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Abstract

A Chen-type correlation for flow boiling heat transfer of R-134a in horizontal tubes was modified taking into account the effect of
tube diameter. The effect of tube diameter on flow boiling heat transfer coefficient was characterized by the Weber number in gas phase.
Results showed that this correlation could be applied to a wide range of tube diameters (0.5–11-mm-ID). In addition, the dryout point
and the heat transfer characteristics after the dryout point were also investigated based on the annular flow model. The proposed exper-
imental expressions to predict both the dryout quality and the post-dryout heat transfer coefficient could also be applied to a wide range
of tube diameter (0.5–11-mm-ID).
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

High efficiency, compact heat exchangers have recently
attracted much attention in their use in air conditioning
systems due to possible energy conservation. Fundamental
data on boiling heat transfer such as heat transfer coeffi-
cient and pressure drop is essential for design and opera-
tion of heat exchangers. Despite extensive experimental
data on flow boiling heat transfer in small-diameter tubes
(<3-mm-ID), the general characteristics such as the heat
transfer mechanism in flow boiling and in pressure drop
have not yet been clarified. In our previous study [1], the
effect of tube diameter on the boiling heat transfer of refrig-
erant R-134a was experimentally investigated in horizontal
small-diameter tubes (0.51-, 1.12-, and 3.1-mm-ID).
Results showed that as the tube diameter decreased: (i)
contribution of forced convective evaporation to boiling
heat transfer decreased; (ii) onset of dryout occurred in a
lower quality region; (iii) prediction of the pressure drop
by using a homogeneous model was better than that by
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using the Lockhart–Martinelli correlation; and (iv) local
heat transfer coefficient decreased at high vapor quality,
when the flow pattern changed from continuous flow
(annular flow) to intermittent flow (slug or plug flow) at
the inlet of the tube. In 6-mm-ID tubes, the onset of dryout
occurred at vapor quality x = 0.9, whereas in 0.51-mm-ID
tubes, it occurred at x = 0.6. Therefore, prediction of both
the onset of dryout and the post-dryout heat transfer coef-
ficient is crucial in the design of compact heat exchangers.

The flow boiling heat transfer in a tube is generally
expressed as the sum of two mechanisms, namely, nucleate
boiling and film evaporation, and most correlations for
boiling heat transfer coefficient consist of a nucleate boiling
term and a forced convective term [2]. Numerous correla-
tions to predict the flow boiling heat transfer coefficient
have been proposed for different working fluids and vari-
ous experimental conditions [3–6]. The Chen-type correla-
tion is a well-known correlation for saturated flow
boiling, in which flow boiling heat transfer is represented
as the summation of a micro-convective (nucleate boiling)
contribution and a macro-convective (forced convective
evaporation) contribution [7]. Chen introduced two
factors: F, which is an enhancement factor for the contribu-
tion from forced convection and is represented as a
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Nomenclature

A cross-sectional area of a tube, m2

AD ratio of dry-portion around the tube perimeter
Av cross-sectional area of the vapor core, m2

Bo boiling number
Cg friction factor for gas, Cg = 0.046
Cl friction factor for liquid, Cl = 16
Co convection number used in the Kandlikar corre-

lation
cpl specific heat at constant pressure in the liquid

phase, J/kg K
D inside diameter of a tube, m
F enhancement factor used by Chen [7]
FK fluid-dependent parameter used in the Kandli-

kar correlation
Fr Froude number
G mass flux, kg/m2 s
g acceleration of gravity, m/s2

Hlg latent heat of evaporation, J/kg
h heat transfer coefficient, W/m2 K
hexp experimental boiling heat transfer coefficient,

