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Abstract

A new flow boiling heat transfer model and a new flow pattern map based on the flow boiling heat transfer mechanisms for horizontal
tubes have been developed specifically for CO,. Firstly, a nucleate boiling heat transfer correlation incorporating the effects of reduced
pressure and heat flux at low vapor qualities has been proposed for CO,. Secondly, a nucleate boiling heat transfer suppression factor
correlation incorporating liquid film thickness and tube diameters has been proposed based on the flow boiling heat transfer mechanisms
so0 as to capture the trends in the flow boiling heat transfer data. In addition, a dryout inception correlation has been developed. Accord-
ingly, the heat transfer correlation in the dryout region has been modified. In the new flow pattern map, an intermittent flow to annular
flow transition criterion and an annular flow to dryout region transition criterion have been proposed based on the changes in the flow
boiling heat transfer trends. The flow boiling heat transfer model predicts 75.5% of all the CO, database within £30%. The flow boiling
heat transfer model and the flow pattern map are applicable to a wide range of conditions: tube diameters (equivalent diameters for non-
circular channels) from 0.8 to 10 mm, mass velocities from 170 to 570 kg/m? s, heat fluxes from 5 to 32 kW/m? and saturation temper-

atures from —28 to 25 °C (reduced pressures from 0.21 to 0.87).
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon dioxide (CO, or R744) has been receiving
renewed interest as an efficient and environmentally safe
refrigerant in a number of applications, including mobile
air conditioning, heat pump systems and hot water heat
pumps in recent years [1-4]. Due to its low critical temper-
ature (7. =31.1°C) and high critical pressure (pei =
73.8 bar), CO, is utilized at much higher operating pres-
sures compared to other conventional refrigerants. The
higher operating pressures result in high vapor densities,
very low surface tensions, high vapor viscosities and low
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liquid viscosities and thus yield flow boiling heat transfer
and two-phase flow characteristics that are quite different
from those of conventional refrigerants. High pressures
and low surface tensions have major effects on nucleate
boiling heat transfer characteristics and previous experi-
mental studies have suggested a clear dominance of nucle-
ate boiling heat transfer even at very high mass velocity.
Therefore, CO, has higher heat transfer coefficients than
those of conventional refrigerants at the same saturation
temperature and the available heat transfer correlations
generally underpredict the experimental data of CO,. In
addition, previous experimental studies have demonstrated
that dryout may occur at moderate vapor quality in CO,
flow boiling, particularly at high mass velocity and high
temperature conditions. Significant deviations for the flow
patterns of CO, compared with the flow pattern maps that
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Nomenclature

Co Confinement number [¢/g(p1. — pv)D*]"/>
p specific heat at constant pressure, J/kg K
D internal tube diameter, m

Deq equivalent diameter, m

Dy, hydraulic diameter, m

Dy, threshold diameter, m

Fr Froude number [G*/(p°gD)]

G total vapor and liquid two-phase mass velocity,

kg/m2 s

gravitational acceleration, 9.81 m/s>

heat transfer coefficient, W/m? K

thermal conductivity, W/mK

molecular weight, kg/kmol

Pr Prandt]l number [c,u/k]

)4 pressure, Pa

Pr reduced pressure [p/perit]

q heat flux, W/m?

Rey homogeneous Reynolds
[x + (1 = x)(pv/pL)]]

Rey vapor phase Reynolds number [GxD/(pye)]

S nucleate boiling suppression factor

T temperature, °C

We Weber number [G>D/(po)]

X

Y

i»w%

number [(GD/uy)

vapor quality
correction factor

Greek symbols
0 liquid film thickness, m
€ cross-sectional vapor void fraction

H average deviation, %

B mean deviation, %

u dynamic viscosity, N s/m?

0 angle of tube perimeter, rad
p density, kg/m’

o surface tension, N/m; standard deviation, %
Subscripts

cb convection boiling

crit critical

de dryout completion

di dryout inception

dry dry

dryout dryout region

exp experimental

IA intermittent flow to annular flow
L liquid

mist  mist flow

nb nucleate boiling

pred  predicted

sat saturation

strat  stratified flow

tp two-phase flow

v vapor

wavy  wavy flow

wet on the wet perimeter

were developed for other fluids at lower pressures have
been observed as well.

In order to design evaporators for these thermal systems
effectively, it is very important to understand and predict
the flow boiling heat transfer and two-phase flow charac-
teristics of CO, inside horizontal tubes. A lot of studies
on flow boiling and two-phase flow of CO, have been car-
ried out in recent years to explore the fundamental aspects
with respect to the characteristics of heat transfer and two-
phase flow of CO,. Thome and Ribatski [5] have recently
given a review of flow boiling heat transfer and two-phase
flow of CO, in the literature. The review addresses the
extensive experimental studies on heat transfer and two-
phase flow in macro-channels [6-15] and micro-channels
[12,16-25], macro- and micro-scale heat transfer prediction
methods for CO, [12-14,26] and comparisons of these
methods to the experimental database. In addition, the
study of CO, two-phase flow patterns [13,14,22,23,25] are
summarized and compared to some of the leading flow pat-
tern maps in their review. Taking into account the lack of a
well-established criterion to identify macro- and micro-
scale channels, Thome and Ribatski [5] arbitrary adopted

