013 39.48 4.86 155.9 0.52 5.64 f 46.5 18.4
0.013 39.5 4.88 156.3 0.52 5.61 f 46.5 18.3
0.013 39.43 4.81 1559 0.52 6.38 f 58.6 18.3
0.013 394 4.78 156.3 0.52 6.34 f 58.6 18.5
0.013 39.44 4.82 154.9 0.53 6.44 f 58.7 18.7
0.013 39.52 4.9 156.1 0.52 6.22 f 58.7 18.6
0.013 39.44 4.81 156.7 0.52 7.71 f 82.7 16.7
0.013 39.41 4.79 156.2 0.52 7.77 f 82.6 16.9
0.013 39.43 4.81 1559 0.52 7.8 f 82.6 16.9
0.013 39.39 4.77 156.3 0.52 7.84 f 82.4 17
0.013 39.22 4.6 157 0.52 3.4 w (f) 0.1

0.013 39.25 4.63 156 0.52 3.39 w (f) 0.1

0.013 39.26 4.64 156.2 0.52 3.39 w (f) 0.1

0.013 39.22 4.6 153.7 0.53 3.67 w (f) 4.9 15.5
0.013 39.26 4.64 156.5 0.52 3.64 w (f) 4.8 15.4
0.013 39.29 4.67 154.8 0.52 3.62 w (f) 4.9 15.4
0.013 39.27 4.65 156.7 0.52 3.81 w (f) 8.6 17
0.013 39.28 4.66 155.7 0.52 3.79 w (f) 8.5 16.7
0.013 39.32 4.71 154.7 0.53 3.8 w (f) 8.6 16.7
0.013 39.22 4.6 1559 0.52 4.04 w (f) 14.4 18.3
0.013 39.23 4.61 156 0.52 4.09 w (f) 14.6 18.2
0.013 39.27 4.65 1554 0.52 4.09 w (f) 14.6 18.3
0.013 39.26 4.64 155.7 0.53 4.41 w-a (f) 18.6 18.1
0.013 39.27 4.65 156.2 0.52 4.28 w-a (f) 18.6 18
0.013 39.28 4.66 155.8 0.52 4.32 w-a (f) 18.5 18.4
0.013 39.28 4.66 156.7 0.52 4.63 w-a (f) 25.4 18.2
0.013 39.26 4.64 155.8 0.52 4.71 w-a (f) 25.3 18.5
0.013 39.23 4.61 156.2 0.52 4.64 w-a (f) 253 18.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
16.9 28.2 10.5 17.9 9 14.5 4.6 7.7 10.6 17.5 7.5 12.7
20.9 26.8 18.2 23.6 11.4 14.3 8.9 11.2 14.1 18 8.9 11.7
20.9 26.7 18.2 23.5 114 144 8.9 11.2 14.1 18 8.9 11.8
20.9 26.8 18.2 234 114 14.3 8.9 11.2 14.1 18 8.9 11.8
21 26.8 18.3 23.4 11.5 14.4 9 11.2 14.2 18 8.9 11.7
24.3 24.8 27 27.7 13.7 14.3 13.6 13.7 16.9 17.5 8 8.3
24.3 24.7 27 27.7 13.7 14.2 13.6 13.8 16.9 17.4 8 8.3
24.3 24.8 27 27.6 13.7 14.2 13.5 13.7 16.9 17.5 8.1 8.3
24.3 24.7 27 27.7 13.7 14.3 13.6 13.8 16.9 17.4 8 8.2
25 18.2 42.2 31.1 229 17 22.6 16.6 26.1 19.3 4.3 3.1
249 18.3 42.1 31.2 22.7 16.9 22.6 16.6 26.1 19.3 4.2 3.1
24.8 18.3 42.1 31.3 22.7 16.9 22.5 16.5 26 19.3 4.2 3
24.9 18.2 42.1 31.2 22.7 16.9 22.5 16.6 26.1 194 42 3.1
23 12.7 61 33 427 22.6 359 19.6 454 25 4.4 2.4
23 10.9 60.9 30.5 42.7 21.9 359 18.3 45.2 22.1 4.2 2
23 10.9 61 30.6 42.7 21.8 359 18.3 45.2 22 4.1 1.9
23 10.9 60.9 30.5 427 21.9 359 18.3 45.3 222 4.2 2
24.7 10 71.1 28.5 70.5 27.4 54.1 21.6 58.6 23.6 0.1 0
24.8 10 71.1 28.5 70.4 27.3 54.1 21.6 58.7 23.5 0.1 0
24.7 9.9 71.1 28.3 70.4 27.3 54.1 21.5 58.7 234 0.1 0

24.7 9.8 71.1 28.2 70.4 272 54.1 215 58.6 233 0.1 0
26.8 8.3 83.5 25.8 90.9 28.7 71.8 22.7 76.8 239 1.7 0.5
26.8 8.5 83.5 26.2 90.9 28.8 71.8 22.7 76.8 242 1.8 0.6

26.9 8.7 83.5 26.5 91.1 29.2 71.9 23 76.8 244 1.8 0.6
26.8 8.5 83.6 26.4 91.2 29.2 71.8 22.8 76.8 24.2 1.7 0.5
33.4 6.7 107 21.5 132 27 107.6  21.6 113.6 229 2.4 0.5
33.4 6.9 106.7  21.7 1319 272 107.5 219 113.6  23.1 2.7 0.6
333 6.9 106.8  21.8 1319 272 107.6 22 113.7  23.1 2.3 0.5
333 7 1064 219 131.7 273 107.3 22 1135 234 2.3 0.5
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

8.6 273 4.4 14.1 4.7 14.8 2 6.3 4.2 13.4 5.4 17.1
8.6 27.1 4.4 14.1 4.6 14.8 1.9 6 4.2 133 5.4 17.1
8.6 272 44 14.1 4.6 14.5 2 6.1 42 132 55 17.3
13.2 26.6 9.7 19.1 7.5 14.7 4.6 9.1 8.4 16.4 8 16.1
13.1 26 9.7 18.9 7.4 14.5 4.6 8.9 8.3 16.2 79 15.7
13.2 259 9.8 18.8 7.5 14.5 4.6 8.9 8.4 16.1 8 15.7
21.4 27 17.3 22.3 13.6 17.3 9 11.4 14.2 17.8 10.8 13.8
21.6 26.8 17.5 222 13.8 17.3 9.2 114 14.4 17.7 11 13.8
21.6 27 17.5 222 13.8 17.3 9.1 11.4 14.4 17.9 11 13.9
25.1 24.1 27.5 27 19.5 19 13.6 13.4 19 18.4 7.1 6.9
25.1 239 275 26.8 19.5 19 13.6 133 19 18.3 7.1 6.8
25 24.7 27.4 27.1 19.4 19.1 13.5 13.5 18.9 18.8 6.9 7
24.1 17.3 419 30.2 29.1 20.9 22.5 16.3 31.3 222 35 2.5
239 17.9 41.8 30.7 28.9 21 224 16.3 31.2 223 35 2.6
24 17.1 41.8 30.1 28.9 21 22.4 16.2 31.3 22 35 2.5
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.34 4.72 155.9 0.53 5.15 w-a (f) 33.6 18.5
0.013 39.25 4.63 158.7 0.52 5.14 w-a (f) 33.6 18.5
0.013 39.26 4.64 156.4 0.52 5.08 w-a (f) 33.5 18.5
0.013 39.28 4.67 156.5 0.53 6.63 f 46.2 21
0.013 39.27 4.65 157.7 0.52 6.01 f 46.2 20
0.013 39.37 4.75 155.5 0.53 6.57 f 58.8 18.9
0.013 39.23 4.62 155.3 0.53 6.61 f 58.8 19
0.013 39.24 4.63 156.2 0.53 8.12 f 83 17.1
0.013 39.3 4.68 156.7 0.53 8.02 f 83 17
0.013 39.41 4.84 156.6 0.72 5.3 w-a (f) 0.1

0.013 39.44 4.87 156.7 0.72 5.34 w-a (f) 0.1

0.013 39.43 4.86 156.8 0.72 5.79 w-a (f) 5.1 17.1
0.013 39.43 4.86 156.5 0.72 5.75 w-a (f) 5.1 17.2
0.013 39.47 4.9 1554 0.73 6.11 w-a (f) 8.9 18.6
0.013 39.42 4.85 155.8 0.72 6.08 w-a (f) 8.9 18.4
0.013 39.45 4.88 156.6 0.72 6.07 w-a (f) 8.9 18.4
0.013 39.43 4.86 156.5 0.72 6.59 w-a () 17.5 21.4
0.013 39.44 4.87 156.5 0.72 6.56 w-a (f) 17.5 21.3
0.013 39.4 4.83 156.3 0.72 7.01 w-a (f) 24.8 20
0.013 39.46 4.88 156.4 0.72 6.95 w-a (f) 24.8 20
0.013 39.46 4.89 156.3 0.72 7.09 w-a (f) 29.2 18.5
0.013 39.47 4.9 157.4 0.72 7.18 w-a (f) 29.3 18.5
0.013 39.41 4.84 157.4 0.71 7.32 f 33.6 17.2
0.013 39.47 4.89 156.4 0.72 7.28 f 33.7 17.2
0.013 39.52 4.95 156.1 0.73 8.2 f 43.8 14.6
0.013 39.48 4.92 156.1 0.73 8.22 f 43.8 14.7
0.013 39.48 491 156.6 0.72 8.14 f 43.8 15
0.013 39.48 491 156.9 0.72 8.6 f 51 16.1
0.013 39.42 4.85 156.1 0.73 8.6 f 51 16
0.013 39.4 4.83 156.8 0.72 8.75 f 50.7 15.3
0.013 39.42 4.85 157 0.72 9.88 f 69.6 114
0.013 39.47 49 156.6 0.73 9.89 f 69.4 11.2
0.013 39.44 5.22 155.6 0.92 w-a (f) 0.1

0.013 39.42 5.17 155.5 0.92 w-a (f) 0.1

0.013 39.41 5.2 155.4 0.92 w-a (f) 0.1

0.013 39.45 5.27 1552 0.93 9.14 w-a (f) 4.7

0.013 39.42 5.29 154.8 0.93 9.09 w-a (f) 4.7

0.013 39.45 5.21 156.4 0.92 9.21 w-a (f) 4.7

0.013 39.49 5.31 154.8 0.93 9.82 f 10.2

0.013 394 5.21 155 0.93 10.43 f 10.3

0.013 39.48 5.33 154.9 0.93 10.12 f 10.2

0.013 39.44 5.27 155.2 0.93 10.62 f 25.6 16.8
0.013 39.39 5.19 155.6 0.92 10.88 f 25.5 16.6
0.013 39.42 53 154.5 0.93 10.45 f 27.7 14.4
0.013 39.41 53 154.6 0.93 10.35 f 27.8 13.6
0.013 39.39 5.25 154.8 0.93 10.31 f 27.8 14
0.013 39.48 5.44 153.6 0.94 10.29 f 29.9 12.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
23.5 12.7 55.5 30.7 434 24 36.3 20 394 21.6 3.7 2
23.4 129 554 30.9 433 23.9 36.2 20 39.2 21.5 3.7 2
234 12.8 554 30.9 433 24 36.2 20 39.2 214 3.7 2
26.9 13.3 68.8 31.7 66.8 29 539 23.8 57.8 26.5 2.9 1.4
26.9 12 68.8 30.3 66.8 28.6 539 23.1 57.8 24.8 2.7 1.2
29.5 9.4 82 259 92.5 30.2 71.9 23.2 75.2 24 1.6 0.5
29.5 9.5 81.9 26.1 92.6 30.2 72 234 75.1 24.1 1.6 0.5

315 6.7 106.6 219 136.9 283 1074 22.1 110.8 228 4.6 1
31.4 6.5 106.7  21.7 137 28.2 107.5  22.1 110.8 228 4.6 1

0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
9.2 30.5 4.2 14 5.8 18.7 1.7 5.8 53 17.9 4.6 15.7

9.2 30.5 42 14.2 59 18.9 1.8 6.3 53 17.9 45 15.6
15.6 323 7.4 15.7 9.3 19.1 4.6 9.8 7.8 16.7 8.7 18.2
15.6 31.6 7.4 15.5 9.2 18.8 4.6 9.7 7.8 16.5 8.7 18.1
15.6 31.8 7.4 15.6 9.2 18.8 4.6 9.7 7.8 16.4 8.7 18.1

25.6 32 223 26.9 233 27.7 9.3 11.3 14.4 17.7 10.2 13.1
25.5 31.7 223 26.8 233 27.5 9.3 11.2 14.3 17.5 10.2 13
27.2 22.6 35.6 28.5 42 33.6 13.3 10.9 22.7 18.2 7.8 6.5
27.2 22.7 35.6 28.5 42.1 335 13.4 11 22.7 18.1 7.8 6.5
26 16.6 43.7 27.7 50.2 32 22.6 144 27.3 16.6 5.8 3.6
26 16.8 43.7 27.8 50.2 31.8 22.7 14.4 27.2 16.6 5.8 3.6
24.3 12.7 535 27.5 583 29.8 36.1 18.3 29.4 15 0.1 0.1
25.1 13 534 27.3 583 29.8 36.2 18.3 29.3 14.9 0.1 0.1
16.5 5.6 66.3 22.5 86.6 28.4 53.7 18 39.9 13.3 0.1 0
16.4 5.6 66.3 22.6 86.6 28.2 53.7 18.1 39.9 134 0.1 0
16.4 5.7 66.3 23 86.6 29 53.7 18.5 39.9 13.7 0.1 0
14.2 4.5 80.2 25.2 85.6 27 72 22.8 53.7 16.9 0.1 0
14.2 4.5 80.3 252 85.5 26.8 72 22.8 53.7 16.8 0.1 0
14.2 4.3 81.6 24.6 83.2 24.9 72 219 535 16.2 0.1 0
3.6 0.6 107.2 177 96.1 15.7 107.7 175 1026 169 0.1 0
35 0.6 107.1 173 95.9 15.6 107.5 173 1024 16.7 0.1 0
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

10.6 2.2 6.2 2.1 5 22

10.6 2.1 6.2 2.4 49 22

10.7 2.1 6.2 2.4 49 2.1

17.2 9.8 10.4 4.5 10.2 9.1

17.2 9.9 10.4 4.6 10.3 9.1

17.2 9.8 10.3 4.5 10.2 9.1

422 27.6 35.1 22.5 47 31.5 8.9 5.7 14 9 6.6 43
42.1 274 35 22.1 46.9 31.2 8.8 5.6 139 9 6.5 43
35.4 19 48.4 24.9 50.2 25.8 13.8 7.2 17.9 9.5 0.5 0.3
35.4 17.5 48.5 23.6 50.3 24.5 13.8 6.8 17.9 8.7 1 0.5
355 18.7 48.5 24 50.2 253 13.8 6.8 18 9 0.9 0.5
26.2 10.7 59.4 24 50 20.8 22.4 9.1 19.6 79 1.5 0.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.5 53 156.3 0.93 10.51 f 29.8 11.7
0.013 39.54 5.37 155.2 0.93 9.89 f 30 11.6
0.013 39.56 5.4 155.4 0.93 10.29 f 36.4 9.4
0.013 39.59 5.45 155 0.93 10.41 f 36.5 9.5
0.013 39.48 5.37 154.7 0.93 10.51 f 452 8.4
0.013 39.53 5.4 154.8 0.93 10.44 f 452 8.2
0.013 39.5 5.38 155.1 0.93 10.57 f 452 7.9
0.013 39.57 5.37 155.1 0.92 10.82 f 50.8 8.1
0.013 39.52 5.33 154.9 0.93 10.74 f 50.8 8.1
0.013 39.54 5.27 156.9 0.91 10.8 f 50.8 8.2
0.013 39.52 5.25 155.1 0.91 11.99 w (f) 68.5 7.4
0.013 39.54 5.24 156.1 0.91 11.75 w (f) 68.6 7.4
0.013 39.24 5.22 152 0.94 w (f) 0.1

0.013 39.29 5.04 154.7 0.92 6.27 w (f) 0.1

0.013 39.29 5.11 152.7 0.93 6.55 w (f) 0.1

0.013 39.29 5.01 155.4 0.91 6.27 w (f) 0.1

0.013 39.3 5.13 153.9 0.93 6.95 f 4.8

0.013 39.28 5.09 153.8 0.93 6.97 f 4.8

0.013 39.28 5.13 153.4 0.93 6.96 f 47

0.013 39.3 5.09 154 0.92 8.64 f 11.8 25.3
0.013 39.31 5 156.5 0.91 8.74 f 11.8 20.7
0.013 39.29 5 156.1 0.91 8.54 f 11.7 214
0.013 39.28 5.08 154.3 0.92 9.63 f 21.6 14.8
0.013 39.26 5.07 154.4 0.93 9.71 f 21.8 14.6
0.013 39.25 5.1 154 0.93 9.63 f 21.9 14.6
0.013 39.27 5.05 154.1 0.92 8.78 f 214 13
0.013 39.29 5.11 153.9 0.93 9.67 f 253 13.7
0.013 39.3 5.1 154.7 0.92 9.7 f 25.3 13.2
0.013 39.31 5.03 155.9 0.91 9.85 f 254 13.1
0.013 39.28 5.14 154.1 0.93 10.52 f 31 12
0.013 39.29 5.11 154.1 0.93 10.66 f 31.1 11.1
0.013 39.3 5.09 155 0.92 10.22 f 29.5 12.8
0.013 39.3 5.06 154.8 0.92 9.93 f 29.1 13
0.013 39.27 4.94 159.7 0.9 9.98 f 37 10
0.013 39.27 4.92 160.3 0.9 10.09 f 37 10
0.013 39.31 4.98 160.1 0.9 12.35 f 43.4 11.9
0.013 39.3 4.96 160.7 0.9 12.34 f 435 11.8
0.013 39.34 4.68 263.1 0.12 3.38 i 0.1

0.013 394 475 261.6 0.12 3.33 i 0.1

0.013 39.32 4.66 262 0.12 3.29 i 0.1

0.013 39.34 4.69 262.3 0.12 3.57 i 42 14
0.013 39.36 471 263.5 0.12 3.57 i 42 13.6
0.013 39.33 4.68 262.7 0.11 3.74 i 8 16.2
0.013 39.31 4.66 261.7 0.12 3.75 i 8.1 16.2
0.013 39.43 477 264.5 0.11 4.17 i) 16.6 20.3
0.013 39.38 472 264.2 0.11 423 i) 16.6 20.2
0.013 39.24 459 261.6 0.12 478 i(f) 24.7 24
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
26.1 10.3 59.3 23.1 50 19.9 224 8.8 19.5 7.6 1.6 0.6
26.3 10.1 59.5 22.6 50.1 19.9 22.5 8.6 19.8 7.5 1.6 0.6
224 5.7 64.5 16.5 69 18.3 359 9.4 26.5 6.7 0.1 0
22.4 5.8 64.6 16.7 69.1 17.9 36 94 26.5 6.8 0.1 0
17.2 3.2 57.5 10.5 108.2  20.3 539 9.8 34.3 6.3 0.1 0
17.2 3 57.5 10.2 108 20.2 53.8 9.5 34.3 6.1 0.1 0
17.3 3 57.6 10 108.1 19.2 539 9.2 34.4 5.9 0.1 0
10.9 1.7 64.9 10 116.9 19.6 71.7 11 40.4 6.3 0.1 0
10.8 1.7 64.9 10 116.8 19.5 71.8 11 40.4 6.2 0.1 0
10.8 1.7 64.9 10.1 116.9 19.7 71.8 11.1 40.4 6.3 0.1 0
4.9 0.5 57.3 5.9 176 20.1 107.2 11 65.4 6.7 0.1 0
49 0.5 57.3 5.9 176.1 20.6 107.5 11 65.5 6.7 0.1 0
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

7.8 5.5 4.1 1.5 4.8 53

7.8 5.5 4 1.5 4.8 53

7.7 54 4 1.5 4.7 52

20 41.2 13.9 29.2 11.1 25.5 4.5 10.1 10.4 22.1 10.8 23.6
20.1 34.1 13.9 24 11.1 20.6 4.5 8.2 10.4 18.1 10.7 19.2
20 353 13.8 24.7 11 21.2 4.4 8.5 10.3 18.9 10.6 19.9
28.5 19.8 34.4 23.7 39.1 26.4 9 6 15.3 10.5 34 2.4
28.8 194 34.6 23.5 39.3 26 9.2 6.1 154 104 3.6 2.5
28.8 19.1 34,7 23.5 394 26.4 9.2 6.1 154 10.2 3.6 2.4

28.4 17.1 352 21.6 40.1 24.5 8.8 53 11.9 72 4.1 2.5
26.7 14.4 45.6 24.8 43.1 23.6 13.5 7.3 18.2 9.8 4.4 2.4

26.8 13.7 45.6 23.8 43.2 23.1 135 7.1 18.3 9.4 4.4 2.3
26.9 13.8 45.7 23.6 43.2 225 13.6 7.1 18.3 9.4 44 2.3
27.5 10.6 58.5 22.1 54.9 21.5 22.5 8.6 19.1 7.5 3.8 1.5
27.8 10 58.5 20.6 54.9 19.8 22.5 8 19.1 7 3.8 1.4
22.5 10.1 55.6 24 53.6 229 22.6 9.8 19 8.4 3.7 1.7
22.3 10.3 55.5 24.6 52 23.1 22.5 10 18.8 8.5 3.6 1.7
24.3 6.6 68.5 18.5 67.2 18.5 36 9.5 22 59 4.1 1.1
24.3 6.8 68.5 18.8 67.2 17.8 359 9.6 22 6.1 4.1 1.1
28.7 7.8 75.2 20.2 72 20.2 539 14.7 27.9 7.6 2.6 0.7
28.8 7.8 753 20 72.1 20.3 539 14.6 28 7.6 29 0.8
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

9.6 315 29 9.9 3.5 11.5 2.2 72 2.9 9.7 42 14.3
9.5 30.7 29 9.8 33 10.7 2.1 6.8 29 9.7 42 14.2
14.1 29.3 8.2 16.4 6.6 12.8 4.2 8.4 59 12.1 8.8 18.4
14.1 28.9 8.2 16.3 6.6 12.6 4.9 9.4 59 11.9 8.8 18.3
26.1 32.1 20.4 24.5 12.3 15 8.9 10.8 14.9 18.1 17 21.3
26.1 32.1 20.3 24.4 12.3 15 8.8 10.7 14.9 18 16.9 21.1
329 29.7 32.1 28.6 222 19.8 13.5 12.4 23.8 21.8 23.6 22.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.27 4.62 261.7 0.12 4.67 i(f) 24.5 22.6
0.013 39.2 4.54 260.8 0.12 4.69 i(f) 24.6 22.3
0.013 39.2 4.55 261.4 0.12 5.49 i(f) 34.7 23.8
0.013 39.23 4.57 262.1 0.11 5.51 i(f) 34.8 23.9
0.013 39.29 4.64 263.7 0.12 6.33 i(f) 50.5 25.6
0.013 39.32 4.67 263.4 0.12 6.22 i(f) 50.5 25.9
0.013 39.26 4.6 264.6 0.11 6.58 i(f) 64.3 27
0.013 39.28 4.63 264.4 0.11 6.57 i(H) 64.3 27.1
0.013 39.24 4.59 265.4 0.11 6.6 i(f) 64.2 27.2
0.013 39.25 4.59 264.6 0.12 7.56 i(f) 78.6 27.5
0.013 39.27 4.61 264.2 0.12 7.55 i) 78.6 27.5
0.013 39.4 4.75 265.6 0.11 9.16 a(f) 106.9 274
0.013 39.38 4.73 266.8 0.11 9.49 a(f) 106.7 27.3
0.013 39.43 4.78 266.9 0.11 9.39 a(f) 105.6 27.7
0.013 39.27 4.65 262.2 0.52 9.55 a 0.1

0.013 39.33 4.71 262.1 0.51 9.54 a 0.1

0.013 39.32 4.7 262.8 0.52 9.58 a 0.1

0.013 39.35 4.73 264.2 0.51 9.86 a 4.7 16.6
0.013 39.35 4.73 263.9 0.51 9.88 a 4.7 16.5
0.013 39.23 4.61 263 0.51 10.36 a 9.7 18.6
0.013 39.21 4.59 263 0.51 10.41 a 9.8 18.4
0.013 39.22 4.6 262.9 0.51 10.32 a 9.8 18.4
0.013 39.21 4.59 263.1 0.52 10.99 a(f) 15.5 21.2
0.013 39.2 4.58 261.7 0.52 11.01 a(f) 15.5 21.2
0.013 39.29 4.67 262.5 0.52 11.69 a(f) 25.8 24.8
0.013 39.2 4.58 262.5 0.51 11.78 a(f) 25.9 24.9
0.013 39.23 4.61 262.5 0.51 12.78 a(f) 41.1 26.6
0.013 39.19 4.57 262.2 0.52 12.75 a(f) 41.1 26.6
0.013 39.23 4.61 262.5 0.51 12.78 a(f) 41.1 26.7
0.013 39.26 4.64 264 0.51 13.28 a(f) 49 24.8
0.013 39.25 4.63 264.4 0.51 13.35 a(f) 49 25
0.013 39.25 4.63 263.3 0.52 13.33 a(f) 49 24.9
0.013 39.26 4.64 263.6 0.51 13.83 a(f) 57.6 23.4
0.013 39.26 4.63 265 0.51 13.83 a(f) 57.4 234
0.013 39.27 4.65 263.5 0.52 14.35 a(f) 65.4 22.5
0.013 39.25 4.63 263.6 0.51 14.39 a(f) 65.3 22.6
0.013 39.28 4.66 264 0.51 14.35 a(f) 65.3 22.6
0.013 39.24 4.62 263.2 0.51 15.87 a(f) 83.6 20.9
0.013 39.22 4.6 263 0.52 15.88 a(f) 83.5 21
0.013 39.25 4.67 264.6 0.7 12.81 a 0.1

0.013 39.19 4.61 264.3 0.7 12.79 a 0.1

0.013 39.23 4.65 263.7 0.71 13.26 a 39 20.4
0.013 39.25 4.67 263.9 0.7 13.2 a 3.8 20.4
0.013 39.25 4.68 263.1 0.71 13.46 a 7.5 19.4
0.013 39.25 4.68 264.2 0.71 13.46 a 7.5 19.2
0.013 39.24 4.66 264 0.71 14.01 a 12.6 20.4
0.013 39.23 4.65 264 0.7 14.1 a 12.6 20.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

32.8 30.7 31.9 28.9 22.1 19.8 134 12.3 23.6 21.7 23.5 22.1
32.8 29.7 32 28.8 222 19.6 134 12.2 23.7 21.6 23.5 21.9
40.1 27.3 41.9 28.9 354 239 22.7 15.7 353 24.1 33 22.8
40.1 27.5 41.9 29.3 354 24 22.7 15.8 354 24.2 33 224

48.8 24.8 65.9 32.7 51.6 26.6 36.2 18.9 54.9 274 453 229
48.8 25.4 65.9 33.4 51.6 26.7 36.2 18.9 54.9 27.6 454 23.1
52.3 224 712 324 74.1 30.7 539 22.8 66.8 28.1 61.3 25.6
522 22.6 77.1 325 74.1 30.8 539 22.8 66.9 28.1 61.3 25.7
52.1 229 71 32.8 74.2 30.8 539 22.8 66.8 28.2 61.3 259
56.3 19.9 87.3 30.6 95.1 33.1 722 252 84.4 29.3 76.5 26.6
56.3 19.7 87.3 30.5 95.1 333 72.2 253 84.3 29.3 76.4 26.6
83.3 21.2 108.1  27.6 139 359 107.1  27.6 112.1 287 91.8 235

83 20.7 108 26.9 138.6 359 107 27.7 1119 288 91.5 23.6
80.4 20.8 103.3 268 1389 365 107.2  28.1 1122 294 91.7 24.4
0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
72 26.7 44 15.6 4.5 15.2 22 7.5 4.1 14.6 5.6 19.7
7.2 26.5 4.4 15.5 4.5 15 2.3 7.8 4.1 14.5 5.6 19.6
16.2 31.2 9.2 17.6 7.6 14.6 4.6 9 10.1 19 10.3 20.3

16.4 30.8 9.3 17.3 7.8 14.6 4.7 8.8 10.2 18.7 10.4 20
16.4 30.8 9.3 17.3 7.8 14.6 4.6 8.7 10.2 18.8 10.5 20.1
27.6 36.8 15.4 20.8 10.6 14.6 8.9 12.2 13.6 18.9 16.9 23.7

27.6 36.9 154 20.9 10.5 14.5 8.9 12.2 13.5 18.8 17 23.8
42.8 40.9 28.8 27.7 20.5 19.4 13.8 13.4 21.5 21 27.5 26.7
42.8 41.1 28.9 27.7 20.6 19.4 139 134 21.5 21 275 26.9
60 39 50.1 324 49.4 31.4 22.7 14.7 34 22.1 30.5 20.2
60 39.1 50.1 324 494 31.3 22.7 14.7 34 222 30.5 20.2
60 39.1 50.1 324 494 315 22.7 14.8 34 222 30.4 20.2
61.9 31.6 66.6 33.7 65.2 32.6 36 18.3 433 21.9 21.2 11

61.9 31.8 66.6 33.8 65.1 32.7 359 18.3 432 22 21.2 11.1
61.9 31.7 66.6 33.8 65.1 32.7 359 18.3 432 22 21.1 10.9
57.7 24 82.3 33.5 85.3 343 53.8 22 54.5 22.1 11.7 4.8

57.5 239 82.2 33.6 85.1 34.2 53.7 22 54.4 22.1 11.6 4.8

55.6 19.2 93.6 32.1 1025 352 71.9 24.8 64.3 22.1 42 1.5
55.6 19.4 93.5 322 1023 354 71.9 249 64.4 222 4.2 1.5
55.6 19.4 93.5 322 1023 353 71.9 249 64.4 222 42 1.5

48 12.1 1142 284 142.8 359 1074 269 86.3 21.6 29 0.7
48 12.1 1142 285 142.6 359 107.3 269 86.3 21.6 2.5 0.6
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

5.4 28.4 4.1 21.4 4.7 23.7 1.8 10.1 2.7 14.7 4.6 24.1
53 27.6 4 21.5 4.6 239 1.5 8.6 29 16.3 4.6 24.3
10.7 27.8 7.2 18.8 7.8 19.6 4.7 12.3 7.5 19.4 6.9 18.3
10.8 27.6 72 18.7 7.8 19.5 4.7 12.2 7.5 19.1 7 18.2
16.5 26.9 13 21 11.2 18 9 14.8 12.3 20 13.3 21.7
16.6 26.6 13.1 20.7 11.2 17.7 9.1 14.6 12.4 19.8 13.3 21.5
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.24 4.66 263.6 0.71 14.05 a 12.6 20.2
0.013 39.25 4.68 263.8 0.7 15.51 a 21.5 24.1
0.013 39.25 4.68 263.7 0.71 15.45 a(f) 21.5 24
0.013 39.28 47 263.5 0.71 17.05 a(h) 48.6 25.1
0.013 39.27 4.69 264.4 0.7 17.13 a(f) 485 252
0.013 39.23 4.66 263.8 0.71 16.9 a(h) 50 214
0.013 39.27 4.69 264.7 0.7 16.96 a(h) 50 21.6
0.013 39.29 472 264.4 0.71 17.38 a(f) 54 20.4
0.013 39.28 471 262.5 0.71 17.51 a(h) 53.9 20.3
0.013 39.27 4.69 263 0.71 17.46 a (f) 54 20.5
0.013 39.23 4.65 262.6 0.71 18.08 a(f) 59.6 17.1
0.013 39.25 4.68 262.4 0.71 17.96 a(h) 59.5 17
0.013 39.25 4.68 263.2 0.7 18.69 a(f) 65.8 14.9
0.013 39.28 471 263 0.71 18.62 a(f) 65.9 14.9
0.013 39.27 4.69 263.6 0.7 18.64 a(h) 65.8 15
0.013 39.27 47 256.7 0.73 19.97 a(f) 71.5 12.3
0.013 39.22 4.65 256.1 0.73 20.14 a(h 71.3 12.4
0.013 39.26 4.69 257 0.73 20.14 a(h) 71.2 12.4
0.013 39.32 4.66 521.9 0.12 20.31 a(f) 0.1

0.013 39.2 455 523.5 0.11 20.36 a(h) 0.1

0.013 39.3 4.65 523.7 0.11 20.28 a(h) 0.1

0.013 39.27 4.62 523.8 0.1 20.46 a(f) 3.6 17.5
0.013 39.35 4.69 523.6 0.11 20.27 a(h) 3.7 16.8
0.013 39.22 457 522.9 0.11 21.4 a (f) 7.5 17.2
0.013 39.25 4.6 5229 0.11 21.14 a(f) 7.5 17.2
0.013 39.26 4.61 522.7 0.11 21.06 a(h) 7.5 17
0.013 39.22 457 5232 0.11 22.34 a(f) 172 22.9
0.013 39.26 4.6 522.6 0.11 22.22 a(f) 17.3 22.9
0.013 39.23 4.58 523.9 0.11 23.09 a(h) 23.6 26.4
0.013 39.26 4.61 523.7 0.11 22.95 a(f) 23.6 26.4
0.013 39.23 4.57 526.9 0.11 23.27 a(h) 42.1 33.1
0.013 39.27 4.62 526.3 0.11 23.19 a(f) 42.1 33.1
0.013 39.24 4.59 526.1 0.11 23.31 a(f) 42.1 33
0.013 39.31 4.66 524.1 0.11 23.57 a(h) 58.6 36.1
0.013 39.23 457 523.8 0.11 23.85 a (f) 58.7 36.2
0.013 39.3 4.65 526 0.11 24.69 a(f) 76.9 38.2
0.013 39.33 4.68 526.4 0.11 24.6 a(h) 76.9 38.2
0.013 39.33 4.68 524.6 0.11 24.57 a(f) 77 38.2
0.013 39.3 4.65 521.8 0.11 25.43 f 95.8 38.9
0.013 39.35 4.69 525.4 0.1 25.01 f 95.6 39.1
0.013 39.14 4.48 525.8 0.1 25.18 f 95.6 39.2
0.013 39.28 4.62 524.7 0.11 27.58 f 125.9 37.8
0.013 39.2 4.55 525.4 0.11 27.69 f 126 38.5
0.013 39.31 4.66 525 0.1 27.28 f 126 39
0.013 39.3 4.65 524.7 0.11 27.34 f 125.9 394
0.013 39.52 49 524.4 0.5 30.87 a 0.1

0.013 39.52 49 525.6 0.49 30.87 a 0.1
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
16.5 26.5 13 20.8 11.2 17.8 9.1 14.6 12.3 19.8 13.3 21.5
31.1 34.6 18.2 20.7 19.8 21.7 13.7 15.5 22 24.8 23.9 27.2

31.1 34.4 18.2 20.6 19.8 21.5 13.7 15.4 22.1 24.8 239 27.1
70.7 35.7 56.7 28.5 69.8 39.3 22.6 11.3 43.6 21.7 279 14.3
70.6 35.7 56.7 28.5 69.7 39.4 22.6 11.3 43.6 21.9 27.9 14.5

70.7 29.9 73.4 30.6 74 333 222 9.4 40.2 16.9 19.7 8.5
70.6 30.3 734 30.7 74 334 222 9.5 40.1 17.3 19.6 8.6
68.7 259 78.4 29.5 80 30.6 36 13.6 47.5 17.7 13.2 5
68.6 25.8 78.4 29.4 79.9 30.3 359 13.5 47.5 17.8 13.1 5
68.8 26 78.6 29.6 80.1 30.7 36 13.7 47.6 17.9 132 5
56.1 16.4 102.7 295 86.4 239 54 15.8 52.8 15.4 53 1.5
56 16.2 102.6 294 86.4 239 54 15.8 529 15.3 53 1.5
453 10.5 121.1  27.6 94.2 20.4 71.8 16.6 62.3 145 0.1 0
45.4 10.5 1212 276 94.3 20.5 71.9 16.7 62.3 14.5 0.1 0
45.4 10.5 1212 27.6 94.3 20.6 71.8 16.7 62.2 14.5 0.1 0
30.3 4.9 131.1  20.8 116.1  18.7 1074 17 80.1 12.8 0.1 0
30.2 4.9 1309 21 1159 187 107.1  17.1 79.9 12.8 0.1 0
30.1 4.9 130.7  21.1 115.7 18.6 106.9 172 79.7 12.9 0.1 0
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