W/m2 K
hl liquid-phase heat transfer coefficient, W/m2 K

Rel > 1000; hl ¼ 0:023 kl

D
GlD
ll

� �0:8 cplll

kl

� �1=3

Rel < 1000; hl ¼ 4:36kl

D
hTP two-phase boiling heat transfer coefficient, W/

m2 K
L heated tube length, m
Pr Prandtl number
p pressure, Pa
q heat flux, W/m2

Re Reynolds number Rel ¼ GlD
ll
;Reg ¼ GgD

lg

S suppression factor used by Chen
s slip ratio ug/ul

T temperature, K
u fluid mean velocity in two-phase flow
We Weber number
x vapor quality
xdryout dryout vapor quality
X Lockhart–Martinelli parameter

Rel > 1000, Reg > 1000

X ¼ 1�x
x

� �0:9 qg

ql

� �0:5
ll

lg

� �0:1

Rel < 1000, Reg > 1000

X ¼ Cl

Cg

� �0:5

Re�0:4
g

Gl

Gg

� �0:5 qg

ql

� �0:5
ll

lg

� �0:5

Greek symbols

b void fraction
h angle, rad
k thermal conductivity, W/mK
d liquid film thickness, m
dcrit critical liquid film thickness, m
l viscosity, Pa s
q density, kg/m3

r surface tension, N/m

Subscripts

cal calculated
crit critical
dryout dryout of liquid film
g gas-phase, vapor-phase
l liquid-phase
nor normalized
pool pool boiling
post post-dryout
pre pre-dryout
TP two-phase
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function of the Lockhart–Martinelli parameter, and S,
which is a suppression factor for the contribution from
nucleate boiling and is represented as a function of a
two-phase Reynolds number. Gungor and Winterton [8]
proposed a modified Chen correlation from a vast amount
of data (over 4300 data points) for saturated boiling heat
transfer and sub-cooled boiling heat transfer. Assuming
that boiling heat transfer is improved by significant distur-
bance of a boundary layer adjacent to the heat transfer sur-
face, they modified F as a function of boiling number Bo

and Lockhart–Martinelli parameter X. They also proposed
a simplified correlation in which contributions of both
forced convection and nucleate boiling were expressed by
the enhancement factor because experimental data show
that the contribution from nucleate boiling is smaller than
that from film evaporation [9]. Shah [10] proposed a corre-
lation for the heat transfer coefficient as a function of three
dimensionless parameters: convection number Co, Bo, and
Froude number Fr. Kandlikar [11] proposed a correlation
for the heat transfer coefficient in which the convective
boiling term is expressed as a function of Co, the nucleate
boiling term as a function of Bo, and a fluid-dependent
parameter FK. Although numerous correlations have been
proposed to date, most cannot be applied beyond the range
of their experimental conditions.

At the point where a liquid film in annular flow in a tube
disappears, the temperature of the tube wall increases and
the local heat transfer coefficient decreases sharply. This
point is called the dryout point. Chaddock and Varma
[12] experimentally investigated dryout with R-22 flowing
in a 3/8-in.-OD horizontal tube and reported that dryout
occurred at 0.89 < x < 0.99 and that the dry-portion
extended from the top of the tube to the bottom. Katto
[13,14] reported the conditions for the critical heat flux
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(CHF) in a uniformly heated vertical tube. He classified the
CHF into two types depending on whether the relation
between CHF and the sub-cooled enthalpy of fluid at the
inlet of a tube is linear or non-linear, and classified it
further into four regimes (L-, H-, N-, and HP-regimes)
using a non-dimensional number G2L

qlr

� �
. Dryout of the

liquid film on a tube wall at high x corresponds to the
L-regime CHF. Sun and Groll [15] proposed a model to
predict the onset of dryout for carbon dioxide flow boiling
in horizontal tubes, and reported that their model for car-
bon dioxide could be used for other refrigerants. Although
the prediction of dryout point is crucial in the design of
compact heat exchangers using small tubes, studies on this
topic are limited.

In this current study, a correlation for flow boiling heat
transfer of R-134a in horizontal tubes was developed to aid
in the design of compact heat exchangers that utilize small
tubes. First, a Chen-type correlation for flow boiling heat
transfer was modified by considering the effect of tube
diameter by using the Weber number to represent this
effect. Then, to predict the dryout quality, a simple annular
flow model was developed, and the post-dryout heat trans-
fer characteristics were investigated.