a hydraulic diameter of 3 mm to segregate the databases
and heat transfer models. They found that the prediction
methods by [12-14] failed to predict most of macro-scale
experimental data while the method proposed by Thome
and El Hajal [26] for CO, predicted reasonably well the
macro-scale database of CO, at low vapor qualities. They
also found that small diameter data were poorly predicted
by either micro-scale or macro-scale predictive methods.
Based on the results for macro-scale diameters, Thome
and Ribatski suggested that the method of Thome and El
Hajal should be further updated to include CO, effects
on the annular to mist flow in order to more accurately pre-
dict heat transfer coefficients at moderate/high vapor qual-
ities. Based on this recent and comprehensive review that is
recommended as a reference study, a section describing the
previous studies was judged as unnecessary in this paper
and the literature concerning CO, studies is presented in
this text just when required to the development of the heat
transfer model.

In the present study, the objectives are to develop a new
general heat transfer prediction method and a new flow
pattern map especially for CO,, which covers channel
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Table 1
The database of flow boiling heat transfer of CO,
Data source Channel configuration Dy, (mm) Tsar (°C)  pr G (kg/m?s) g (kW/m?) Data points Heating
and material method
Knudsen and Jensen [7] Single circular tube, 10.06 -28 0.21 80 8, 13 16 Heated by
stainless steel condensing
R22 vapor
Yun et al. [9] Single circular tube, 6 5 0.54 170, 240, 340 10, 15, 20 53 Electrical
stainless steel heating
10 0.61
Yoon et al. [14] Single circular tube, 7.35 0 0.47 318 12.5, 16.4, 18.6 127 Electrical
stainless steel heating
5 0.54
10 0.61
15 0.69
20 0.78
Koyama et al. [16] Single circular tube, 1.8 0.3 0.47 250, 260 32.06 36 Electrical
stainless steel heating
10 0.61
10.9 0.62
Pettersen [20] Multi-channel with 25 0.8 0 0.47 190, 280, 380, 570 5, 10, 15, 20 46 Heated by
circular channels, water
aluminium
10 0.61
20 0.78
25 0.87
Yun et al. 21 Multi-channels with 1.14 (2.7) 5 0.54 200, 300, 400 10, 15, 20 56 Electrical
rectangle channels heating
1.53 (3.08)
1.54 (3.21)

4 Material is not mentioned in the paper and the values in the parentheses are equivalent diameters.

diameters found in most of CO, flow boiling applications.
Experimental conditions of studies on flow boiling of car-
bon dioxide covered by this study are summarized in Table
1. It includes experimental results obtained for mass veloc-
ities from 80 to 570 kg/m? s, heat fluxes from 5 to 32.06 kW/
m?, saturation temperatures from —28 to 25 °C (the corre-
sponding reduced pressures are from 0.21 to 0.87) and tube
diameters from 0.8 to 10.06 mm. All those experiments were
conducted in horizontal tubes. Therefore, at this point, one
very important issue must be clarified about the distinction
between macro- and micro-channels first. Although a uni-
versal agreement to distinguish between macro- and
micro-channels is not as yet clearly established, the present
study covers both macro- and micro- (mini)-channels
according to various criteria [27,28]. Based on engineering
practice and application areas, Kandlikar [27] proposed
using the following threshold diameters: conventional chan-
nels, Dy, > 3 mm; minichannels, D, between 200 um and
3mm; and micro-channels, D; between 10 um and
200 um. Based on the confinement of bubble departure sizes
in channels, Kew and Cornwell [28] proposed an approxi-
mate physical criterion for macro- to micro-channel thresh-
old diameter as follows:

Do = (Ji—my g

When hydraulic diameters are larger than the threshold
diameter, the channels are defined as macro-scale channels.
When hydraulic diameters are smaller than the threshold

diameter, the channels are defined as micro-scale channels.
The test conditions of the present selected database (see
Table 1) are compared to these two criteria in Fig. 1.
Unlike the fixed values for the threshold diameters defined
by Kandlikar, the threshold diameters based on Confine-
ment number decrease with increasing reduced pressure
and they vary from 2.3 mm at low reduced pressures to

15
¥ Test conditions
—— Threshold diameter Eq. (1)

12} ——- Conventional channels to minichannels J
----- Minichannels to microchannels

Diameter [mm)]
*
*
*
*
*

X

o """ b Rttt /it Wity Sttt { i I o o { il -
0o 01 02 03 04 05 06 07 08 09

Reduced pressure

Fig. 1. Comparison of the test conditions of the database with the two
criteria of threshold diameters. (Dashed lines are the criteria defined by
Kandlikar [27] and solid line is the Confinement number criterion defined
by Kew and Cornwell [28].)
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0.7 mm at high reduced pressures. According to Kandli-
kar’s criteria, the test conditions include both conventional
and mini-channels but not micro-channels. According to
the criteria based on Confinement number, Co, the test
conditions mostly include macro-channels with a few
micro-channels. Here, it is important to highlight the fact
that the macro-to-micro transition should be identified by
distinction in the heat transfer, pressure drop and flow pat-
terns behaviors instead of fixed tube diameter ranges
defined according to the applications. Therefore, the fact
that, according to the available transition criteria, the
proposed model covers both macro- and micro- (mini)-
channels is perfectly reasonable since a threshold diameter
based on the analysis of the heat transfer behavior of the
present database was not identified.