5.4 27.6 2.4 11.2 3.6 17 1.7 8.1 32 14.5 5.6 26.6
5.5 25.8 2.6 11.8 3.7 15.8 1.7 7.5 33 14.3 5.6 25.4
12 279 5.1 11.3 7.6 16.1 44 9.9 5.4 12.7 10.7 252
11.9 27.8 5.1 11.4 7.6 16.1 4.4 9.9 5.4 12.6 10.8 25.2
11.9 27.6 5.1 11.3 7.6 15.9 43 9.7 5.4 12.6 10.8 25
30 39.9 124 16.6 13.5 17.9 9.1 12.2 14.4 19.2 24 32
30 39.9 12.5 16.6 13.6 17.9 9.2 12.1 14.5 19 24.1 32.1
42.8 473 17.3 19.5 17.4 19.5 134 15.1 17.2 19.5 33.6 37.4
42.8 47.1 17.3 19.5 17.4 19.5 13.4 15 17.2 19.6 338 37.4
75.7 589 35.1 27.7 342 26.8 22.4 17.9 32.6 259 52.5 41.5
75.7 59 35.1 27.7 342 26.7 224 17.9 32.6 25.7 525 41.4
75.7 58.8 35.1 27.7 34.2 26.7 22.4 17.8 32.6 25.8 52.5 41.5
1022 62 53.7 333 50.8 31.4 36.1 225 48 29.7 60.6 37.7

1024 623 53.7 332 51.8 31.7 36.1 224 47.9 29.6 60.6 37.7
120.5 594 75.1 37.3 74.9 37.1 53.4 26.7 66.4 33.1 71.1 35.4

1204 593 75.1 37.4 75 37.2 535 26.7 66.5 33.1 71.1 355
1205 59.4 75.2 37.3 75.1 372 53.6 26.7 66.5 33.1 71.1 35.5
136.3 55 91.3 37.3 104.7 425 72 29.6 86.9 354 83.6 339

1362 553 91.1 37.5 1043 425 71.9 29.7 86.6 35.6 83.3 34.1
1362 55.6 91.3 37.8 104.6  42.6 71.9 29.7 86.5 355 83.3 343
154.1  46.1 119.2 357 153.3 459 107.5 324 120.1  36.1 101.4 305
1542 47.1 1192 364 1534 468 107.6 33 120.1  36.7 101.3 309
1542 476 119.2 369 1534 475 107.6 335 1202 37.1 1014 312
1543 482 119.1 374 153.3  48.1 107.4 338 120.1 375 101.3 314
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.46 4.84 526.4 0.49 30.93 a 0.1

0.013 39.54 491 525.7 0.49 31.19 a(f) 22 25.9
0.013 39.46 4.83 525.9 0.49 31.16 a(f) 22 26.1
0.013 39.47 4.85 526 0.49 31.01 a(h) 22 25.7
0.013 39.49 4.87 526.1 0.49 31.43 a(f) 5 19.6
0.013 39.51 4.89 525.5 0.49 31.44 a(h) 49 19.4
0.013 39.46 4.83 526.9 0.49 31.51 a(h) 4.8 19.3
0.013 39.6 497 526.6 0.49 31.92 a(f) 10.7 20.7
0.013 39.5 4.88 525 0.5 32.09 a(h) 10.8 20.6
0.013 39.51 4.89 525.9 0.49 32.12 a (f) 10.8 20.5
0.013 39.53 491 517.7 0.51 31.74 a(f) 15.8 23.3
0.013 39.52 4.89 517.1 0.5 31.83 a(h) 16 234
0.013 39.51 4.89 518.1 0.5 31.81 a(f) 15.9 23.4
0.013 39.6 4.97 519.4 0.5 33.36 a(f) 29.7 29.1
0.013 39.53 491 519.9 0.5 33.28 a(h) 29.7 29.1
0.013 39.55 493 519.5 0.5 33.22 a(f) 29.7 29
0.013 39.53 49 521.4 0.5 35.86 a(h 49 35.1
0.013 39.53 49 519.8 0.5 35.98 a(h) 49.1 35.1
0.013 39.45 4.82 5212 0.5 35.98 a(f) 492 35.1
0.013 39.65 5.02 521.9 0.5 38.66 a(h) 75 39.2
0.013 39.59 497 521.4 0.5 38.7 a (f) 75 39.3
0.013 39.55 4.93 521.6 0.5 38.77 a(f) 75 39.3
0.013 39.58 4.95 523.8 0.5 4277 a(h) 106.3 415
0.013 39.59 4.97 524.9 0.5 42.54 a (f) 106.1 41.7
0.013 39.55 493 523.1 0.5 4279 a(f) 103.1 40.8
0.013 39.53 491 525.6 0.49 43.01 a(h) 103.1 412
0.013 39.6 497 524.4 0.5 44.15 a(f) 116.6 37.8
0.013 39.61 4.99 521.9 0.5 4428 a(f) 117 37.3
0.013 39.51 4.93 520.6 0.7 35.45 a 0.1

0.013 39.57 498 520.4 0.7 35.34 a 0.1

0.013 39.45 4.87 517.4 0.71 35.35 a 0.1

0.013 39.49 49 531.3 0.68 36.08 a 0.1

0.013 39.53 4.94 530.6 0.69 36.18 a 0.1

0.013 39.55 4.96 5212 0.69 35.93 a 3.3 16.7
0.013 39.52 4.94 521.2 0.7 35.72 a 3.3 16.6
0.013 39.49 4.92 516.5 0.7 36.02 a 3.3 16.7
0.013 39.54 4.96 5212 0.7 36.2 a 7.7 16.1
0.013 39.53 4.96 519.3 0.7 36.36 a 7.7 16.2
0.013 39.54 4.95 530.2 0.68 37.57 a(f) 11.6 16
0.013 39.5 491 532.7 0.68 37.37 a(h) 11.6 16.1
0.013 39.49 491 530.6 0.68 38.8 a(f) 17.6 18.4
0.013 39.48 49 528.8 0.69 39.08 a(h) 17.6 18.8
0.013 39.54 495 530.3 0.69 41.39 a(f) 28 24.7
0.013 39.47 4.89 529.4 0.69 41.69 a(f) 28 25
0.013 39.5 4.92 529.6 0.69 4522 a(h) 427 29.2
0.013 39.53 4.94 527.9 0.69 45.49 a (f) 42.6 29.5
0.013 39.59 5 539.7 0.67 50.48 a(f) 101.3 19.8
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.1 0.1 0.1 0.1 0.1 0.1

2.4 299 2.8 33.1 2.5 31.5 1.7 18.9 1.5 16.3 2.6 26.1
2.3 27.7 2.9 353 2.5 32.5 1.8 20.9 1.4 159 2.3 24.4
2.3 28.6 2.9 334 2.5 322 1.8 21.6 1.4 159 2.1 22.8

52 20.8 6.1 23.8 5 19.9 5 19 3.8 14.7 5.1 19.6
52 20.7 6.1 23.7 4.9 20.3 4.2 17 39 15.1 52 19.8
5.1 20.8 6 235 4.9 20.3 42 16.8 3.7 14.9 5.1 19.6
14.4 27.3 10.1 19.6 10.5 20.4 9.1 17.7 10 19.5 10.1 19.6
14.5 272 10.2 19.5 10.6 20.3 9.2 17.6 10.1 19.4 10.2 19.6
14.5 27.1 10.1 19.4 10.5 20.2 9.1 17.5 10.1 19.3 10.2 19.5
20.5 30.4 13.9 21.2 15 22 13.6 19.9 14.7 21.8 17 24.8
20.7 30.4 14.1 21.2 15.2 22 13.7 19.9 14.9 21.9 17.2 25
20.7 30.4 14 21.1 15.1 22.1 13.7 19.9 14.9 21.8 17.2 25
39.6 39.4 273 27.3 28.6 27 22.4 219 28.6 28 31.8 31.4
39.6 39.3 273 27.2 28.6 27 22.3 21.8 28.6 279 31.9 31.3
39.5 39.1 273 27.1 28.6 26.9 22.3 21.8 28.6 279 319 31.3
70.3 49.8 48.8 35.1 433 30.8 36 26.2 43.7 31.6 51.8 37.1
70.5 49.9 49 35 43.5 30.8 36.2 26.2 43.7 31.6 51.9 37.2
70.5 50 49 35 43.5 30.8 36.3 26.2 43.8 31.6 52 37.3
105.6 55 74.1 38.8 81.8 41.5 54 28.5 64.2 339 70.4 37.4
105.7 553 74.1 39 81.8 41.6 54 28.6 64.1 339 70.3 37.6
105.6 552 74.1 39 81.8 41.4 54 28.6 64.1 339 70.4 37.7
1349 498 91.8 339 179.2  79.6 71.9 26.4 89.2 33 70.6 26.7
1346 499 91.6 339 178.9 799 71.7 26.5 89 33 70.5 26.7
1417 51.7 109.1 398 1203 63.9 71.2 26.1 82.7 29.9 93.5 33.6
1419 52 109.2 40 120.2 645 71.2 26.4 82.5 30.2 93.6 339
1406 42.1 123.8  36.6 1789  71.1 107.2 318 99.2 29.9 49.8 15.3
141.1 414 1244 363 179 70.3 107.7 315 99.7 29.3 50 14.8
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

6.2 30.6 2.7 13 4.2 22.1 2.3 11.5 3.6 17.5 1 5.5

6.3 30.2 2.8 134 4.2 22.7 22 11.1 3.6 17.5 0.9 49
6.2 29.9 2.5 12.5 4.1 22.4 2.3 11.5 3.6 17.3 1.2 6.3

9.2 20.3 72 14.7 10.7 22 4.8 10.2 8 16.5 6.1 13

9.2 20 7.4 15.1 10.7 22 5.1 10.7 8 16.4 6 12.9
14.2 20.1 10.6 14.6 14.4 19.8 9 12.5 11.5 15.6 9.6 13.5
14.3 20.2 10.9 15 144 19.9 9.1 12.6 11.4 15.5 9.6 13.6
20.8 22 15.5 16 224 23.1 13.3 13.9 17 17.5 16.7 17.7

20.8 22.5 15.6 16.3 223 23.6 133 14.2 17.1 17.9 16.7 18
34.6 30.5 253 22.1 322 28.5 22.5 19.9 259 227 272 242

34.6 30.9 253 22.4 322 29 22.6 20.2 26 22.9 27.2 24.5
51.4 355 38.6 26.2 46.8 32 36.1 24.6 38.1 26 454 31
51.1 35.8 38.6 26.4 46.7 323 359 249 38 26.3 452 31.3
1435 234 148.6 25 149.6 444 53.8 8.4 1124 17.8 0.1 0
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.013 39.54 4.96 529.9 0.68 49.83 a(h) 69.9 343
0.013 39.5 4.92 527.7 0.69 49.79 a(f) 69.7 34.7
0.013 39.53 4.95 528 0.69 50 a(f) 69.7 34.9
0.02 25.96 -10.67 79.6 0.15 0.16 w (f) 0.2

0.02 25.97 -10.67 77.6 0.15 0.23 w (f) 0.2

0.02 25.97 -10.67 77.6 0.14 0.26 w (f) 3 52
0.02 25.97 -10.67 78.6 0.13 0.26 w (f) 29 5.1
0.02 25.98 -10.65 78 0.16 0.38 w (f) 8.6 7.7
0.02 25.98 -10.65 71.7 0.15 0.47 i(f) 8.6 7.7
0.02 25.99 -10.65 78 0.15 0.68 i) 13.9 8.3
0.02 25.98 -10.65 71.7 0.15 0.73 i(f) 13.9 8.3
0.02 25.99 -10.63 77.4 0.15 12 i) 23.3 10.4
0.02 25.99 -10.64 76.6 0.16 1.18 i) 233 10.4
0.02 25.91 -10.75 79.3 0.16 1.6 i (f) 32.6 12
0.02 25.92 -10.73 77.9 0.15 1.58 i) 32.7 12
0.02 25.93 -10.71 76.8 0.16 236 i) 48 14.1
0.02 25.93 -10.72 77.1 0.16 2.37 i (f) 479 14.2
0.02 25.94 -10.7 76.7 0.17 2.98 i) 60.5 15.3
0.02 25.94 -10.7 71.7 0.17 3.04 i(f) 60.5 15.3
0.02 25.95 -10.69 78.2 0.19 3.88 f 73.1 15.6
0.02 25.96 -10.68 774 0.2 3.92 f 73 15.8
0.02 25.96 -10.68 75.7 0.25 5.2 f 89.8 15.7
0.02 25.96 -10.68 74.6 0.25 5.28 f 89.7 15.7
0.02 25.92 -10.73 82.1 0.33 0.78 w (f) 0.2

0.02 25.92 -10.73 80.8 0.34 0.73 w (f) 0.2

0.02 25.93 -10.72 81.3 0.34 0.76 w (f) 0.2

0.02 25.92 -10.73 81.1 0.34 0.94 w (f) 6.2 8.1
0.02 25.93 -10.72 81.5 0.34 0.93 w (f) 6.3 7.9
0.02 25.93 -10.72 81.3 0.35 1.24 w (f) 10.9 8.2
0.02 25.92 -10.73 81.8 0.34 1.16 w (f) 9.5 8.2
0.02 25.93 -10.71 82.4 0.33 1.43 i-a (f) 15.7 10.3
0.02 25.92 -10.72 81.8 0.33 1.56 i-a () 15.7 10.1
0.02 25.93 -10.71 74 0.38 2.05 i-a (f) 242 10.8
0.02 25.93 -10.71 80.8 0.35 2.03 i-a (f) 24.1 11.1
0.02 25.93 -10.71 76.1 0.37 2.73 w (f) 31.1 11.6
0.02 25.93 -10.71 75.9 0.37 272 i-a (f) 31.1 11.6
0.02 25.95 -10.69 74.4 0.37 3.3 i-a (f) 424 12.8
0.02 25.95 -10.69 73.6 0.38 3.4 i-a (f) 425 13
0.02 25.95 -10.69 74.7 0.38 3.91 i-a (f) 51.5 13.3
0.02 25.95 -10.69 74.7 0.38 4.1 i-a (f) 514 13.4
0.02 25.95 -10.69 76 0.37 4.44 f 58.5 13.4
0.02 25.96 -10.68 76.8 0.37 4.66 f 58.4 13.7
0.02 25.96 -10.67 82.3 0.35 5.33 f 70.8 14.2
0.02 25.94 -10.7 82.9 0.34 5.89 f 70.6 14.3
0.02 25.91 -10.74 153.9 0.13 0.95 i 0.2

0.02 2591 -10.75 153.9 0.13 1.01 i 0.2

0.02 25.93 -10.72 151.5 0.13 1.99 i(f) 11.5 12.6
364 Table G.9



G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

89.4 442 57.9 28.4 81.3 39.3 54.8 26.9 62.6 30.9 73.3 36.3
89.3 44.8 57.9 28.8 81.3 40 539 26.9 62.6 31.3 73.3 36.7
89.4 453 57.9 28.9 81.2 40.2 539 27.1 62.5 314 73.2 36.8

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

32 53 49 9 1.4 2.8 1.2 2.2 2 3.6 49 8.2
33 53 49 9 1.4 2.8 1.3 2.3 1.9 33 5 8.1
35 3 17.6 16.1 6.9 6.3 4.8 4.2 9.1 8.1 9.6 8.4
3.6 3.1 17.7 15.9 6.9 6.3 4.9 4.2 9.2 8.1 9.6 8.5
0.2 0.1 29.7 17.4 18 10.4 8.9 52 15.3 9.3 11.6 7.1

0.2 0.1 29.7 17.5 17.5 10.2 8.9 53 15.2 9.3 11.6 72
0.2 0.1 50.7 22.6 31.2 13.5 13.7 6.1 23.7 10.8 20.1 9.1
0.2 0.1 50.8 224 31.2 13.6 13.8 6.2 23.7 10.8 20.1 9.1
55 2 67.5 24.9 42.6 15.5 22.3 8.3 30.7 11.6 27.1 10
5.4 1.9 67.5 25 42.7 15.5 22.4 8.3 30.8 11.6 272 10.1
15.4 44 86.5 25.6 62.2 18.5 36.5 10.8 46.4 13.6 40.9 11.9
15.4 4.4 86.4 25.7 62.1 18.5 36.4 10.7 46.4 13.7 40.9 11.9
21.7 5.4 1044 262 72.3 19.2 542 13.6 58.7 14.7 51.6 12.8
21.6 5.4 104.6 263 72.3 19.2 54.2 13.6 58.7 14.7 51.6 12.8
32.1 6.6 119.6 25 86.2 19.5 72 15.2 71.3 15.1 57.3 12
32.1 6.7 1195 254 86.1 19.7 72 153 712 153 572 12.2
315 5.5 1482 255 86.2 16.6 108 18.3 89.3 15.5 75.6 13.1
315 5.5 1482 255 86.2 16.5 1079 183 89.2 15.6 75.5 13.1

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

5.4 7.4 12.1 15.9 8.5 10.3 1.3 1.7 5.9 79 39 53
5.5 7.3 12.2 15.5 8.6 10.1 1.4 1.8 6 79 3.9 5.1
8.2 5.7 155 12.5 17.5 12.5 4.8 39 9.1 72 10.3 75
6.3 5.6 15.5 14.3 17.5 13.4 4.8 4.2 9 8.3 39 3.6
9.9 6.8 16.5 11.7 26.6 16.1 9.2 59 21.7 14.2 10.4 7.3
9.9 6.4 16.6 11.3 26.6 16 9.2 59 21.6 14 10.5 7.1
8.4 3.8 31.7 14.5 41.1 18.1 13.7 6.2 39.7 17.7 10.4 4.8
8.4 4 31.6 15 41 18.3 13.6 6.3 39.7 18.3 10.4 5
9.5 3.4 46.2 17.1 48.6 18.2 227 8.7 49.2 18.3 10.4 4
9.5 3.4 46.2 17 48.5 18.2 22.7 8.7 49.3 18.2 10.4 4
10.9 32 72.1 21.3 575 18 36.4 11.3 64.6 19.3 13.1 4
10.9 32 722 21.6 57.5 18.1 36.4 11.3 64.7 19.6 13.1 4
13.6 3.4 89.2 22.5 61.6 16.7 54.3 14.2 74 19 16.3 4.1
13.5 3.4 89.1 22.6 61.5 16.8 54.1 142 73.9 19 16.2 42
17.1 3.7 95.8 21.7 64.6 15.8 72.1 16.6 71.5 17.4 23.7 5.2
17.1 39 96 22.3 64.5 16.1 72 16.6 713 17.9 23.7 5.4

19.3 39 116.5 232 67.7 14.5 107.7 209 82.2 16.7 31.2 6.1
19.2 39 1164  23.1 67.6 14.7 107.6 209 82.1 16.8 31.1 6.2

0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2
18.8 19.8 16.6 18 5.6 6.9 1.8 2.1 7 7.8 19.5 20.8
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.02 25.93 -10.72 154.9 0.13 223 i) 13.6 13.1
0.02 25.94 -10.71 154.3 0.13 2.67 i) 22.1 14.5
0.02 25.93 -10.72 152.9 0.14 2.68 i (f) 222 14.4
0.02 25.94 -10.71 154 0.13 3.4 i(h) 28.8 15.1
0.02 25.95 -10.7 154.3 0.13 3.27 i(f) 28.7 15.3
0.02 25.95 -10.69 153.8 0.13 3.6 i (f) 34.1 16.4
0.02 25.95 -10.7 154.1 0.14 3.6 i) 34.1 16.5
0.02 25.96 -10.68 1532 0.13 4.61 i(f) 42.1 17.3
0.02 25.95 -10.69 153.6 0.13 475 i(f) 42 17.5
0.02 25.96 -10.68 1542 0.13 5.37 i) 55.2 18.8
0.02 25.97 -10.67 154 0.13 5.92 i(f) 55.2 18.7
0.02 25.97 -10.67 153.7 0.13 6.12 i) 63.8 19.6
0.02 25.97 -10.66 153 0.14 6.22 i) 63.7 19.7
0.02 25.98 -10.65 150.9 0.13 7.58 i (f) 71.6 20.3
0.02 25.96 -10.68 154.7 0.13 7.37 i) 77.6 204
0.02 25.98 -10.66 153.6 0.13 9.2 f 103.8 21.6
0.02 25.98 -10.66 154.8 0.13 9.41 f 103.8 21.6
0.02 25.97 -10.66 159.8 0.32 3.63 w (f) 0.2

0.02 25.96 -10.68 160.5 0.32 3.63 w (f) 0.2

0.02 25.97 -10.66 161.8 0.31 453 i) 13 12.8
0.02 25.98 -10.64 161.2 0.31 451 i) 13 12.8
0.02 25.98 -10.65 161.5 0.31 5.11 i(f) 214 15
0.02 25.98 -10.65 162 0.31 5.1 i) 214 15.1
0.02 25.99 -10.64 161.8 0.32 5.97 i) 28.1 16.6
0.02 26 -10.62 161.2 0.32 5.74 i (f) 28.2 16.6
0.02 25.99 -10.63 162 0.32 6.43 i) 33.7 17
0.02 26 -10.63 162.1 0.32 6.31 i) 33.7 17.2
0.02 25.93 -10.72 162.7 0.32 8.5 i (f) 45.6 19.4
0.02 25.92 -10.72 161.5 0.32 8 i) 45.6 19.3
0.02 25.93 -10.71 161.3 0.32 9.51 i(f) 60.8 21.1
0.02 25.94 -10.7 161.5 0.32 9.31 i) 60.8 21.1
0.02 25.94 -10.7 160.4 0.32 10.67 i) 70.8 214
0.02 25.95 -10.69 161.3 0.32 10.27 i(f) 70.8 21.5
0.02 25.97 -10.66 161.6 0.32 12.04 f 79.7 21.5
0.02 25.97 -10.67 161.7 0.32 11.91 f 79.8 21.6
0.02 25.98 -10.65 161.5 0.33 14.35 f 96.6 21
0.02 25.97 -10.66 161.6 0.32 13.7 f 96.7 21.1
0.02 25.92 -10.72 154.4 0.53 7.01 w-a (f) 0.2

0.02 25.93 -10.71 15322 0.53 6.99 w-a (f) 0.2

0.02 25.93 -10.71 156.6 0.52 7.81 w-a (f) 7.6 10.7
0.02 25.92 -10.71 156.4 0.52 7.81 w-a (f) 7.6 10.6
0.02 25.94 -10.7 157.5 0.52 8.27 w-a (f) 18 152
0.02 25.93 -10.7 156.1 0.52 8.45 w-a (f) 18 15.3
0.02 25.93 -10.7 156.2 0.52 9.11 w-a (f) 26.6 17
0.02 25.94 -10.69 156.6 0.52 9.22 w-a (f) 26.6 17.1
0.02 25.94 -10.68 156.4 0.51 9.62 w-a (f) 33 17.4
0.02 25.94 -10.69 156.5 0.52 9.38 w-a (f) 33 17.4
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
18.9 18.4 16.6 15.8 18 15.5 1.8 1.7 7.1 7.2 19.5 19.8
26.9 17.3 30.3 20.3 21.8 14.6 4.8 33 19 12.5 29.8 19.2
27 17 30.3 19.9 21.9 14.7 49 3.3 19.2 12.5 29.9 19
31.7 16.2 38.4 20.1 354 18.5 9.3 5 28.1 14.9 29.7 16
31.7 16.6 38.3 20.4 35.3 18.4 9.2 5 27.8 15 29.7 16.3
30.6 154 432 20.9 49.2 22.1 13.8 6.6 334 16.1 34 17
30.6 15.6 432 21.3 49.2 22.1 13.8 6.6 33.5 16.1 34 17
34.7 14.4 51.9 21.6 57.8 23.3 21.5 8.9 44.5 18 42.2 17.4
34.7 14.8 51.8 22 57.7 23.2 214 8.9 444 18.3 42.1 17.8
42 14.5 68.8 23.5 77.8 26.2 36.5 124 57.5 19.5 48.4 16.4
42 14.5 68.9 23.3 77.9 26.1 36.5 124 57.5 19.5 48.4 16.3
49.6 15.8 72.6 22.8 90.9 27.4 54.4 16.2 60.1 18.5 55.1 16.7
49.6 15.7 72.6 23 90.7 27.4 54.4 16.3 60.1 18.6 55 17
58.8 15 101.4 262 90.8 25.3 71.9 18.9 67.4 17.7 75.4 18.8
58.8 15.1 101.2 262 90.7 254 71.9 18.9 67.4 17.8 75.3 19.2
88.1 17.9 144.3 29.3 99.9 22.7 108 22 82 16.9 100.7 20.6
88 17.7 1442 292 99.8 23 107.9 222 82.1 17 100.7  20.3
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

19.6 18.9 17.2 17 11.1 109 2 2 149 14.7 13.3 133
19.5 19 17.1 17 11.1 10.9 2.2 2.2 14.9 14.6 13.2 133
25.5 17.8 31.8 229 222 154 4.6 34 24.4 17.1 20 13.5
25.5 18.1 31.8 23.1 222 15.5 4.6 34 24.4 17.2 20 13.5
31.7 18.7 39 24.3 29.8 17.6 9 54 35.5 20.2 23.9 134
31.7 18.6 39 24.3 29.8 17.6 9 5.4 35.5 20.2 24 134
399 18.8 49.8 26 37.3 19.2 14.1 7.4 40.5 20.5 20.4 10
399 19.3 49.8 26.5 37.3 19.3 14 7.4 40.5 20.7 20.4 9.8

51.2 20.7 63.3 27.7 54.1 23.2 22.4 9.8 52.4 222 30.2 12.6
51.2 20.6 63.3 27.7 54.1 23.1 222 9.7 52.5 22.1 30.2 12.3

57.8 20 82.4 29.1 84.1 28.6 36.4 12.9 70.2 24.3 33.7 11.8
57.8 20.2 82.5 29.1 84.1 28.6 36.4 12.9 70.3 24.2 33.7 11.6
63 18.9 94.9 28.9 94.5 28.7 54.3 16.5 80.2 24.1 37.9 114
63 19 94.8 29 94.4 28.7 54.3 16.6 80.1 24.1 379 11.4
66 17.7 103.1 279 105 28.6 72.9 19.6 89.9 24 41.1 11

66.2 18 103.2 282 105 28.7 73 19.6 90.1 242 412 11.2

78.4 16.2 1204 259 1194 276 107.7 233 1059  23.1 48.2 10.2
78.4 16.5 1204 26.1 119.5 276 107.8 234 1059 229 483 10.1

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

13.2 17.3 4.3 6.4 8 11 2.5 3.7 5.5 8.1 12.3 17.4
13.3 17.4 4.3 6.4 8 11.1 2.4 3.6 52 7.8 12.3 17.4
28 23.1 21.7 19.2 18.6 15.1 4.6 4 15 12.9 20 16.9
28.1 233 21.7 19.2 18.6 15.1 4.6 4 15 13 20 17.1
43.6 26.8 39.2 25.5 253 16.4 9.1 6 22.6 14.6 20 12.9
43.6 27 39.1 25.6 253 16.5 9.1 6 22.6 14.7 20 13

48.4 24.7 54.5 28.7 35.1 18.8 13.7 7.4 30.7 16.2 15.5 8.4
48.4 24.8 54.4 28.8 35.1 18.8 13.7 7.4 30.7 16.2 15.4 8.3
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.02 25.95 -10.67 157.2 0.53 10.84 w-a (f) 413 17.7
0.02 25.95 -10.67 156.4 0.53 10.87 w-a (f) 412 18
0.02 25.99 -10.63 159.4 0.52 12.03 w-a (f) 53.8 17.9
0.02 25.99 -10.62 160.1 0.52 12.32 w-a (f) 53.8 18
0.02 25.96 -10.66 157.6 0.52 12.28 w-a (f) 53.7 17.4
0.02 25.97 -10.65 156.9 0.52 12.07 w-a (f) 53.7 17.2
0.02 25.99 -10.62 159 0.52 13.75 w-a (f) 68.3 17.8
0.02 26 -10.61 158.3 0.53 13.73 w-a (f) 68.3 17.7
0.02 26.01 -10.59 159.6 0.52 15.17 f 78 17
0.02 26 -10.61 159.4 0.52 15.16 f 78.1 16.8
0.02 26.02 -10.58 159.6 0.53 16.77 f 90.8 15.7
0.02 26.01 -10.59 159.7 0.52 16.99 f 90.8 15.6
0.02 25.96 -10.62 152.8 0.73 9.62 w-a (f) 0.2

0.02 25.95 -10.65 155.8 0.71 9.66 w-a (f) 0.2

0.02 25.96 -10.63 154.1 0.71 10.1 w-a (f) 5.8 9.1
0.02 25.96 -10.63 154.2 0.71 10.03 w-a (f) 5.8 9.2
0.02 26 -10.58 158.3 0.72 13.18 w-a (f) 17.2 16.9
0.02 26 -10.58 159.2 0.71 13.76 w-a (f) 17.2 16.7
0.02 25.96 -10.62 152.7 0.73 13.02 w-a (f) 17.1 15.6
0.02 25.97 -10.62 153.5 0.73 12.99 w-a (f) 17 15.6
0.02 26 -10.58 160.3 0.71 15 w-a (f) 35.8 19.6
0.02 26.02 -10.55 159.9 0.71 14.79 w-a (f) 35.9 19.4
0.02 26.02 -10.56 160 0.71 15.3 w-a (f) 39.9 18.9
0.02 26.01 -10.56 159.8 0.71 15.31 w-a () 39.8 18.9
0.02 26.02 -10.55 159.7 0.71 17.01 w-a (f) 472 18.9
0.02 26.02 -10.56 159.6 0.71 16.97 w-a (f) 473 18.8
0.02 26.03 -10.54 159.9 0.71 18.44 w-a (f) 53.3 18
0.02 26.02 -10.55 160 0.71 18.21 w-a (f) 53.3 17.7
0.02 26.03 -10.53 155.7 0.74 16.85 i) 59.9 13.5
0.02 26.03 -10.54 155 0.74 17.7 i) 59.9 13.7
0.02 26.04 -10.51 154.9 0.74 22.01 f 68.1 16.2
0.02 26.03 -10.52 154.4 0.75 21.82 f 68.1 16.1
0.02 26.03 -10.53 155.4 0.74 22.79 f 71.5 14.4
0.02 26.03 -10.53 154.9 0.74 22.6 f 71.5 14.3
0.02 25.94 -10.49 163.1 0.89 11.99 w-a (f) 0.2

0.02 25.95 -10.49 162.2 0.89 11.56 w-a (f) 0.2

0.02 25.95 -10.46 161.6 0.89 12.51 w-a (f) 1.6 7.8
0.02 25.94 -10.47 161.7 0.89 12.43 w-a (f) 1.6 8.1
0.02 25.96 -10.43 162 0.9 12.42 w-a 29 9.8
0.02 25.95 -10.44 162.1 0.9 12.4 w-a 28 9.6
0.02 25.94 -10.42 160.1 0.91 15.49 w-a (f) 7 15.5
0.02 25.95 -10.42 160.9 0.9 15.12 w-a (f) 7 15.3
0.02 25.94 -10.52 160.1 0.88 18.03 w-a (f) 18.9 15.1
0.02 25.96 -10.5 160.8 0.88 18.06 w-a (f) 19 15.1
0.02 25.96 -10.43 160.6 0.9 19.87 w-a (f) 29.3 15.4
0.02 25.97 -10.33 158.1 0.91 20.15 w-a () 29.2 17.1
0.02 25.98 -10.42 161.2 0.9 19.99 w-a (f) 39.4 16.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
48.6 20.3 70.1 30.1 49.6 21.5 23 9.9 41.9 17.9 14.5 6.3
48.5 20.9 70.1 30.5 49.6 21.7 229 10 41.8 18.2 14.5 6.4
49.2 15.8 90.6 29.8 73.6 24.4 36.3 124 579 20 149 5
49.2 16 90.6 30 73.7 24.5 36.4 124 579 20 14.9 5
49.5 15.8 90.4 29.3 734 24 36 11.8 57.6 18.8 15.5 5
49.4 15.3 90.4 28.9 73.3 24.1 36 11.8 57.6 18.3 15.5 49
55.1 14.1 1146  29.6 87.7 23 54.2 14.4 80.5 21.3 17.5 4.5
55.1 14.1 114.5 29.5 87.7 23 54.3 14.2 80.5 20.8 17.6 4.5
57.5 12.5 1204 26.6 105.3 22.1 72 15.9 90.6 20.4 22.1 4.8
57.5 12.3 120.5 263 1054 22 72 15.8 90.7 20 22.1 4.7
549 9.3 139.8 242 105.3 18.2 107.6 18.5 105 18.6 32.1 5.4
549 9.3 139.8 24 105.3 18.2 107.5 18.3 105.2 18.5 32.1 5.3
0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2
9.9 14.7 1.9 3.2 8.3 13.2 1.3 2.2 4.5 7.5 9 14
99 14.8 1.8 3.2 8.2 13.4 1.4 2.4 4.5 7.5 9 13.8
33 29.9 14.4 144 15.7 15.7 43 4.6 152 16.1 20.5 20.9
329 29.3 14.4 14.2 15.6 154 4.3 4.6 15.2 15.8 20.5 20.6
333 28.4 14.6 13.3 15.4 14 4.1 4.2 14.5 14.3 20.5 19.5
333 28.3 14.5 13.3 15.3 13.8 4.1 4.2 14.5 14.3 20.5 19.5
54.5 20.1 50.7 27.7 53.1 28.4 9.2 53 26.8 154 20.4 11.8
54.6 28.7 50.8 27.4 53.2 28.2 9.2 5.3 26.9 15.1 20.5 11.5
54.4 25.5 60.4 28.6 59.7 28.1 13.2 6.5 32.8 15.6 18.8 9.1
54.4 254 60.4 28.6 59.7 28.1 13.1 6.5 32.7 15.7 18.7 9.2
57.2 229 70.3 28.1 74.5 29.6 25.1 10.2 37.5 15 18.9 7.7
57.2 22.7 70.3 27.9 74.5 294 25 10.1 37.7 15 18.9 7.7
57.9 19.9 83.4 27.8 81 27.2 37.8 12.8 44.6 14.9 15 53
579 19.6 83.4 27.5 81 26.8 37.8 12.7 44.5 14.6 15 5.1
62.5 13.3 87.2 19.3 90.7 22.2 59.9 13.3 46.1 9.9 13 2.7
62.5 13.3 87.1 19.7 90.6 23 59.9 13.5 46.1 9.8 13 2.7
66.7 15.8 100.7  23.6 101.7 249 724 17.1 53.5 12.6 13.8 3.3
66.7 15.5 100.6 233 101.7 249 72.5 16.9 53.4 12.5 13.8 3.3
60.9 11.2 1223 222 99.6 20.1 107.8 19.6 62.2 11.5 11.9 2.2
60.9 11 1223 22 99.6 199 107.9 19.5 62.1 11.3 11.9 2.1
0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2
2.2 8.8 1.7 9.3 0.2 1.6 1.6 8.9 1.8 9.4 1.9 9
2.3 9.3 1.7 9.6 0.2 1.6 1.6 9.2 1.7 9.6 1.9 9.1
4.8 14.1 3.3 11.7 0.2 0.9 4.7 16.5 1.8 6.9 2.4 8.6
49 14.2 33 11.8 0.2 0.9 4.8 16.7 1.9 7.4 1.9 6.7
9.7 19.6 8.7 20 0.2 0.6 9.3 20.7 6.3 14.7 7.7 17.3
9.7 194 8.7 19.8 0.2 0.6 9.3 20.3 6.3 14.5 7.7 17.1
25.6 19.7 17.6 14.4 22.1 17.9 11.6 9.5 152 12.5 21.2 16.7
25.8 19.7 17.7 14.3 222 179 11.6 9.5 15.3 12.4 21.3 16.6
39.5 19.9 31.7 16.9 304 17.3 21.7 114 22 114 30.2 153
39.5 22 31.7 18.8 30.4 19 21.7 12.7 22 12.8 30.2 17.1
57.6 23.3 48.1 20.1 33.1 17.1 36.4 14.2 25.3 10.1 36 14.3
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.02 25.97 -10.42 161.5 0.9 21.05 w-a (f) 39.4 17
0.02 25.97 -10.41 160.9 0.9 22.19 w-a (f) 51.9 12.9
0.02 25.97 -10.43 162.1 0.89 22.57 w-a (f) 51.9 14.6
0.02 25.94 -10.71 262.9 0.12 4.2 i 0.2