2. Flow boiling heat transfer and dryout quality

2.1. Pre-dryout heat transfer

Although numerous correlations for flow boiling have
been proposed, the boiling heat transfer mechanisms have
not yet been clarified to date because the heat transfer of
flow boiling is strongly related to complex flow patterns
of two-phase flow. In this study, a modified Chen-type cor-
relation was proposed by fitting flow boiling data over a
wide range of tube diameters (0.5–11-mm-ID). In the origi-
nal Chen correlation for saturated flow boiling [7], the heat
transfer coefficient consists of a convective boiling contri-
bution (Fhl) and a nucleate boiling contribution (Shpool)
as follows:

hTP;pre ¼ Fhl þ Shpool; ð1Þ

where hl is the heat transfer coefficient based on the Dittus–
Boelter’s equation only for liquid flow in a tube and hpool is
the heat transfer coefficient based on the Forster and Zuber
relation for nucleate pool boiling. The factor F related to
the Martinelli parameter X represents the enhancement of
forced convection heat transfer, and the factor S related
to the two-phase Reynolds number ReTP represents the
suppression of boiling heat transfer due to decrease in
superheat of the liquid film on a tube wall with increasing
forced convection effect. In general, as x increases, vapor
velocity increases and the contribution of convective evap-
oration increases, while the contribution of nucleate boiling
decreases because the superheat of the liquid film decreases
due to film evaporation.

As the tube diameter decreases, the surface tension
rather than the buoyancy affects the two-phase flow. The
predominance of surface tension over buoyancy leads to
the insensitivity of channel orientation with respect to grav-
ity, and reduces the difference in velocity between liquid
and vapor phases (slip velocity) [16,17]. This reduction in
slip velocity suppresses the generation of shear stress at
the vapor–liquid interface and also suppresses the occur-
rence of interfacial waves. In this study, the effect of tube
diameter D on the fluid flow conditions is expressed by
using the Weber number, Weg ¼ G2

gD=rqg. Furthermore,
because the fluid flow conditions more strongly affect
forced convective evaporation than nucleate boiling, the
factor F for forced convective heat transfer is expressed
explicitly as a function of Weg. In summary, F is expressed
as a function of X and Weg, F = f(X,Weg), whereas S for
suppression of nucleate boiling is expressed as a function
of ReTP defined as ReTP = RelF

1.25:

F ¼ 1þ

1

X

� �l

1þ Wem
g

; ð2Þ

S ¼ 1

1þ a ReTP � 10�4
� �n : ð3Þ

The hpool in Eq. (1) is calculated by the Stephan–Abdelsa-
lam’s correlation for organic refrigerants [18]:

hpool ¼ 207
kl

db

qdb

klT l

� �0:745 qg

ql

� �0:581

Pr0:533
l ; ð4Þ

where db is the bubble departure diameter of nucleate boil-
ing and given by

db ¼ 0:51
2r

g ql � qg

� �
" #0:5

: ð5Þ

The parameters a, l, m, and n were determined by fitting
2224 data points from our previous study [1] and four other
studies on saturated flow boiling inside horizontal tubes for
refrigerant R-134a for 0.51 < D < 10.92 mm [19–22], to our
modified Chen-type correlation. The properties of refriger-
ant R-134a are calculated using REFPROP version 6.01
[23]. The resulting values in the fitting are a = 0.4, l =
1.05, m = �0.4 and n = 1.4. In Eq. (2), F decreases with
decreasing Weg. At a constant mass flux, the surface force
rather than the inertia force increases with decreasing D,
resulting in suppression of the contribution of forced con-
vective evaporation to the boiling heat transfer.