In the present study, a new general heat transfer model
and a new flow pattern map physically related to the heat
transfer mechanisms based on a selected database from
the literature were developed specially for CO,. As the
starting point, the model developed by Wojtan et al.
[29,30] which is an updated version of the Kattan—
Thome-Favrat flow pattern map and flow boiling heat
transfer model [31-33] was used. The new proposed predic-
tion method includes new correlations for the nucleate boil-
ing heat transfer and the suppression factor based on CO,
experimental data. In addition, a dryout inception vapor
quality correlation was proposed for CO, and accordingly
the heat transfer correlation in the dryout region was
obtained. Based on the heat transfer mechanisms, a new
flow patterns map was proposed and thus can physically
explain the heat transfer phenomena according to the flow
regimes defined by the new flow map.

2. CO; flow boiling heat transfer database and comparisons
2.1. Selection of CO, flow boiling heat transfer data

Six independent experimental studies from different lab-
oratories have been carefully selected to form the present
database for flow boiling heat transfer of CO,. They are
the experimental data of Knudsen and Jensen [7], Yun
et al. [9], Yoon et al. [14], Koyama et al. [16], Pettersen
[20] and Yun et al. [21]. The detailed test conditions of
the database are summarized in Table 1. The test channels
include single circular channels and multi-channels with
circular and rectangle channels at a wide range of test con-
ditions, by electrical heating or fluid heating. The data were
taken from tables where available or by digitizing the heat
transfer graphs in these publications to extract the plotted
heat transfer coefficients. All together, 334 heat transfer
data points including heat transfer data in the dryout
region were obtained.

In order to develop a general flow boiling heat transfer
prediction model, extensive comparisons of the data avail-
able in the literature have been made. However, some of
the data available have not been selected due to various
reasons. For example, the data of Bredesen et al. [6] for a

7 mm inside diameter tube have been excluded because
they differ significantly from comparable data for 6 mm
and 10.06 mm inside diameter tubes in two other studies
and also because there is a large scatter among their data.
Hwang et al. [34] also noted an anomaly in the [6] data at a
mass velocity of 300 kg/m?s when correlating them. Yet,
since their tests were run with the same rigor as the other
tests, it is not clear where these problems come from.
Also, the data of Huai et al. [17] have been excluded
because the available correlations overpredict their data
as indicated in their study, which contradicts the general
conclusion that the available correlations underpredict
experimental CO, data. It is unclear why they obtained
the opposite trend.

In the present study, the physical properties of CO, have
been obtained from REFPROP of NIST [35]. For non-cir-
cular channels, equivalent diameters rather than hydraulic
diameters were used. Using equivalent diameter gives the
same mass velocity as in the non-circular channel and thus
correctly reflects the mean liquid and vapor velocities,
something using hydraulic diameter does not.

2.2. Analysis of the flow boiling heat transfer data in the
database

Although some anomalous data have already been
excluded as pointed out earlier, the heat transfer data in
the database show still some different behaviors at similar
test conditions. Fig. 2(a) shows two opposite heat transfer
characteristics with saturation temperature in the studies of
Pettersen [20] and Yoon et al. [14]. The heat transfer coef-
ficients increase with the increasing saturation tempera-
tures in the study of Pettersen while they decrease in the
study of Yoon et al. The only big difference between the
two studies is the diameters of the test channels as indicated
in Fig. 2(a). Fig. 2(b) shows the comparison of the heat
transfer coefficients of Pettersen [20] to those of Koyama
et al. [16]. The biggest difference between them is that in
Koyama et al. the heat flux is 32.06 kW/m? while in Petter-
sen is 10 kW/m?. The heat transfer coefficients fall off at the
vapor quality of about 0.7 in the study of Pettersen while
the heat transfer coefficients increase even at qualities lar-
ger than 0.7 in the study of Koyama et al. It is difficult
to explain why the heat transfer coefficients fall off at the
lower heat flux in one study while they still increase at
the higher heat flux in the other study. This could be an
effect of the heating methods or multi-channel vs. single-
channel data. However, these heat transfer data of
Koyama et al. at higher vapor qualities seem to be unrea-
sonable since they should correspond to the dryout region
and their trend contradicts in general with the other results.
Another example of anomaly was found in the experimen-
tal data of Yun et al. [21]. According to their results, a heat
transfer coefficients up to 80% higher was obtained with a
very little change of hydraulic diameters from 1.53 mm to
1.54 mm at equal test conditions. Those authors have not
explained why there is such a big difference even at nearly
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(a) The experimental flow boiling heat transfer coefficients in two different
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20 and 25 °C, respectively. Arrow 2 showing the trend of the experimental
flow boiling heat transfer coefficients (hollow symbols) of Yoon et al. [14]
for the conditions: Dy, = 7.53 mm, G = 318 kg/m2 sand ¢ =164 kW/m?
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26000
< 0
< 22000 ]
= L] L] 00
= U0 L0
s ]
3 18000} ]
5
8
S 14000} ]
()
2 [ | [ |
©
£ 10000} u ]
©
L [ |
oo
0 01 02 03 04 05 06 07 08 09 1

Vapor quality

(b) The experimental flow boiling heat transfer coefficients in two different
studies showing opposite flow boiling heat transfer coefficient trends. Solid
symbols showing the experimental flow boiling heat transfer coefficients of
Pettersen [20] for the conditions: Dy=0.8mm, G =190 kg/m’s,
Ty =0°C and g =10 kW/m? and hollow symbols showing the experi-
mental flow boiling heat transfer coefficients of Koyama et al. [16] for the
conditions: Dy =18 mm, G =260 kg/m2 S, Tsu=03°C and ¢=
32.06 kW/m’.