0.02 25.94 -10.71 264 0.11 4.6 i 0.2

0.02 25.94 -10.71 261.7 0.12 4.92 i(f) 2.7 6.6
0.02 25.93 -10.72 263.5 0.12 5.11 i(f) 2.8 6.8
0.02 25.95 -10.7 264 0.11 5.5 i(H) 9.4 11.4
0.02 25.94 -10.7 263.4 0.11 5.51 i(f) 9.3 114
0.02 25.96 -10.68 262.2 0.12 6.69 i(f) 19.9 16.1
0.02 25.96 -10.69 264.3 0.11 6.62 i(D) 20 16.1
0.02 25.97 -10.67 264.9 0.1 8.66 i(f) 34.8 20.9
0.02 25.96 -10.68 265.2 0.1 8.55 i(f) 34.8 20.8
0.02 25.99 -10.64 262.1 0.12 11.68 i(f) 59.2 25.1
0.02 25.99 -10.64 263.5 0.12 11.54 i(f) 59.2 25
0.02 25.99 -10.64 263 0.12 12.66 i(f) 65.9 26.2
0.02 26 -10.62 265 0.11 12.62 i(f) 66 26.3
0.02 26.02 -10.61 263.8 0.1 13.58 i(f) 78.5 26.5
0.02 26.01 -10.61 263.4 0.11 13.46 i(h) 78.5 26.3
0.02 26.03 -10.59 262 0.11 15.01 i(f) 91.2 26.7
0.02 26.02 -10.6 261.6 0.12 14.91 i(f) 91.1 26.7
0.02 26.03 -10.59 262.8 0.1 16.39 i(H) 99.8 26.5
0.02 26.03 -10.59 262.8 0.1 16.15 i(f) 99.7 26.9
0.02 25.93 -10.71 259.4 0.31 10.98 i-a 0.2

0.02 25.93 -10.71 258.8 0.32 11.04 i-a 0.2

0.02 25.92 -10.73 259.9 0.31 11.29 i-a 0.2

0.02 25.94 -10.7 260.1 0.32 11.8 i-a 10.6 12.6
0.02 25.94 -10.7 260.4 0.32 11.9 i-a 10.6 12.6
0.02 25.94 -10.7 262 0.29 12.05 i-a (f) 14.2 14.5
0.02 25.94 -10.7 262.2 0.3 11.86 i-a (f) 14.2 14.4
0.02 25.95 -10.68 262.1 0.31 14.77 i-a (f) 39.5 22.8
0.02 25.95 -10.68 261.5 0.32 14.88 i-a (f) 394 22.8
0.02 25.96 -10.67 262.7 0.31 16.67 i-a (f) 49.4 23.6
0.02 25.96 -10.67 262.9 0.31 15.74 i-a (f) 49.3 22.9
0.02 25.97 -10.66 264.7 0.31 16.51 i-a (f) 56.7 23.8
0.02 25.97 -10.66 265.9 0.31 16.94 i-a (f) 56.7 23.9
0.02 25.98 -10.65 263.5 0.32 18.27 i-a (f) 67.4 25.6
0.02 25.97 -10.66 264.5 0.31 18.53 i-a (f) 67.5 25.6
0.02 25.99 -10.63 262.5 0.33 19.45 i-a (f) 76.3 25.8
0.02 25.99 -10.63 264.3 0.31 19.64 i-a (f) 76.4 26
0.02 26 -10.62 263.6 0.31 20.84 i-a (f) 86.2 25.8
0.02 26 -10.62 263.8 0.31 20.94 i-a (f) 86.2 25.8
0.02 26.01 -10.61 262.8 0.31 22.93 a(f) 99.8 25.2
0.02 26.01 -10.6 263.7 0.32 22.42 a(f) 99.7 25.1
0.02 25.94 -10.69 270.7 0.5 19.63 a 0.2

0.02 25.94 -10.69 259.6 0.52 18.99 a 0.2

0.02 25.97 -10.65 258.1 0.52 21.33 a 33 8.6
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
57.7 23.7 48.1 20.7 33.1 17.7 36.4 14.8 254 10.5 36 14.8
62.4 14.3 97.9 23.1 46.1 15.8 54.1 12.7 25.1 5.9 25.9 5.9
62.5 16.2 98 25.6 46.1 18.2 54.1 14.1 25.1 6.6 259 6.7
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

6.1 13.8 0.2 0.6 2 5.5 1.1 2.9 1.1 2.9 5.7 13.8
6.3 14.2 0.2 0.6 2 5.6 1.3 34 1.2 3.1 5.8 13.8
16.9 19.5 6.4 8.5 6 7.8 4.6 5.9 5.7 7.4 16.5 19.3
16.9 19.6 6.4 8.5 5.9 7.8 4.6 5.9 5.7 7.3 16.5 19.5
35.8 27.5 17.1 14.5 15 12.7 9.3 7.8 14.7 124 27.4 21.7

359 27.6 17.1 14.6 15.1 12.7 9.4 7.8 14.8 12.4 27.6 21.6
55.8 32.7 34.8 21.5 31.9 19.3 139 8.6 28.8 17.5 435 25.6
55.8 32.6 34.8 21.4 31.8 19.2 139 8.6 28.8 17.4 434 255
75.4 323 58.2 25.4 82.2 324 229 10.1 54.1 233 62.4 26.8
753 32.1 58.1 25.3 82.2 325 229 10.1 54 232 62.5 26.7
79 32.1 62.6 25.8 93.7 342 36.2 14.4 58.4 23.7 65.6 27

79.1 325 62.7 26.1 93.7 342 36.2 14.5 58.6 23.8 65.7 27

89.9 30.1 80.1 27.3 102 33.7 54.4 18.6 70.1 24.1 74.7 252

89.9 29.6 80.1 27.1 101.9 337 54.4 18.5 70 24 74.7 25
98.9 28.4 88.7 26.3 1184 35 71.9 21.3 81.9 242 87.6 25.1
98.8 28.2 88.6 26.2 1183 35 71.8 21.2 81.7 242 87.4 25.1
85.5 23.6 106.8 28 120.1 322 107.6 27 86.8 232 91.9 24.9
85.5 24.4 106.7 285 120 325 1074 27.1 86.6 234 91.8 25.5
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

20.5 23.8 2.6 33 13.5 15.1 2.6 33 8.3 10.6 16 19.4
20.4 23.6 2.6 33 13.5 15.1 2.7 33 8.4 10.7 16 19.4
26.4 26.1 9.5 9.9 14.8 14.2 4.6 4.9 9.2 10.3 20.7 21.5
26.4 26 9.5 9.9 14.8 14.2 4.6 49 9.2 10.2 20.7 21.3
71.8 40.6 413 24.2 42.7 23.3 9.1 5.4 37.3 21.8 34.8 21.2
71.7 40.8 412 242 42.7 233 9 5.4 37.2 219 34.7 21.3
71.8 37.4 58.5 28.5 62 27.8 13.9 6.9 50 239 34.1 17
71.7 35.6 58.4 28.1 61.9 27.7 139 6.8 50 23.1 34.1 16
85.6 349 67.5 29.5 69 28.5 225 10 54.7 233 40.7 16.8
85.6 35 67.5 29.6 69 28.7 22.5 10 54.7 23.5 40.7 17
85.6 33 89.2 33.6 85.8 31.3 36.4 13.9 64.6 24.7 43.1 17
85.7 33.1 89.3 33.7 85.9 31.2 36.5 14 64.7 24.5 43.2 16.9
85.7 29.4 102.6 345 94.2 31.6 54.2 18.1 73.8 24.7 47.1 16.2
85.9 29.9 102.8 348 94.5 32 54.2 18.3 73.9 249 472 16.3
90 26.7 119 353 99.4 31.4 72.5 21.5 82.6 24.4 53.4 15.6
90.1 26.7 1192 352 99.5 31.5 72.6 21.6 82.4 24.4 533 15.6
93.3 225 1413 35 103.3 289 108 26.7 90.8 23.1 62.3 152
93.1 22.4 1412 35 103.1  28.6 107.9  26.7 90.7 22.8 62.3 15
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

4.1 9.7 0.2 0.5 5.6 14.6 2 5.5 1.5 4.5 6.6 16.7
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.02 25.96 -10.66 267 0.5 21.68 a 33 8.6
0.02 25.97 -10.65 259.9 0.52 21.61 a 9.9 12.9
0.02 25.96 -10.66 260.2 0.52 21.32 a 9.9 12.9
0.02 25.97 -10.65 262.4 0.51 22.24 a 19.1 17.7
0.02 25.96 -10.66 261.6 0.51 22.17 a 19.3 17.9
0.02 25.96 -10.66 263.3 0.51 23.52 a 30.7 22.9
0.02 25.97 -10.64 263 0.51 23.16 a 30.7 22.8
0.02 25.98 -10.64 265.5 0.51 25.92 a 53.9 28.9
0.02 25.98 -10.64 266.4 0.51 25.85 a 53.9 28.9
0.02 25.99 -10.62 266.5 0.5 26.76 a(f) 70.2 28.7
0.02 26 -10.61 265.9 0.51 26.47 a(f) 70.2 28.4
0.02 26.02 -10.59 258.2 0.52 27.81 a(f) 77.3 25
0.02 26 -10.61 266.8 0.5 28.28 a(f) 77.4 26.2
0.02 26.02 -10.59 259.3 0.52 30.16 w-a (f) 81.7 23.4
0.02 26.01 -10.59 259.1 0.52 30.23 w-a (f) 81.6 23.6
0.02 26.01 -10.59 256.2 0.53 32.51 w-a (f) 93.6 20.4
0.02 26.03 -10.57 259.8 0.52 32.43 w-a (f) 93.5 20.5
0.02 25.96 -10.63 261.7 0.71 26.06 a 0.2

0.02 25.96 -10.63 260 0.71 25.88 a 0.2

0.02 25.96 -10.64 267.3 0.7 27.31 a 4.9 10.4
0.02 25.97 -10.62 261.8 0.71 26.75 a 4.8 8.1
0.02 25.97 -10.62 262 0.7 26.49 a 4.8 8.2
0.02 25.94 -10.66 260.5 0.72 27.33 a 7.7 11.9
0.02 25.97 -10.62 261.2 0.71 27.13 a 7.6 11.8
0.02 25.96 -10.64 269.1 0.69 28.65 a 14.3 15.4
0.02 25.96 -10.63 269.7 0.69 28.43 a 14.3 15.3
0.02 25.98 -10.6 260.7 0.72 31.43 a 27.3 22.7
0.02 25.98 -10.6 260.5 0.72 31.3 a 27.3 22.5
0.02 26.01 -10.56 261.2 0.72 36.71 a(f) 63.5 333
0.02 26.01 -10.56 262 0.72 36.84 a(f) 63.6 333
0.02 26 -10.58 262.9 0.71 38.16 a(f) 70.8 29.7
0.02 26.02 -10.55 263.1 0.71 37.54 a(f) 70.8 30.9
0.02 25.99 -10.59 264.3 0.71 39.44 a(f) 75.2 29.5
0.02 26.01 -10.56 263.8 0.71 39.41 a(f) 75.2 294
0.02 25.99 -10.59 264.8 0.71 41.16 w-a (f) 79.8 26.4
0.02 26.02 -10.56 264 0.72 41.1 w-a (f) 79.9 27.7
0.02 26.01 -10.56 266.3 0.71 42.55 w-a (f) 89.1 24.8
0.02 26 -10.59 266.4 0.71 42.24 w-a (f) 89.2 24.3
0.02 25.98 -10.45 268.3 0.88 30.95 a 0.2

0.02 25.98 -10.38 265.9 0.9 30.5 a 0.2

0.02 25.99 -10.34 264.8 0.91 31.13 a 2.2 11.1
0.02 25.97 -10.46 268.4 0.89 31.44 a 2.3 7.6
0.02 25.97 -10.45 267.5 0.89 32.59 a 4.6 10.3
0.02 25.98 -10.41 265.9 0.9 32.48 a 4.6 11.1
0.02 25.98 -10.45 267.5 0.89 33.56 a(f) 7.2 12
0.02 25.98 -10.43 266.6 0.89 33.47 a(f) 7.2 12.4
0.02 25.99 -10.33 260.7 0.91 35.85 a(f) 12.3 15.9
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

4.1 9.8 0.2 0.5 5.6 149 1.7 4.8 1.5 4.6 6.6 16.9
15.8 19.1 33 4.5 11.1 15 5.3 7.4 10.5 14.3 13.3 17.2
15.8 19.2 3.3 4.5 11.1 15 5.3 7.4 10.5 14.4 13.3 17.2
28.1 24.9 10.6 10.2 17.8 17.2 10.5 10.3 20.7 19.5 26.8 24.4
28 24.8 10.5 10.1 19.5 18.3 10.4 10.1 20.4 19.4 26.7 24.5
45.8 329 21.1 16.2 30.9 229 15.5 12.1 294 22.6 41.5 30.7
45.8 32.8 21.1 16.3 30.9 22.8 15.6 12 29.4 22.6 41.5 30.5
80.6 41.9 50.7 27.7 59.8 31.9 24.2 134 47.8 26 60.3 32.5
80.7 41.9 50.7 27.6 59.8 31.8 24.2 134 47.6 26 60.3 32.6
100.1 39.3 79.6 324 87.8 39.7 36.5 15 62.7 24.5 54.3 21.5
100 39 79.6 32.3 87.8 39.3 36.5 14.9 62.7 24.1 54.4 21

94.4 30.8 98.7 32.3 110.1 36 54.2 17.5 71.9 22.3 34.7 11.1

94.4 324 98.7 332 110.1  37.6 54.3 18.1 71.9 23.7 34.8 12.1
95.9 26.3 1125 316 110.1  33.6 72.7 21.1 71.4 20.1 272 7.6
95.9 26.6 1124 318 110 34.1 72.7 214 71.4 20.2 272 7.7
95.3 20.5 149 31.4 1104 255 108.1 235 82.1 17.8 16.7 3.6

95.2 20.7 148.8  31.6 1102 255 108 23.6 82.1 18 16.7 3.6
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

7.4 14.9 0.2 0.4 8.2 17.2 22 5 4.7 10.9 6.8 14.3
5.5 9.1 0.2 0.3 104 17.4 1.8 33 39 7 6.8 11.4
53 8.7 0.2 0.3 10.9 17.9 2 3.6 39 7 6.8 11.4
12 17.4 1.6 2.7 10.2 16 5 8 6.6 10.9 10.8 16.4
12 17.2 1.6 2.7 10.1 16 4.9 8 6.4 10.8 10.8 16.3
18.6 19.4 6.4 7.5 15.7 17.6 9.1 10 15.2 16.5 20.5 21.3
18.7 19.5 6.4 75 15.7 17.4 9.1 10 15.2 16.5 20.6 21.2
40 32 15.2 13.2 29.3 23.8 13.6 12 29.4 25.2 36.1 29.9
40.1 32 15.2 13.1 29.3 23.7 13.6 11.9 29.3 24.9 36.1 29.6
95.7 435 529 255 98.9 66.7 22.7 11 57.4 275 535 25.7
95.8 43.8 53 25.7 98.9 65.3 22.8 11.1 57.5 28 535 26.1

99.8 36.2 79.6 29.5 108.3  60.4 36.2 13.8 57.7 22 429 16.2
99.9 37.6 79.6 30.2 108.3  62.8 36.2 143 57.8 233 429 17.3
99.7 339 95.9 32.5 99.4 57 54.3 18.4 57.7 19.9 44 15.1
99.7 34 96 32.6 99.4 54.9 54.2 18.8 57.6 20.5 44 15.5
107.1  30.7 109 31.6 99.2 46.7 72.4 21.3 57.1 17.5 34.1 10.3
107.2 326 109.3 327 99.3 48.2 72.5 223 57.2 18.8 342 11.2
109.9  28.1 138.1 347 75.6 34.3 107.4 257 67.1 16.7 36.7 9.4

110.1  27.6 1382 344 75.7 334 107.5 253 67.2 16.3 36.8 9.1

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

29 11.2 0.2 0.9 5.5 30.2 1.3 7 1.9 10 1.4 7
33 9 0.2 0.6 5.6 20.1 1.3 4.7 1.8 6.5 1.4 4.7
6.5 12.9 0.2 0.5 7.8 18.9 4.8 11 3.6 8.4 4.8 10.3

6.4 13.9 0.2 0.5 7.7 20.5 4.8 11.7 3.7 9.2 4.7 11

6.9 10.8 4.1 7.3 8.6 15.9 9.3 15.1 5.4 9.1 8.7 13.8
6.9 11.2 42 7.6 8.5 16.4 9.3 15.6 5.5 9.5 8.7 14.4
15.7 18.1 9.2 11.8 13.8 19.7 13.5 17.7 7.5 10.2 14.3 17.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.02 26 -10.31 259.8 0.91 35.43 a(f) 12.3 16.1
0.02 26 -10.32 260.6 0.91 42.24 w-a (f) 23.1 19.6
0.02 26 -10.3 260.1 0.91 41.73 w-a (f) 23.1 20
0.02 26 -10.3 260.7 0.91 47.47 w-a (f) 40.5 26.8
0.02 26.01 -10.36 263 0.9 47.76 w-a (f) 40.5 25.6
0.02 26 -10.49 265.9 0.86 45.62 w-a () 64.6 28.6
0.02 26 -10.48 265.8 0.86 46.26 w-a (f) 64.5 28.7
0.03 11.63 -35.94 80.4 0.17 1.32 w (f) 0.3

0.03 11.63 -35.94 78.5 0.17 1.1 i(f) 0.3

0.03 11.64 -35.92 77.9 0.17 2.46 w (f) 11.7 10.5
0.03 11.64 -35.91 79.2 0.17 2.1 i) 14.9 10.9
0.03 11.65 -35.91 78.8 0.17 3.04 i(f) 20 10.9
0.03 11.64 -35.91 78.8 0.18 3.72 i(f) 25.3 11.5
0.03 11.65 -35.89 78.2 0.18 5.19 i(f) 36.3 14
0.03 11.66 -35.87 78.2 0.18 6.29 i(f) 45.1 15.7
0.03 11.67 -35.85 78 0.17 8.97 i(f) 61 18.7
0.03 11.67 -35.84 79.2 0.19 11.08 i(f) 71.2 21.1
0.03 11.65 -35.9 79 0.23 15.93 i(f) 92.1 234
0.03 11.68 -35.83 77.9 0.24 15.59 i(D) 92.2 23.3
0.03 11.55 -36.14 79.9 0.17 0.3

0.03 11.55 -36.14 79.4 0.18 0.3

0.03 11.56 -36.12 79.7 0.18 11.6 11
0.03 11.56 -36.12 80.7 0.18 11.6 10.4
0.03 11.56 -36.11 81.3 0.17 14.7 10.8
0.03 11.56 -36.12 81.7 0.16 14.7 11
0.03 11.56 -36.11 80 0.18 20 114
0.03 11.57 -36.1 79.4 0.18 20 10.7
0.03 11.58 -36.07 80.4 0.17 253 11.4
0.03 11.58 -36.07 80 0.18 25.3 11.3
0.03 11.58 -36.07 80.1 0.17 36.4 13.8
0.03 11.58 -36.06 81.2 0.17 36.4 13.5
0.03 11.59 -36.05 79.7 0.17 42.5 14.4
0.03 11.59 -36.04 80.4 0.17 45.7 15.2
0.03 11.59 -36.04 80.1 0.18 61.8 18.5
0.03 11.59 -36.03 80.6 0.18 61.8 18.1
0.03 11.59 -36.03 80.9 0.19 71.8 20.1
0.03 11.6 -36.03 81.2 0.19 71.8 20.3
0.03 11.6 -36.01 80 0.24 95.4 22
0.03 11.6 -36.01 80 0.24 95.4 22
0.03 11.58 -36.07 75.9 0.37 241 i(f) 0.3

0.03 11.58 -36.08 75.1 0.38 2.32 i(f) 0.3

0.03 11.58 -36.06 73.9 0.38 2.64 i(f) 8.7 10.6
0.03 11.58 -36.06 76.5 0.37 3.59 i(f) 8.7 10.5
0.03 11.59 -36.05 75.2 0.38 3.35 i(D 15.9 12.3
0.03 11.59 -36.04 77 0.37 3.28 i(f) 16 12
0.03 11.59 -36.03 75.4 0.38 3.82 i(f) 20 12.3
0.03 11.6 -36.02 74.3 0.39 4.18 i(f) 19.8 12.4
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
15.7 18.4 9.2 12 13.8 19.9 13.5 18 7.5 104 14.4 18
26 21.5 14.6 12.7 30.8 26 22.5 18.8 18.6 16.3 26.2 222
259 21.9 14.6 13 30.7 26.7 224 19.2 18.6 16.6 26.2 22.7
50.3 31.5 32.3 20.8 42.6 30.5 36.5 24.3 342 232 47.4 30.3
50.4 30.3 32.3 20 42.6 28.8 36.4 23.1 34 22.2 47.2 29.3
84.9 31.7 78.5 29.3 49.8 47.2 53.8 19.7 51.8 19 68.5 24.5
84.9 314 78.4 29.2 49.8 49.1 53.7 194 51.7 18.7 68.5 24.2
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

14.3 12.5 22.2 19.5 11.6 10 1.4 1.3 9.8 9.1 10.9 10.5
13 9.8 24.7 18.9 15.8 11.1 4.7 32 20.6 14.2 10.9 8.4

14.2 79 28.6 16.2 242 12.8 8.9 4.6 27.4 14.5 16.8 9.6
16.9 7.6 39.3 18.1 273 12.4 134 59 31.8 143 229 10.5
18.9 72 67.8 26.5 35.6 13.9 232 8.6 439 16.6 28.3 11.2

29.1 10.1 81 28.7 433 15.1 36.8 12.2 46 16.1 34.2 11.9
59.1 18 80.8 26.2 70.6 213 559 16.4 60 18.4 39.6 12.1
68.4 20.2 90.8 27.3 89.8 26.2 72 20.5 66.5 20.1 40.1 12.1

95.3 232 1173 292 91.6 26.5 107.7  26.6 95.8 23.7 44.8 11.1
90.7 22.2 1142 282 101.6  28.7 107.8  26.5 95.6 23.8 434 10.7

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

13 12.4 23 21.5 12.1 10.7 1.5 1.3 9.4 8.9 10.6 10.9
13 11.4 23 20.5 12.1 10.6 1.5 1.3 9.3 8.7 10.6 10.2
12.9 9.6 243 18.9 16 11.3 45 3 20 13.6 10.5 8.3
13 10 24.3 19.1 16.1 11.4 4.4 3 20 13.9 10.5 8.6
14.2 8.4 28.9 17.9 24.4 13.3 8 4.2 27.7 14.8 16.8 10.1
14.2 7.5 28.9 16.3 24.4 13 8.1 4.1 27.7 14.3 16.9 9.4
16.5 72 39.1 18.2 27 12.4 13.3 5.8 32.6 14.3 23.4 10.6
16.5 7 39.1 18 27 12.4 133 5.8 32.6 14.1 234 10.5
18.9 7 68.3 26.3 37.1 14.4 233 8.6 42.6 15.8 28 10.5
19 6.7 68.4 25.5 37.1 14.4 23.4 8.7 42.6 15.6 28 10.2
30.7 9.7 81.7 28.6 255 9.7 36.5 12.2 46.4 154 34.1 10.9
30.7 9.8 81.8 27.8 44.7 15.4 36.6 12 46.5 15.5 342 11.1
60.8 17.2 81.3 25.3 72.5 22.4 56.5 16.7 60 18 39.5 11.3
60.9 16.7 81.3 24.7 72.5 22 56.5 16.4 60.1 17.5 39.6 11.1
69.4 18.1 92.1 25.7 89.5 26.6 72.7 20.7 67.3 19 39.6 10.5
69.4 18.8 92.1 26.2 89.5 26.2 72.7 20.3 67.3 19.2 39.7 11
90.3 19.7 113.8 25 1225 313 1069 243 96.4 22 42.6 9.5
90.3 19.7 113.8 25 1225 313 106.9 243 96.4 22 42.6 9.5
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

13.8 15.9 10.9 13.9 8.3 10.1 1.6 1.9 4 53 13.7 16.5
13.8 15.7 10.9 135 8.4 10 1.6 1.9 4 53 13.8 16.6
14.4 11.4 30.7 24.3 10.2 8 4.9 3.6 17.9 13.5 17.1 13.2
14.5 11.1 30.8 24.1 10.3 79 5 3.6 17.9 13.1 17.2 12.6
15.1 9.5 37.8 23.7 16.4 10 9.4 5.5 21.9 134 19.2 11.9

14.9 9.4 37.7 239 16.3 9.9 9.3 5.5 21.8 13.5 19.1 11.9
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 11.6 -36.01 75.9 0.38 5.39 i) 28.5 12.3
0.03 11.6 -36.02 76.4 0.38 5.03 i) 28.5 12.7
0.03 11.61 -36 81.2 0.37 4.44 i (f) 42.1 16.6
0.03 11.6 -36.01 81.7 0.37 3.45 i(h) 421 16.8
0.03 11.6 -36.01 84.2 0.34 7.02 i) 32.1 13.4
0.03 11.61 -35.99 80.2 0.36 5.24 i (f) 485 18.4
0.03 11.61 -35.99 81.6 0.36 4.99 i) 48.5 17.7
0.03 11.6 -36.01 81.2 0.36 7.14 i(f) 37.6 14.8
0.03 11.61 -36 81.3 0.36 7.43 i(f) 36.7 15.1
0.03 11.62 -35.98 80.2 0.36 8.29 i) 61.2 204
0.03 11.62 -35.98 78.8 0.38 8.44 i(f) 61.2 20
0.03 11.61 -35.99 79.4 0.37 8.81 i) 71.4 18.8
0.03 11.62 -35.98 80 0.37 9.16 i) 71.5 19.4
0.03 11.62 -35.97 80.1 0.37 13.11 i (f) 85.7 15.4
0.03 11.62 -35.96 79.1 0.38 13.79 i) 85.7 14
0.03 11.62 -35.96 83.6 0.35 w 0.3

0.03 11.63 -35.95 85.2 0.34 w 0.3

0.03 11.64 -35.92 84.2 0.36 0.76 i) 16.6 13
0.03 11.64 -35.92 85.4 0.35 0.85 w (f) 16.5 13.6
0.03 11.64 -35.92 86 0.34 0.91 i) 19.1 13.8
0.03 11.64 -35.92 82.4 0.35 0.89 i) 19.1 13.3
0.03 11.65 -35.9 85.5 0.34 1.11 w (f) 253 14.2
0.03 11.64 -35.91 83.5 0.34 0.84 i) 19.7 12.3
0.03 11.65 -35.89 78.9 0.37 1.34 w (f) 33.4 16
0.03 11.66 -35.88 80.8 0.37 1.44 i (f) 33.3 15.6
0.03 11.66 -35.88 79.3 0.37 1.5 i) 39.9 17.1
0.03 11.66 -35.88 79.5 0.37 1.61 i) 39.9 17.2
0.03 11.66 -35.88 79.9 0.37 1.77 i (f) 443 18.4
0.03 11.66 -35.87 78.5 0.38 1.73 i) 44.6 17.9
0.03 11.66 -35.87 82.6 0.36 234 i) 54.6 20
0.03 11.66 -35.87 83 0.35 2.09 i) 54.6 20.2
0.03 11.66 -35.87 83.6 0.35 243 i) 67 20.9
0.03 11.66 -35.86 83.7 0.35 2.84 i (f) 66.6 214
0.03 11.66 -35.87 79.9 0.36 2.92 i) 84.9 19.9
0.03 11.67 -35.86 82.3 0.35 2.66 i) 85 21.3
0.03 11.64 -35.93 78.2 0.39 10.47 58.5 232
0.03 11.65 -35.91 79.8 0.37 10.41 46.3 21.6
0.03 11.65 -35.9 80.1 0.37 14.62 i) 71.2 23.6
0.03 11.66 -35.86 79.9 0.37 13.12 70.3 19.8
0.03 11.65 -35.9 77.8 0.37 12.39 56.7 17.7
0.03 11.62 -35.97 79.2 0.36 11.65 i) 54.5 23.6
0.03 11.6 -36.02 83.4 0.35 2.67 w (f) 0.3

0.03 11.61 -36 83.7 0.34 2.89 w (f) 0.3

0.03 11.62 -35.97 83.7 0.35 3.82 i(f) 13.2 14.9
0.03 11.64 -35.93 81.9 0.37 4.12 i) 13.4 15.3
0.03 11.63 -35.93 83.8 0.35 4.54 i) 16.6 15.6
0.03 11.6 -36.02 85.4 0.35 442 i(f) 16.7 15.4
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
21.5 8.5 60.7 24.8 25.7 119 14 6.5 27.2 12.8 22 9.3
21.5 8.9 60.7 26 25.6 12 14 6.6 27.1 12.9 22 9.7
44.7 16 68.7 27.5 49.9 22 22.6 9.5 50.7 19.1 15.7 5.7
44.7 15.7 68.7 27.6 50 23.1 22.7 10.1 50.8 19.1 15.7 5.4
21.7 8.5 66.9 27.1 25.8 11.4 22.9 9.8 30.3 13.3 24.7 10.2
44.8 15.8 75.4 28.4 59.7 26.4 36.5 14.1 59 20.4 15.7 5.3
44.8 14.8 75.4 27.3 59.7 25.6 36.5 14 59 19.5 15.7 5
26.6 10.2 70.6 28.4 27.8 11.5 36.3 13.9 31.9 12.7 32.5 11.9
24.1 9.9 73.2 30.5 28.6 12.1 36.8 14.5 31.2 13.2 26 10.6
50.5 16.7 89.9 29.8 76.1 28.4 54.7 18.1 75.3 23 20.4 6.4
50.6 15.7 89.9 29 76.1 29 54.7 17.8 75.3 222 20.4 6.1
56.1 13.2 102 24.8 92.1 31.5 724 18.9 85.1 20 20.6 4.6
56.1 14.9 1022 264 92.3 29.4 72.5 19.5 85.1 21 20.6 5.1
72 11 109.7 17.9 99.3 26.5 107.6 17.8 100.6 15.6 24.8 3.7
72.1 9.7 109.7 159 994 25 107.7 16.1 100.6 14.2 24.9 3.3
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

19.9 154 214 17.7 21.6 16.2 2.4 1.9 19.5 154 14.7 11.6
19.8 16.9 213 18.3 21.6 15.9 2.3 1.8 19.5 159 14.7 12.7
23.3 16.8 29.2 21.4 21.9 14.5 4.6 33 19.9 14.9 15.6 11.9
23.4 15.6 29.2 20.6 22 14.7 4.6 33 19.9 14.7 15.6 11.2
233 13.4 39.2 22.5 34.1 17.5 9.5 5.1 30.3 17.4 15.6 9.3
23.4 13.8 39.2 25.4 0.3 0.3 9.5 6.3 30.2 18.6 15.5 9.5
26.7 13.1 60.4 29.1 40.3 18.2 13.8 6.6 40.1 19.6 18.9 9.4

26.6 12.4 60.4 28.2 40.2 18.4 13.8 6.7 40.1 19 18.9 9

36.6 154 732 31 44 18.9 22.5 10 43.8 19.1 19.4 8.3
36.6 15.5 733 31.1 44 18.9 22.5 9.9 43.8 19.2 19.4 8.4
38 16.1 71 30 50.4 20.8 36.3 14.9 48.9 19.9 21.3 8.7

38.2 14.2 713 28.6 50.7 234 36.5 15.1 494 18.2 21.6 7.6
46.5 17.7 86.8 31.7 589 22.4 54.5 19.2 59.6 21.3 213 7.9

46.5 17.2 86.7 31.5 589 23.7 54.4 20 59.6 21.1 21.3 7.5
515 154 96.2 29 714 29.8 73.2 224 71 21.7 26.5 73
51.2 15.9 95.6 29.7 77 30.5 72.9 22.5 76.6 22.3 26.2 7.6
58.3 12.7 109.7  24.1 102 325 108.6  23.6 100.1 203 30.6 6.2
58.4 11.9 109.8 23 1022 434 108.8  23.6 100.2  19.7 30.8 5.8
60 23.4 82 32.1 58.1 27.7 72.9 274 57.8 21.4 20 72
29 19.5 59.7 31.5 63.7 24.8 73.8 27 40.7 19.8 10.7 6.7

62.7 204 92.9 29.7 72.1 319 108 315 72.2 21.8 19.3 59
62.7 17.1 92.9 25.3 72.2 27.2 108 26.9 722 18.6 13.6 3.6

39.2 133 74 23 84.5 274 84.8 239 46.9 14.8 10.9 3.6
29 17.6 74 332 84.6 323 84.9 31.1 44.1 21.3 10.5 6.2
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

19.3 21.6 19.8 23.1 6.4 7.6 52 5.6 15 16.4 13.8 15.4
19.4 223 20 23.1 6.5 7.6 53 5.7 15.2 16.9 13.9 16.1
20.6 19.3 28.5 26.6 9.5 8.9 9.3 8.2 16 155 15.8 152

20.6 18.9 28.6 26.2 9.6 8.9 9.3 8.2 16.1 15.2 15.8 14.8
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 11.61 -35.99 83.4 0.35 3.99 i(f) 16.7 15.4
0.03 11.61 -36 83.2 0.36 5.21 i(f) 21.8 15
0.03 11.62 -35.96 83.8 0.36 4.64 i(f) 21.9 15.4
0.03 11.62 -35.97 82.9 0.36 5.47 i(f) 21.8 15.5
0.03 11.63 -35.96 83.2 0.35 6.17 i(f) 28.7 16.3
0.03 11.61 -35.99 83.8 0.35 6.57 i(f) 28.8 15.8
0.03 11.63 -35.95 83.4 0.35 5.67 i(f) 28.8 14.8
0.03 11.66 -35.86 82.3 0.37 7.8 i(H) 37.9 18.9
0.03 11.61 -36 82.6 0.36 741 i(f) 39.6 18.4
0.03 11.63 -35.94 83.8 0.36 8.56 i(f) 39.5 16.9
0.03 11.62 -35.96 83 0.36 9.54 i) 48.2 16.5
0.03 11.64 -35.92 83.2 0.35 10.37 i(f) 48.2 17.7
0.03 11.63 -35.93 82.4 0.36 10.69 i(f) 48.1 19.7
0.03 11.64 -35.91 82.5 0.36 9.66 i(f) 61.3 20.9
0.03 11.64 -3591 83.1 0.36 12.03 i(f) 61.4 22.6
0.03 11.64 -35.92 79 0.38 11.51 i(f) 61.3 20.2
0.03 11.66 -35.87 81.9 0.36 15.23 i(f) 71.4 20.5
0.03 11.63 -35.96 82.4 0.36 10.08 i(f) 71.3 19
0.03 11.64 -35.92 82.4 0.36 12.98 i(D) 72.3 17.3
0.03 11.59 -36.05 83.9 0.53 4.72 w (f) 0.3

0.03 11.58 -36.06 80.2 0.56 491 i(f) 0.3

0.03 11.59 -36.05 83.4 0.54 4.98 i(D) 2.3 8.9
0.03 11.59 -36.05 83.7 0.54 4.89 i(f) 22 9.1
0.03 11.59 -36.03 79.3 0.58 5.18 i(f) 4.2 10.6
0.03 11.59 -36.04 82 0.55 5.18 i(f) 4.2 10.5
0.03 11.6 -36.03 80.6 0.56 5.28 i(f) 7.2 11.6
0.03 11.59 -36.04 81.9 0.55 5.35 i(f) 7.1 11.7
0.03 11.59 -36.04 83.5 0.53 5.46 i(f) 7.2 11.7
0.03 11.6 -36.01 79.7 0.57 6.09 i(f) 14.2 13.7
0.03 11.6 -36.02 84.5 0.53 6.18 i(f) 14.2 13.8
0.03 11.61 -35.99 81.9 0.55 7.43 i(f) 19.7 15.2
0.03 11.61 -36.01 82.3 0.55 7.21 i(f) 19.7 15.3
0.03 11.61 -36 80.7 0.57 9.18 i(D) 233 16.4
0.03 11.61 -36 84.9 0.52 8.19 i(f) 24.4 16.5
0.03 11.62 -35.98 81.7 0.56 10.36 i(f) 36.6 17
0.03 11.62 -35.97 84 0.54 10.74 i(f) 36.6 19.3
0.03 11.63 -35.95 82.4 0.55 14.65 i(f) 50.5 20.8
0.03 11.67 -35.86 82.7 0.54 15.24 i(f) 59.9 20.6
0.03 11.69 -35.8 81.1 0.8 19.18 i(f) 59.9 9.8
0.03 11.67 -35.86 79.9 0.56 17.93 i(f) 73 20.5
0.03 11.68 -35.82 80.6 0.74 20.13 i(f) 72.8 6.1
0.03 11.56 -36.13 80.5 0.74 7.08 i-a (f) 0.3

0.03 11.55 -36.13 84 0.71 6.95 i-a (f) 0.3

0.03 11.56 -36.12 82.8 0.72 7.42 i-a (f) 3.1 8.3
0.03 11.56 -36.12 84 0.71 7.63 i-a (f) 3.1 8.1
0.03 11.56 -36.11 84 0.71 9.27 i-a (f) 8.7 12.1
0.03 11.56 -36.11 84.3 0.7 9.09 i-a (f) 8.8 12.1
378 Table G.9