Fig. 2. Comparison of the experimental flow boiling heat transfer data in the database.

the same test conditions. In all, the experimental data from
different studies show somehow different heat transfer
behaviors and thus will affect the accuracy of the new heat
transfer model and the new flow pattern map to be devel-
oped for CO, in the present study since no conclusive rea-
sons for the contradicting trends could be found and it is
not possible to say which study is right either.

3. New CO, flow pattern map

The new flow pattern map for CO, is developed accord-
ing to the corresponding heat transfer mechanisms in var-
ious flow regimes. Based on the heat transfer data in the
database, the intermittent flow to annular flow (I-A) and
the annular flow to dryout region (A-D) transition criteria
in the flow pattern map of Wojtan et al. [29] have been
modified to fit the experimental data of CO,. The new flow
pattern map is intrinsically related to the corresponding
heat transfer mechanisms of CO,. To reflect the real mass
flow velocities, equivalent diameters are used for non-circu-
lar channels. Other transition criteria are the same as that
of Wotjan et al. Thus, based on the fact that the original
publications can be easily found, the other flow patterns
transition criteria by [29] will not be described here.

3.1. Modifications to the flow pattern map for CO,

Flow patterns at diabatic conditions are intrinsically
related to the corresponding flow boiling heat transfer
characteristics. The flow patterns can be used to explain
physically the heat transfer mechanisms and characteris-

tics. Vice versa, the heat transfer mechanisms and charac-
teristics can be used to backout the corresponding flow
patterns. CO, reveals strong nucleate boiling heat transfer
characteristics in intermittent flow at low vapor quality due
to its physical properties. The distinction between intermit-
tent flow and annular flow was indicated by the sharp
fall-off of heat transfer coefficients between the two flow
regimes. The onset of dryout inception was also observed
by a sharp drop in heat transfer. Therefore, the distinction
between annular flow and dryout region can be deter-
mined. Combining with the heat transfer model for CO,
(in Section 4), the I-A and A-D transition boundaries pro-
posed by Wotjan et al. [29] were further modified so as to
fit the heat transfer characteristics. Based on the experi-
mental data, the following I-A and A-D transition criteria
are proposed for CO, as

1. The I-A transition boundary is calculated with the new
criterion as follows:

-1/7

'81/()‘875( 71/1.75<

o/ ) + 1]71 (2)

xia = [1 pv/pL)

2. The A-D transition boundary is calculated with the new
criterion as follows:
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(b) Flow boiling heat transfer coefficients predicted by the new flow
boiling heat transfer model for CO, (in Section 4) and the flow boiling heat
transfer model of Wojtan et al. [30] compared with the experimental flow
boiling heat transfer coefficients of Yun et al. [21].

Fig. 3. New flow pattern map for CO, (Dy, = 1.54 mm, G = 300 kg/m?s, Ty, = 5 °C and ¢ = 20 kW/m?).

which is extracted from Eq. (15) (in Section 4) for the dry-
out inception of CO,. In this equation, ¢ is calculated
according to Kutateladze [36]. For non-circular channels,
equivalent diameters are used.

3.2. Comparison of the new flow pattern map for CO; to
experimental data

Fig. 3(a) shows the comparison of the new flow pattern
map for CO, and the flow pattern map of Wojtan et al. to
the experimental data of Yun et al. [21] at the indicated test
conditions (in the flow pattern map, A stands for annular
flow, D stands for dryout region, I stands for intermittent
flow, M stands for mist flow, S stands for stratified flow
and SW stands for stratified-wavy flow. The stratified to
stratified-wavy flow transition is designated as S-SW, the
stratified-wavy to intermittent/annular flow transition is
designated as SW-I/A, the intermittent to annular flow
transition is designated as I-A and so on.). Arrow 1 shows
the change of I-A transition boundaries and arrow 2 shows
the change of A-D transition boundaries from the flow
pattern map of Wojtan et al. to the new flow pattern
map for CO,. Arrow 3 shows the changes of the S-SW/
Slug + SW transition boundaries that are automatically
changed due to the change of I-A and A-D transition
boundaries. Other transition boundaries are the same.
Fig. 3(b) shows the corresponding comparison of the pre-
dicted heat transfer coefficients with the heat transfer
model of Wojtan et al. and the new heat transfer model
for CO, (in Section 4) to the experimental data at the same
conditions as that in Fig. 3(a). Obviously, the flow pattern
map of Wojtan et al. cannot reflect the corresponding CO,