G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
20.6 194 28.6 26.5 9.6 8.7 9.3 8.1 16.2 15 15.7 14.7
239 15.8 38.8 26.4 14.4 10.2 139 9.3 25.7 18.1 14.2 10
24.1 16.9 38.8 27.3 14.5 10.3 14 9.3 25.8 18.1 14.3 10.3
239 16.9 38.5 27.5 14.4 10.3 139 9.3 25.8 18.5 14.3 10.7
32.6 17.9 50 28.3 22.3 12.4 22.8 12.4 25.9 15.5 19 11
32.6 16.9 50.1 27.6 22.3 124 22.8 12.3 26 15 19 10.5
32.6 14.7 50 24.9 22.3 12.6 22.8 12.6 26 14.5 19.2 9.4
32.8 19.5 60 31.6 37.1 15.9 37.1 154 39.2 19.2 20.9 11.6
41.7 18.5 60.2 29.2 37.4 18.7 374 17.2 394 17.9 21.2 9.2
41.7 17 60.3 26.6 374 17 37.3 15.7 394 16.5 21 8.5
41.5 15.1 69.9 24.4 60.4 21.3 54.7 17.4 48.5 16 13.9 49
41.5 15.2 70 25.5 60.4 24.1 54.7 19.7 48.6 17 13.8 49
41.5 17.5 69.9 28.7 60.4 26.4 54.8 21.3 48.5 18.8 13.8 5.6
58.7 17.9 81.5 26.4 73.4 329 72.8 24 63.3 19 18.1 5.3
58.8 21.5 81.6 29.7 734 30 72.8 25.2 63.4 222 18.2 6.6
58.7 17.6 81.5 25.5 73.2 32 72.7 22.5 63.2 18.4 18.1 5.1
54.2 15.5 87.4 25.5 88.6 29.7 94.4 24.8 73.6 19.3 30.2 8.2
54 13.9 87.3 23.1 88.4 29.6 94.2 23.6 73.5 17.2 30.3 6.8
66.6 14.1 87.2 19.4 88.4 29.6 94.2 20.5 73.6 15.1 23.7 4.8
0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
5.1 18.6 1.7 7.7 1.6 6.9 1.7 6.4 1.8 7.6 1.6 6.1
5.2 19.5 1.7 8.1 1.6 7.2 1.7 6.4 1.7 7.2 1.6 6.3
8.3 19.8 4.6 12.8 1.6 4.4 3.9 9.5 1.8 4.9 5.1 12.5
8.3 19.6 4.5 12.5 1.6 4.5 3.9 9.5 1.8 4.8 5 12.3
13.2 20.2 7.5 13.2 4.1 7 5.1 8.2 4.6 7.9 8.4 133
13.2 20.4 7.4 13.1 4.1 7 5.1 8.2 4.5 7.8 8.3 134
13.3 20.3 7.6 13.1 4.2 7 5.2 8.2 4.7 7.9 8.4 134
23.5 21.6 17.6 17.7 7.7 7.8 9.7 9.3 9.8 9.8 17 16.2
23.6 21.7 17.6 17.8 7.7 7.7 9.7 9.3 9.9 9.9 17 16.3
31.8 23.5 28.3 22.7 9.7 8 14 10.7 154 12 18.7 14.2
31.8 239 284 22.7 9.8 79 14.1 10.7 15.6 12.2 18.7 14.4
33.2 229 32.2 232 15.3 114 23.6 16 19.7 13.9 15.8 11.2
34 22.7 36.5 25.3 15.2 10.5 23.5 15.2 19.8 13.6 17.1 11.7
48.9 21.5 52.7 252 27.8 14.9 36.8 17 32.7 14.4 20.7 8.8
48.8 254 52.6 28.4 27.7 154 36.8 18.5 32.7 17 20.7 10.8
54.6 22.1 76.5 31.5 44.1 21.4 54.4 222 48.4 18.5 24.9 9.5
52.8 17.8 110.5 35.8 40.6 17.9 75.5 25.7 54.9 18 24.9 8.2
52.5 8.5 110.6 17 40.5 8.8 754 11.7 55 8.7 25.1 4
60.1 16.7 1283 345 40.7 16.5 107.3  28.7 68.6 18 32.8 8.7
59.9 4.8 128 10.5 40.6 4.4 107 8.7 68.7 5.7 32.8 2.5
0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
6.2 14.5 1.9 6.3 1.7 5.2 2.3 6 1.9 5.7 4.7 11.9
6.2 144 1.9 6.1 1.7 5.1 2.3 5.8 1.9 5.4 4.8 11.8
14.6 18.6 8.3 12.8 8.5 11.8 4.8 6.6 6.6 9.6 9.7 13.1
14.7 18.4 8.4 12.7 8.7 12 49 6.7 6.7 9.6 9.8 13.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 11.57 -36.09 84.5 0.72 10.47 i-a (f) 12 12.9
0.03 11.57 -36.08 83.9 0.72 10.21 i-a (f) 12 13
0.03 11.57 -36.09 83.7 0.69 10.8 i-a (f) 14.7 13.8
0.03 11.57 -36.09 84.4 0.69 10.87 i-a (f) 14.7 13.8
0.03 11.58 -36.07 83.9 0.72 14.26 i-a (f) 22.4 16.5
0.03 11.58 -36.06 84.6 0.71 14.74 i-a (f) 22.5 16.6
0.03 11.59 -36.04 84.4 0.72 16.51 i-a (f) 31.1 13.2
0.03 11.59 -36.05 82.8 0.73 14.57 i-a (f) 31.1 11.6
0.03 11.6 -36.01 83.4 0.72 17.86 i-a (f) 37.8 14.2
0.03 11.59 -36.04 83.3 0.73 12.78 i-a (f) 37.7 6.5
0.03 11.58 -34.21 75.5 0.95 9.59 w-a (f) 0.4

0.03 11.59 -34.18 75.3 0.95 i-a (f) 0.4

0.03 11.58 -29.46 77.7 0.96 i-a (f) 1.3

0.03 11.58 -34.21 76.1 0.95 i-a (f) 1.4

0.03 11.58 -34.21 76.7 0.95 8.24 w (f) 4.7

0.03 11.58 -29.58 77.9 0.96 9.19 w (f) 4.7

0.03 11.58 -26.83 77.4 0.96 10.05 w (f) 9.7

0.03 11.59 -28.82 78.1 0.96 11.22 w (f) 9.7

0.03 11.58 -28.87 71.5 0.96 10.72 w (f) 14.2

0.03 11.58 -29.08 71.5 0.96 10.98 w (f) 14.2

0.03 11.59 -26.82 76 0.96 11.72 w (f) 19.7

0.03 11.59 -30.48 77.1 0.96 12.47 w (f) 19.8

0.03 11.59 -36.04 86 0.87 14.99 i-a (f) 29 12.9
0.03 11.59 -36.04 85.1 0.88 14.88 i-a (f) 29 12.9
0.03 11.62 -35.97 157.5 0.14 4.25 i(f) 0.3

0.03 11.61 -35.98 159.9 0.14 4 w (f) 0.3

0.03 11.63 -35.95 162.1 0.14 5.52 i(f) 17.7 14.6
0.03 11.64 -35.93 159 0.14 6.43 i(f) 26 16.4
0.03 11.64 -35.91 160.9 0.14 9.2 i(f) 344 16.7
0.03 11.65 -35.9 160 0.14 9.75 i(f) 39.9 17.1
0.03 11.65 -35.89 163.1 0.13 10.89 i(f) 46.4 18.2
0.03 11.66 -35.88 162.4 0.14 13.9 i(f) 54.1 20.4
0.03 11.67 -35.86 162.5 0.14 14.69 i(D) 59.2 21.2
0.03 11.67 -35.85 158.3 0.14 16.28 i(f) 67 22.6
0.03 11.67 -35.84 155.9 0.14 18.42 i(f) 79.6 24.9
0.03 11.63 -35.94 152.1 0.35 10.06 i-a (f) 0.3

0.03 11.63 -35.96 150.9 0.35 10.22 w-a (f) 0.3

0.03 11.63 -35.94 150.9 0.35 10.24 i-a (f) 3.5 12.2
0.03 11.64 -35.92 151.3 0.35 11.2 w-a (f) 9.3 13.7
0.03 11.64 -35.92 164.7 0.32 11.49 i-a (f) 13 14.7
0.03 11.65 -35.9 148.9 0.36 14.96 i-a (f) 21.4 18.1
0.03 11.65 -359 150.5 0.36 16.59 i-a (f) 31.7 21
0.03 11.67 -35.85 151.2 0.36 19.98 i-a (f) 443 244
0.03 11.68 -35.83 156.5 0.34 21.01 i-a (f) 57.4 26.5
0.03 11.68 -35.82 151.8 0.36 26.39 i-a (f) 65.8 26
0.03 11.69 -35.79 152.5 0.35 29.52 i-a (f) 80.6 27.5
0.03 11.6 -36.01 1554 0.54 18.62 a(f) 0.3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
18.7 18.8 11.7 13.7 11.9 12.7 9.1 9.8 7.1 8.2 13.5 14.3
18.8 19 11.7 13.8 11.9 12.7 9.2 9.9 7 8.1 13.6 14.4
199 17.8 17 16.8 13.7 12.6 13.7 12.6 8 8.1 16.2 15.1
19.8 17.9 17 16.9 13.7 12.5 13.7 12.5 8.1 8.1 16.2 15.2
28.2 20 27.4 20.8 16.5 13 22.7 16.5 14.5 10.9 24.8 17.8
28.4 20.3 27.5 21.1 16.7 13 22.8 16.5 14.6 11 24.8 17.9
35.1 144 45.1 19.5 21.1 10.1 36.2 15.1 19.1 7.9 30.1 12.1
35.2 12.8 45.1 17.1 21.2 8.8 36.2 13.1 19.1 7 30.1 10.7
39.6 14.5 554 20.2 23 9.4 54.1 19.9 19.3 7.6 35.2 134
39.5 6.9 553 9.9 23 4.4 54.1 9 19.2 3.3 35.1 5.8
0.4 0.4 0.4 0.4 0.4 0.4

0.4 0.4 04 0.4 0.4 0.4

33 0.4 0.4 1.5 0.4 22

3.2 0.4 0.4 1.6 0.4 2.3

10 1.9 49 49 1.8 4.8

10.1 1.9 4.9 4.9 1.8 4.8

19 7.9 9.9 9.2 2.6 9.6

18.9 7.9 9.8 9.2 2.6 9.6

25.8 15.2 13.3 139 6.9 9.9

259 15.3 134 139 6.9 9.9

32 20.3 13.8 22.7 9.8 19.6

32.1 20.3 13.9 22.7 9.9 19.6

46.5 19.9 35 15.8 15.5 7.4 36.1 15.8 13.2 5.9 27.8 12.3
46.5 19.9 35 16 15.5 7.5 36.1 15.7 13.3 5.9 27.8 12.3
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

33.2 26 20.3 17.7 14.9 12.4 1.7 1.5 14.8 12.5 21.2 17.6
33.1 21.7 35.1 22.7 27 15.7 4.7 2.9 27.1 16.7 28.8 18.6
37.2 18.3 50.4 24 40 18.1 9.4 4.6 40.3 19.8 28.9 153
40.7 16.8 62.1 26 44.3 18.8 13.7 6.2 44.6 19.6 33.8 152
45 16.9 77.8 29.9 49.4 19.2 22.7 9.3 49.4 20.1 33.9 13.8
52.6 20.2 91.3 33.7 54 19.3 36.3 13.3 54.1 21.1 36.1 14.6
58.5 20.8 99.2 34.7 55 194 54.2 18.7 55.2 20.7 33 12.7
58.4 19.8 1109  36.3 58.4 20.7 72.3 23.5 58.7 20.4 433 15
75 232 1209  37.1 59.8 214 108.1 32.5 59.7 19.2 54.1 16.1
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

11 34.1 0.3 1.3 2.2 9.7 1.5 6.1 1.7 79 4 14.2
18.6 26.6 4.7 7.6 8.3 124 4.8 7 8.2 12.5 11 159
24 26.3 9.6 11.5 10.9 12 9.3 10.1 10.9 12.8 13.6 15.6
339 27.5 20.8 18.1 18.6 16.1 13.8 12 18.8 16.3 22.5 18.9

50.8 329 31.2 21.2 273 17.6 22.8 14.7 27.5 18.6 30.7 21
733 38.7 47.1 26.5 35.6 20.5 36.2 20.2 329 18.6 404 22.1

90.8 40.9 76 34.5 38.7 20 54 249 38.6 18.1 46.4 20.8
97.2 36.5 87.7 34.8 44.6 21.2 72.2 28.6 44.7 17.3 48.6 17.6
102.2 347 108.7  36.8 50.5 21.1 107.8 35 50.5 17.2 63.7 20.4
0.3 0.3 0.3 0.3 0.3 0.3
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 11.6 -36.02 161.2 0.52 19.23 a(f) 0.3

0.03 11.6 -36.01 156 0.53 18.38 a(f) 1.6 6.8
0.03 11.6 -36.01 157.9 0.53 18.8 a(f) 6 11.4
0.03 11.57 -36.09 157.8 0.53 19.92 i-a (f) 10.7 13.7
0.03 11.58 -36.08 160.5 0.52 20.34 i-a (f) 14.5 15.1
0.03 11.59 -36.05 159.7 0.53 23.09 i-a (f) 22.9 17.6
0.03 11.6 -36.03 157 0.54 27.16 i-a (f) 34.7 20.5
0.03 11.61 -35.99 153.5 0.55 33.68 i-a (f) 53.9 23.8
0.03 11.61 -35.98 154.1 0.55 37.47 i-a (f) 71.3 24.2
0.03 11.63 -35.95 155.2 0.55 38.7 i-a (f) 84.9 23.1
0.03 11.58 -36.06 154 0.75 24.87 a(f) 0.3

0.03 11.57 -36.09 163 0.71 25.26 a(f) 0.3

0.03 11.58 -36.08 159.9 0.71 25.09 a(f) 2.2 10.2
0.03 11.57 -36.09 151.9 0.76 23.87 a(f) 5.6 12.9
0.03 11.57 -36.08 151.8 0.76 24.19 i-a (f) 10.1 14.6
0.03 11.58 -36.06 157.2 0.73 26.45 i-a (f) 10.2 14.9
0.03 11.6 -36.03 152.8 0.76 26.61 i-a (f) 13.6 15.5
0.03 11.59 -36.05 154.3 0.74 27.78 i-a (f) 13.6 15.8
0.03 11.6 -36.02 156.6 0.73 29.92 i-a (f) 23 17.5
0.03 11.59 -36.05 155.3 0.75 31.04 i-a (f) 22.5 17.8
0.03 11.6 -36.01 157.5 0.73 34.35 i-a (f) 36.6 20.4
0.03 11.6 -36.01 156.3 0.74 35.47 i-a (f) 34.6 18.4
0.03 11.59 -36.03 156 0.74 36.01 i-a (f) 34.6 20.5
0.03 11.6 -36.01 157.1 0.74 34.67 i-a (f) 32.8 19.2
0.03 11.61 -36 160.8 0.72 43.03 i-a (f) 55.3 22.8
0.03 11.62 -35.98 162.1 0.72 42.54 i-a (f) 54.6 24.1
0.03 11.62 -35.98 162.5 0.71 48.63 i-a (f) 75.7 25.1
0.03 11.65 -35.91 164.5 0.7 60.46 a(f) 102 34.8
0.03 11.62 -35.96 159.6 0.73 60.94 i-a (f) 104.3 35.7
0.03 11.65 -35.89 161.6 0.72 60.96 i-a (f) 104.3 36
0.03 11.66 -35.88 166.5 0.69 59.42 i-a (f) 104.9 34.9
0.03 11.64 -35.92 167.6 0.69 58.03 i-a (f) 105.1 32
0.03 11.63 -35.95 171.6 0.68 52.18 w-a (f) 108.1 11.1
0.03 11.58 -36.07 161.9 0.91 27.18 a(f) 0.3

0.03 11.57 -36.07 160 0.91 25.67 a(f) 0.3

0.03 11.58 -35.76 156.6 0.93 25.67 a(f) 0.3

0.03 11.61 -32.58 151.8 0.95 26.95 a(f) 22

0.03 11.58 -35.73 156.7 0.93 27.06 a(f) 3.2 18.4
0.03 11.58 -36.06 166.4 0.88 29.76 a(f) 6.4 9
0.03 11.6 -35.3 155.4 0.94 33.43 a(f) 11.1 34.9
0.03 11.55 -35.94 158.8 0.93 38.04 a(f) 24.8 12.9
0.03 11.6 -35.92 159.1 0.92 39.87 w-a (f) 24.6 13.6
0.03 11.52 -36.22 162.8 0.9 44.15 w-a (f) 40.6 12
0.03 11.52 -35.94 157.5 0.93 41.22 w-a (f) 38.5 13.2
0.03 11.61 -35.73 157.4 0.93 50.62 w-a (f) 55 22.6
0.03 11.63 -35.96 164.8 0.89 52.64 w-a (f) 49.6 19.2
0.03 11.57 -35.77 157.1 0.93 46.46 w-a (f) 47 14.4
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.3 0.3 0.3 0.3 0.3 0.3

2 7.9 1.8 8.5 0.3 1.5 3.2 12.2 0.3 1.3 2.3 9.4
11.8 20.3 3.3 7 3.1 6.7 6.3 124 2.2 4.4 9.5 17.4
17.2 21 7.8 10.8 7.9 10.5 10.7 134 7 9.3 13.5 17.3
21.3 21 12 13.2 11 12 14.1 14.6 9.5 10.2 18.9 19.3
30.8 22.8 19.5 15.7 18.2 15 22.8 17.3 18.2 14 27.6 20.8
44.4 24.6 35.6 214 254 17.5 37.1 222 25 14.7 40.9 22.7

65.8 27.6 59.6 26.1 45.4 23.7 56.9 24.7 45.8 19.4 50.2 21.3
83.3 26.8 88.8 29.7 60.8 26.5 72.6 23.8 61.7 19.2 60.3 19.2
90.4 242 106 28.2 69.3 239 107.7  26.8 69.8 17.8 66.1 17.5

0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
4.8 18.9 0.3 1.8 2 12 1.8 8.6 1.8 9.7 2.6 10.4
8.9 18.5 3 7.8 4.5 12.5 4.7 11.1 4.7 11.3 8.1 16.4
15.9 21.8 49 8 9.7 15.2 9.4 134 9.7 14.4 10.7 14.8
16.1 22.3 5 8.2 9.8 15.5 9.6 13.7 9.9 14.8 10.9 15.2

20.9 22.4 9.6 11.7 12.7 15.6 13.6 15.1 12.6 14.6 11.8 133
20.9 233 9.6 11.8 12.7 15.4 13.6 15.2 12.7 153 11.9 139

315 224 20 15.7 20.2 17 229 17.6 19.6 15.1 24.1 17.4
29.2 22 19.8 15.9 20 16.9 22.8 17.9 19.6 15.8 23.7 18
494 26.2 33.6 18.6 29.2 18.6 36.6 20.6 325 18.1 38 20.4

413 21.1 30.2 16.4 29.2 17.4 36.6 19.3 32.4 16.7 382 19.1
413 23.7 30.2 18.5 29.1 19.6 36.6 21.6 32.5 18.7 37.9 21

413 234 30.1 17.9 273 17.6 36.6 20.9 27.4 16 34.3 19.3
67.6 26.9 57.5 239 46.8 21.1 54.5 22.1 46.1 18.9 59.2 23.8
66.9 29.1 51.9 232 49.1 239 54.7 235 46.1 19.9 59.1 25.1

99.7 31.2 84.2 27.8 62.4 24.7 73 23.6 61.1 19.7 73.7 23.4
12809 424 120.1  39.7 80.2 333 107.5 348 79.8 26.6 95.7 32
1336 433 1212 40 80.3 35.1 108 35.1 79.9 26.7 103.1 339
1335 438 121 40.2 80.3 349 107.9 354 80 27 103.3 348
135.7 43.1 121.3 389 80.4 34.1 107.8  33.8 80.2 26 1042 337
1362 392 121.7  36.1 80.5 324 107.8  30.6 80.1 233 104 30.1
1475 145 128 13.1 98.5 11.6 108.1 109 80.4 8 85.8 8.2
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

3.8 1.7 1.6 2.8 1.7 1.7

5.4 24.9 1.7 14.5 1.6 15.8 5 27.7 1.7 10.8 3.7 17
10 13.1 5 7.5 4.4 7 9.3 12.8 3.7 5.4 6.2 8.4
15.9 40 9.7 332 79 38 14.4 42.8 8 26.3 10.7 29.2
26.9 13.4 16.7 9 25.7 15.2 28 14.4 259 13 254 12.3
26.6 14.2 16.7 9.6 255 15.9 27.6 15 26.2 13.8 253 13
50.3 14.3 419 12.3 36.3 11.7 35.7 10.8 38.2 11.2 412 11.9
45.9 14.9 38.5 13.1 34.8 13.2 36 12.5 342 11.7 41.4 13.5
73 28.4 57.7 23.4 43.9 21.6 54.4 21.7 43.6 17.7 57.6 22.8
55.6 20.7 43.8 17 43.1 18.3 542 21 43.7 16.9 57.1 21.3
49.8 15.2 39 12.1 43.1 14 54.2 16 44.1 13.4 51.7 15.5
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 11.57 -36.09 265.7 0.12 9.61 i(f) 0.3

0.03 11.58 -36.07 265.8 0.12 10.92 i(f) 0.3

0.03 11.58 -36.07 268 0.11 11.65 i(f) 7.3 11.4
0.03 11.58 -36.07 268.6 0.12 11.01 i(f) 7.2 11.2
0.03 11.59 -36.05 253.1 0.13 15.09 i(f) 18.9 15.8
0.03 11.59 -36.04 256.4 0.13 13.94 i(f) 18.9 15.7
0.03 11.6 -36.03 254.8 0.12 17.95 i(f) 29.3 19.1
0.03 11.59 -36.04 254.7 0.13 17.28 i(h) 29.2 18.8
0.03 11.6 -36.03 256 0.13 16.4 i(f) 38.3 21
0.03 11.6 -36.02 257.6 0.12 17.84 i(f) 38.4 20.7
0.03 11.61 -35.99 270.1 0.11 22.14 i(D) 57 24.9
0.03 11.61 -36 272.6 0.11 22 i(f) 57 25.3
0.03 11.62 -35.96 269.3 0.13 27.32 i(f) 66.2 27.5
0.03 11.62 -35.97 269.3 0.12 25.86 i(f) 66.1 27.9
0.03 11.63 -35.94 268.6 0.11 30.41 i(f) 77 29.3
0.03 11.62 -35.96 268 0.12 28.42 i(f) 76.9 29.1
0.03 11.64 -35.93 270.6 0.11 32.02 i(f) 84.1 30
0.03 11.64 -35.92 266.9 0.12 30.51 i(f) 84.1 30.9
0.03 11.64 -35.91 267.2 0.11 33.13 i(h) 93 30.7
0.03 11.65 -35.9 267 0.11 34.64 i(f) 93 31.7
0.03 11.58 -36.06 263 0.32 27.89 a 0.3

0.03 11.59 -36.05 262.1 0.32 28.37 a 0.3

0.03 11.59 -36.05 263.3 0.32 29.39 a 44 12.7
0.03 11.59 -36.04 265.1 0.32 2791 a(f) 7 14.3
0.03 11.6 -36.02 266.9 0.32 30.37 a(f) 10.7 14.4
0.03 11.61 -36.01 266.7 0.33 31.57 i-a (f) 16.3 16.3
0.03 11.61 -35.99 271.4 0.31 34.4 i-a (f) 27.7 20.4
0.03 11.62 -35.96 272.8 0.31 39.56 i-a (f) 41.9 25.1
0.03 11.63 -35.94 272 0.31 44.04 i-a (f) 55.8 28.7
0.03 11.65 -35.9 266.9 0.32 59.47 i-a (f) 72.4 31.8
0.03 11.66 -35.87 266 0.32 64.04 i-a (f) 90.9 34.8
0.03 11.65 -35.89 268.4 0.32 57.52 i-a (f) 91 322
0.03 11.61 -35.98 268.4 0.51 50.57 a 0.3

0.03 11.62 -35.98 264.7 0.52 50.04 a 32 9.9
0.03 11.62 -35.96 257.8 0.53 49.97 a 6.3 11.7
0.03 11.62 -35.96 260.2 0.53 51.99 a 11.9 13.3
0.03 11.56 -36.13 262 0.52 54.14 a 18.3 15
0.03 11.56 -36.1 262.5 0.52 58.81 a 34.4 20.2
0.03 11.56 -36.1 259.4 0.53 58.1 a 47.3 20.5
0.03 11.58 -36.07 260.3 0.53 64.88 i-a (f) 58.9 27.3
0.03 11.59 -36.05 262.2 0.52 68.18 i-a (f) 71.2 29.1
0.03 11.59 -36.04 263.1 0.52 74.56 i-a (f) 90.7 333
0.03 11.59 -36.04 263.6 0.52 73.26 a 91.2 34.1
0.03 11.6 -36.03 262.8 0.73 64.63 a 0.3

0.03 11.6 -36.03 261.4 0.73 64.59 a 0.3

0.03 11.6 -36.01 256.9 0.75 64.35 a 2.1 5.8
0.03 11.6 -36.01 262.1 0.73 65.75 a 2.1 6.3
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

13.2 20 3.2 5.4 8.1 12.3 1.6 2.5 8 13.5 9.5 149
13 19.7 3.1 5.3 8.1 12.1 1.6 2.5 8 134 94 14.6
29.6 24.4 14.7 13.2 18.7 15.1 4.9 4.2 18.8 16.2 26.5 21.8
29.6 24.3 14.7 13.1 18.6 149 4.8 4.1 18.8 16.2 26.6 21.7
50.4 31.5 25.7 17.4 27.1 17.1 9.3 6.2 27.4 18.6 36.1 23.5
50.3 31.4 25.6 17.4 27.1 16.8 9.2 6.1 27.3 18.2 36 23.1
62.8 339 38.6 22.1 353 18.5 13.6 7.6 35.6 20 44.2 24
62.9 32.6 38.6 21.7 354 18.7 13.7 7.6 35.6 19.9 44.2 23.7
97.3 41 60.4 27.5 52.5 22.6 22.8 10.4 55.5 24.8 534 233

97.4 423 60.4 27.8 525 22.7 229 10.4 55.5 249 53.4 23.4
103.8 425 78.7 32.8 59.8 24.3 36.4 153 60.1 254 58.5 24.7

103.6 44 78.7 33.1 59.7 23.8 36.3 15 60 25.7 58.4 25.7
1169 444 98 36.7 63.2 239 54.4 20.3 63.2 25 66.6 25.6
116.6  43.6 91.7 36.9 63.1 24.5 54.3 20.7 63.1 24.8 66.6 24.2
121 42 111.8  39.1 65.7 25.1 72 25.6 65.6 24.1 68.7 23.8
121 44.2 111.7 40 65.7 24.8 71.9 25.7 65.7 25.1 68.7 252

127.8 414 1163  38.8 67.1 24.5 107.9 335 67.1 23.1 71.7 23.1
127.8 437 1164 398 67.1 24.3 108.1 334 67.2 23.7 71.7 253

0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

8.6 22.6 0.3 1 6.4 18.8 2.6 7.3 4.2 135 45 12.8
123 23.6 1.7 39 8.8 18.9 4.7 9.8 6.2 139 8 16
17.4 22.4 3.9 5.7 11 15.4 9.4 12.5 9 12.9 13.2 17.5
24.6 234 9.5 10 15.8 16.7 139 13.9 15.1 15.5 18.9 18.5
375 26.9 18.4 14.3 31.9 23.3 22.5 16.5 24.1 18 32.1 23.1
56.3 332 33.7 20.9 46.3 27.2 36 21.3 359 21.6 435 26.1
66.3 35 445 239 65.4 322 542 26.8 44 23 60.5 31.6
83.5 35.6 65.1 28.9 719 355 72 31.8 60.6 26 81.1 333
1156 418 89.2 34.7 71.8 34.5 107.6  38.7 67.1 25 94.2 33.8
1156 394 89.3 325 72 31.4 107.6 354 67.4 23 94 31.3
0.3 0.3 0.3 0.3 0.3 0.3

52 14.4 0.3 1.1 39 14.3 3.5 10.9 1.6 5.4 45 13.3
10.5 18 0.3 0.7 9 18.2 4.8 9.2 4 7.8 9.1 16.2
18.1 19.1 4.2 5.1 13.7 16.1 12.3 13.8 7.1 8.4 15.7 17

26.2 20.4 9.8 8.5 21.8 18.6 16.3 135 15.1 12.5 20.5 16.5
45.2 26.9 19.5 12.3 54.8 29.8 22.8 13.7 27.3 16.5 36.9 21.9

60.2 25.7 32 14.5 65.6 28 36.6 16.4 36.5 16.3 52.6 22.4
73.1 33 454 21.6 65.6 31.2 54.3 25.1 47.6 223 67.3 30.5
87.8 349 62.7 25.6 65.7 29.3 73 294 58.1 23.7 80.1 31.9
109.2 39 94.5 34 65.6 28.9 107.3 373 65.4 24 1019  36.3
1132 405 94.3 34.1 65.6 29.9 107.1 384 65.5 24.6 101.6  36.8
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

44 11.3 0.3 1 2.1 72 1.5 4.8 0.3 0.9 3.6 9.8
4.5 11.8 0.3 1 2.4 8.8 1.5 5.1 0.3 1 3.6 9.9
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 11.6 -36.03 258.5 0.74 65.51 a 43 9.2
0.03 11.6 -36.01 257.3 0.74 64.15 a 44 93
0.03 11.6 -36.02 258.8 0.74 67.24 a 7.2 11.2
0.03 11.61 -35.98 255.8 0.75 67.16 a 7.1 11.3
0.03 11.6 -36.02 248 0.77 65.28 a 11.8 12.9
0.03 11.61 -35.99 256.9 0.74 67.7 a 11.8 13
0.03 11.61 -36 262.7 0.73 72.85 a 27.5 16
0.03 11.62 -35.98 260.5 0.73 73.09 a 27.7 16.2
0.03 11.6 -36.01 268.6 0.72 57.8 a(h) 414 9.3
0.03 11.61 -36 270.2 0.71 61.96 a(h) 414 8.9
0.03 11.61 -35.98 266.6 0.72 64.18 i-a (f) 48.9 11.1
0.03 11.61 -35.99 267.6 0.71 63.57 i-a (f) 49.8 11.8
0.03 11.6 -36.01 274.8 0.7 64.89 i-a (f) 572 12.7
0.03 11.62 -35.97 2782 0.68 71.02 i-a (f) 57.2 14.8
0.03 11.57 -36.1 268.3 0.9 68.56 a 0.3

0.03 11.57 -36.07 266 0.91 70.89 a 0.3

0.03 11.57 -36.1 266.8 0.9 68.78 a 1.1 33
0.03 11.57 -36.1 270.2 0.89 68.84 a 1.1 3.5
0.03 11.57 -36.09 268.1 0.9 72.95 a 45 8.9
0.03 11.57 -36.06 264.6 0.91 73.31 a 45 9.1
0.03 11.58 -36.06 265.6 0.91 75.43 a 8.9 12
0.03 11.57 -36.08 266.5 0.91 73.69 a 8.9 11.7
0.03 11.58 -36.02 264.9 0.91 78.08 a 11.2 13.4
0.03 11.58 -36.05 265.7 0.91 77.04 a 112 12.8
0.03 11.61 -35.55 257.6 0.94 82.85 i-a (f) 19.3 20.2
0.03 11.59 -35.54 257.4 0.94 85.84 i-a (f) 19.4 20.7
0.03 11.65 353 256.1 0.94 93.42 i-a (f) 31.5 232
0.03 11.63 -35.68 259.3 0.93 93.29 i-a (f) 31.5 17.4
0.03 11.64 -35.83 263 0.92 96.12 i-a (f) 48.1 17
0.03 11.65 358 262.1 0.92 91.75 i-a (f) 479 18.3
0.03 11.55 -36.15 520.8 0.12 33.54 a(h) 0.3

0.03 11.55 -36.14 524.1 0.11 35.83 a(h) 0.3

0.03 11.55 -36.14 524.5 0.11 34.57 a(f) 1.6 6.2
0.03 11.55 -36.14 521.3 0.12 35.62 a(h) 1.6 6.3
0.03 11.55 -36.13 524.8 0.12 34.32 i-a (f) 3.4 8.2
0.03 11.55 -36.13 524.4 0.12 35.19 i-a (f) 3.5 8.4
0.03 11.56 -36.11 524.8 0.12 37.76 i-a (f) 8.8 10
0.03 11.56 -36.12 529.1 0.11 36.09 i-a (f) 8.8 10.1
0.03 11.57 -36.1 5182 0.12 41.38 i-a (f) 21.2 16.9
0.03 11.57 -36.09 519.9 0.12 41.43 i-a (f) 21.2 17
0.03 11.57 -36.09 530.6 0.12 24.31 i-a (f) 13.6 11.4
0.03 11.57 -36.09 531.8 0.11 40.34 i-a (f) 13.7 11.5
0.03 11.58 -36.08 523.7 0.12 45.92 i-a () 32.5 212
0.03 11.58 -36.07 5232 0.12 46.04 i-a (f) 32.5 21.3
0.03 11.59 -36.05 523.3 0.12 54.71 i-a (f) 49.7 26.5
0.03 11.59 -36.04 526 0.12 54.63 i-a (f) 49.8 26.5
0.03 11.6 -36.02 520.3 0.12 73.32 i-a (f) 60.8 30.9
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

7.4 14.3 2.5 5.8 43 9.8 5.1 11.3 0.3 0.7 6.4 13.6
7.4 14.5 2.6 6 4.4 9.9 5.1 11.3 0.3 0.7 6.4 13.7
11.1 16.1 3.2 5.5 6.9 11.7 9.1 14.5 1.9 3 11 16.5
11 16.3 3.2 5.6 6.9 11.8 9.1 14.5 1.8 3 10.8 16.5
14.6 15.6 7.3 8.4 15.7 16.7 13.6 14.8 3.8 4.3 15.9 17.4
14.6 15.8 7.3 8.5 15.7 16.8 13.6 15 3.7 43 159 17.6
38.5 21.5 18.6 11.2 35 20.5 22.7 13.6 22.3 13 27.8 16.2

38.7 21.8 18.9 11.4 35.2 20.7 22.8 13.7 22.4 13.1 279 16.3
48.1 10.6 353 8.1 49.1 11.4 36.2 8.3 324 72 47.4 10.2
48.1 9.9 353 7.6 49.1 10.8 36.2 8 324 7.1 474 10.1
553 12.2 453 10.2 51.5 12.1 54.1 12.3 33 7.7 54.2 12.2
55.4 12.6 453 10.7 51.7 12.9 54.2 12.9 37.9 9.1 542 12.4
62.2 13.7 57.9 12.8 53.8 12.4 71.9 155 36.4 8.3 61.2 135

62.2 15.4 57.9 14.6 539 14.7 71.8 18.3 36.4 10 61.1 15.9
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

1.9 5.7 0.3 1.1 0.3 1.4 1.8 5.8 0.3 1.1 1.7 5.1
2 6 0.3 1.1 0.3 1.3 2 6.3 0.3 1.1 1.7 52
9.3 16.7 0.3 0.7 5 11.5 5.5 10.9 1.6 3.4 53 9.9
9.2 17 0.3 0.7 5 11.9 5.5 11.3 1.6 3.4 53 10.3
15.6 19.6 4.5 6.5 9.4 14.1 10.8 14.6 4.8 6.8 8 10.7
15.6 19 4.5 6.3 9.4 13.6 10.7 14.1 4.8 6.6 8 10.4
15.6 17.7 72 9.2 9.4 13 14 16.5 7.8 9.2 133 14.9
15.6 17 7.2 8.8 9.4 12.3 14 15.7 7.9 8.8 13.3 14.2
24.8 24.4 14.1 15.4 20.3 23.8 22.8 233 15.5 15.9 18.5 18.3
24.9 25 14.2 15.7 20.4 24.4 229 23.7 15.4 16.3 18.5 18.8
38.8 26.4 249 18.2 31.5 27 38.1 27.5 27.3 19.8 28.6 20.1
38.8 20.1 249 13.7 31.5 19.8 38.1 20.8 27.3 15 28.6 15.2
53.8 17.9 42.8 14.6 46.2 18.8 535 18.8 435 154 48.5 16.5
53.7 19.7 42.8 16 46.1 20.2 53.5 20.3 43.2 16.2 48.3 17.6
0.3 0.3 0.3 0.3 0.3 0.3

0.3 0.3 0.3 0.3 0.3 0.3

39 14.4 0.3 1.4 33 11.2 1.7 6.8 0.3 1.6 0.3 1.7
4 15.1 0.3 1.5 32 10.9 1.7 7.1 0.3 1.7 0.3 1.8
5.8 13.8 0.3 0.9 33 8 4.8 11.1 1.9 4.6 44 11
5.8 13.8 0.3 1 3.4 7.9 4.7 11 2 5 4.5 11.7
14.8 16.3 3 3.8 8 9.2 9.2 10.6 43 5.1 13.5 15.2
14.8 16.4 32 4 8.1 9.3 9.2 10.6 4.1 49 133 15.2
333 26.1 9.3 8.1 24.6 18.6 14.1 11.7 16.8 14.3 29.1 22.8
333 26 9.3 8.1 24.6 18.7 14.1 11.7 16.9 14.3 29.1 22.8
20.6 16.8 7.5 6.5 13.5 11.2 13.5 11.3 9.7 8.3 16.9 14.3
20.8 17 7.6 6.6 13.7 11.3 13.7 11.4 9.7 8.3 17.1 14.5

46.8 30.2 212 14.6 35.6 21.9 22.7 15.1 27.3 18.5 412 26.6
46.7 30.4 21.2 14.8 35.6 22.1 22.8 15.3 27.3 18.6 412 26.7
69 36.2 37.6 20.7 523 26.8 36 19.9 41.1 22.7 62.4 32.8
69 36.2 37.6 20.7 523 26.7 36 19.8 41.1 22.7 62.4 329
82.9 41.2 48.5 25.4 57.1 29.2 54.1 27.6 473 24.7 74.6 37.4
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 11.6 -36.01 524.4 0.12 69.33 i-a (f) 60.8 30.8
0.03 11.65 -35.9 525.9 0.11 116.67 f 73.2 37.8
0.03 11.65 -35.89 525.5 0.11 116.39 f 73.2 37.7
0.03 11.63 -35.94 522 0.11 120.14 f 105 45.2
0.03 11.64 -35.93 523 0.11 119.29 f 105.2 45.5
0.03 11.56 -36.1 427.6 0.39 80.73 a 0.3

0.03 11.57 -36.09 428.3 0.39 81.02 a 0.3

0.03 11.57 -36.1 430.9 0.38 81.11 a 1 5.5
0.03 11.55 -36.13 427.7 0.39 80.64 a 0.9 5.7
0.03 11.57 -36.1 438.4 0.38 81.1 a 4.8 11.3
0.03 11.57 -36.1 436.1 0.38 82.47 a 4.8 11
0.03 11.57 -36.08 4435 0.37 83.75 a(f) 9.6 13.7
0.03 11.58 -36.08 440.4 0.38 85.45 a(f) 9.6 13.5
0.03 11.57 -36.09 458.9 0.36 86.23 a(f) 15.8 15.4
0.03 11.57 -36.08 464 0.35 84.39 a(f) 15.8 15.5
0.03 11.58 -36.07 485.8 0.33 89.36 a(f) 26.8 18.5
0.03 11.58 -36.07 485.1 0.33 90.73 a(f) 26.9 18.4
0.03 11.59 -36.03 491.4 0.34 99.64 a(f) 45.7 24.5
0.03 11.59 -36.03 495.3 0.33 99.29 a(f) 45.8 24.7
0.03 11.61 -36 509.6 0.32 109.31 a(f) 67.3 30.6
0.03 11.61 -35.99 507.6 0.32 111.6 a(f) 67.5 30.8
0.03 11.62 -35.98 522.9 0.32 118.65 a(f) 83.7 34.1
0.03 11.62 -35.96 523.5 0.31 120.41 a(f) 83.7 344
0.03 11.65 -35.91 533.1 0.31 134.95 a(f) 110.7 39.7
0.03 11.64 -35.92 533.6 0.31 132.03 a(f) 110.8 37.4
0.03 25.99 -10.63 80.7 0.15 0.25 s-w (f) 0.2

0.03 25.99 -10.63 81.1 0.15 0.38 s-w (f) 2.1 5.5
0.03 26 -10.62 80.9 0.15 0.5 s-w (f) 6.7 7.3
0.03 26 -10.61 79.7 0.15 0.6 i(f) 10.9 7.5
0.03 26 -10.61 81.9 0.15 0.75 i(f) 14.1 7.9
0.03 26.01 -10.6 80.3 0.14 1.27 i(f) 23.7 9.6
0.03 26.02 -10.59 80.9 0.14 1.86 i(f) 35.4 11.2
0.03 26.03 -10.57 82.5 0.15 2.69 i(D) 49.3 12.6
0.03 26.04 -10.55 80.2 0.19 3.93 i(f) 64.3 13.4
0.03 26.06 -10.52 80.2 0.26 7.09 i(f) 95.6 13.4
0.03 25.92 -10.71 79.7 0.34 0.87 s-w (f) 0.2

0.03 25.93 -10.7 80.4 0.34 1.07 w (f) 54 6.8
0.03 25.93 -10.7 80.3 0.35 1.53 i(f) 10.4 8.7
0.03 25.93 -10.7 80.5 0.34 1.7 i(f) 13.6 8.6
0.03 25.93 -10.7 80.3 0.34 2.3 i(f) 19.2 9
0.03 25.94 -10.68 79.4 0.35 2.69 i(f) 259 9.8
0.03 25.95 -10.67 80.2 0.34 3.92 i(f) 39.4 11.1
0.03 25.95 -10.66 79.9 0.35 4.87 i(f) 51.9 11.6
0.03 25.95 -10.67 78.8 0.35 5.57 i(D 60 11.9
0.03 25.94 -10.68 79.1 0.36 7.03 f 79 12.3
0.03 25.93 -10.7 79.8 0.35 0.75 w (f) 0.2

0.03 25.93 -10.7 80 0.34 0.81 w (f) 2 4.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
82.9 40.9 48.5 25.2 57.2 29.2 54.1 27.7 47.3 24.8 74.7 37.3
96.5 48.1 61.9 324 67.7 359 72.6 37.5 56.9 30 83.8 42.7
96.4 48 61.9 32.3 67.7 359 72.6 37.4 56.9 30 83.8 42.6
147.7  60.9 98.7 41.6 75.9 37.7 108 45.5 81.8 354 118 50
1479 613 98.9 41.8 76.1 38.2 108.1  45.8 82 35.6 118.1 50.3
0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3 0.3 0.3 0.3
2.6 13.5 0.3 2.2 0.3 2.2 1.7 10.1 0.3 2.8 0.3 2.1
2.6 13.6 0.3 2.4 0.3 2.4 1.7 10.5 0.3 3 0.3 2.2
8.7 194 0.3 0.9 7.3 16.9 4.8 11.8 2.1 6 54 12.9
8.8 18.9 0.3 0.9 7.3 16.3 4.8 114 2.1 5.8 5.4 12.5
14.4 20.2 3.7 5.6 15.5 20.4 9.6 13.5 6.2 10.1 8.2 12.5
14.4 19.8 3.9 5.8 15.5 20 9.6 134 6.1 9.8 8.2 12.2
24.4 22.8 7.8 8 23 21.3 13.4 13.4 11.6 12.4 14.5 14.5
24.4 22.8 7.7 8 23 21.5 134 13.5 11.6 12.5 14.5 14.6
37.7 25.5 16.4 12 37.5 24.4 22.8 15.9 20.3 14.8 26.4 18.5
37.7 254 16.4 12 37.5 24.4 22.8 15.8 20.3 14.7 26.4 18.4
59.2 31.6 33.6 19.1 63.1 31.9 36.2 194 39.2 214 43.1 23.5
59.3 31.8 33.7 19.2 63.2 32 36.3 19.6 39.3 21.6 43.1 23.7
87.7 38.9 54.5 25.6 79.3 359 54.4 25.2 56.5 26 71.6 323
87.8 39.1 54.6 25.7 79.5 359 54.5 252 56.6 26.2 71.7 32.5
110 43.5 70.1 29.3 89.1 37 72 29.6 63.5 26.6 97.2 38.7
110 437 70.2 294 89.2 374 72 29.9 63.5 26.9 97.1 39
14777 514 100.3  36.1 100.5 38.9 107.8 375 84.3 30.4 123.4 436
147.7  48.1 100.3 34 101.1 36.6 107.8  35.8 84.2 28.9 123.5 413
0.2 0.2 0.2 0.2 0.2 0.2
4.5 12.1 2.4 6.9 0.2 0.5 1.4 3.8 0.2 0.5 3.6 9.4
4.6 5 13.9 15.5 3 3.2 4.8 5.2 2.9 3.2 10.6 114
3.1 2.1 22.6 15.8 8.1 54 9.2 6.3 8 5.5 14.6 10
3 1.6 30.2 17 10.6 59 13.6 7.6 10.8 6.1 16.4 9.2
6.2 2.4 51.6 21.2 17.3 7.1 22.8 9.1 17.5 7.1 26.6 104
15.5 4.8 76.4 24.1 28 9.1 36.2 11.3 26.3 8.4 30 9.5
30.3 7.6 97.9 249 37.6 10.2 54 13.7 36.5 9.4 39.2 10
48.7 9.8 110.1 22.8 49.9 114 72.6 15 50.5 104 53.9 11
61 8.6 139.3 19.5 914 13.5 107.6 14.8 90.5 12.5 83.7 11.6
0.2 0.2 0.2 0.2 0.2 0.2
8.2 10 7.7 10.7 3.6 4.6 2.4 3.1 2.9 3.6 7.7 9
8.7 7.1 17 14.3 11.3 9.1 4.7 3.9 11.8 9.9 8.8 7.6
8.9 5.4 224 14.2 15.7 9.9 9.2 6 16.7 10.6 8.9 5.6
10.3 4.6 27.3 12.9 26.7 12.7 139 6.6 26.1 12.1 11 5.1
13.7 4.8 40.9 15.3 33 12.9 22.9 8.8 32.5 12.3 12.7 4.7
19 5.1 65.4 18.1 49 14.4 40.5 11.5 48.3 134 14.2 4
24.8 5.3 78.5 17.6 67.5 15.8 54.5 12.3 68.7 14.9 17.7 3.8
30.9 6.1 85.9 17.2 75.2 15.3 724 14.1 75.3 14.6 20.3 3.9
38.9 5.9 116 17.5 89.4 15.2 107.2 16.4 89.2 13.7 334 5
0.2 0.2 0.2 0.2 0.2 0.2
4 8.4 2.6 6 1.3 3.4 1.7 3.9 0.9 2 1.6 3.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 25.93 -10.7 83.3 0.33 1.29 i(f) 8.9 8.8
0.03 25.94 -10.69 81.7 0.34 1.32 i(f) 13.3 8.8
0.03 25.94 -10.68 81.2 0.34 1.73 i(f) 17.1 9.2
0.03 25.95 -10.67 79.7 0.35 2.31 i(f) 23 9.9
0.03 25.96 -10.67 82.8 0.33 3.8 i(f) 37.1 11.2
0.03 25.96 -10.65 78.7 0.35 4.83 i(f) 54.4 11.9
0.03 25.96 -10.66 79.6 0.35 6.04 f 64.1 12.2
0.03 25.96 -10.66 80.1 0.35 6.83 f 78.8 12.2
0.03 25.95 -10.66 80.7 0.53 1.74 w (f) 0.2

0.03 25.95 -10.65 80 0.54 2.13 w (f) 5.9 8
0.03 25.95 -10.65 80.7 0.53 2.57 w (f) 10.2 8.1
0.03 25.95 -10.65 81.4 0.54 2.47 w (f) 10.5 8.3
0.03 25.96 -10.64 78.1 0.57 2.46 w (f) 10.6 8.3
0.03 25.96 -10.64 81.3 0.54 2.49 w (f) 10.2 8.1
0.03 25.97 -10.63 80.3 0.54 2.89 w (f) 17.4 9.4
0.03 25.96 -10.64 81.5 0.53 2.97 w (f) 17.5 9.2
0.03 25.97 -10.63 80.9 0.53 3.38 w (f) 24 10
0.03 25.97 -10.63 79.7 0.55 4.8 f 38 10.6
0.03 25.99 -10.6 80.6 0.54 5.48 f 45 10.6
0.03 25.98 -10.61 81.2 0.54 5.97 f 50.9 10.6
0.03 25.97 -10.62 79.9 0.54 6.63 f 68.2 10
0.03 25.98 -10.61 76.6 0.56 1.41 w (f) 0.2

0.03 25.97 -10.62 76.9 0.56 1.4 w (f) 0.2

0.03 25.98 -10.61 76.8 0.56 1.98 w (f) 9.3 7.9
0.03 25.98 -10.61 77.6 0.55 2.15 w (f) 11.5 8.2
0.03 25.98 -10.6 78 0.55 2.22 w (f) 15 8.7
0.03 25.99 -10.59 77.8 0.56 2.63 w (f) 20.6 9.5
0.03 26 -10.59 79.8 0.54 3.46 i(f) 28.5 10.5
0.03 25.99 -10.59 80.6 0.54 3.48 i(f) 28.5 10.6
0.03 26 -10.59 78.8 0.55 3.96 i(f) 33.6 10.7
0.03 26 -10.58 80.2 0.54 4.04 i(f) 33.6 10.8
0.03 26.01 -10.58 80.6 0.54 4.94 i(f) 42.3 10.7
0.03 26.01 -10.57 79.6 0.55 5.08 i(D) 423 10.8
0.03 26 -10.57 79 0.55 6.16 f 49.3 10.6
0.03 26.01 -10.57 79.6 0.55 5.68 f 49.3 10.8
0.03 25.99 -10.59 78.5 0.56 6.09 f 59.3 10.4
0.03 26 -10.58 79.2 0.55 6.39 f 59.1 10.2
0.03 25.97 -10.58 81 0.72 2.52 w (f) 0.2

0.03 25.97 -10.57 80.5 0.72 2.51 w (f) 0.2

0.03 25.98 -10.57 80.8 0.72 2.73 w (f) 33 7.2
0.03 25.98 -10.57 80.4 0.71 2.57 w (f) 5.5 8.4
0.03 25.98 -10.56 81.1 0.71 3.04 w (f) 7.9 8.9
0.03 25.99 -10.53 79.7 0.75 4.12 i(f) 12.1 9.7
0.03 25.98 -10.55 80.2 0.74 3.91 i(D 12.1 9.7
0.03 25.99 -10.55 81.5 0.72 44 i(f) 16.1 9.9
0.03 26 -10.53 80.4 0.74 5.03 f 229 9.5
0.03 26 -10.52 79.9 0.74 5.46 f 31.1 9
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
9.3 8.9 14.8 14.8 8.7 8.7 4.8 4.7 8.5 8.4 7.5 7.5
9.3 5.9 21 139 15.6 10.7 9 6.1 15.8 10.5 9.3 6

8.9 4.6 249 13.5 22.7 12.4 13.8 7.4 22.4 11.8 10.2 5.4
10.2 43 34.3 14.9 30.2 13.2 22.6 9.5 30.1 12.9 10.8 4.7

12.9 38 61.2 18.4 50 15.5 36.2 10.9 50 14.9 12.4 3.8
26 5.6 83.7 18.1 759 16.9 54 11.9 75.8 16.3 11 2.4
32.1 6 93.1 17.4 86.3 17.2 72 13.6 86.2 16.1 14.6 2.8
43.4 6.4 116.8 173 90.6 15.5 106.6  16.3 90.7 13.9 24.5 3.7
0.2 0.2 0.2 0.2 0.2 0.2

11.3 14.7 10.2 14.3 3.1 42 3.4 4.7 33 4.6 39 5.4
11 8.5 24.1 19.2 6.6 53 9 7.1 6.5 53 4 32
11.1 8.4 239 19 8.5 6.6 9.1 7.1 6.6 53 4 3.1
11 8.5 242 19.4 8.5 6.6 9 7.1 6.6 53 4 3.1
11 8.4 242 19.4 6.6 53 9 7.2 6.6 53 4 3.1
12.6 6.6 33.8 18.7 18.9 10.3 13.8 7.5 16.6 8.9 8.5 45
12.7 6.3 339 18.1 19 10.2 13.9 7.5 16.7 8.9 8.6 44
12.4 4.9 47.6 20 26 11.1 22.8 9.4 24.8 10.2 10.7 43
15.2 4.1 81.5 21.9 40.5 11.9 37.1 10.5 40.6 11.5 13 3.5
17.4 4 90.3 20.7 46.9 11.5 54.1 12.8 47 11.1 14.4 33
19.4 4.1 95.6 19.7 49.9 11.1 72.4 14.8 50.6 10.5 17.5 3.6
235 33 1144 16 69.9 12.7 1084 154 70.5 9.6 224 3
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

9.2 7.6 17.1 14.9 12.9 11 2.4 2.1 10 8.5 43 35
9.9 6.8 22.5 16.3 15.4 11 5.1 3.7 11.1 8 5 3.4
10.9 6.1 30 17.7 19.5 11.4 9.4 5.5 14.4 8.4 55 3.1
12.9 5.7 459 21.1 24 11.3 15.1 7 19.5 9 6 2.7

13.4 4.7 60.1 21.9 29.1 11.4 25.5 9.3 35.7 12.8 73 2.6
13.4 4.8 60.1 22.1 29.1 11.6 255 9.4 35.7 12.8 73 2.6

15.3 4.8 69.1 22 33 11.3 35.6 11.1 40.7 12.7 8.2 2.5
15.3 4.9 69 22.1 33 11.3 35.6 11.1 40.6 12.7 8.1 2.6
19.9 49 84.3 21 41.7 11.2 52.6 132 46.2 11.7 9 2.3
19.9 5.1 84.3 21.3 41.7 11.2 52.6 13.1 46.3 11.9 9 2.3
20.2 43 94.7 20.1 46.1 10.7 70 14.7 54.4 11.6 10.5 2.3
20.2 44 94.6 20.5 46.1 10.7 70 14.8 54.4 11.9 10.5 2.3
25.9 4.4 116.2 20 343 7.5 108 18.4 60.8 10.4 10.4 1.8
25.8 44 115.8  19.8 342 7.1 107.7  18.1 60.6 10.4 10.3 1.8
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

9.3 19.4 32 7.9 1.5 33 1.5 34 1.4 32 29 6.2
10.2 14.9 10.5 16.6 33 4.9 2.9 4.4 3 4.6 32 4.9
11.8 12.7 17.1 19.6 4.7 5.4 4.8 5.4 4.6 53 4.4 4.9
15.9 12.2 25 20.5 8.4 7 9.5 7.6 8.2 6.7 5.7 45
15.9 12.1 249 20.4 8.4 7 9.5 7.6 8.2 6.6 5.7 4.4
18.5 10.9 353 21.8 11.1 72 13.6 8.4 12 7.5 6.2 3.8
17.8 7.1 522 21.5 18.7 8.2 227 9.4 19.5 8.2 6.5 2.6
17.7 5 69.3 19.9 28.6 8.7 359 10.1 28.4 8.2 6.9 2
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 26 -10.52 80.4 0.74 7.16 i(f) 48.5 7.9
0.03 26 -10.53 81.2 0.73 7.71 w (f) 60.4 7.9
0.03 25.98 -10.12 81.8 0.9 2.56 w (f) 0.2

0.03 25.99 -9.87 80.5 0.91 2.59 w (f) 0.2

0.03 25.99 -9.74 80.5 0.92 8.23 w-a (f) 3.1

0.03 25.98 -9.68 80.2 0.92 8.31 w-a (f) 3.1

0.03 25.99 -9.73 79.9 0.92 6.56 w (f) 4.9

0.03 26 -9.69 80.2 0.92 8.07 w (f) 9.8 47.8
0.03 26 -9.31 79.9 0.93 8.29 w (f) 13.6 37.2
0.03 26 -9.42 80.7 0.93 8.06 w (f) 13.7 18.2
0.03 26 -8.94 79.7 0.94 10.89 w (f) 22.6 48.3
0.03 25.99 -9.39 80.4 0.93 10.01 w (f) 21.8 18.4
0.03 25.99 -9.7 81.1 0.92 9.29 w (f) 31.7 8.2
0.03 26 -9.17 79.8 0.93 8.78 w (f) 31.8 10.4
0.03 25.99 -9.14 79.6 0.93 9.01 w (f) 33.1 8.7
0.03 25.99 -9.46 80.4 0.93 8.66 w (f) 40.4 4.5
0.03 26 -9.27 80.1 0.93 8.86 w (f) 41.2 5.3
0.03 25.94 -10.69 157 0.13 0.95 w (f) 0.2

0.03 25.94 -10.7 156.4 0.13 0.96 i(h) 0.2

0.03 25.95 -10.68 156.9 0.13 1.51 i(f) 4.6 8
0.03 25.95 -10.68 157.4 0.13 1.88 i(f) 10.9 10.9
0.03 25.96 -10.67 157.1 0.13 2.49 i(H) 18.8 12.2
0.03 25.96 -10.67 156.5 0.13 2.53 i(f) 22.6 12.1
0.03 25.96 -10.66 156.9 0.13 4.17 i(f) 33.8 13.6
0.03 25.97 -10.66 156.4 0.13 5.12 f 43.7 14.6
0.03 25.98 -10.64 155.9 0.13 6.02 f 52.9 15.3
0.03 25.98 -10.64 155.7 0.14 7.81 f 67.2 16.2
0.03 25.99 -10.62 155.5 0.13 10.03 f 91.7 17.6
0.03 25.9 -10.75 166 0.11 1.21 i(f) 0.2

0.03 259 -10.75 166.2 0.11 1.75 i(f) 4.4 7.8
0.03 2591 -10.73 165.7 0.11 2.49 i(f) 10.9 11.2
0.03 25.92 -10.72 165.3 0.11 2.87 i(f) 19 12.6
0.03 25.91 -10.74 165.9 0.1 3.31 i(D) 22.7 12.5
0.03 25.94 -10.7 166.5 0.11 4.87 i(f) 33.8 13.2
0.03 25.94 -10.7 164.8 0.11 5.19 i(f) 433 13.8
0.03 25.95 -10.68 163.8 0.11 6.76 f 53.1 14.3
0.03 25.96 -10.67 163.7 0.11 8.16 f 67.3 15.2
0.03 25.97 -10.66 163.7 0.11 11.11 f 91.7 16.8
0.03 25.97 -10.65 157.1 0.13 1 i(f) 0.2

0.03 25.96 -10.67 157 0.12 1.93 i(f) 6.2 8.6
0.03 25.98 -10.64 158.1 0.13 2.3 i(f) 13.2 10.5
0.03 25.93 -10.71 154.4 0.13 3.51 i(f) 25.5 12.8
0.03 25.98 -10.64 156.2 0.13 2.7 i(f) 18.2 10.7
0.03 25.95 -10.69 154.4 0.13 3.84 i(D 32 12.7
0.03 25.95 -10.68 153.9 0.13 4.42 i(f) 37.6 13.3
0.03 25.96 -10.67 153.6 0.13 591 i(f) 48.4 14.1
0.03 25.96 -10.67 164.5 0.12 7.54 f 60.6 15.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
22.7 3.7 95.9 15.5 55.3 9.2 54.2 8.9 54.4 8.9 8.6 1.4
28.8 3.7 107.8 13.7 69.4 9.7 75 9.6 69.8 8.9 11.6 1.5
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

6.4 3 1.5 2.9 1.5 3.1

6.4 3 1.5 2.9 1.5 3.1

10.9 5.9 2.2 49 1.5 3.8

13.8 54.5 17 834 6.9 519 9.1 422 7 32.2 52 22.3
20.8 44.8 22 59.1 10 454 139 36.1 10.1 25.5 5.1 12.1
20.8 23.6 22 29.9 10 18.1 139 18.5 10.1 13.3 5.1 6.2
27.7 46.1 40.3 69.2 18.4 85.5 25.1 45.8 18.5 32.6 5.5 10.3
279 21.5 36.3 29.5 18.5 20.5 25.5 20.7 15.7 12.8 7 5.6
25.1 6.2 72.2 17.8 26 8.5 36.4 9.3 26.2 6.7 42 1
25.3 7.9 72.3 222 26.1 11 36.5 11.7 26.2 8.3 4.2 1.3
25.2 6.5 72.2 18.4 26.1 8.2 44.8 114 26.2 6.8 4.2 1.1
29.4 3.1 84.6 9.2 31.9 4.5 54 5.9 334 3.7 9.4 1
29.3 3.5 84.4 10.5 31.9 5.6 60.4 7.4 33.5 4.1 7.5 0.9
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

10.2 16.7 2.7 5 2.4 4.8 3.5 6.3 1.8 3.2 6.8 12.1
20.3 19.5 10.1 10.7 9.8 10.2 4.6 4.7 5.9 6.1 14.4 14.2
26.2 16.9 22.1 15 17.6 11.3 9.3 5.8 18.8 11.7 18.9 12.3
27.7 14.7 30 16.3 224 12.2 13.5 7.2 22.3 11.8 19.9 10.6
35.7 14 48.4 19.3 32.8 13.6 229 9.2 32.8 13.2 30.3 12.3
41.4 13.3 59.9 19.8 45 15.7 36.1 12 44.7 14.8 349 11.8
49.5 13.7 75.2 21.1 50.9 15.7 53.8 15.5 51.1 14.9 36.8 11
67.7 153 87.1 20.8 62 16.5 71.8 17.3 61.2 14.7 53.1 12.3
84.1 15.8 126.2  23.7 76.6 16.3 107.3 202 76.4 14.5 79.4 15
0.2 0.2 0.2 0.2 0.2 0.2

10 16.9 2.3 4.6 29 54 3.2 5.5 1.3 2.4 6.6 12.2
20.3 20.3 10.1 10.9 9.6 9.6 4.6 4.6 6.2 6.6 14.5 153
26.5 17.8 22.5 15.6 17.8 114 9.3 5.8 19 11.9 18.7 12.7
27.6 15.5 29.9 16.9 22.1 119 13.7 7.1 224 11.9 20.3 11.6
35.7 13.9 48.6 19 32.6 129 22.8 8.7 329 12.7 30.5 12.1
41.1 12.9 60 19.1 423 14.2 36.4 114 44.9 13.9 349 11.2
49.7 13.3 75.2 19.7 52 14.7 54.1 14.2 51.3 13.8 36.6 10.2
67.8 15 87.8 19.6 62.2 15.1 72 16.1 61.1 13.7 52.9 11.7
84 15.5 125.9 22.7 76.9 15.2 107.4 19 76.6 13.7 79.2 14.6
0.2 0.2 0.2 0.2 0.2 0.2

10.7 14 8.9 12.7 1.4 2.3 2.3 34 1.9 2.7 11.8 16.3
26.5 19.5 19.8 16.2 4.8 4.4 4.7 4 4.2 3.6 19 15.1
31.8 16.3 29.9 15.6 349 16.4 9.2 4.6 23.7 12 23.8 12.2
322 17.6 28 16.7 7.1 4.7 9.3 5.6 9.6 5.9 22.8 13.5
36 14.1 38 15.6 43.5 17 13.7 5.5 37.2 14.5 23.5 9.4
36.1 13 47.9 17.4 47.3 16.4 22.8 7.8 42 14.6 29.6 104
48.6 139 59.3 17.5 62.3 18.2 36.4 10.6 49.7 14.6 343 9.9
55.3 13.6 78.5 194 73.5 18.7 54 13.5 59.8 15 42.8 10.7
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 25.98 -10.65 164.5 0.12 8.27 f 70.2 15.3
0.03 25.98 -10.64 164.8 0.12 10.48 f 85.4 16.4
0.03 25.98 -10.63 156.5 0.32 3.45 i(f) 0.2

0.03 25.99 -10.63 157.1 0.32 3.43 i(f) 0.2

0.03 25.99 -10.62 158.3 0.31 4.54 i(f) 8.2 11.3
0.03 26 -10.61 155.7 0.33 5.41 i(f) 15.2 14.3
0.03 26.01 -10.59 158.1 0.32 6.72 i(f) 25.4 15.7
0.03 26.02 -10.58 156.6 0.33 7.6 f 33.7 16.5
0.03 26.02 -10.58 157.2 0.32 7.25 f 38.7 16.8
0.03 26.03 -10.56 156.4 0.33 8.08 f 49.3 16.8
0.03 26.03 -10.56 159.7 0.32 10.29 f 59.8 17.1
0.03 26.05 -10.54 157.9 0.33 11.77 f 73.3 16.9
0.03 26.05 -10.54 155.4 0.33 12.95 f 85.4 16.5
0.03 25.94 -10.67 158.2 0.52 6.44 i(f) 0.2

0.03 25.93 -10.68 158 0.52 6.32 i(f) 0.2

0.03 25.94 -10.67 158.2 0.52 6.89 i(f) 4 9.9
0.03 25.95 -10.65 158.2 0.52 9.22 i(f) 14.8 15.7
0.03 25.96 -10.63 158.3 0.53 11.68 i(f) 23.8 19.1
0.03 25.97 -10.63 158.5 0.52 11.45 i(h) 24 19
0.03 25.98 -10.61 157.9 0.52 13.13 i(f) 36.5 19.1
0.03 25.98 -10.61 157.5 0.53 13.36 i(f) 36.4 19.4
0.03 25.99 -10.59 160.7 0.52 14.11 i(H) 47.6 17.7
0.03 26 -10.59 161.6 0.51 14.93 i(f) 60.8 15.9
0.03 26 -10.59 153.4 0.54 16.58 i(f) 70.4 13.5
0.03 26.01 -10.57 153.7 0.54 16.63 i(f) 70.8 13.4
0.03 26.01 -10.58 153.8 0.54 16.52 i(f) 71 13.2
0.03 26.01 -10.57 165.3 0.49 18.42 f 92 14.3
0.03 25.99 -10.6 161.1 0.5 18.62 f 92.3 14.6
0.03 25.99 -10.6 160 0.51 18.54 f 92.2 14.7
0.03 26.01 -10.58 162 0.51 17.86 f 89.6 13.7
0.03 26.01 -10.57 162.9 0.51 17.88 f 84.8 13.2
0.03 26.01 -10.57 162.3 0.51 18.54 f 86 13.2
0.03 25.98 -10.61 154.2 0.54 18.29 f 86 12.5
0.03 25.96 -10.59 159.2 0.71 9.5 w-a (f) 0.2

0.03 25.96 -10.6 161.5 0.7 9.65 w-a (f) 0.2

0.03 25.96 -10.59 159.1 0.7 10.4 w-a (f) 2.3 6.6
0.03 25.96 -10.59 157.9 0.71 12.14 w-a (f) 6.2 12.2
0.03 25.97 -10.57 159.5 0.71 15.33 w-a (f) 10.8 16.1
0.03 25.97 -10.58 159.8 0.7 16.89 w-a (f) 14.9 18.1
0.03 25.98 -10.56 158.9 0.72 19.41 a(f) 24.1 19.3
0.03 25.99 -10.55 160.2 0.71 20.38 a(f) 33.9 18.8
0.03 26 -10.53 158.7 0.72 21.66 a(f) 43.7 18.5
0.03 26 -10.53 158.8 0.72 22.69 f 53.6 16.4
0.03 26.04 -10.48 158.8 0.71 20.14 f 75.7 10.3
0.03 26.06 -10.46 160 0.71 20.27 a(f) 75.7 10.2
0.03 26.07 -10.44 159.5 0.71 20.22 f 75.8 10.7
0.03 26.07 -10.44 159.2 0.71 23.73 a(f) 75.6 12.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
66.7 13.9 98 20.6 73.7 17 722 16 59.9 134 50.9 11
75 14.4 114.2 21.5 75.6 15.6 107.7 20 65.3 12.7 74.7 14.1
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

15.2 19.8 53 7.6 8.7 12.4 1.7 2.4 8.5 12.2 9.5 13.2
24.3 22.1 15.2 15 14.9 14.2 4.8 4.6 15.1 14.3 16.8 15.8
38.1 22.5 31.6 19.9 27.3 17 9.2 5.8 27.2 17.1 18.9 11.9
44.2 21.3 44.6 22.2 40.8 19.7 13.6 6.8 40.7 19.8 18.1 9.5
49.8 21.5 51 229 45.8 19.5 22.6 9.6 45.8 19.6 17.4 7.7

50.6 16.9 76.3 25.8 56.9 19.7 36.3 124 56.8 19.6 19.1 6.6
55.6 15.5 84.5 24.1 67.1 20.2 54.1 15.3 67.4 18.9 29.9 8.6
64.8 14.6 99.1 22.7 86.3 20.9 71.8 16.5 86.4 19.6 31.4 7

66.7 13 109.1 212 96.6 19.7 1072 20 97.3 18.5 35.6 6.9
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

8.3 18.8 1.5 4.1 3.8 10 L5 4 35 9.2 5.5 13.1
28.5 29.1 13.3 14.9 14.9 15.3 5.6 6.1 13.2 14.7 13.2 14.4

41.7 32.6 26.3 21.8 20.3 16.2 13.7 10.9 19.4 159 21.3 17
41.9 31.9 26.5 21.8 20.5 16.5 13.8 11.1 19.6 15.8 21.5 16.7

529 27 49.3 26.2 38 19.8 235 12.3 28.8 15.5 26.3 13.8
529 27.6 49.3 26.5 38 20 235 124 28.7 15.8 26.2 14.1
61.5 222 69.4 26 50.1 19.1 36.9 13.6 43.5 16.3 24.1 9
65.1 16.9 92.9 24.5 66.8 17.6 51.4 135 69.7 18.2 19 4.9
552 10.8 108.7  20.8 85.4 15.8 73 13.8 82.3 16.1 17.7 3.4
57.4 10.8 108.8  20.4 85.4 16.5 72.3 13.7 82.2 15.6 18.8 3.6
57.6 10.7 109 20.3 85.6 15.9 72.5 134 82.3 15.5 19 35
87.9 13.4 1241 19.2 101.7  16.4 106.4  16.4 102.1 158 30 4.6

86.3 13.4 123.8 194 102.7 169 106.5 16.8 102.1 16.3 32.4 5.1
86.2 13.6 123.8  19.6 102.6  16.8 106.3 169 102 16.3 324 52
75.2 11.1 1239 187 102.8  16.2 106.4  16.2 102.1 157 274 4.1

62.4 9.5 1154 18 102.7 163 106.5  16.1 102 16 19.9 3
62.3 9.6 1222 187 102.7 16 106.5 159 1022 159 19.9 3.1
62.4 8.9 1222 174 102.7 156 106.5 153 102.1 147 20 2.8
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

33 8.3 0.2 0.6 3.4 10.8 2 5.7 3.1 9.1 1.8 5
9.1 16.2 3.8 7.9 6.5 13.9 4.7 9.3 6.5 12.9 6.9 13
14.9 20.4 9.7 14.8 9.4 15.8 9.2 13.8 9.5 14.7 11.9 17.3
19.6 222 14 17.4 12.2 16.7 13.6 16.5 12.4 15.4 17.4 20.5
31.7 23.7 259 20.9 17.1 16.4 22.8 18.5 17.1 139 30 22.6
48.3 253 39.8 222 24.8 16.2 36 194 24.8 13.3 29.8 16.2
63.1 25.1 61.5 25.7 26.8 14.6 54 222 26.5 11.1 30.3 12.7
68.6 19.9 86.5 25.8 35 14.1 71.8 213 34.8 10.3 24.7 73
50.6 6.8 143.7 193 71 10.2 107.8 144 70.8 9.6 10.3 1.4
50.6 6.7 143.7 19 71 10.2 107.7 143 70.7 9.5 10.3 1.4
50.8 7 1439 199 71 10.6 107.8 149 70.7 10 10.3 1.4

50.8 8.3 143.1  22.1 70.9 14.9 107.7  17.1 70.6 10.7 10.3 1.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 26 -9.65 155.9 0.92 14.48 w-a (f) 0.2

0.03 26 -9.63 155.7 0.92 15.21 w-a (f) 0.2

0.03 25.99 9.1 154 0.94 25.5 w-a (f) 32

0.03 26.01 981 157.5 0.92 15.63 w-a (f) 4.8

0.03 26.02 9.71 156.5 0.92 15.29 w-a (f) 9.4 24.1
0.03 26.02 9.7 156.5 0.92 22.69 w-a (f) 26 19.5
0.03 26.01 -9.63 158.5 0.92 20.33 w-a (f) 19 15.8
0.03 26.02 9.82 157.4 0.91 21.92 a(f) 40 9.8
0.03 26.02 -9.85 158.8 0.91 22.51 a(h) 54.1 7
0.03 26.02 -9.67 157.5 0.92 22.22 a(h) 51.5 8.6
0.03 25.96 -10.68 260.9 0.11 3.34 0.2

0.03 25.96 -10.67 262.1 0.11 4.88 4 8.3
0.03 25.97 -10.65 260.4 0.11 5.81 7.8 11.1
0.03 25.98 -10.64 261 0.1 6.11 15.4 13.9
0.03 25.99 -10.63 259.8 0.1 7.09 25.1 16.1
0.03 26 -10.62 259.8 0.11 9.67 40.4 17.1
0.03 26.02 -10.59 259 0.11 11.76 62 18.2
0.03 26.03 -10.58 260 0.1 13.51 80.8 18.5
0.03 26.03 -10.58 258.5 0.1 18.21 117.6 20
0.03 25.96 -10.66 261.6 0.11 4.16 i) 0.2