heat transfer characteristics correctly and the heat transfer
model of Wojtan et al. predicts poorly the experimental
heat transfer coefficients of CO,. The new CO, flow pattern
map reflects the heat transfer mechanisms well in the corre-
sponding flow regimes and the CO, heat transfer model
predicts the corresponding CO, experimental heat transfer
coefficients well. The heat transfer coefficients start to fall
in the A-D transition due to the inception of dryout at
the top of the tube and then fall off sharply in the dryout
region. The predicted and the experimental heat transfer
coefficients are in good agreement in these flow regimes.
It should be mentioned here that there are only two studies
of flow visualization of CO, flow boiling [23,24] in the lit-
erature. Unfortunately, neither contains the corresponding
study of heat transfer characteristics which should be
related to the observed flow patterns. In addition, in the
study of Yun et al. [23], the maximum mass velocity
reaches 1500 kg/m?” s, which is much higher than the max-
imum value 570 kg/m? s in the present database and their
heat flux is 100 kW/m? which is also much higher than
the maximum heat flux 32 kW/m? in the present database.
In the study of Pettersen [24], it is difficult to interpret some
of his observations by his definitions of the flow regimes in
our flow pattern map. It is also difficult to judge some of
his flow regimes so as to compare to the new flow pattern
map.

4. New flow boiling heat transfer model for CO,

It is a formidable task to develop a general flow boiling
heat transfer model for CO, because of the diversities of
the heat transfer trends in the database. To develop a gen-
eral prediction method, it is important that the method is
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not only numerically accurate but that it captures correctly
the trends in the data. Most importantly, the heat transfer
mechanisms should be related to the corresponding flow
patterns and be physically explained according to flow pat-
tern transitions. Accordingly, a new general heat transfer
model is proposed here using the Wojtan et al. [30] model
as our starting point. Equivalent diameters are used for
non-circular channels.

4.1. Brief description of the flow boiling heat transfer
model of Wojtan et al.

Wojtan et al. [30] extended the Kattan—-Thome-Favrat
[31-33] heat transfer model to include dryout region and
mist flow heat transfer methods and improved the heat
transfer prediction in stratified-wavy flows. The Kattan—
Thome-Favrat general equation for the local heat transfer
coefficients /i, in a horizontal tube is

htp = [eryhv -+ (ZTE — 0dry>hwet] /ZTE (4)

where 04,y is the dry angle as shown in Fig. 4. The dry angle
defines the flow structures and the ratio of the tube perim-
eters in contact with liquid and vapor. In stratified flow,
Oary €quals the stratified angle, Ogya, Which is calculated
according to Thome and El Hajal [37]. In annular and
intermittent flows, 04y, = 0. For stratified-wavy flow, Oqy
varies from zero up to its maximum value Oy, Wojtan
et al. subdivided the stratified-wavy flow into three sub-
zones (slug, slug/stratified-wavy and stratified-wavy).
Based on the fact that the high frequency slugs maintain
a continuous thin liquid layer on the upper tube perimeter,
Oary is defined equal to 0 in the slug zone. The dry angles in
the slug/stratified-wavy and stratified-wavy regions are cal-
culated according to equations developed by Wojtan et al.
[30] based in exponential interpolations giving smooth
transition in the determination of dry angle between
respective zones and also a smooth transition in the heat
transfer coefficient from zone to zone.

The vapor phase heat transfer coefficient on the dry
perimeter /iy is calculated with the Dittus—Boelter [38] cor-
relation assuming tubular flow in the tube:

hy = 0.023Re* P (kv /D) (5)

and the heat transfer coefficient on the wet perimeter is cal-
culated with an asymptotic model that combines the nucle-

Vapor

Fig. 4. Schematic diagram of annular flow with partial dryout.

ate boiling and convective boiling contributions to the heat
transfer by the third power:

hwet = [(hnb)3 + hgb]1/3 (6)

In this equation, the correlation proposed by Cooper [39]
multiplied by a fixed boiling suppression factor of 0.8 is
used to calculate the nucleate boiling contribution. The
convective contribution is calculated with the following
correlation assuming a liquid film flow:

4G(1 = x)5\" ik
) @)

Lo

where the term in the bracket is the liquid film Reynolds
number. In this equation, the void fraction is determined
with the Rouhani and Axelsson [40] drift flux model (as
in [29-33]) and the liquid film thickness is calculated as
suggested by El Hajal et al. [41].

The heat transfer coefficient in mist flow is calculated as
follows [30]:

he, = 0.0133 (

Bnise = 0.0117Re%” Pri Y18 (key / D) (8)

where Rey is the homogeneous Reynolds number and Y is
the correction factor originally proposed by Groeneveld
[42] and given by

Y =1-0.1[(p/py = 1)(1 = x)" ©)

The heat transfer coefficient in the dryout region is
calculated by proration as [30]

X — Xgi

haryour = hip(Xai) — [Pup (Xai) — Prmist (Xte)] (10)

Xde — Xdi

where /,(Xg;) is the two-phase flow heat transfer coefficient
calculated from Eq. (4) at the dryout inception quality xg;
and /(X 40) 18 the mist flow heat transfer coefficient calcu-
lated from Eq. (8) at the dryout completion quality xge. If
X4e 18 not defined at the considered mass velocity it is
assumed that x4, = 0.999. For more details about the flow
boiling heat transfer model and flow patterns map pro-
posed by Wotjan et al. [29,30], we suggest to consult the
original papers.

4.2. Modifications in the new flow boiling heat transfer
model for CO,

Like any other flow boiling heat transfer model, both
the Kattan-Thome-Favrat model and the modified model
of Wojtan et al. drastically underpredicts the heat transfer
coefficients for CO,, particularly at low and intermediate
vapor qualities as shown in Fig. 3(b). Moreover, CO, at
high saturation pressures gives a trend of a monotonic
decrease in heat transfer coefficient versus vapor quality
in intermittent and annular flows, which is the exact oppo-
site of the trend for other refrigerants such as R-134a at
low pressures [8,9]. The nucleate boiling contribution is
much larger than the convective boiling contribution
for CO, while the opposite is true for R-134a. Hence,
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suppression of nucleate boiling acts on the heat transfer
coefficients of CO, to greatly reduce its contribution to
the heat transfer with the increase of vapor quality. There-
fore, to develop a general model for CO,, first, a new nucle-
ate boiling heat transfer correlation is needed especially for
CO.. Then, a reasonable suppression factor is needed so as
to capture the correct parametric trend of CO,. Further-
more, a correlation of dryout inception is needed so as to
predict accurately the heat transfer in dryout region by
considering the fact that the dryout phenomenon of CO,
occurs much earlier than that of other refrigerants. All
these aspects should be based on physically reasonable
grounds as the heat transfer mechanisms are intrinsically
related to the corresponding flow patterns.

4.2.1. Development of a new nucleate boiling heat transfer
correlation for CO,

The experimental heat transfer data at vapor qualities
x < x1a In the CO, database were evaluated to extract the
nucleate boiling contribution to develop a new nucleate
boiling heat transfer correlation for CO,. The data were
first set equal to A, in Eq. (4) and then the vapor phase
and the convective boiling heat transfer contributions were
removed utilizing Egs. (5) and (7), yielding the nucleate
boiling heat transfer contribution from Eq. (6). Thome
and EI Hajal [26] used the experimental data at vapor qual-
ities x < 0.2 to extract h,, data from their database and
proposed a modified nucleate boiling heat transfer correla-
tion, which is a simple linear correction to the Cooper [39]
correlation. From the viewpoint of physical mechanisms, it
is more reasonable to use the intermittent flow to annular
flow transition vapor quality than to use a fixed vapor
quality 0.2 as the distinct line to extract the nucleate boiling
heat transfer data. Moreover, their form of the modified
nucleate boiling correlation cannot explain physically the
nucleate boiling heat transfer of CO, although it could pre-
dict the data correctly. By comparing the experimental /,y,
with the predicted values by the modified nucleate boiling
correlation of Thome and El Hajal [26], the Cooper [39]
correlation and the fluid-specific correlation of Gorenflo
[43], it has been found that the correlation of Thome and
El Hajal predicts well the experimental data at low heat
flux while it overpredicts them at high heat flux with errors
exceeding 40% for some cases, perhaps because their linear
form of correction does not reflect the actual variation of
nucleate boiling heat transfer at higher heat fluxes. The
Cooper correlation underpredicts the experimental nucle-
ate boiling heat transfer data at low heat fluxes. The corre-
lation of Gorenflo overpredicts the experimental nucleate
boiling heat transfer data by a large margin with the errors
are mostly from 40% to 60%. The reason could be the lack
of extensive data of CO; in setting their standardized value
for CO,. Thus, it is necessary to develop a new nucleate
boiling heat transfer correlation for CO,.

In order to develop the new nucleate boiling correlation
for CO,, reduced pressure is one key factor verified by the
previous experimental studies. So the reduced pressure

based Cooper correlation is used to modify the nucleate
boiling heat transfer for CO,. By analyzing and comparing
the nucleate boiling heat transfer data, it was found
that the heat flux term in the Cooper correlation did not
reflect the real trend for CO, nucleate boiling heat transfer.
Thus, the exponent of the heat flux was newly determined
based on the nucleate boiling data of CO,, and a value of
0.58 compared to the original value of 0.67. Then, the
reduced pressure term was correlated based on the nucleate
boiling heat transfer data of CO, by keeping the logarith-
mic and molecular terms in the Cooper correlation
unchanged. The following new nucleate boiling heat trans-
fer correlation was obtained:

hay = 131p, %% (—log,p,) Mg (11)

Fig. 5 shows the comparison of the predicted nucleate
boiling heat transfer coefficients by the new nucleate boil-
ing heat transfer correlation for CO, with the present data-
base. About 90% of the experimental nucleate boiling heat
transfer coefficients are predicted within +20%.

4.2.2. Development of a nucleate boiling heat transfer
suppression factor correlation for CO,

As nucleate boiling heat transfer is suppressed in annu-
lar flow, a boiling suppression factor correlation is needed
in the flow boiling heat transfer model for CO, so as to
capture the trend of heat transfer characteristics. To
develop the boiling suppression factor correlation for
CO,, first the physical mechanisms of flow boiling heat
transfer are considered and secondly the effect of tube
diameters. Unlike other boiling suppression factor correla-
tions such as in Chen [44] and Gungor and Winterton [45]
correlations, which were empirically correlated based on
the Lockhart-Martinelli number, Reynolds number, Boil-
ing number, Prandtl number and so on, liquid film thick-
ness is used as a main parameter in the present study.
The Cooper correlation was first replaced with the new
nucleate boiling heat transfer correlation. Then, the boiling
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Fig. 5. Comparison of the predicted nucleate boiling heat transfer
coefficients by the nucleate boiling heat transfer correlation for CO, with
the experimental nucleate boiling heat transfer coefficients.
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suppression factors were backed out of the whole database
(except the dryout data points). Incorporating the effect
of tube diameter, the following boiling suppression factor
correlation was obtained for CO,:

If x<xia, S=1 (12)

If x > xia, S=1—1.14(D/Dws)*(1 — 5/014)* (13)
where D,.s = 0.00753 m.