0.03 25.98 -10.65 261.9 0.11 6.75 i) 11.5 14.8
0.03 25.99 -10.64 259.9 0.12 7.15 i(f) 18 16.1
0.03 25.99 -10.63 261.8 0.11 7.7 i) 23.9 17.5
0.03 26.01 -10.61 262.1 0.11 9.41 i) 37.1 18.9
0.03 26.02 -10.59 259.9 0.12 12.16 i (f) 54.6 19.6
0.03 26.01 -10.61 260 0.12 11.63 i-a 62.4 20.1
0.03 26.03 -10.57 2592 0.12 14.18 i-a 73.2 20.1
0.03 26.06 -10.54 259.9 0.11 15.34 i-a 85.8 19.7
0.03 26.05 -10.55 2582 0.12 18.21 i-a 103.4 19.8
0.03 25.95 -10.68 269.1 0.1 3.64 i(f) 0.2

0.03 25.96 -10.67 266.8 0.11 5.74 i) 47 9.2
0.03 25.97 -10.66 266.8 0.11 7.41 i) 9.4 13
0.03 25.97 -10.65 267.9 0.11 7.8 i(f) 14.7 14.8
0.03 25.98 -10.65 267.1 0.11 8.85 i) 22.6 16.8
0.03 25.98 -10.64 267.6 0.11 8.43 i) 31.9 18.3
0.03 26 -10.61 265.7 0.12 10.57 i-a 47 19.3
0.03 26 -10.62 267.5 0.11 12.82 i-a 56.8 19.9
0.03 26.01 -10.6 266.1 0.12 13.96 i-a 68 19.8
0.03 26.01 -10.6 265.5 0.12 13.94 i-a 70.9 20.5
0.03 26.03 -10.58 265.1 0.11 19.66 i-a 110.5 19.8
0.03 25.94 -10.7 269 0.11 4.05 i) 0.2

0.03 25.95 -10.69 269.8 0.11 431 i) 0.2

0.03 25.94 -10.69 269.5 0.11 5.31 i) 2.8 6.8
0.03 25.96 -10.68 268.6 0.11 7 i(f) 16.3 14.4
0.03 25.96 -10.67 269.8 0.11 7.89 i) 26.3 16.4
0.03 25.96 -10.67 270.6 0.11 8.38 i) 26.3 16.4
0.03 25.97 -10.66 267.2 0.12 17.73 f 38.6 22.7
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

3.7 1.6 3.2 3.9 3.2 34

5.6 2.9 5.3 4.8 5.2 52

10.6 24.8 7.6 20.6 9 26.4 8.8 22.4 9.7 25.1 10.6 25.6
45.1 31.1 20.9 152 26.9 234 13.7 10.2 26.6 19.8 23 17.4
26.6 21.3 13.8 11.6 21.5 18.4 13.8 114 21.8 18.1 16.7 14.3
52.5 12.1 78.9 18.8 37 11.3 23.3 5.6 37.7 8.9 10.3 2.4
46.4 5.8 102.5 12.8 77.1 114 38.6 4.8 59.6 7.5 0.2 0
62.9 9.8 104.8 16.6 48.8 10.6 359 5.7 45 7.2 11.5 1.8
0.2 0.2 0.2 0.2 0.2 0.2

7.2 12.6 4.4 9.3 3.6 7.2 1.6 3.2 3.6 8.7 3.8 8.7
12.2 16 8.9 12.6 6.8 9.1 4.3 5.7 7.5 11.5 72 11.6
23.8 20.7 17.3 15.7 13.3 114 8.3 7.1 14.3 13.5 15.3 15.1
39.3 24 28.5 18.8 21.9 139 13.8 8.6 23.3 15.3 23.9 16
61.7 23.4 44.1 19.5 35.6 16.7 23.1 10.4 36.7 15.8 41.1 16.5
88.1 224 71.8 21.5 58.6 20 34.6 11.4 58.3 17.5 60.7 16.3
106.3  20.6 98.2 21.8 75.3 21.2 48.8 13 75.4 17.8 80.8 16.7
1319 20.3 157.2 24.9 109.3 22.2 90.6 16.9 110.1 18.7 106.8 17
0.2 0.2 0.2 0.2 0.2 0.2

26.2 32.8 7 9.4 9.3 12.6 2.6 3.6 9.6 12.7 14.2 17.8
36.7 31.1 18 159 14.7 139 4.6 4.5 17 15.7 17.3 15.5
42.9 30.8 25.6 18.6 21.6 16.3 9.1 7 23.6 17.2 20.5 15.1
52.4 26.1 44.2 222 41.8 21.9 13.3 7.3 394 19.8 31.8 16.1
60 21.2 64.8 22.8 72.5 26.8 22.8 8.8 61.5 21.8 46 16.4
62 20.7 69 22.8 84.6 27.3 359 11.9 66.4 20.6 56.5 17.2

69.5 19.3 76.4 21.2 94.4 26.6 54.3 15.2 76.1 20.4 68.2 17.8
86.2 18.6 97.4 21.7 98.9 24.9 71.7 17.2 86.2 19.6 74.2 16.1

108.7 19.2 118.7  21.6 106.1  23.1 1074 214 92.5 17.9 87 159
0.2 0.2 0.2 0.2 0.2 0.2

7.4 13.8 5.8 11.2 2.6 5.6 2 3.9 35 6.8 7.1 14.1
16.1 21.3 10 13.8 6.7 9.6 45 6.1 7 9.7 12.3 17.5
24.1 23.6 15.5 15.8 9.3 9.8 9 8.8 10.6 10.7 19.9 20.1
352 259 252 19.1 16.6 12.8 13.6 9.8 18.7 13.9 26.1 19.6
39 22.8 41 23.8 275 16.1 22.8 124 29 16.1 319 18.4
55.6 22 58.1 24.7 43.4 19.3 36.3 14.8 42.7 17.1 46.1 18.2
62.4 21.3 71.7 25 51.1 19.3 54.3 18.2 53.1 18.3 48 17
73 20.4 76.4 227 60.9 20.2 72.8 20.4 68.1 19 56.9 16.2
73.4 21.1 83.3 24.5 71.4 22.4 72.9 20.1 68.3 19.2 56.1 15.6
99.6 17.5 1244 213 1263 247 1079 194 126 219 79 14
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

7.8 17.8 0.2 0.5 0.2 0.7 14 39 42 10.3 32 7.7
32.4 28 10.7 9.9 15.8 13.9 5 4.6 10.6 9.6 23.5 20.4
46.8 28.3 26.1 17 26.8 16.8 9.2 6.1 18.8 12 30.2 18.3
46.8 28.2 26 16.8 26.7 16.9 9.2 6 18.7 12 30.2 18.6
71.8 41.2 39.5 239 36.5 21 13.5 8.2 242 14.8 45.8 27
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 25.98 -10.65 266.5 0.12 17.93 f 48.5 23.6
0.03 25.99 -10.63 265.8 0.11 17.69 f 60.9 23.7
0.03 25.99 -10.62 265.8 0.12 18.02 f 73.8 23.7
0.03 26 -10.62 265.8 0.12 18.81 f 84.9 23.7
0.03 26 -10.62 267.8 0.12 18.86 f 85 23.7
0.03 25.99 -10.63 265 0.12 19.96 f 101.9 23.1
0.03 25.99 -10.63 266.5 0.12 20.09 f 102.1 23.2
0.03 26.01 -10.6 260.4 0.29 10.06 i-a 0.2

0.03 26 -10.6 263.2 0.28 10.11 i-a 7.5 8.9
0.03 26.01 -10.6 261.6 0.29 11.44 i-a (f) 10.1 10.1
0.03 26.02 -10.59 261.9 0.29 12.38 i-a (f) 15.3 12.6
0.03 26.01 -10.59 262.3 0.28 16.59 i-a (f) 24.7 16.8
0.03 26.01 -10.6 264.2 0.29 20.65 i-a (f) 39.9 23.2
0.03 26.03 -10.57 257.2 0.3 26.44 i-a (f) 39.8 22.5
0.03 26.02 -10.58 267.5 0.28 21.18 f 60.9 22.6
0.03 26.04 -10.55 262.9 0.29 23.69 f 79.2 22
0.03 26.06 -10.53 264.5 0.28 26.54 f 118.1 17.3
0.03 2591 -10.73 258.2 0.31 11.2 i-a 0.2

0.03 25.92 -10.72 260 0.32 16.59 i-a 9 19.4
0.03 25.93 -10.71 261.5 0.31 15.35 i-a 17.5 20.7
0.03 25.94 -10.69 259.9 0.31 19.59 i-a 31.8 254
0.03 25.95 -10.67 259.6 0.31 20.88 i-a (f) 45 26.3
0.03 25.98 -10.63 258.1 0.32 23.04 i-a (f) 67.4 244
0.03 26 -10.6 258.2 0.32 26.56 i-a (f) 94.1 22.1
0.03 26 -10.61 259.7 0.31 26.6 f 103.8 20.2
0.03 26.01 -10.6 257.7 0.32 29.44 f 117 19.2
0.03 26 -10.6 258.6 0.32 28.39 f 130.6 16.9
0.03 26 -10.6 262.1 0.31 11.31 i-a 0.2

0.03 26 -10.6 266.1 0.3 11.1 i-a 4.6 10.5
0.03 26.02 -10.58 264.1 0.31 14.45 i-a 15.3 16.6
0.03 26.02 -10.57 267 0.31 16.39 i-a (f) 24.2 20.9
0.03 26.04 -10.56 261.9 0.32 20.24 i-a (f) 349 24.6
0.03 26.04 -10.55 263 0.32 22.31 i-a (f) 52.3 25.1
0.03 26.06 -10.53 264.1 0.31 23.78 f 63.6 24.8
0.03 26.06 -10.52 263.3 0.31 24.5 f 75 23.5
0.03 26.07 -10.51 263.7 0.31 26.24 f 94.5 21.1
0.03 25.99 -10.59 254.4 0.52 18.07 i-a (f) 0.2

0.03 26 -10.59 258.6 0.51 35.64 i-a (f) 111.3 13.5
0.03 25.98 -10.61 259.6 0.5 35.31 i-a (f) 112 12.9
0.03 25.99 -10.6 2579 0.52 36.54 i-a (f) 115 14.2
0.03 25.99 -10.6 256.7 0.52 36.33 i-a (f) 113.7 13.8
0.03 25.98 -10.61 259.8 0.5 35.39 i-a (f) 112.5 13
0.03 25.98 -10.61 259 0.51 35.88 i-a (f) 114.9 133
0.03 25.96 -10.64 258.4 0.51 35.57 i-a (f) 114.1 14
0.03 25.98 -10.62 258.6 0.51 36.72 i-a (f) 114.4 15.1
0.03 25.98 -10.61 257.2 0.52 19.8 a 0.2

0.03 26 -10.59 257 0.52 20.39 a 4.6 10.8
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

83.1 39.6 53.7 26.8 47.3 22.6 22.6 11.2 32 16 52 253
92.8 355 69.1 27.5 66.3 254 35.7 14.1 43.6 17.2 58.1 22.6
98.5 31.1 85.1 27.5 85.5 27.4 56.1 18.1 52.1 17 65.5 21.1
99 27.3 100.8  27.9 102.3  28.8 73 20.4 60.4 17 74.1 20.6

99.1 273 100.8  27.8 102.2  28.8 73.1 204 60.4 17.1 74.2 20.7
107.7 237 120.8 269 112.6 278 112.1 249 72.8 16.4 85.4 19

108 23.8 1212 269 113 27.9 1124 25 72.9 16.4 85.4 19
0.2 0.2 0.2 0.2 0.2 0.2

11 11.4 6.7 8 6.9 8 3.4 4 8.7 11.5 8.5 10.4
14.7 13.6 8.7 9 9.7 9.2 5 4.9 11.3 124 11.1 11.7
21.5 17 12.9 11.3 15.3 11.8 9.2 7.2 16.5 14.3 16.4 14.2
35.6 233 20.7 15.1 249 15.9 14.7 9.5 26.4 18.5 26 18.4
61.2 34.1 36 22.8 39.3 22.1 23.6 133 39.7 234 39.8 23.7
60.7 32.1 359 21.1 39.3 222 23.4 133 40 234 39.7 229
93 31.2 58.6 24.6 53.7 229 38 14.7 61 222 61.1 20.1
1206 28.3 79.7 24.5 70.2 24.6 51.8 16.2 75 20.6 71.7 17.9
169.2  19.2 1424 209 96.2 19.6 96 17.3 96.8 14.6 108.1 123
0.2 0.2 0.2 0.2 0.2 0.2

18.4 34.6 7.5 17 4.8 13.2 1.4 4 13.9 30.8 8.3 16.9
29.8 32.7 16.8 20.4 11.7 15.8 4.8 6.8 22.6 27.1 19.1 21.5
55 41.4 35.8 28.4 20.1 18.4 9.3 8.7 36.5 29.3 342 26.4
69.3 39.3 61.4 34.6 36.8 23.4 13.6 9 54.8 31.4 342 20.4
83.4 29.1 96 34 69.2 28.3 22.4 9.3 90.1 30.8 432 15.2
86.2 19.6 154 335 107.3 294 36.6 10 142.8 316 37.4 8.6
84.1 15.8 163 30 118 27.5 54.1 12 160.6  28.4 43 7.6
94.9 14.3 1783 277 118 24 72.3 132 1789 269 59.9 8.8
121.1  13.6 1785 222 118.7  20.1 107.7 154 1789 214 78.9 8.6
0.2 0.2 0.2 0.2 0.2 0.2

14.2 30.5 0.7 1.8 1.5 35 4.8 11.7 1.4 3.6 5.1 12.1
31.7 32.8 11 12.6 10.3 11 9.1 10.3 10.4 12 19.2 21
443 37.3 20.5 18.4 17.9 14.8 13.7 11.9 18 16.1 30.7 26.7
58.3 40.1 355 25.3 26.8 18.6 229 16.1 26.6 194 39.2 28.2
82.2 38.1 59.8 29.2 46.7 22.7 36.3 17.3 46 222 42.6 21
84.6 32.8 82.3 32 59 23.4 54 20.5 59.3 23 42.6 17
85.7 26.8 98 30.9 73 239 72 21.8 72.8 224 48.5 15.1
83.1 18.7 1312 28.6 96.9 23.5 1074 233 97.4 21.3 51.2 11.6
0.2 0.2 0.2 0.2 0.2 0.2

159.7 143 178.8  19.8 97 24.2 4.5 0.7 161.8 163 66.3 5.7
159.3 138 1784  19.1 96.5 21.9 9.2 1.4 159.3 155 69.3 5.7
158.1 14.8 178.6 203 104 25 13.8 22 166.2  16.8 69.3 6
1579 143 1784 199 923 23.1 22.7 3.4 162 16.1 69.1 59
151.1 133 1783 19.7 74.6 18.7 36.1 5.4 133 13 102 8.1

1448 128 178.1  19.7 70.8 18.4 54.3 7.7 132.8 128 108.5 8.6
1253 121 178.1  20.8 73.3 19.3 72.4 10.3 127.1 127 108.3 9.1

1183 129 178.1 225 68.9 18 107.9 155 105 11.7 108.2  10.1
0.2 0.2 0.2 0.2 0.2 0.2
10.3 22 1.6 4 3 8.2 4.7 11.5 3 7.7 49 11.5

Table G.9 399



Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 26 -10.59 259.5 0.51 19.35 a 94 15.1
0.03 26 -10.58 259.9 0.51 19.73 a 14.5 17.7
0.03 26.01 -10.57 261.4 0.51 22.25 a 20.9 20.5
0.03 26.03 -10.55 260.1 0.52 29.11 a 342 26.2
0.03 26.04 -10.53 258.5 0.52 34.62 a(f) 49.3 30.2
0.03 26.05 -10.52 258.6 0.52 37.52 i-a () 63.6 29.3
0.03 26.07 -10.49 258.4 0.52 38.82 i-a (f) 85 23.9
0.03 25.98 -10.61 260.8 0.52 19.24 a 0.2

0.03 25.98 -10.61 261 0.52 19.55 a 2 7.1
0.03 26 -10.59 258.2 0.52 19.66 a 4 10.5
0.03 25.98 -10.61 263.6 0.51 18.85 a 9 14.8
0.03 26 -10.59 261.1 0.51 18.76 a 12.8 16.7
0.03 26 -10.59 265.8 0.5 21.67 a 21.6 20.4
0.03 26.01 -10.57 265.1 0.51 26.91 a(f) 33.5 25.2
0.03 26.02 -10.55 262.4 0.51 33.19 a(f) 43.1 29
0.03 26.03 -10.55 262.1 0.52 37.47 i-a (f) 62 29.6
0.03 26.04 -10.53 263.6 0.51 37.91 i-a () 86.8 22.2
0.03 25.94 -10.67 263.4 0.51 0.2

0.03 25.94 -10.67 264.5 0.51 0.2

0.03 25.92 -10.69 266.9 0.5 19.99 8.1 15.1
0.03 25.94 -10.67 268.1 0.5 19.49 12.8 16.9
0.03 25.95 -10.65 258.9 0.53 20.83 19.8 19.7
0.03 25.96 -10.64 257.1 0.53 21.01 19.9 19.6
0.03 25.97 -10.63 257.1 0.53 24.82 a 33 25
0.03 25.95 -10.65 257.7 0.53 27.25 a(f) 52.6 26.7
0.03 25.97 -10.62 258.9 0.52 27.04 a(f) 52.7 26.7
0.03 25.97 -10.63 258.1 0.53 27.55 a(f) 60.2 23.5
0.03 25.99 -10.6 259.3 0.51 29.68 i-a () 66.1 22.3
0.03 25.98 -10.61 258.6 0.53 34.53 i-a (f) 76.2 21.3
0.03 25.98 -10.57 266 0.7 26.65 a 0.2

0.03 25.99 -10.56 265.3 0.7 26.92 a 2.3 6.7
0.03 25.99 -10.54 256.4 0.73 26.06 a 4.8 10.5
0.03 25.99 -10.54 261.1 0.71 26.12 a 8.4 14.1
0.03 25.99 -10.54 258.7 0.72 27.15 a 11.8 16.7
0.03 26.02 -10.5 258 0.72 29.99 a 17.5 18.8
0.03 26.01 -10.52 262.9 0.7 36.07 a(f) 40.5 23.1
0.03 25.99 -10.55 261.8 0.7 26.53 a 0.2

0.03 25.99 -10.55 260.9 0.7 26.63 a 0.2

0.03 25.98 -10.56 260.6 0.72 25.28 a 2.2 8.1
0.03 25.98 -10.57 262.6 0.71 25.08 a 2.3 8.3
0.03 25.98 -10.57 263.5 0.71 25.73 a 4.7 11.8
0.03 25.99 -10.55 263.2 0.7 25.55 a 4.7 11.8
0.03 26.01 -10.52 264.8 0.7 27.82 a 12.7 17.7
0.03 25.99 -10.55 263.8 0.71 28.02 a 12.5 17.7
0.03 26 -10.54 262.7 0.71 31.56 a 20 19.9
0.03 25.98 -10.56 264.5 0.7 31.53 a 20.1 19.7
0.03 26.01 -10.52 260.9 0.72 36.6 a(f) 34.9 24
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
16.9 252 7.2 12.2 6 10.6 9.2 14.9 6 10.2 10.9 17.3
22.6 25.8 13.8 17.3 10.2 13.8 13.3 16.5 10.1 12.8 17.1 20.1
31.1 28.6 19.9 20.1 13.7 15.1 23 22 14.3 14.5 23.5 22.6
43.9 322 30 23.7 26.3 23 36.8 27.3 26.3 20 42.2 30.9
69 39.7 48.4 29.1 40.8 29 54.2 31.7 39.2 24 44 27.5
90.3 38.2 76.9 332 47.4 28.7 72.5 32 47.5 21.7 46.9 21.7
104.1 27.5 113.8  30.1 68.7 27.4 108.2 283 67.8 17.7 47.2 12.3
0.2 0.2 0.2 0.2 0.2 0.2

5.1 16.6 1.6 5.3 0.2 0.7 2.4 9.6 1.1 4 1.8 6.5
93 223 2.6 7 0.2 0.6 5 153 1.8 5.2 4.8 12.8
17.4 27 5.8 10 5.6 9.7 9.7 16.5 5.5 9.3 9.9 16.4
23 27.9 10.5 14.3 7.6 10.7 13.7 18.3 7.7 104 14.5 18.5
32.6 29.2 19.3 18.9 14.4 14.9 229 21.9 14.6 14 25.5 23.5
47.8 34.1 30.1 22.7 24.4 20.4 36.3 27.1 23.6 18 38.8 28.8
59.1 37.2 39.9 26.8 29.6 23.7 54.4 353 30.3 20.6 45 30.2
83.3 37.5 65.3 30.7 45 27.6 72.5 333 45 20.8 60.6 27.7
94.3 22.5 123.8  29.6 67 25.8 107.7  26.2 66.3 15.3 61.6 13.7
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

159 27.3 6.1 11 6.5 12.7 5.2 10.3 73 14.5 7.8 149

22.4 28.1 9.6 12.8 11.2 15.3 9.4 12.7 10.2 142 14.1 18.5
323 30.2 16.5 16.6 15.1 16.2 14.2 14.6 18.5 18.7 224 222

32.3 30.1 16.5 16.5 15.2 16 14.3 14.4 18.5 18.6 224 21.9
539 38.8 26.1 20.2 23.7 19.4 232 17.7 29.6 22.8 412 30.9
85.4 40.3 61 30 45.8 28.1 36.4 18.3 39.8 20.2 473 233
85.5 40.3 61 30 45.9 28.5 36.4 18.4 39.8 20 474 23.1
91 33.6 84.6 324 46 233 54.5 20.5 45.1 16.9 39.9 14.6
88.5 28.6 107.6 344 47.4 20.3 73 239 47.9 15.9 32.1 10.5
93.4 253 133.6 36 239 11.8 1084 292 64.6 16.8 334 8.9
0.2 0.2 0.2 0.2 0.2 0.2

29 7.4 2.3 6.9 1.4 5.1 2.8 8.4 1 3 32 9.1
6.5 12.7 3.6 8.1 43 10.5 5 11.2 1.8 4.1 79 16.4
11.9 18.4 7.9 13.7 5.8 11.1 9.1 15.3 4.4 7.8 11.2 18.3
13.7 18.3 14.2 20.5 6.7 11.3 13.8 19.3 6.6 9.5 15.6 21.2
21.9 22 20.3 222 10.8 14 21.9 22.8 10.1 11 20.1 20.8
50.6 273 45.5 25.6 32.8 21.5 40.3 22.6 32.6 18.4 41 233
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

4.5 14.5 0.2 0.8 3.4 14.1 1.4 5.8 1.7 6.6 1.9 6.6
4.6 14.5 0.2 0.8 3.5 14.1 1.5 5.7 1.8 7 22 75
8.3 18.7 33 8.9 3.4 10.1 4.8 12.1 4.8 12 3.8 9.1

8.3 18.7 3.4 8.9 3.5 10.1 4.8 12.1 4.8 12.1 3.7 9
17.7 24.1 79 11.7 20.3 26.9 8.9 12.6 9.5 14.1 11.6 16.5

17.5 24.1 7.7 11.8 20.1 27.3 8.7 12.7 9.4 14 11.5 16.5
259 253 133 14.1 32.6 31.1 135 14.1 14.7 15.4 19.8 19.7
26.1 25.1 134 14 32.7 30.6 13.6 13.9 14.7 15.2 19.9 19.4
45.2 30.5 21 15.4 51.8 34.1 229 16.3 33.3 232 355 24.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 26.02 -10.51 264.4 0.7 36.24 a(f) 35 23.8
0.03 26.01 -10.53 262.3 0.71 41.02 a(f) 53.5 26.7
0.03 26.03 -10.49 262.2 0.71 40.61 i-a (f) 53.6 26.7
0.03 26 -10.54 262.7 0.71 43.12 a(f) 66.8 25
0.03 26.02 -10.51 263.1 0.71 43.15 a(f) 66.9 25
0.03 26.01 -10.53 273.7 0.69 45.71 i-a (f) 77.1 21.6
0.03 26.06 -10.46 273.2 0.69 45.55 i-a (f) 77 21.1
0.03 26.04 -10.18 270.5 0.88 36.36 a 0.2

0.03 26.05 -10.2 271.6 0.88 35.08 a 04

0.03 26.05 -10.14 269.1 0.88 37 a(f) 3 12.2
0.03 26.06 -10.11 267.7 0.89 41.3 a(f) 6.4 14.7
0.03 26.05 -10.14 270 0.88 41.34 a(f) 10.4 15.4
0.03 26.05 -9.96 263.7 0.9 40.69 i-a (f) 26.1 16.5
0.03 26.02 -10.07 265.8 0.9 34.72 a 0.2

0.03 25.97 -10.01 262.7 0.91 37.73 a(f) 1.2

0.03 26.02 -10.18 269 0.88 37.84 a(f) 3.1 15.4
0.03 26.04 -9.59 258.3 0.92 46.4 a(f) 7.7

0.03 25.99 -9.78 259.6 0.92 47.6 a(f) 11.6 46
0.03 26.03 -10.01 264.9 0.9 44.33 a(f) 22.9 20.3
0.03 26 -10.53 451.2 0.71 64.61 a 0.2

0.03 25.99 -10.56 454.3 0.7 64.76 a 0.2

0.03 26 -10.55 456.3 0.7 64.55 a 1.5 4.5
0.03 25.99 -10.55 458.6 0.69 64.27 a 1.5 44
0.03 26 -10.54 460.6 0.69 64.51 a 44 8.8
0.03 25.99 -10.56 465 0.68 64.73 a 4.4 8.7
0.03 26.01 -10.53 466.1 0.69 66.46 a 9.1 12
0.03 26 -10.53 461.3 0.7 66.47 a 9.1 12
0.03 26.02 -10.51 469.5 0.71 68.9 a 15 14.8
0.03 26.03 -10.49 466.1 0.72 68.89 a 15 14.9
0.03 25.98 -10.56 472.7 0.71 71.92 a 25.8 18.3
0.03 26.03 -10.49 472.2 0.71 71.37 a 25.9 18.3
0.03 26.03 -10.51 477.7 0.69 75.36 a 36 21.6
0.03 26.04 -10.48 474.9 0.71 75.38 a 36.1 21.7
0.03 26.03 -10.5 478.8 0.69 81.52 a 48.6 25
0.03 26.05 -10.48 475.8 0.7 81.93 a 48.6 25.2
0.03 25.98 -10.65 524 0.1 16.84 i-a 0.2

0.03 25.97 -10.66 526 0.1 17.03 i-a 0.2

0.03 25.98 -10.65 528.3 0.1 16.82 i-a 2.1 6
0.03 25.98 -10.64 527.2 0.1 17.37 i-a (f) 4 7.9
0.03 25.99 -10.62 530.9 0.1 22.21 i-a (f) 13.4 13.7
0.03 26 -10.61 524.2 0.1 32.96 f 23.2 19.9
0.03 26.02 -10.59 522.5 0.1 37.64 f 43.2 25.7
0.03 26.03 -10.58 524.1 0.1 39.41 f 59.6 28.2
0.03 26.04 -10.56 519.9 0.1 40.33 f 75.3 29.7
0.03 26.03 -10.57 5259 0.1 40.83 f 88.7 30.3
0.03 26.03 -10.57 522 0.11 42.62 f 110.6 30.7
0.03 25.96 -10.66 522.7 0.31 36.96 a 0.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
45.3 30.3 21 15.3 51.9 339 229 16.1 333 229 35.6 24.4
77.8 38.9 36.4 18.5 91 41.9 359 174 44.5 235 35.5 20

71.9 38.9 36.5 18.5 91.1 41.6 36.3 17.5 44.5 23.5 35.6 19.9
94.2 32.1 65.1 229 101.1 462 539 18.3 45.6 16.2 412 14.5
94.2 32 65.2 22.9 101.1 463 54 18.2 45.6 16.1 41.2 144
100.5 255 1004 259 101.3 372 76.6 19.7 47.9 12.4 359 9.1
1004 248 100.2 253 101.2 358 76.6 19.5 47.9 12.1 35.8 8.8

0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 1.4 0.2 0.2
3.1 8.8 29 12.6 1.4 10 4.8 19.8 1.4 59 4.6 16.2

4.9 9.6 7.3 17.2 3.7 11.6 9.3 20.9 39 9.1 9.4 20
9.5 12.3 11.9 17.4 6.8 12.7 13.4 19.9 6.5 9.8 14.5 20

29.7 17.3 255 159 28.7 21.8 22.6 13.6 20 12.3 30.2 17.8
0.2 0.2 0.2 0.2 0.2 0.2

2.7 0.2 0.2 1.9 0.2 1.9

4.6 20 3 16.1 0.2 12 4.9 28.8 1.4 6.6 43 19.8
10.5 6.1 6.1 10.1 4.2 9.1

15.8 50.7 9.9 424 8.6 48.6 14 58.1 8.4 31.1 133 44.9
31.7 26.2 24.8 21.2 18.9 19.2 22.4 19.9 19.4 17.1 20.5 18.1
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

1.6 39 0.2 0.6 4 12.6 1.6 5 0.2 0.6 1.5 4.4
1.6 39 0.2 0.6 39 12.4 1.5 4.7 0.2 0.6 1.5 4.4
4.8 8.5 1.9 4 7.4 15.5 45 9.3 1.7 35 6.1 11.8
4.8 8.5 2 4.2 7.3 15.2 4.5 9.1 1.7 3.5 6.1 11.7
10.4 12.7 4.6 6.5 12.7 17.6 9.3 12.3 6.8 9.1 10.7 14
10.4 12.8 4.6 6.5 12.7 17.4 9.3 12.2 6.8 9.1 10.7 14
16.1 15 9.9 10.1 21.2 21.2 13.7 13.6 10.5 10.6 18.6 18.1
16.1 15.1 9.9 10.1 21.2 21.4 13.7 13.7 10.4 10.7 18.6 18.2
26.9 18.4 19.5 14.1 36.7 26.3 22.6 16.2 19.3 14 29.7 20.9
26.9 18.4 19.6 14.1 36.8 26.3 22.7 16.2 19.4 14 29.8 20.9
36.5 21 28.6 17.3 46.6 29.6 36.6 21.6 28.3 16.9 39.7 232
36.4 21 28.6 17.5 46.6 29.7 36.6 21.7 28.3 17 39.7 233

49.1 23.8 43.1 21.7 49.4 29.3 54.1 275 423 21.4 53.8 26.6
49.1 239 43.1 21.9 493 29.3 54.1 27.6 423 21.5 53.8 26.9

0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

3.4 8.7 1.5 4.6 1.4 4 2.7 8.2 0.2 0.6 3.4 9.7
6.5 12 2.6 5.5 1.8 3.7 4.7 9.9 1.6 33 6.6 12.7
22.5 22.1 8.4 9 9.9 10.2 9.4 9.8 9.9 104 20.6 20.8
39.6 329 15.6 14.2 17.8 15.4 13.8 12.1 17.8 15.8 345 29.2
74.6 429 36.9 22.5 323 19.5 22.7 13.8 32.5 20 60.4 35.7
96.8 44.6 59.2 28.5 43.4 213 36.1 17.2 43.6 21 78.7 36.8
115.7  44.1 82 32.6 539 22.7 54.1 21.3 54.2 21.6 92.1 35.7
130.8 433 100.5 344 66.1 24.5 71.9 24.4 65.1 22.4 98 33.1
149.6  40.1 1285 354 86.3 26.8 107.6 294 86 23.7 105.8  28.8
0.2 0.2 0.2 0.2 0.2 0.2
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 25.96 -10.66 523.6 0.3 37.98 a 0.2

0.03 25.97 -10.65 523.9 0.3 38.34 a 1 4.2
0.03 25.97 -10.65 520.7 0.31 38.88 a 2.7 7.5
0.03 25.97 -10.65 519.3 0.31 38.18 a(f) 74 11.5
0.03 25.89 -10.75 515.1 0.32 39.5 a(f) 12.3 14.5
0.03 2591 -10.73 517.9 0.3 38.4 a(f) 21.6 19.4
0.03 25.92 -10.72 533.9 0.3 39 a(f) 354 26.4
0.03 25.95 -10.68 533.9 0.3 57.92 a(f) 48.5 33.5
0.03 25.96 -10.66 514.8 0.31 88.2 a(f) 67.8 41
0.03 25.94 -10.68 531.4 0.3 81.25 i-a (f) 101 39.6
0.03 26.01 -10.57 501.3 0.53 57.15 a 0.2

0.03 26.01 -10.56 499.6 0.53 57.23 a 0.2

0.03 26.02 -10.56 499 0.53 5791 a 2 6.6
0.03 26.02 -10.56 504.5 0.52 57.56 a 2 6.5
0.03 26 -10.58 504.1 0.52 57.9 a 4.2 9.4
0.03 26.01 -10.58 507.6 0.52 57.78 a 4.1 9.3
0.03 26.01 -10.57 510.2 0.52 57.49 a 7 11.7
0.03 26.01 -10.57 509.1 0.52 57.42 a 7.1 11.7
0.03 25.95 -10.66 516.1 0.51 57.88 a(f) 11.4 14.5
0.03 25.96 -10.65 528.8 0.5 58.64 a(f) 22.1 19
0.03 25.94 -10.66 522.4 0.51 49.71 i-a (f) 57.3 9.2
0.03 25.94 -10.67 539.3 0.49 48.26 i-a (f) 53.8 57.5
0.03 39.32 4.72 79 0.16 0.26 S-w 0.1

0.03 39.31 4.71 78.8 0.16 0.26 s-w (f) 0.1

0.03 39.32 4.72 78.7 0.14 0.31 s-w (f) 1.6 4
0.03 39.3 4.7 78.6 0.15 0.3 s-w (f) 1.5 3.9
0.03 39.32 4.72 78.5 0.14 0.38 s-w (f) 3 5.5
0.03 39.33 4.73 78.7 0.14 0.37 s-w (f) 2.9 54
0.03 39.31 4.71 78.5 0.16 0.56 s-w (f) 6 74
0.03 39.31 4.71 78.4 0.16 0.56 s-w (f) 6 7.4
0.03 39.31 4.71 79.4 0.16 0.78 s-w (f) 10.3 9.4
0.03 39.34 4.74 78.8 0.16 0.8 s-w (f) 10.3 9.4
0.03 39.35 4.75 79.4 0.14 0.91 w (f) 13.9 10.6
0.03 39.3 4.7 78.5 0.14 0.9 w (f) 14 10.6
0.03 39.35 4.74 80 0.13 1.33 w (f) 249 12.4
0.03 39.32 4.72 78.6 0.15 1.32 w (f) 24.8 12.4
0.03 39.34 4.74 78.8 0.16 1.98 w (f) 39 13
0.03 393 4.71 79.4 0.16 1.95 w (f) 38.9 12.8
0.03 39.31 4.71 78.4 0.16 2.16 w (f) 47.4 13
0.03 39.33 4.74 78.6 0.15 2.18 w (f) 47.5 13.2
0.03 393 4.73 78.9 0.34 w 0.1

0.03 39.3 4.73 79 0.34 w 0.1

0.03 39.31 4.74 78.3 0.34 w (f) 1.9 4.2
0.03 39.31 4.74 78.9 0.34 w () 1.9 4.2
0.03 39.32 4.75 78.1 0.35 w (f) 44 5.5
0.03 39.31 4.74 79 0.35 w (f) 4.5 5.5
0.03 39.3 4.73 79 0.34 w (f) 7.3 6.2
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.2 0.2 0.2 0.2 0.2 0.2
2 7.6 0.2 1.1 0.2 0.9 1.5 7.5 0.2 1 1.7 73

4.4 11.1 1.4 4.5 1.6 4.5 4.2 11.8 1.5 4.5 32 8.7
10.5 15.1 6.9 11.1 5.6 8.9 9.2 14.3 5.7 9.2 6.7 10.4

17.1 18.9 11 13.5 9.4 11.8 13.8 16.4 9.4 11.3 13 14.9
25.3 22 23 20.8 16.8 16.1 23 20.5 16.9 15.4 24.5 21.5
41.9 29.6 34.1 26 28.1 229 36.2 26.6 28.4 21.7 439 31.7
56.8 37.5 483 33.8 39.7 31.7 54 36 40 27 523 35
82.1 46.4 68.1 40.7 56.4 40.6 72 42.4 56.7 33.8 71.5 41.8
117.7 433 105.5 399 84.8 42 107.7 403 84.8 324 1055 394
0.2 0.2 0.2 0.2 0.2 0.2

0.2 0.2 0.2 0.2 0.2 0.2

1.8 4.8 1.6 5.5 1.6 6.1 4.1 13.7 1.4 4.7 L5 4.7
1.8 4.9 1.6 5.6 1.6 6.1 4.1 13.6 1.3 4.5 1.5 4.7
3.6 7.1 4.3 10 33 8.4 6.4 14.5 3.1 72 42 9
3.5 6.9 4.3 10 33 8.3 6.3 14.4 32 7.3 42 9
6.5 9.9 7.3 12.5 59 10.8 9.6 159 5.4 9.1 7.6 12.2
6.5 9.9 7.3 12.4 6 10.9 9.6 15.9 5.4 9.1 7.6 12.1
11.9 14.1 11.7 15.3 9.7 13.6 14 17.6 8.9 11.5 12 14.8
25.5 20.8 23.6 20.6 21 19.3 235 19.9 17.3 15 21.5 18.3
57.6 8.9 59.3 8.5 69.9 13.7 28.1 3.8 74.5 11.9 54.7 8.3
57.6 18.4 48.4 15.4 55.6 260.7  47.6 14.1 60 19.6 53.4 16.8
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

1.6 3.8 2.3 6.3 0.1 0.4 2.3 59 1.9 4.9 1.1 2.8
1.6 39 2.2 6 0.1 0.4 2.3 5.8 1.7 4.4 1.2 32
1.6 2.7 52 9.8 0.1 0.3 4.8 8.7 4 7.2 2.3 4.1
1.5 2.7 5.1 9.7 0.1 0.3 4.7 8.6 39 7 2.1 39

4.1 4.6 6.7 8.3 6.7 8.9 9.2 11.2 5.7 72 34 4.1
4.1 4.6 6.7 8.3 6.7 8.9 9.2 11.2 5.7 7.1 35 4.2

1.6 1.5 15 13.6 15.8 14.5 13.6 12.1 12 11 39 3.7
1.6 1.5 14.9 13.6 15.7 14.4 13.6 12.1 11.9 11 39 3.7
4.5 33 17.2 13.6 19.6 15.1 222 16 14.5 11.1 5.7 4.4
4.6 3.4 17.2 13.6 19.7 15.2 22.3 16 14.4 11 5.7 4.4
10.8 5.1 42.1 20.8 20.3 11.6 36.2 17.5 332 16 6.7 33
10.8 5.1 42.1 20.9 20.2 11.6 36.1 17.6 332 16 6.8 3.4
15.5 4.9 66.9 21.8 28.6 11.4 539 17.9 47 15.1 21.9 6.8
15.5 4.8 66.8 21.5 28.6 11.4 539 17.8 46.9 14.9 219 6.7
23 6.1 75.8 20.7 333 11 72.4 19.3 52.1 13.9 27.7 72
232 6.2 75.9 20.9 334 11.1 72.4 19.5 522 142 27.8 74
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

2.4 5 2 45 2.5 59 1.8 39 2.6 5.5 0.1 0.3
2.4 4.9 1.8 4 2.5 5.8 2 4.1 2.8 59 0.1 0.3
2.1 2.5 5 6.4 7.6 9.4 4.6 5.7 5.7 7.1 1.5 1.9
2 2.4 5 6.3 8 9.7 4.6 5.7 5.8 72 L5 1.8
2.3 1.9 9 7.8 12.4 10.4 9.1 7.6 9.1 79 1.8 1.5
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 39.31 4.74 77.6 0.34 w (f) 7.3 6.2
0.03 39.3 4.73 79 0.34 w (f) 9.3 6.6
0.03 39.31 4.74 78.6 0.34 w (f) 9.3 6.5
0.03 39.34 4.76 78.5 0.34 w (f) 20.4 7.7
0.03 39.31 4.74 79.2 0.33 w (f) 20.4 7.6
0.03 39.33 4.76 78.7 0.34 w (f) 344 8.1
0.03 39.33 4.76 78.9 0.34 w (f) 34.4 8.1
0.03 39.3 4.72 78.9 0.34 f 50.7 7.8
0.03 39.33 4.75 80.6 0.33 f 50.5 7.8
0.03 39.32 4.74 81.2 0.32 0.35 w 0.1

0.03 39.32 4.74 81 0.32 0.37 w 0.1

0.03 39.28 4.7 80.7 0.33 0.48 w (f) 1.3 4.3
0.03 39.3 4.72 80.8 0.33 0.46 w (f) 1.3 4.1
0.03 39.32 4.75 80.2 0.34 0.66 w (f) 4.1 5.7
0.03 39.32 4.75 80.8 0.33 0.65 w (f) 4.1 5.8
0.03 39.32 4.75 73.7 0.36 0.71 w (f) 7.5 6.9
0.03 39.28 4.71 76.2 0.35 0.64 w (f) 7.5 6.9
0.03 39.3 4.72 85.1 0.31 0.96 w (f) 11.9 7.9
0.03 39.3 4.72 85.2 0.31 1.02 w (f) 11.9 7.9
0.03 39.27 4.69 84.8 0.31 1.39 w (f) 20.1 8.4
0.03 39.28 4.71 86.1 0.3 1.38 w (f) 20.2 8.3
0.03 39.29 4.71 85.2 0.31 2 w (f) 31.3 8.6
0.03 39.31 4.73 85.1 0.31 1.94 w (f) 31.2 8.5
0.03 39.29 4.71 85.2 0.32 2.71 f 47.6 8.2
0.03 39.29 4.71 85 0.32 2.74 f 47.6 8.2
0.03 39.32 4.74 84.2 0.31 3.19 f 60 74
0.03 39.31 4.74 84.2 0.31 3.19 f 60.1 7.5
0.03 39.23 4.65 84.5 0.32 3.26 f 65.1 7.3
0.03 39.33 4.75 83.9 0.32 3.25 f 65.1 7.2
0.03 39.35 4.82 79.3 0.52 0.95 0.1

0.03 39.31 4.78 79.7 0.51 0.92 0.1

0.03 39.34 4.81 78.7 0.52 1.1 2.8 5.7
0.03 39.34 4.82 79.1 0.52 1.08 2.9 5.8
0.03 39.33 4.81 79 0.53 1.34 5.5 6.1
0.03 39.34 4.81 79 0.52 1.36 54 6
0.03 39.34 4.81 80.2 0.51 1.37 9.6 6.4
0.03 39.33 4.8 79 0.53 1.39 9.6 6.4
0.03 39.34 4.82 79.1 0.53 1.95 18.8 6.5
0.03 39.34 4.82 79.7 0.53 1.94 18.7 6.5
0.03 39.33 4.79 84.7 0.5 2.33 25.9 6.8
0.03 39.34 4.83 74.6 0.57 2.27 25.8 6.2
0.03 39.35 4.81 86.1 0.49 2.81 349 6.6
0.03 39.36 4.82 84.9 0.5 2.82 349 6.5
0.03 39.36 4.83 84.5 0.5 3.34 45.5 6.1
0.03 39.34 4.81 84.1 0.51 3.35 45.4 6.2
0.03 39.36 10.02 0.6 0.95 0.1

0.03 39.32 4.87 33.8 0.68 s () 0.1
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
2.1 1.8 9.2 8 12.1 10.2 9.2 7.7 9.2 8 1.8 1.6
1.8 1.2 12.8 9.2 12.6 9.2 13.8 9.5 10.8 7.7 3.8 2.6
2.2 1.4 12.8 9.1 12.6 9.1 13.8 9.4 10.9 7.6 3.7 2.5
3.1 1.2 30.2 11.6 29.3 114 249 9.2 30.2 11.2 4.6 1.7
3.2 1.2 30.3 11.4 29.3 11.3 24.9 9.1 30.2 11 4.6 1.7
4.6 1.1 46.3 11 55.8 13.3 359 8.4 49.1 11.5 14.8 3.4
4.6 1.1 46.2 11 55.7 13.3 359 8.3 49.1 114 14.9 3.5
6.6 1 74.4 11.5 69.6 11.2 53.4 8.2 72.1 11 279 4.2
6.5 1 74.2 114 69.5 11.1 532 8.1 71.9 10.9 27.7 4.2
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 04 2.6 8.4 2.1 7.2 1.5 4.7 1.4 4.6 0.1 0.4
0.1 0.4 2.6 8 2.1 7.1 1.5 4.5 1.4 4.4 0.1 0.4
0.1 0.2 8.7 12.1 4.5 6.5 49 6.9 4.7 6.6 1.4 2
0.1 0.2 8.7 12 4.5 6.5 49 6.9 4.8 6.7 1.6 2.2
0.1 0.1 13.9 12.6 9.7 94 9.3 8.5 9.3 8.4 2.4 2.1
0.1 0.1 14 12.7 9.8 9.5 9.4 8.5 9.5 8.5 2.5 2.2
0.1 0.1 20.8 13.6 18 12.1 14 9.2 14.8 9.6 4 2.6
0.1 0.1 20.7 13.6 18 12.1 13.9 9.2 14.8 9.7 4 2.6
0.1 0 333 13.8 30.2 12.8 229 9.5 26.7 11 7.7 3.1
0.1 0 33.3 13.7 30.3 12.7 22.8 9.5 26.8 11 7.6 3.1
4.1 1.1 48.9 13.3 44.2 12.4 36.6 9.9 42.6 11.5 11.5 3.1
4.1 1.1 48.8 13.3 44.1 124 36.6 9.9 42.6 11.5 114 3.1
6.3 1.1 76.3 129 62.6 11.2 55.3 9.4 62.1 10.6 23 3.9
6.3 1.1 76.3 129 62.6 11.2 55.2 9.4 62.3 10.5 23 3.9
5.3 0.6 105.8 12.8 67.3 8.9 71.2 8.6 80.1 9.7 30.6 3.7
5.5 0.7 105.8 129 67.3 9 71.3 8.6 80.2 9.8 30.5 3.8
3.9 0.4 99.6 11.3 76.5 9.2 85.8 9.2 84.3 9.2 40.4 4.4
4 0.4 99.7 11.2 76.4 9.1 85.7 9.1 84.3 9.2 40.3 4.4
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

3.9 8 35 7.5 5.6 10.6 1.8 3.5 1.3 2.7 0.9 1.8
3.9 8 3.5 7.6 5.6 10.6 1.8 3.5 1.4 2.8 1.2 2.5
1.9 2.1 10.6 12 10.1 10.7 5.1 5.6 4.1 4.7 1.2 1.3
1.9 2.1 10.5 12 10 10.6 5 5.5 4.1 4.8 1.1 1.3
1.7 1.1 16.8 11.3 16.2 10.9 9.1 6.1 11.2 7.3 2.5 1.6
1.7 1.1 16.8 11.2 16.3 11 9 6 11.2 7.3 2.7 1.7
1.8 0.6 23.8 8.6 46.5 15.6 13.8 4.9 23.7 8.5 3 1.1
1.7 0.6 23.8 8.6 46.4 15.5 13.7 49 23.7 8.4 2.9 1
2.3 0.6 36.8 9.8 52.8 13.6 233 6.1 36 9.4 4.1 1.1
2.1 0.5 36.8 9 52.7 12.7 233 5.6 359 8.6 4.1 1
4.2 0.8 52.5 9.9 57.9 11.1 36.5 6.8 51.3 9.5 6.8 1.3
4.3 0.8 52.5 9.8 58 11 36.5 6.7 51.3 9.4 6.9 1.3
0.1 0 77.1 10.3 60.2 8.5 53.8 7.1 66.9 8.8 15 2
0.1 0 76.9 10.4 60.1 8.6 53.7 7.2 66.9 8.9 15 2
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 39.34 5.01 40.9 0.77 s-w (f) 0.1

0.03 39.31 4.92 52 0.73 s-w (f) 0.1

0.03 39.35 4.97 62.4 0.74 S-w 0.1

0.03 39.35 5.03 79.5 0.78 1.19 w 0.1

0.03 39.35 5.01 80.8 0.76 1.19 w 0.1

0.03 39.31 4.89 80.1 0.7 0.98 w (f) 3.7 6.9
0.03 39.34 4.92 80.8 0.7 1.01 w (f) 3.7 6.8
0.03 39.33 4.92 80 0.71 1.15 w (f) 5.6 6.7
0.03 39.35 4.93 80.5 0.7 1.12 w (f) 5.5 6.6
0.03 39.34 491 79.8 0.7 1.31 w (f) 7.2 6.5
0.03 39.34 491 80.2 0.7 1.4 w (f) 7.1 6.5
0.03 39.36 4.93 80.5 0.7 1.82 w (f) 10.9 6.2
0.03 39.35 4.93 80 0.7 1.87 w (f) 10.9 6.2
0.03 39.33 491 79 0.71 2.67 w (f) 22.2 5.6
0.03 39.34 4.92 79.6 0.7 2.7 w (f) 22.3 5.5
0.03 39.3 4.85 84.1 0.68 3.54 w (f) 40.5 4.6
0.03 39.33 4.88 83.9 0.67 3.56 w (f) 40.5 4.5
0.03 39.33 4.93 80.1 0.72 3.49 w (f) 36.2 44
0.03 39.34 4.92 81.3 0.7 3.46 w (f) 359 4.6
0.03 39.25 5.12 84.3 0.85 1.47 w 0.1

0.03 39.26 5.99 76.8 0.92 1.47 w 0.1

0.03 39.26 5.15 84.4 0.85 3.48 w (f) 6.7 8.9
0.03 39.27 5.15 84.5 0.85 3.55 w (f) 6.8 8.5
0.03 39.26 5.2 84.4 0.86 3.7 w (f) 8.8 7.2
0.03 39.26 5.19 84.6 0.86 3.71 w (f) 8.8 7
0.03 39.25 5.23 84.3 0.87 4.01 w (f) 11.1 6.3
0.03 39.25 5.15 84.6 0.85 3.93 w (f) 10.5 6.3
0.03 39.27 5.54 80.1 0.9 4.13 w 14.3 4.1
0.03 39.24 5.87 78.6 0.92 4.2 w 14.3 4.3
0.03 39.26 4.98 89.1 0.8 3.95 w (f) 20.4 4.5
0.03 39.25 5.1 86.6 0.84 4.17 w (f) 20.5 4.6
0.03 39.38 5.35 84.8 0.86 5.9 w 39.1 2.6
0.03 39.34 5.29 84.5 0.86 5.77 w 39 2.9
0.03 38.14 3.53 0.5 0.15 0

0.03 35.54 0.85 7 0.36 0.1

0.03 39.32 4.72 156.7 0.12 0.92 i 0.1

0.03 39.33 4.73 156.9 0.12 1.03 i 0.1

0.03 39.33 4.73 156.5 0.14 3.38 i(f) 41.3 15.5
0.03 39.32 4.72 156.6 0.13 3.34 i(f) 41.3 15.5
0.03 39.33 4.73 156.7 0.14 4.3 f 55.7 16
0.03 39.32 4.73 156.1 0.14 4.36 f 55.7 16
0.03 39.22 4.62 155.6 0.15 7.22 f 101.1 10.1
0.03 39.25 4.65 156.7 0.13 7.34 f 109.7 8.3
0.03 39.25 4.65 156.6 0.13 7.3 f 109.4 8.3
0.03 39.25 4.64 161.8 0.12 0.84 i 0.1

0.03 39.21 4.61 161.9 0.12 0.93 i 0.1

0.03 39.21 4.61 160.8 0.12 0.92 i 0.1
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

5.4 10 5 9.8 5.5 10.7 2.6 4.7 3.2 6.2 0.1 0.2
5.5 9.9 5.1 9.6 5.4 10.4 2.7 4.8 3.2 6.1 0.1 0.2
53 6.1 10.3 12.7 5.7 73 7.1 8.2 49 5.8 0.1 0.1
5.2 6 10.3 12.6 5.7 7.2 7.1 8.2 4.8 5.7 0.1 0.1
3.9 3.4 15 13.6 7.6 7.4 9.3 8.2 7.1 6.4 0.1 0.1
3.8 33 14.8 13.7 7.4 7.3 9.1 8.1 7.3 6.5 0.1 0.1
5.3 2.9 21 12 14.2 8.4 13.8 7.8 10.7 6 0.1 0.1
5.5 3 21 11.9 14.2 8.4 13.8 7.7 10.7 6 0.1 0.1
5.2 1.3 44.9 11.2 30.5 8 24.7 6.2 28 7 0.1 0
5.3 1.3 44.9 11 30.5 79 24.7 6.1 28.2 6.9 0.1 0
0.1 0 80.4 9 51.1 6.1 452 5 60.7 6.6 5.6 0.6
0.1 0 80.4 9 50.9 6 45.2 49 60.8 6.6 5.6 0.6
5.3 0.6 67 8.1 51.3 6.6 36.2 4.3 55.4 6.6 1.7 0.2
5 0.6 66.9 8.4 51.1 6.8 36 4.5 55 6.8 1.6 0.2
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

8 10.1 12 16 11.2 14.9 3.1 4 5 6.7 1.2 1.5
8 9.7 12 15.3 11.2 14.4 3.1 3.9 5.1 6.4 1.3 1.6
7 5.4 17.4 14.1 14.6 12.3 4.9 4 7.7 6.3 1.1 0.9
6.9 5.3 17.3 13.8 14.5 12 49 4 7.6 6.1 1.3 1
5.7 3.2 20.3 11.6 20.6 11.7 9.4 52 9.8 5.6 1 0.6
5.5 3.2 20.3 12.1 16.7 10.2 9.4 5.4 9.8 5.8 1.3 0.8
5.2 1.5 22.9 6.6 27.9 8.1 139 3.9 14.7 4.2 1.1 0.3
5.3 1.6 22.9 6.9 27.9 8.4 139 4.1 14.7 4.4 1 0.3
4.7 1 34.8 7.7 38.6 8.6 19.4 4.2 21.9 4.7 2.8 0.6
5 1.1 349 7.8 38.7 8.7 19.5 4.3 21.9 4.8 3.1 0.7
0 0 594 4 58.7 4 36.2 2.3 69 4.6 11.2 0.7
0 0 59.4 4.4 58.7 4.4 36.2 2.6 68.9 5 10.9 0.8
0 0 0 0 0 0

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

23.2 8.6 42.5 16 54.4 20.9 54.2 20.3 47.5 17.9 25.8 9.6
23.2 8.7 42.5 16 54.5 20.7 54.2 20.1 47.3 17.7 259 9.6
37.6 10.5 58.9 16.9 67.7 20 73.3 20.8 64.2 18.5 32.8 9.3
37.6 10.5 58.9 16.8 67.7 20 73.2 20.7 64.2 18.4 32.7 9.2

85.2 8.5 109.5  11.1 116.3 119 107.4 105 116.8  11.7 712 7
103 7.8 127.8 9.9 1164 88 1074 79 1223 94 81.4 6.1

1027 7.8 127.5 10 116.1 89 107.1 7.9 122 9.4 81.2 6.1
0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 39.23 4.63 161.8 0.11 1.04 i(f) 0.1

0.03 39.2 4.6 162 0.12 1.21 i(f) 4.5 10.2
0.03 39.22 4.62 161.4 0.12 1.27 i(f) 4.5 10.2
0.03 39.24 4.64 164.5 0.12 14 i(f) 6.7 11.3
0.03 39.23 4.63 161.8 0.12 1.46 i(f) 6.8 11.3
0.03 39.17 4.57 165.2 0.12 1.68 i(f) 11.8 12.3
0.03 39.21 4.61 162.4 0.12 1.76 i(f) 11.7 12.3
0.03 39.21 4.61 161.1 0.12 1.93 i(H) 15.6 12.5
0.03 39.24 4.63 162.4 0.12 1.84 i(f) 15.4 12.5
0.03 39.18 4.58 161.9 0.12 2.27 i(f) 22.5 12.7
0.03 39.19 4.59 161.9 0.12 2.27 i) 22.5 12.7
0.03 39.22 4.62 161.4 0.12 3.07 i(f) 35.3 12.8
0.03 39.23 4.63 161.2 0.12 2.97 i(f) 35.3 12.8
0.03 39.25 4.65 160.5 0.12 3.87 i(f) 50.6 12.8
0.03 39.22 4.62 160.5 0.12 3.89 i(f) 50.5 12.9
0.03 39.2 4.6 160.8 0.12 5.55 f 65.2 13.9
0.03 39.22 4.61 160.7 0.12 5.56 f 65.3 13.9
0.03 39.21 4.61 163.2 0.12 7.26 f 103.6 10.9
0.03 39.24 4.64 163.3 0.11 7.25 f 103.6 11
0.03 39.29 4.71 159.4 0.32 2.24 w (f) 0.1

0.03 39.32 4.74 159.5 0.31 2.28 i(f) 0.1

0.03 39.3 4.73 158.7 0.32 2.62 i(D) 3.9 9.1
0.03 39.27 4.7 159.5 0.31 2.64 i(f) 3.9 9.1
0.03 39.32 4.75 158.5 0.31 2.74 i(f) 6.1 10.2
0.03 39.27 4.69 158.8 0.31 2.71 i(f) 6.1 10.3
0.03 39.3 4.72 158.5 0.32 2.97 i(f) 9.9 114
0.03 39.32 4.74 159.1 0.3 2.96 i(f) 10 11.2
0.03 39.3 4.72 159 0.31 3.71 i(f) 15.1 11.5
0.03 39.27 4.7 159.5 0.31 3.56 i(f) 14.9 11.5
0.03 39.28 4.7 159.5 0.31 3.55 i(f) 20.8 11.9
0.03 39.3 4.72 160 0.31 3.53 i(f) 20.9 11.9
0.03 39.27 4.69 160.7 0.31 4.58 i(f) 36.5 11.8
0.03 39.29 4.72 159 0.32 4.54 i(D) 36.5 11.8
0.03 39.28 4.7 159.9 0.32 5.34 f 47.5 11.3
0.03 39.28 4.7 159.2 0.32 5.39 f 47.5 11.2
0.03 39.27 4.7 159.2 0.32 5.79 f 56.7 10.7
0.03 39.28 4.71 159.1 0.32 5.93 f 56.7 10.5
0.03 39.28 4.7 158.3 0.32 6.79 f 68.7 9.5
0.03 39.28 4.7 157.5 0.33 6.7 f 68.6 9.5
0.03 39.34 4.81 157.8 0.52 343 w (f) 0.1

0.03 39.33 4.8 158.9 0.51 3.41 w (f) 0.1

0.03 39.35 4.82 157.8 0.52 4.03 w (f) 3.1 9.8
0.03 39.35 4.81 159.4 0.51 4.04 w (f) 3.2 9.7
0.03 39.35 4.82 158.9 0.51 4.62 w () 8.7 12.9
0.03 39.34 4.8 159.9 0.5 4.64 w (f) 8.8 12.8
0.03 39.34 4.81 159.3 0.51 5.53 w (f) 13.4 13.4
0.03 39.34 4.81 158.2 0.51 5.39 w (f) 12.1 13.5
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
0.1 0.1 0.1 0.1 0.1 0.1

9 20.4 3.8 8.8 2.7 6.9 2.2 5.1 2.5 5.4 6.8 14.5
9 20.4 3.8 8.7 2.8 7 2.5 5.7 2.3 49 6.8 144
10.5 17.8 7.1 11.8 5.9 10.2 5.1 8.2 4.8 7.8 7.1 12
10.6 17.6 7.1 11.8 59 10.2 52 8.3 4.8 7.8 7.1 11.9
12.6 134 13.7 14.3 13.9 14.2 9.8 10 9.9 10.1 11 11.6
12.5 13.6 13.6 14.3 13.7 14.2 9.7 9.9 9.7 10 10.9 11.6
14.5 11.7 18.5 14.8 18.2 14.6 14.2 11.4 14 11.1 14.2 11.4
14.4 11.7 18.3 15 18 14.5 14.1 11.3 139 11 14.1 11.3
159 9.1 28.6 16.2 253 14.5 24.6 13.7 21.6 12 19.3 10.8
159 9.1 28.6 16.2 25.3 14.5 24.5 13.7 21.5 12 19.3 10.7
21.9 8 38.9 14.1 45.9 16.7 38.1 13.8 41.3 14.8 25.9 9.4
21.8 8 38.8 14.2 46 16.8 38.1 13.8 41.3 14.9 25.9 9.4
339 8.6 54 13.7 64 16.1 559 14 61.6 154 34.5 8.7
35 9 54 13.8 64 16.3 55.9 14.2 60 15.3 34.2 8.8
48.1 10.2 63.7 13.5 87.9 19 74.5 15.8 78.6 16.7 38.7 8.2
48.1 10.2 63.7 13.5 88 19 74.5 15.8 78.7 16.7 38.7 8.2
91.7 9.7 119 12.5 120 12.8 105.7 11 115.5 12.1 69.6 73
91.7 9.8 119.1 12.6 120.1 12.9 105.8 11.1 115.5 12.2 69.5 7.4
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

11 24.4 0.1 0.3 3.8 9.3 1.3 3.3 2.2 5.6 4.8 11.7
11.1 24.6 0.1 0.3 3.8 9.2 1.4 34 2.2 5.5 4.8 11.7
14.2 23.8 3 5.1 6.5 10.3 4.8 8 3 5.3 5 8.9
14.2 239 3.1 5.3 6.4 10.3 4.8 7.9 3 5.3 5 8.9
16.1 18.5 11.5 13.2 8.7 9.8 9.1 10.2 7.4 8.7 6.8 7.9
16.3 18 11.7 13.1 8.7 9.6 9.2 10.1 7.4 8.5 6.9 7.8
18.3 13.5 20.9 159 13.5 10.6 13.5 10.4 15 114 9 6.8
18.4 13.6 20.9 16.3 12.6 10.2 13.6 10.7 15.1 11.7 9 6.8
20.3 11.5 32.1 18.5 20.8 11.8 22.6 12.7 20 11.4 9.2 52
20.5 114 32.2 18.3 20.9 11.8 22.7 12.8 20 11.6 9.3 5.3
20.6 6.7 51.3 16.6 49.1 159 36 11.7 46.7 14.8 15.5 5
20.7 6.7 51.2 16.6 49 15.8 36 11.8 46.7 14.9 15.5 5
20.1 49 59.5 14.2 72.7 16.9 54.2 12.8 59.2 14 19.5 4.7
20.1 4.9 59.5 14.1 72.7 16.8 54.2 12.7 59.2 14 19.5 4.7
20.8 4 72.3 13.7 72.8 14.1 71.8 13.3 75.7 13.9 27.1 5
20.8 3.8 72.4 134 72.7 139 71.8 13.1 75.7 13.6 27.1 49
20.8 29 88.8 12.4 73 10.5 107.1 14.3 86.2 11.7 36.5 4.9
20.7 2.9 88.7 12.5 72.9 10.6 107.1 14.4 86 11.9 36.4 5
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

9.9 28 1.6 5 1.6 59 1.4 5 0.7 2.5 3.6 124
10 27.3 1.6 4.8 1.7 5.7 1.4 4.8 1 3.7 3.6 11.8
20.9 29.8 6.1 9.5 10.4 14.8 4.8 7.2 4 6.4 6 9.5
21 294 6.1 9.4 10.7 15.1 49 7.2 4.1 6.4 6.1 9.4
27.6 26.5 134 14 16 16 9 9.1 9 9.3 54 5.6
27.5 28.5 13.3 154 8.6 10.7 9 10.3 9 10.2 5.4 6.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 39.35 4.82 159.3 0.51 5.8 w (f) 16.1 13.3
0.03 39.35 4.82 157.5 0.52 5.75 w (f) 16 13.4
0.03 39.37 4.85 159.1 0.52 6.64 f 24 12.5
0.03 39.33 4.81 158.9 0.52 6.68 f 24 12.5
0.03 39.35 4.82 159.1 0.52 7.02 f 31.4 11.2
0.03 39.38 4.85 159.4 0.52 7.02 f 314 11.2
0.03 39.36 4.83 159.5 0.52 7.47 f 42.4 9.6
0.03 39.36 4.83 158.6 0.53 7.43 f 422 9.6
0.03 39.35 4.82 159 0.52 7.84 f 49.9 8.6
0.03 39.34 4.81 158.8 0.52 7.89 f 50 8.6
0.03 39.23 4.82 157.8 0.71 4.69 w-a 0.1

0.03 39.24 4.84 157.4 0.72 4.67 w-a 0.1

0.03 39.23 4.82 157.6 0.71 6.79 w-a (f) 10.2 11.7
0.03 39.24 4.83 157.3 0.72 6.85 w-a (f) 10.2 11.8
0.03 39.25 4.84 156.8 0.72 8.38 w-a (f) 16.1 10.9
0.03 39.24 4.84 155.8 0.72 8.42 w-a (f) 16.2 11
0.03 39.23 4.82 156.5 0.72 9.27 f 20.4 9.7
0.03 39.26 4.85 157.5 0.72 9.1 f 20.4 9.7
0.03 39.23 4.82 157.1 0.72 10.22 f 23.6 9.2
0.03 39.26 4.86 157.2 0.72 9.98 f 23.6 9.3
0.03 39.25 4.85 156.6 0.72 11.41 f 28.4 8.7
0.03 39.24 4.85 156.1 0.73 11.3 f 28.4 8.5
0.03 39.25 4.84 156.6 0.72 12.08 f 37.5 7.6
0.03 39.26 4.86 156.4 0.72 12.13 f 37.5 7.6
0.03 39.24 4.83 157.4 0.72 13.49 f 50.1 6.2
0.03 39.24 4.84 156.3 0.73 13.46 w-a (f) 50 6.2
0.03 39.22 4.81 157.9 0.71 13.94 w-a (f) 55.7 5.2
0.03 39.23 4.83 156.9 0.72 13.81 w-a (f) 55.7 53
0.03 39.28 5.7 158.2 0.91 10.59 w-a (f) 0.1

0.03 39.26 5.52 159.6 0.89 10.93 w-a (f) 0.1

0.03 39.28 5.48 160.4 0.89 10.9 w-a (f) 0.1

0.03 39.25 5.5 158.9 0.89 8 w-a 1.6 1.8
0.03 39.26 5.49 159.6 0.89 7.98 w-a 1.6 1.8
0.03 39.27 5.34 162.2 0.88 15.48 w-a (f) 14.2 8.6
0.03 39.27 5.31 161.9 0.87 16 w-a (f) 14.2 8.5
0.03 39.27 5.26 163.3 0.87 14.69 w-a (f) 21.8 7.8
0.03 39.27 5.32 159.6 0.88 14.7 w-a 20.9 8
0.03 39.27 5.25 161.7 0.86 14.39 w-a 21.2 6.8
0.03 39.28 5.33 160.2 0.88 14.66 w-a 20.8 7.7
0.03 39.26 5.56 161.6 0.9 14.41 w-a 20.1 4.5
0.03 39.28 5.37 162.1 0.88 15.47 w-a 19.6 59
0.03 39.26 5.66 154.9 0.91 13.91 w-a 23.6 53
0.03 39.26 6.4 153.9 0.93 11.88 w-a 23.4 32
0.03 39.32 4.72 266.9 0.11 3.52 i(D 0.1

0.03 39.32 4.72 265.4 0.12 3.58 i(f) 0.1

0.03 39.33 4.72 265.4 0.12 3.89 i(f) 2.8 6.8
0.03 39.32 4.71 266.4 0.12 3.79 i(f) 2.8 6.8
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
24.1 19.9 21.1 18 20.4 16.2 13.8 11.3 9.8 8.4 7.1 6
24.1 20.1 21.1 18.1 20.4 16.3 13.8 11.3 9.8 8.4 7.1 6
24.8 12.9 35.1 18.5 35.1 17.8 22.6 11.8 19.8 10.6 6.5 3.4
24.8 12.9 35.1 18.6 35.1 17.8 22.6 11.8 19.8 10.6 6.5 3.5
23.1 8.2 48.3 17.4 44.2 15.9 35.6 12.6 29.6 10.6 7.4 2.6
23.1 8.2 48.3 17.4 442 159 35.6 12.6 29.6 10.6 7.3 2.6
21 4.7 67.1 15 57 13.3 539 12.1 46 104 9 2
20.8 4.7 67 15.1 56.9 13.3 53.8 12.1 45.9 10.4 8.9 2
14.6 2.5 86.4 14.8 54.4 10 724 12.2 62.4 10.6 9.3 1.6
14.6 2.5 86.5 14.8 54.4 9.9 72.5 12.2 62.5 10.6 9.3 1.6

0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
20.4 235 6 7 13 13.8 2.4 2.8 10.2 11.9 9.1 11.3
20.5 23.6 6.1 7.1 13 13.9 2.4 2.7 10.2 12 9.1 11.4

28.6 19.2 20.6 14.4 259 16.9 4.2 29 13.3 9.2 4.1 2.9
28.6 19.2 20.7 14.5 259 16.9 4.2 29 13.3 9.2 4.2 2.9

31.9 14.7 31.2 15.2 29.1 13.7 9.1 4.4 17.2 8.2 4.1 1.9
31.9 14.8 31.3 15.2 29.1 13.6 9.1 4.4 17.2 8.2 4.1 1.9
37.1 14 33 13.4 339 132 13.7 5.4 19.7 7.7 4 L5
37.2 14.3 33.1 13.6 34 13.2 13.7 5.4 19.6 7.8 4 1.6
28.8 8.9 44.6 13.8 45.8 13.7 22.8 7 27.1 8.4 1.3 0.4

28.7 8.6 44.6 13.5 45.7 13.3 22.7 6.8 27.1 8.2 1.3 0.4
23.4 4.9 59.2 12.2 585 11.6 36.1 7.4 46.8 9.5 1.2 0.2
23.4 4.8 59.3 12.2 58.5 11.5 36.1 7.4 46.8 9.5 1.2 0.2

20.5 2.6 67.9 8.6 80 9.9 54 6.6 69.5 8.5 8.6 1
20.5 2.6 67.9 8.6 80 9.9 539 6.6 69.3 8.5 8.5 1
235 2.2 733 7 80.3 7.6 71.7 6.6 69.4 6.5 16.2 1.5
23.5 2.3 733 72 80.3 7.8 71.6 6.7 69.4 6.7 16.2 1.5
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

32 3.5 0.9 1 2 22 14 1.5 1.1 1.2 1.1 1.2
32 35 1 1.2 1.9 22 1.3 1.5 1.1 1.3 1.1 1.2
22.1 13.1 13.6 8.4 29 17.2 5.1 3.1 11.2 6.9 43 2.6
22.1 12.9 13.6 8.3 29 17.2 5.1 3.1 11.2 6.8 43 2.6

25.4 9.2 28.5 10.3 423 14.7 9.1 33 19.9 7.1 5.7 2.1
25.5 9.9 24.1 9.5 423 15.8 9.2 3.6 18.5 7.1 5.8 22

27.3 8.7 24.1 7.9 42.4 13.4 9.1 3 18.4 59 5.7 1.8
24.6 9.3 24.1 9.1 42.4 15.4 9.1 3.4 18.6 6.9 5.7 2.1
25.4 5.6 20.8 4.7 423 9.4 9.1 2 17.2 39 5.6 1.2
242 7.4 19.1 6 42.3 12.7 9.1 2.7 17.2 52 5.6 1.7
23 52 279 6.3 47.1 10.5 13.8 3.1 22.8 5.1 7.1 1.6
22.8 3.1 27.7 3.7 46.8 6.4 13.7 1.8 22.6 3.1 7 1
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

6.6 152 0.1 04 2.1 54 14 3.7 2.3 5.9 42 10.4
6.6 15.2 0.1 0.4 2.2 5.6 1.4 3.6 22 5.6 4.2 10.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 39.32 4.71 266.6 0.11 4.14 i(f) 6.3 9.9
0.03 39.31 4.71 267.4 0.11 4.2 i(f) 6.3 9.9
0.03 39.31 4.7 266.3 0.11 4.84 i(f) 14.3 13.4
0.03 39.32 4.71 266.2 0.11 4.96 i(f) 14.3 13.4
0.03 39.32 4.72 266.7 0.11 10.72 f 22.9 18.5
0.03 39.31 4.71 264.2 0.12 10.91 f 22.9 18.7
0.03 39.32 4.72 264.6 0.11 10.8 f 32.8 19
0.03 39.32 4.72 263.7 0.12 10.76 f 329 19
0.03 39.33 4.73 264.7 0.12 10.54 f 43.2 18.6
0.03 39.32 4.72 264 0.12 10.56 f 43.1 18.7
0.03 39.33 4.72 263.9 0.12 10.61 f 56.7 18.1
0.03 39.32 4.72 263.4 0.12 10.65 f 56.7 18.1
0.03 39.33 4.73 264.9 0.11 10.89 f 68.8 17.5
0.03 39.32 4.71 263.7 0.12 10.7 f 68.9 17.5
0.03 39.29 4.69 253.1 0.13 11.38 f 90.6 16
0.03 39.29 4.69 255.1 0.12 11.44 f 90.6 16.1
0.03 39.19 4.59 266 0.11 3.54 i(f) 0.1

0.03 39.23 4.63 265.9 0.11 3.76 i(f) 0.1

0.03 39.22 4.61 264.7 0.11 11.62 f 12.3 17.1
0.03 39.23 4.62 264.3 0.11 11.59 f 12.3 17.1
0.03 39.24 4.64 263.5 0.12 10.68 f 29.5 17.8
0.03 39.19 4.59 265.1 0.11 10.77 f 29.7 17.8
0.03 39.25 4.64 265.3 0.11 10.52 f 40.5 17.4
0.03 39.24 4.64 265.8 0.11 10.51 f 40.5 17.3
0.03 39.2 4.6 265.6 0.11 10.49 f 60.1 16.7
0.03 39.23 4.62 264.9 0.12 10.48 f 60.1 16.7
0.03 39.26 4.65 265.2 0.11 10.61 f 72.4 15.8
0.03 39.25 4.65 264.9 0.11 10.61 f 72.4 16
0.03 39.24 4.67 267.6 0.3 6.64 i-a (f) 0.1