Furthermore, if D> 7.53 mm, then set D = 7.53 mm.
For non-circular channels, the equivalent diameter is used.
The correlation is applicable to the conditions: —28 °C <
Tt <25°C, 5kW/m? < g <32kW/m? 170 kg/m’s <
G < 570 kg/m?s, 0.8 mm < D < 10 mm.

Combining the nucleate boiling heat transfer correlation
for CO; and the nucleate boiling heat transfer suppression
factor correlation, the flow boiling heat transfer coefficients
on the wet perimeter are calculated according to the
following:

et = [(S - hup)’ + 1) (14)

4.2.3. New dryout region heat transfer correlation for CO,

Some of the flow boiling heat transfer data of CO, in the
database contain obviously the dryout points as the heat
transfer coefficients fall off sharply. In the process of devel-
oping the boiling suppression factor correlation, the dryout
data were determined according to the corresponding boil-
ing suppression factors. Those giving negative boiling sup-
pression factor values were taken as the dryout points and
the data giving boiling suppression factor values around
zero were taken as indicating the onset of the dryout. Based
on the dryout inception data, the dryout inception vapor
quality correlation of Wojtan et al. was modified and thus
a new annular to dryout region (A-D) transition boundary
in the flow pattern map was extracted from the modified
dryout inception vapor quality correlation Eq. (15) for
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Fig. 6. Comparison of the predicted flow boiling heat transfer coefficients
with the experimental flow boiling heat transfer coefficients of Yoon et al.
[14] (D = 7.35mm, Ty = 0°C, G =318 kg/m?s, g = 16.4 kW/m?).
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Fig. 7. Comparison of the predicted flow boiling heat transfer coefficients

with the experimental flow boiling heat transfer coefficients of Yun and
Kim [9] (D = 6 mm, Ty = 5 °C, G = 340 kg/m?s, ¢ = 20 kW/m?).

CO,. By comparing the new flow pattern map with the
experimental data, the dryout inception vapor quality cor-
relation was further modified according to the heat transfer
characteristics and mechanisms together with the corre-
sponding flow regimes. The new dryout inception vapor
quality correlation is

x5 =0.58exp ( {052 —0.67Te " T (oy /p) " (a/ qcm)o‘q )
(15)

Based on the new dryout inception vapor quality corre-
lation, the new A-D transition criterion (Eq. (3)) for CO,
was obtained as pointed out in Section 3.1. The dryout
inception vapor qualities are calculated with Eq. (15) and
thus the heat transfer coeflicients in the dryout region are
calculated with Eq. (10). The dryout completion vapor
quality is x4 = 0.999 as suggested by Wojtan et al. [30]
due to the lack of the experimental data for CO,.
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Fig. 8. Comparison of the predicted flow boiling heat transfer coefficients

with the experimental flow boiling heat transfer coefficients of Yun et al.
[21] (Dy = 1.14 mm, Ty, = 5°C, G = 400 kg/m? s, g = 20 kW/m?).
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Fig. 9. Comparison of the predicted flow boiling heat transfer coefficients

with the experimental flow boiling heat transfer coefficients of Koyama

et al. [16] (D = 1.8 mm, Ty = 10.9 °C, G = 260 kg/m?s, ¢ = 32.06 kW/
2

m°).

4.3. Comparisons of the new flow boiling heat transfer
model to the database

As indicated in the forgoing, the general flow boiling
heat transfer model is proposed for CO, which incorpo-
rates the new nucleate boiling heat transfer correlation,
the new boiling suppression factor correlation and the
new modified dryout region heat transfer correlation. In
order to verify the new flow boiling heat transfer model,
the whole experimental database were used to evaluate
the new heat transfer model. Figs. 6—10 show the compar-
isons of the predicted with the experimental heat transfer
coefficients at the indicated test conditions. Generally, the
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(a) Comparison of the flow pattern map to the experimental data.

new heat transfer model predicts the experimental heat
transfer coefficients and captures the trends of the experi-
mental heat transfer coefficients except for those of Koy-
ama et al. at high vapor qualities, as shown in Fig. 9,
and the entire data of Knudesen and Jensen et al. as shown
in Fig. 10(b). As already shown in Fig. 2(b), the experimen-
tal data of Koyama et al. reveal an opposite trend com-
pared to most of the other data. According to the new
flow pattern map for CO,, these data at high vapor quality
should be in the dryout region and the heat transfer coeffi-
cients should show a decrease with the increasing vapor
quality while instead they show an increase. The new heat
transfer model poorly predicts the data of Knudsen as
shown in Fig. 10(b). Apparently, the flow pattern of their
data is in the stratified wavy flow region as shown in the
corresponding flow pattern map in Fig. 10(a). This is con-
firmed by the measured temperatures in the top, middle
and bottom positions as shown in their paper. The temper-
atures at the top are higher than that at the bottom, which
means that the top of the tube was in contact with vapor
and the bottom of the tube was in contact with liquid. In
order to find the reason why the predicted heat transfer
coefficients are much lower than the experimental data,
the new flow heat transfer model was artificially changed
to predict the heat transfer coefficients in the annular flow
region for the same test conditions as shown by the dashed
line in Fig. 10(b). The predicted heat transfer coefficients
are still lower than the experimental heat transfer coeffi-
cients even assuming the flow is annular. Fortunately, some
of the data of Yun and Kim [9] at a mass velocity of
170 kg/m? s are in or near the stratified-wavy region as
shown in Fig. 11(a) and thus can be used to evaluate the
new heat transfer model in the stratified-wavy flow region
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(b) Comparison of the predicted flow boiling heat transfer coefficients
(solid line) with the experimental flow boiling heat transfer coefficients.
(Dashed line is the predicted flow boiling heat transfer coefficients by the
flow boiling heat transfer model for CO, assuming that the flow pattern is
in annular flow region.)

Fig. 10. Comparison of the flow boiling heat transfer model for CO, and the corresponding flow pattern map to the experimental flow boiling heat
transfer data of Knudsen and Jensen [7] (D;, = 10.06 mm, 7, = —28 °C, G =80 kg/m2 s, q=38 kW/mZ).
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Fig. 11. Comparison of the flow boiling heat transfer model for CO, and the corresponding flow pattern map to the experimental flow boiling heat
transfer data of Yun et al. [9] (D, = 6 mm, Ty =5 °C, G =170 kg/m?s, ¢ = 20 kW/m?).

as well. Fig. 11(b) shows the comparison of the predicted
heat transfer coefficients with the experimental data of
Yun and Kim [9] at the indicated test conditions. The
experimental heat transfer coefficients of Yun and Kim in
the stratified-wavy flow region are well predicted by the
new model. To further find the reason why the new heat
transfer model under predict the experimental heat transfer
coefficients of Knudesen and Jensen et al., the experimental
and data reduction methods in their study have been ana-
lyzed. The test section is a stainless tube with a length of
1.12m, an inside diameter of 10.06 mm and an outside
diameter of 30 mm. The test tube was heated by condens-
ing R22 vapor on the outside of the tube. However, how
the total heat transferred to the test section was determined
is not mentioned in their paper. The total heat transferred
to the test section could be a key factor that caused the big
discrepancy here. In addition, heating by condensation
gives a constant temperature boundary rather than a uni-
form heat flux boundary. So, it seems that using the aver-
age temperature of the 12 measured temperatures at three
different positions together with the total heat flux to calcu-
late the inside wall temperature may be unreasonable.
Therefore, their data are excluded in the following statisti-
cal analysis.

Fig. 12 shows the comparison of the predicted and
experimental heat transfer coefficients for the whole exper-
imental database. The statistical analysis of the predicted
results are listed in Table 2. 75.5% of the whole experimen-
tal database are predicted within £30% and 79.1% of the
experimental data without dryout points are predicted
+30%. As for such a wide range of experimental data from
different laboratories, especially some of the experimental
data showing opposite heat transfer behaviors, the pre-
dicted results are quite reasonable and encouraging. Due
to the lack of the dryout completion data, the prediction
for the dryout region heat transfer is worse than that for
the other flow regimes. It could be improved in the future
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Fig. 12. Comparison of the predicted flow boiling heat transfer coeffi-
cients with the entire experimental flow boiling heat transfer database
(1-19], 2 -1[14], 3 —[21], 4 — [20] and 5 — [16]).

Table 2

Statistical analysis of the predicted results

Data used Data Percentage of Mean Standard

for comparison  points predicted points deviation, deviation,
within +30% [g] (%) a (%)

All data points 318 75.5 27.1 47.2

Data without 287 79.1 23.5 47.5

dryout points

if some of the experimental dryout completion data
become available.

5. Conclusions

A new flow boiling heat transfer model and a new flow
pattern map for two-phase flow in horizontal tubes have
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been developed specifically for CO,. The new flow pattern
map and the new heat transfer model are intrinsically
related each other. Compared to the CO, heat transfer
model of Thome and El Hajal, several key aspects have
been improved. First, a nucleate boiling heat transfer cor-
relation is proposed for CO, according to the effect of heat
flux and reduced pressure on nucleate boiling heat transfer
at low vapor qualities. Secondly, a nucleate boiling sup-
pression factor correlation is proposed based on the liquid
film thickness and the effect of tube diameter on heat trans-
fer. In addition, a dryout inception vapor quality correla-
tion is proposed for CO, and accordingly the heat
transfer correlation in the dryout region is obtained. Based
on the heat transfer mechanisms, a new flow patterns map
is proposed and thus can physically explain the heat trans-
fer phenomena according to the flow regimes defined by the
new flow map. The new heat transfer model predicts 75.5%
of the CO, database (318 data points) to within +30% and
79.1% of the CO, database (287) without dryout data
points. The heat transfer model and the corresponding flow
pattern map are applicable to a wide range of conditions:
tube diameters (equivalent diameter for non-circular
channels) from 0.8 to 10 mm, mass velocities from 85 to
570 kg/m? s, heat fluxes from 5 to 32 kW/m? and satura-
tion temperatures from —25 to +25 °C.
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