0.03 39.24 4.66 267.2 0.3 6.6 i-a (f) 0.1

0.03 39.25 4.67 267.6 0.3 6.58 i-a (f) 0.1

0.03 39.24 4.66 269 0.3 7.29 i-a (f) 6.9 12.3
0.03 39.26 4.68 268.6 0.3 7.27 i-a (f) 7 12.2
0.03 39.25 4.67 271.1 0.3 8.57 i-a (f) 11.7 14.9
0.03 39.24 4.66 269.8 0.3 8.21 i-a (f) 11.6 14.8
0.03 39.27 4.69 262.6 0.31 10.27 i-a (f) 19.1 17.2
0.03 39.27 4.69 260.2 0.31 9.39 i-a (f) 19 17.2
0.03 393 4.72 270 0.3 20.33 f 27.5 22.8
0.03 39.3 4.72 270.4 0.3 20.27 f 27.5 22.6
0.03 39.29 4.72 269.6 0.3 20.98 f 36.7 22.6
0.03 39.26 4.68 269.9 0.3 21.13 f 36.8 22.9
0.03 39.3 4.72 265.4 0.31 19.79 f 49.6 214
0.03 39.31 4.73 270.1 0.3 20.11 f 49.6 21.5
0.03 39.29 4.71 264.8 0.31 19.74 f 59.7 19.5
0.03 39.3 4.73 267.9 0.31 19.75 f 59.8 19.6
0.03 39.32 4.74 265.4 0.31 19.62 f 70.8 17.9
0.03 39.3 4.73 265.2 0.31 19.59 f 70.8 17.9
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%

14 21 34 5.5 4.2 6.7 4.5 7.2 4.4 7.3 7.2 11.9
14 20.8 33 5.4 4.2 6.6 4.5 7.2 4.4 7.3 73 11.9
27.7 25.2 10.5 10.2 12.8 11.8 9.6 9.1 11.1 10.6 14.1 13.5
27.7 252 10.6 10.3 12.8 11.8 9.6 9.1 11 10.7 14.1 13.7

45.5 35.4 20.2 17.1 19.6 15.7 13.3 10.8 18.8 15.3 20.1 16.9
45.5 35.6 20.2 17.2 19.6 15.9 133 10.9 18.8 15.5 20.2 17.2

55.2 315 31.4 18.9 36.7 20.2 22.6 13 29 17 222 13.3
55.1 31.4 31.4 18.9 36.7 20.2 22.7 13.1 29 16.9 223 13.3
61.9 26.5 415 18.4 54.1 22.3 36.2 15.7 38.5 17 26.7 11.8
61.9 26.6 415 18.4 54.1 224 36.3 15.8 38.4 17 26.7 11.9
68.9 222 47.4 15.6 81.2 24.6 54.1 17.3 56.4 18.3 32.6 10.7
68.8 222 473 15.7 81.1 24.6 54 17.3 56.4 18.3 32.6 10.7
74.2 19.1 522 13.7 102.1  25.1 71.8 18.3 71.4 18.4 41 10.6

74.4 19.1 523 13.7 1022 25.1 71.9 18.3 71.6 18.4 41.1 10.6
83.1 14.6 71.1 12.6 127.6 229 107.2  18.8 97.4 17.1 572 10

83.1 14.7 71.1 12.7 127.6  23.1 107.2 19 97.5 17.3 57.3 10.1
0.1 0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1 0.1
22.6 31.2 12.9 17.9 9.6 13 2.1 3 8.1 11.4 18.5 26.1
22.6 31.2 12.9 17.9 9.6 13 2.1 3.1 8.1 11.4 18.5 259

472 29.1 31.6 19.5 374 20.5 9.1 5.7 23.1 142 28.7 17.6
473 29.1 31.7 19.6 37.6 20.6 9.1 5.7 23.3 14.3 28.9 17.7
57.9 253 432 18.9 52.7 21.1 23.4 10.2 355 15.5 30.5 133
57.9 252 43.1 18.8 52.6 21.1 234 10.2 35.6 155 30.5 133
67.2 18.7 65.5 18.2 70.9 19.6 56.1 15.6 589 16.4 42.1 11.7

67.1 18.7 65.5 18.3 70.8 19.6 56 15.6 58.9 16.4 42.1 11.7
78.3 16.9 71.8 15.7 89.8 19.6 72.3 15.8 74.1 16.2 48.1 10.5
78.2 17.1 71.8 15.8 89.8 19.9 72.3 16.1 74 16.4 48.1 10.6
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

10.6 18.7 7.3 12.9 6 10.4 2.3 4.2 52 9.3 10.2 18.2
10.6 18.5 7.3 12.8 59 10.3 2.4 4.3 53 9.2 10.2 17.8
19.4 24.7 11.3 14.6 9.7 12.1 4.8 6.2 9.1 11.5 15.6 20.1
19.3 24.6 11.2 14.6 9.7 12.1 4.8 6.2 9 114 15.6 20
31.2 28 22.1 19.8 15.5 14.2 9.4 8.6 13.7 12.4 22.8 20.2
31.3 28.4 22.1 20.2 15.5 14.3 9.3 8.6 13.7 124 21.7 19.4
39 32.4 29.8 24.7 24.3 20.2 14.5 12.2 22.4 18.7 34.9 28.8
39 32.1 29.9 24.5 243 19.9 14.5 12.1 222 18.3 349 28.5
52.6 319 40.2 24.8 349 21.6 222 13.8 29.5 18.3 40.9 25
52.7 323 40.3 25.1 35 21.9 222 14 29.8 18.5 40.9 25.2
65.1 27.8 55.5 239 539 23.4 36.3 15.7 39.9 17.3 46.7 20.1
65.2 28 55.6 24 54 23.6 36.4 15.8 40 17.3 46.7 20.2
74.2 24 72.9 23.6 61.8 20.9 54.9 17.8 46.7 15.2 479 15.6
74.3 24.1 72.9 23.6 61.9 21 55 17.9 46.8 15.2 48 15.6

86.4 21.5 87.8 21.8 713 19.3 73.1 18.3 59.8 14.9 46.3 11.6
86.4 21.5 87.7 21.8 71.3 19.4 73.2 18.4 59.9 14.9 46.4 11.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 39.29 471 265 0.31 20.59 f 94.8 14.6
0.03 39.31 473 265.5 0.31 20.51 f 94.8 14.7
0.03 39.22 4.68 274.8 0.48 11.85 a 0.1

0.03 39.2 4.66 270.9 0.49 11.83 a 0.1

0.03 39.21 4.68 262.1 0.5 11.78 w-a (f) 5.9 14
0.03 39.22 4.69 260.4 0.51 11.65 w-a (f) 5.9 13.9
0.03 39.21 4.68 260.8 0.52 12.51 w-a (f) 11.5 16.9
0.03 39.22 4.69 261.4 0.52 12.48 w-a (f) 11.5 17
0.03 39.23 47 262.3 0.52 15.08 w-a (f) 22.9 19.3
0.03 39.22 4.68 262.6 0.51 15.18 w-a (f) 23 19.2
0.03 39.26 473 2622 0.52 16.12 w-a (f) 29.2 18.2
0.03 39.25 472 262.5 0.51 16.12 w-a (f) 29.2 18.2
0.03 39.23 471 261.6 0.52 17.75 w-a (f) 33.5 17
0.03 39.22 4.68 262.5 0.51 17.37 w-a (f) 33.7 16.8
0.03 39.23 47 262.4 0.51 17.28 f 40.7 12.3
0.03 39.22 4.69 262.3 0.52 17.18 f 40.7 12.2
0.03 39.28 475 263.7 0.51 18.6 f 57.3 9.1
0.03 39.23 4.7 261.6 0.52 18.54 f 57.3 9.1
0.03 39.24 471 261.3 0.52 19.8 f 69.8 8.4
0.03 39.26 473 261.9 0.51 20.04 f 69.8 8.5
0.03 39.25 472 260.8 0.53 20.89 f 74.3 8
0.03 39.29 476 263 0.52 21.04 f 74.3 8.1
0.03 39.24 4.81 265.1 0.7 14.9 a 0.1

0.03 39.23 4.81 265 0.7 14.96 a 0.1

0.03 39.25 4.84 263.1 0.72 15.31 a(f) 0.1

0.03 39.24 4.81 262.7 0.7 18.04 a(h) 3.8 13.4
0.03 39.25 4.83 260.6 0.71 17.96 a(f) 3.8 13.8
0.03 39.3 4.87 261.4 0.7 21.02 a(f) 7.6 18.8
0.03 39.25 4.83 261.7 0.7 20.91 a(h) 7.6 18.9
0.03 39.26 4.86 259.6 0.72 24.64 a(f) 12.4 21.5
0.03 39.23 4.81 261.7 0.71 24.48 a(h) 12.4 20.6
0.03 39.26 4.85 261.2 0.71 24.34 a(h) 18.5 20.8
0.03 39.27 4.85 262.5 0.7 243 a(f) 18.5 20.2
0.03 39.23 438 266.4 0.69 23.19 a(h) 26.3 16.3
0.03 39.26 4.84 265.4 0.7 2291 a (f) 26.2 16.2
0.03 39.22 438 268 0.69 23.45 w-a (f) 332 11.6
0.03 39.23 4.8 267.9 0.69 23.64 w-a (f) 33.2 12
0.03 39.23 479 269.4 0.69 23.44 w-a (f) 34.7 9.9
0.03 39.22 438 267.7 0.7 23.35 w-a (f) 34.7 10.3
0.03 39.25 4.81 269.4 0.69 22.65 w-a (f) 39.2 8.6
0.03 39.24 4.81 268 0.69 22.77 w-a (f) 39 9
0.03 39.24 5.35 260.7 0.88 25.38 a(h) 0.1

0.03 39.24 5.59 257.3 0.9 25.46 a(f) 0.1

0.03 39.24 53 261.9 0.88 25.35 a(f) 0.1

0.03 39.24 5.17 266.2 0.86 26.86 w-a 6.5 23.1
0.03 39.23 5.22 263.7 0.87 26.79 w-a 6.5 32.5
0.03 39.23 5.17 267.4 0.86 19.08 w-a 11.5 5.9
416 Table G.9



G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
108.9 16.6 119.5 18.1 91.2 15.2 107.5 16.3 92.9 14.1 48.9 7.5
108.9 16.6 119.6 18.2 91.1 154 107.4 16.5 93 14.3 48.9 7.5
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

8.4 19.3 52 12.2 4.8 11.8 2.8 6.9 4.8 11.6 9.5 22.2
8.4 19.1 5.1 12.1 4.7 11.7 2.8 6.8 4.8 11.6 9.5 22
152 22.6 11.7 17.6 11 16.1 4.4 6.6 10.8 15.7 15.8 23.1
15.2 22.6 11.7 17.7 10.9 16.2 4.4 6.6 10.8 15.8 15.8 23.1
353 30.2 22.8 19.6 24.9 20.4 9 7.4 194 16.2 25.9 222
35.5 299 22.8 19.5 249 20.3 9 7.4 19.6 16.1 26 22
43.1 27.2 32.3 20.4 39.6 24.1 13.6 8.5 23.1 14.3 234 14.6
43.1 27 32.3 20.4 39.6 24.6 13.6 8.4 23.1 14.2 23.5 14.5
41.8 21.7 45.9 22.5 49.5 24.4 222 11.3 252 13.5 16.2 8.8
42 21.2 46.1 22.3 49.7 24.2 22.5 11.1 25.3 13.2 16.3 8.6
39.1 11.7 66 19.9 53.2 16 37.6 114 41.2 12.5 7.1 2.1
39.1 11.6 66.1 19.8 53.2 159 37.7 11.3 41.3 12.4 7 2.1

47.8 7.6 92.4 14.8 67.8 10.6 554 8.9 76.1 12.2 4.4 0.7
479 7.5 924 14.7 67.8 10.6 55.5 8.8 76.1 12.2 44 0.7
54.6 6.5 100.7 122 83.7 9.9 73.1 8.8 96.2 11.7 10.3 1.2
54.6 6.6 100.7 123 83.8 10 73.1 8.9 96.1 11.8 10.3 1.2

46.7 5.1 98 10.7 97.4 10.3 89.3 9.6 93.1 10.3 21.2 22
46.8 5.1 98.1 10.8 97.4 10.4 89.4 9.6 93.1 10.3 212 2.3
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

5.8 19.3 4.3 14.4 4 14.2 2.7 9.6 2.4 9.1 3.6 13.7
6 20 4.3 14.7 39 14.5 2.8 10 2.4 9.4 3.6 14.1

11.6 272 7.7 18.5 8.4 21.1 52 12.8 6.3 16.2 6.4 17.2
11.6 27.6 7.7 18.8 8.4 212 52 12.8 6.3 16.2 6.4 17.2
17.8 29 13.2 22.1 13.6 25.1 9 16 10.2 18.3 10.4 18.7
17.9 27.8 13.2 21.3 13.6 24 9 15.3 10.2 17.3 10.4 17.8
26.5 28.3 19.8 21.7 21.8 26.3 139 15.7 14.9 16.8 13.9 16

26.6 27.6 19.8 21.1 21.8 25.8 13.9 15.2 14.9 16.3 13.9 15.4

38.1 22.8 34.8 21 323 22.1 235 14 17 10.4 11.8 7.3
38 22.8 34.8 21 322 21.8 234 13.9 17 104 11.8 73
32.1 11.4 443 15.6 579 20.5 39.1 13.2 15.1 5.4 10.4 3.6
322 11.7 443 16 58 21.4 39.1 13.7 15.3 5.6 10.5 3.7
32.1 9 458 13.1 59.9 17.5 412 11.6 19.3 5.5 9.7 2.7
322 9.3 45.8 13.5 59.9 18.3 41.3 11.9 19.3 5.7 9.7 2.8
339 7.3 50.4 11 66.4 14.8 51.2 11 229 5 10.5 22
33.7 7.7 50.1 11.6 66.1 15.6 50.9 11.5 22.7 52 10.3 2.3
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

9.8 30.4 7.1 23.5 9 41.1 2.6 9.5 5.8 19.4 4.4 14.9

9.9 39.9 7.1 31.7 9.1 63.6 2.6 13.4 5.9 26.3 45 19.9
15.1 7.5 14.7 7.4 18.3 9.8 4.7 2.3 8.9 4.6 73 3.6
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 39.23 5.14 266.7 0.85 20.64 w-a 11.6 7.6
0.03 39.23 5.1 269.8 0.85 17.02 w-a 17.5 1.6
0.03 39.22 5.11 268.7 0.85 16.04 w-a 17.4 1.7
0.03 39.21 5.13 267.6 0.85 15.97 w-a 19.7 1.5
0.03 39.2 5.05 269.6 0.84 16 w-a 19.4 1.6
0.03 39.14 4.54 524 0.11 12.69 i-a (f) 0.1

0.03 39.21 4.61 523.5 0.11 12.82 i-a (f) 0.1

0.03 39.2 4.6 524.6 0.11 13.1 i-a (f) 2 7.2
0.03 39.15 4.55 524.6 0.11 13.14 i-a (f) 2.1 7.1
0.03 39.13 4.53 526.1 0.11 15 i-a (f) 7 11.8
0.03 39.16 4.56 526.6 0.11 14.91 i-a (f) 6.9 11.7
0.03 39.13 4.53 525.3 0.11 19.94 f 15.6 17.8
0.03 39.18 4.58 523.4 0.11 18.19 f 14.7 16.8
0.03 39.13 4.53 526.6 0.11 21.35 f 21.6 19.4
0.03 39.14 4.54 526.7 0.11 21.3 f 21.5 19.5
0.03 39.15 4.55 525.3 0.1 22.77 f 333 21.5
0.03 39.17 4.56 526.2 0.11 22.78 f 33.3 21.5
0.03 39.19 4.59 5259 0.11 24.28 f 45.6 22.8
0.03 39.17 4.57 527 0.11 24.4 f 45.7 22.9
0.03 39.25 4.64 526.3 0.1 26.39 f 63 23.8
0.03 39.17 4.57 525.5 0.11 26.43 f 62.9 23.8
0.03 39.15 4.54 524.6 0.11 28.2 f 78.8 23.7
0.03 39.18 4.58 525.1 0.11 27.92 f 78.8 23.7
0.03 39.17 4.57 525.6 0.11 28 f 71.5 24.2
0.03 39.17 4.57 524.5 0.11 28.03 f 77.3 24.2
0.03 39.19 4.59 524.7 0.11 29.62 f 102.4 234
0.03 39.21 4.61 526.3 0.11 29.38 f 101.6 23.5
0.03 39.23 4.66 520 0.31 24.42 a 0.1

0.03 39.16 4.59 519.1 0.31 24.64 a 0.1

0.03 39.18 4.6 520.3 0.31 24.8 a(f) 1.6 8.8
0.03 39.29 4.72 517.9 0.32 24.89 a(f) 0.7 7.8
0.03 39.22 4.65 523.2 0.3 24.99 a(f) 3.9 10.4
0.03 39.18 4.6 521 0.31 25 a(f) 3.9 10.3
0.03 39.16 4.58 525 0.3 25.39 a(f) 10.2 14.9
0.03 39.19 4.61 526.3 0.3 25.42 a(f) 10 14.9
0.03 39.15 4.57 528.9 0.3 25.87 a(f) 18.8 19.4
0.03 39.22 4.65 529.8 0.3 26.19 a(f) 17.1 19
0.03 39.23 4.65 532.2 0.3 27.76 f 30 23.2
0.03 39.18 4.6 532.3 0.3 27.8 f 30.1 23.3
0.03 39.2 4.62 526 0.31 41.95 f 53.7 26.1
0.03 39.25 4.67 529.6 0.3 39.92 f 46.9 26.4
0.03 39.18 4.61 527.2 0.31 40.76 f 47 26.6
0.03 39.19 4.61 526.4 0.31 45.16 f 67.9 24.1
0.03 39.22 4.64 529.4 0.31 44.79 f 67.9 24.1
0.03 39.23 4.66 526.9 0.31 45.17 f 72.9 23.7
0.03 39.25 4.68 527.6 0.31 45.08 f 72.9 23.6
0.03 39.22 4.64 527.8 0.31 44.94 f 89.8 20.9
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
15.2 9.7 14.8 9.7 18.4 13 4.7 3 8.9 5.8 7.4 4.6
24.2 2.2 25.5 2.3 17 1.6 9.1 0.8 18.7 1.8 10.3 0.9
24.2 2.4 25.5 2.5 16.9 1.7 9.1 0.9 18.6 1.9 10.2 1
15.3 1.2 25.8 2 26 2 13.7 1 23.2 1.8 14.3 1.1
15.3 1.3 21 1.8 25 2.1 13.7 1.1 26.9 2.3 14.3 1.2
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

1.7 6.1 1.9 6.5 1.9 7.5 1.6 5.5 2.4 7.7 2.8 9.8

1.9 6.5 1.8 6.2 1.8 7.1 1.6 53 2.4 7.6 29 9.8
11.5 19.3 34 5.8 6.8 11.6 44 7.5 59 9.9 9.7 16.5
11.5 19.3 33 5.7 6.8 11.5 4.4 7.5 59 9.9 9.4 16.2

28.8 325 11.2 12.9 11.2 13 9.5 10.9 9.3 10.8 234 26.8
25.4 28.7 11.1 12.7 11.1 12.8 9.4 10.9 9.2 10.8 21.7 24.9
36.5 32.7 18.3 16.5 16 14.7 13.4 12.2 15.6 14.1 29.4 26.6
36.5 32.8 18.3 16.5 16 14.7 13.4 12.1 15.6 14.1 29.4 26.6
50.8 32.7 30.5 19.7 29.3 19 22.7 14.7 25.9 16.7 40.5 26.3
50.8 32.6 30.5 19.7 29.3 19 22.7 14.7 259 16.7 40.6 26.2
63.3 31.6 433 21.7 43.8 22.1 36.1 18 37.2 18.7 49.7 24.9

63.4 315 434 21.7 43.9 222 36.1 18.1 37.3 18.7 50.4 25.1
78.9 29.7 56.5 21.5 72.3 27.2 54.2 20.5 54.3 20.6 61.6 233
78.9 29.8 56.5 21.5 723 27.1 542 20.5 54.2 20.6 61.5 233

92.9 27.8 73.2 22 92.5 28.1 72.1 21.6 69.2 20.8 72.8 21.8
92.8 27.7 732 22 92.5 28.1 72.1 21.7 69.2 20.8 72.8 21.8
89.7 279 70.3 21.9 924 28.9 72.4 22.6 69.4 21.6 70.8 22
89.7 28 69.7 21.8 923 29 72.2 22.6 69.4 21.7 70.3 22
1105 25 89.1 20.2 1239 29 107.9 245 98.4 224 84.5 19.2
108.6 249 86.5 19.9 123.8 294 107.8  24.8 98.5 22.7 84.6 19.5
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

1.9 9.1 1.7 8.5 1.6 11.4 0.8 4.7 1.2 59 2.6 13.1
0.1 1.3 1.5 15.1 0.1 2.9 0.7 8.9 0.1 1 1.6 17.4
4.7 12.5 2.3 6.2 4.5 12.8 4.2 11 1.8 4.8 5.7 15.1
4.9 12.9 2 53 4.6 12.8 43 11.1 1.7 4.5 5.7 14.9
13.2 18.8 8.3 12 8.8 13.5 9.2 133 8.7 12.4 13.3 19.2
13.1 19.2 8 11.8 8.3 13.1 9.2 13.6 8.3 12.2 13.3 19.4
25.5 26.5 14.2 14.8 19.6 19.9 13.5 14 15.9 16.5 24 24.8
23 255 14.2 15.7 15.8 18 134 14.9 14.7 16.2 21.3 23.7

41.5 31.6 29.3 22.5 24.7 19.9 229 17.6 25.3 19.5 36.5 27.9
41.8 31.9 294 22.5 24.7 19.9 229 17.6 25.3 19.6 36.5 28.1

69.5 34 52.7 259 62.9 29.5 36.2 17.9 45.1 22.1 56.1 275
62 34.6 49.1 27.6 44 253 36.2 20.3 38.5 21.6 51.5 28.8
61.5 345 49.4 27.8 44.3 25.7 36.4 20.6 39 22 51.4 28.9
88.8 31 73 25.8 69.8 25.6 532 18.8 55.1 19.5 67.6 23.8
88.7 31 72.9 25.8 69.8 25.5 532 18.8 55.1 19.5 67.6 23.8
92.6 30 76.4 24.8 83.9 27.3 54.1 17.7 59.9 19.5 70.5 22.9
92.7 30 76.3 24.7 83.9 27.1 54.1 17.6 59.8 19.5 70.4 229
112.8 26 93 21.6 105.5  25.1 70.6 16.3 74.7 17.3 82.5 19.1
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Appendix G

Woil 0 V4 T m X Ap/AL FP q o
0.03 39.25 4.67 530.1 0.31 44.65 f 89.9 20.9
0.03 39.34 4.76 533.6 0.31 44.58 f 101.3 18.9
0.03 39.23 4.65 531.3 0.31 45.08 f 101.4 18.9
0.03 39.19 4.66 519.8 0.52 34.16 a 0.1
0.03 39.27 4.73 521 0.51 34.07 a 0.1
0.03 39.24 4.71 521.9 0.51 34.03 a 2.4 11.1
0.03 39.22 4.69 523.4 0.51 34.07 a 24 10.9
0.03 39.2 4.67 521.4 0.51 34.28 a 6.4 14
0.03 39.26 4.73 521.4 0.51 34.23 a 6.4 13.9
0.03 39.2 4.67 525.5 0.51 34.89 a 11.9 17.3
0.03 39.23 4.69 526 0.51 34.77 a 11.9 17.3
0.03 39.2 4.67 525.6 0.51 34.69 a(f) 17.7 20.1
0.03 39.18 4.64 524.5 0.51 34.77 a(f) 17.7 20
0.03 39.16 4.63 523.9 0.51 32.17 a(f) 27.4 20.6
0.03 39.21 4.68 523 0.51 32 a(f) 27.4 20.6
0.03 39.2 4.66 532.6 0.49 32.93 a(f) 37.5 20
0.03 39.24 4.7 5314 0.49 32.77 a(f) 37.5 20
Table G.9
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G.3 Flow boiling experimental data

q1 (%3] q2 o q3 o q4 Oy qs 05 ds 2%
112.8  26.1 93.1 21.6 105.6 25 70.6 16.4 74.6 17.4 82.6 19.1
125.1 234 98.1 18.4 127.4 235 80.4 15 87.3 16.4 89.8 16.8
125 23.3 98.1 18.4 127.5 23.5 80.4 15 87.3 16.4 89.8 16.8
0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1 0.1

3.1 14.2 2.1 9 2.5 13.2 1.7 7.9 2 8.4 3.2 139
3 13 2.3 9.8 2.6 13.5 1.6 7.5 1.9 7.8 33 14
8.8 18.6 5.5 11.6 7.1 16.5 49 11.1 4.6 9.9 7.6 16.3
8.7 18.4 5.5 11.5 7 16.5 49 11 4.6 9.9 7.6 16.2

16.6 234 9.4 13.7 134 20.5 9.3 13.7 9.5 13.7 13.3 18.9
16.7 23.4 9.4 13.7 13.5 20.7 9.3 13.7 9.5 13.6 133 18.9

22.9 25.5 17.5 19.5 19.4 23 14.4 16.5 13.1 14.9 18.7 21

23 25.3 17.6 19.3 19.4 22.9 14.5 16.5 13.1 14.8 18.7 20.9

35.5 26 30.5 22.8 28.4 22.6 23.7 17.7 21.2 15.7 25.1 18.7

35.5 26.1 30.5 22.7 28.4 22.5 23.7 17.6 21.2 15.6 25.1 18.8

49.3 25.8 39 20.8 36.9 22.1 30.6 15.5 29.8 15.3 394 20.3

49.3 25.9 38.9 20.8 36.9 22 30.6 15.7 29.9 15.4 394 20.4
Table G.9

421



Appendix G

Table G.10: Micro-fin tube: Adiabatic flow pattern measurements

Woil 0 V4 T m X Ap/AL FP q
0.03 11.58 -36.06 54.4 0.13 0.29 w (f)
0.03 11.59 -36.05 61.3 0.17 0.46 w
0.03 11.59 -36.05 65.9 0.19 0.59 w (f)
0.03 11.59 -36.04 52.6 0.28 0.42 w (f)
0.03 11.59 -36.04 51.9 0.33 0.55 w (f)
0.03 11.6 -36.03 52.7 0.37 0.8 i-a ()
0.03 11.6 -36.01 53.4 0.46 1.45 w (f)
0.03 11.61 -35.98 53.9 0.54 1.97 w (f)
0.03 11.62 -35.97 54.5 0.63 2.38 w (f)
0.03 11.63 -35.95 54.1 0.73 2.84 w (f)
0.03 11.63 -35.94 53.1 0.79 2.94 w (f)
0.03 11.6 -36.02 54.3 0.81 2.94 w (f)
0.03 11.6 -35.84 53.3 0.88 2.81 w (f)
0.03 11.6 -30.71 53.3 0.92 2.49 w (f)
0.03 11.62 -35.96 79.6 0.11 0.8 i(f)
0.03 11.63 -35.94 79.1 0.15 1.14 w (f)
0.03 11.64 -35.93 78.8 0.2 1.16 i(f)
0.03 11.64 -35.92 79.5 0.25 1.54 w (f)
0.03 11.61 -35.99 77.2 0.3 1.87 i(f)
0.03 11.62 -35.98 78.4 0.35 2.54 i(f)
0.03 11.63 -35.95 78.1 0.44 341 i(f)
0.03 11.64 -35.92 77.2 0.54 4.17 i(h)
0.03 11.61 -35.99 77.3 0.64 4.56 f
0.03 11.62 -35.96 71.3 0.74 5 f
0.03 11.64 -35.93 76.8 0.84 6.51 f
0.03 11.61 -28.07 76.8 0.93 8.03 f
0.03 11.57 -36.09 160.2 0.04 2.49 i

0.03 11.61 -35.99 161.4 0.08 2.89 i

0.03 11.62 -35.97 159.7 0.12 3.75 i

0.03 11.63 -35.94 159.5 0.17 5.36 i-a
0.03 11.61 -36 156.8 0.22 7.25 i-a
0.03 11.62 -35.97 156.6 0.27 8.48 i-a
0.03 11.63 -35.95 154.8 0.32 10.26 i-a (f)
0.03 11.62 -35.97 159.3 0.4 14.74 a
0.03 11.65 -35.9 153 0.52 19.23 a
0.03 11.66 -35.86 153.8 0.61 21.84 a
0.03 11.62 -35.98 158.4 0.69 a
0.03 11.64 -35.93 159 0.78 27.5 a(f)
0.03 11.6 -36.01 161.1 0.82 27.37 a(f)
0.03 11.62 -359 160.3 0.87 28.51 a(f)
0.03 11.63 -34.08 147.5 0.96 f
0.03 11.59 -36.03 266.5 0.11 10.65 i-a (f)
0.03 11.6 -36.02 271.2 0.2 19.36 i-a (f)
0.03 11.61 -36 255.6 0.31 28.64 a(f)
0.03 11.61 -35.98 266.8 0.39 40.78 a(f)
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Adiabatic flow pattern measurements (micro-fin tube)

Woil 0 V4 T m X Ap/AL FP
0.03 11.61 -36 261.7 0.49 49.6 a(f)
0.03 11.61 -36 264.7 0.58 59.07 a(f)
0.03 11.61 -36 263 0.68 63.31 a(f)
0.03 11.57 -36.09 266.7 0.76 69.51 a(f)
0.03 11.59 -36.03 268.6 0.81 71.7 a(f)
0.03 11.59 -36.03 268.8 0.81 71.99 a(f)
0.03 11.6 -36.02 289.6 0.83 80.39 a(f)
0.03 11.6 -36.02 287.7 0.83 80.69 a(f)
0.03 11.61 -33.77 277.5 0.91 78.71 a(f)
0.03 11.61 -35.98 364.7 0.06 13.22 i(f)
0.03 11.61 -36 364.7 0.11 20.61 i-a (f)
0.03 11.63 -35.94 369.8 0.15 27.53 i-a (f)
0.03 11.62 -35.96 367.1 0.2 35.14 i-a (f)
0.03 11.61 -35.99 368.3 0.25 41.43 i-a (f)
0.03 11.61 -36 367.5 0.3 52.44 i-a (f)
0.03 11.63 -35.95 354.6 0.4 69.38 a
0.03 11.61 -35.98 363.5 0.49 84.52 a
0.03 11.63 -35.95 338.1 0.63 93.57 a
0.03 11.61 -35.98 328.6 0.7 92.27 a
0.03 11.58 -34.22 240 0.95 92.59 a(f)
0.03 39.21 4.61 161.4 0.1 0.88 i(f)
0.03 39.28 4.69 160.8 0.19 1.58 i(h)
0.03 39.26 4.68 160.6 0.29 2.21 w (f)
0.03 39.22 4.66 160.4 0.38 2.75 w (f)
0.03 39.25 4.72 160 0.47 3.27 w (f)
0.03 39.25 4.76 159.9 0.57 4.09 w-a (f)
0.03 393 4.88 159.4 0.66 4.86 w-a (f)
0.03 39.3 5.05 156.6 0.76 6.03 w-a (f)
0.03 39.27 5.92 154.5 0.87 7.45 w-a (f)
0.03 39.32 5.51 157.2 0.85 7.13 w-a (f)
0.03 39.31 4.71 162.2 0.1 0.94 i(f)
0.03 39.19 4.6 161.2 0.2 1.63 i(f)
0.03 39.23 4.65 161.2 0.29 2.3 w ()
0.03 39.31 4.75 160.1 0.39 2.83 w (f)
0.03 39.26 4.73 159.6 0.48 3.43 w (f)
0.03 39.31 4.82 159.4 0.57 4.13 w-a (f)
0.03 39.25 4.84 157.9 0.68 4.9 w-a (f)
0.03 393 5.07 157.8 0.77 5.51 w-a (f)
0.03 39.26 5.95 156.4 0.87 10.32 w-a (f)
Table G.10
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INFLUENCE OF FULLY
MISCIBLE LUBRICATION
OIL ON FLOW
BOILING OF CO».

Flow boiling heat transfer, pressure drop and
flow pattern of CO2-POE oil mixtures were ex-
perimentally investigated inside smooth and mi-
cro-fin tubes. Conditions of operation comprised
vapor pressures of 14-40 bar, mass flow veloci-
ties >5600 kg m? s' and heat fluxes 1560 kW m?2,
The polyol ester oil used features full miscibility
in the range of operation investigated. Nominal
oil mass fractions set up amounted to 0 3 wt. %.
For determining of the influence of oil, results
from measurements with COz-lubricant mix-
tures were compared to pure CO: data. Pro-
posed explanations found in literature were
consulted to interpret the observations made.
The experimental data was evaluated based
on mixture properties, used to evaluate estab-
lished models and to elaborate improved pre-
dictive methods. The knowledge obtained from
these studies contributes to understanding the
influence of oil, which is essential for achieving

an efficient evaporator design.

ISBN 978-3-7315-0727

7837 5072771 >

Gedruckt auf FSC-zertifiziertem Papier




	Vorwort
	Kurzbeschreibung
	Abstract
	List of abbreviations and symbols
	Introduction
	State-of-the-art
	Flow pattern
	Pressure drop
	Heat Transfer
	CO_(2) and CO_(2)-lubricant mixtures
	Lubricant influence on material properties
	Bubble point temperature & vapor pressure
	Viscosity
	Density
	Heat capacity
	Thermal conductivity
	Surface tension


	Experimental procedure
	Test facility
	Chiller
	Brine circuits
	Test loop
	Oil loop
	Measurement sections
	Pre-heaters

	Measurement technique and data acquisition
	Data acquisition
	Temperature measurement
	Pressure and pressure drop measurement
	Power measurement
	Mass flow measurement
	Flow pattern observation

	Start-up and operation of the test facility
	Experimental procedure
	Heat transfer measurements
	Pressure drop measurements
	Flow pattern investigation
	Hydrodynamic and thermal flow development
	Oil mass fraction measurements

	Evaluation of Measurements
	Heat transfer
	Vapor quality
	Oil mass fraction
	Mass flow velocity


	Smooth tube results
	Flow patterns
	Flow pattern classification of CO_(2)-POE oil mixtures
	Comparison of experimental flow patterns to flow pattern maps
	Conclusion

	Pressure drop
	Frictional pressure drop
	Total pressure drop
	Conclusion

	Heat transfer
	Influence of the heat flux
	Influence of the mass flow velocity
	Influence of the vapor quality
	Influence of the flow pattern
	Comparison to predictive methods
	Conclusion


	Micro-fin tube results
	Flow patterns
	Flow pattern classification and distinction from  smooth tube observations
	Comparison of experimental flow patterns to flow pattern maps
	Conclusion

	Pressure drop
	Frictional pressure drop
	Total pressure drop
	Conclusion

	Heat transfer
	Influence of the heat flux
	Influence of the reduced pressure
	Influence of the mass flow velocity
	Influence of the vapor quality
	Influence of the flow pattern
	Comparison to predictive methods
	Conclusion


	Conclusion and outlook
	Contents and results of this work
	Flow pattern
	Pressure drop
	Heat transfer

	Outlook

	Bibliography
	Appendix A
	Measurement devices
	Definitions for representing the error in measurement

	Appendix B
	Pure CO_(2) investigations
	CO_(2)-oil mixture investigations

	Appendix C
	Measurement principle
	Preliminary setup and smooth tube test runs
	Development of a flexible setup and static validation experiments
	Test section integrated measurement setup and sight glass tube modification
	Conclusion

	Appendix D
	Fluid properties of CO_(2)
	Critical and triple point data of CO_(2)
	Saturated properties
	Vapor/liquid substance properties

	Fluid properties of CO_(2)-lubricant mixtures
	Bubble point temperature and vapor pressure
	Viscosity
	Density
	Heat capacity
	Thermal conductivity
	Surface Tension

	Solid material properties

	Appendix E
	Prediction methods for flow pattern
	Two-phase pressure drop models
	Pure/mixed refrigerant flow: Frictional pressure drop
	Acceleration pressure drop
	Refrigerant-lubricant mixtures

	Heat transfer models
	General established correlations
	Flow boiling pure/mixed refrigerants
	Flow boiling refrigerant-lubricant mixtures


	Appendix F
	Smooth tube measurement data
	Flow patterns
	Pressure drop
	Heat transfer

	Micro-fin tube measurement data
	Flow patterns
	Pressure drop
	Heat transfer


	Appendix G
	Thermal conductivity measurement data
	Oil mass fraction measurement data
	Flow boiling experimental data