Figs. 1a–c compare the experimental h and calculated h

based on our modified Chen-type correlation, the Kandli-
kar correlation [11], and the Gungor–Winterton correla-
tion [9] for refrigerant R-134a in horizontal smooth tubes
with 0.51 < D < 10.92-mm-ID. Table 1 summarizes the
Kandlikar and Gungor–Winterton correlations. When the
superficial liquid Re, Rel, is smaller than 1000, flow in
the liquid phase is laminar and hl = 4.36kl/D. In the
Kandlikar correlation, the fluid-dependent parameter FK
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[24] of refrigerant R-134a was assumed to be 1.0. The hcal

based on our modified Chen-type correlation agreed well
with hexp for a wide range of D. However, hcal that was cal-
culated with the Kandlikar and Gungor–Winterton corre-
lations did not agree well with hexp for tubes with small
D (0.51- and 1.12-mm ID). Table 2 lists the mean deviation
and accuracy (defined as the fraction of data within ±30%
error) for each of the three correlations. Our modified
Chen-type correlation showed improved mean deviation
and accuracy (13.6% and 93.6%, respectively) compared
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Fig. 1. Experimental flow boiling heat transfer coefficient hexp vs. calculated hca

based on (a) our modified Chen-type correlation, (b) Kandlikar correlation [1
with either the Kandlikar correlation (19.7% and 80.7%)
or Gungor and Winterton correlation (20.5% and 77.5%).

2.2. Dryout quality

In low heat flux conditions, such as in air conditioning
systems and refrigerators, a liquid film disappears at high
x due to evaporation of a liquid film on the inside wall of
a tube. This disappearance is usually called film dryout or
simply dryout, and the flow regime in the tube is generally
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l for refrigerant R-134a in horizontal smooth tubes with 0.51–10.92-mm-ID
1], and (c) Gungor and Winterton correlation [9].
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annular flow. The occurrence of film dryout can be pre-
dicted by solving a mass balance equation for a liquid film
in annular flow [25]. In this study, the x at which dryout
occurs (xdryout) in annular flow was predicted under the fol-
lowing three assumptions:

(1) The thickness of the liquid film is uniform.
(2) There is no entrainment or deposition of droplets

between the vapor core and the liquid film.
(3) Heat transfer through the liquid film is conductive.
Fig. 2 illustrates the annular flow model in two-phase
flow. If a local heat transfer coefficient h is known, then
the liquid film thickness d is given by

d ¼ kl

h
; ð6Þ

where kl is thermal conductivity of the liquid film. Void
fraction b is defined as

b ¼ Av

A
¼ 1� 2d

D

� �2

; ð7Þ

where A and Av are the cross-sectional areas of the tube
and vapor core, respectively. The void fraction b can also
be expressed as
Table 1
Correlations for flow boiling heat transfer

Correlation for flow boiling heat transfer

Gungor and
Winterton [9]

hTP = Ehl

where hl ¼ 0:023 kl

D
G 1�xð ÞD

ll

� �0:8 cplll

kl

� �0:4

E ¼ 1þ 3000Bo0:86 þ 1:12 x
1�x

� �0:75 ql

qg

� �0:41

If the tube is horizontal and the Froude number Frl

is less than 0.05 then E should be multiplied by the
factor

E2 ¼ Frð0:1�2FrlÞ
l

Kandlikar [11] hTP ¼ hl C1CoC2 ð25FrloÞC5 þ C3BoC4 F K

h i
where hl ¼ 0:023 kl

D
G 1�xð ÞD

ll

� �0:8 cplll

kl

� �0:4

Co ¼ 1�x
x

� �0:8 qg

ql

� �0:5

for Co < 0.65: C1 = 1.136, C2 = -0.9, C3 = 667.2,
C4 = 0.7, C5 = 0.3
Co > 0.65: C1 = 0.6683, C2 = -0.2, C3 = 1058,
C4 = 0.7, C5 = 0.3
C5 = 0 for vertical tubes, and for horizontal with
Frl > 0.04

Table 2
Mean deviation and accuracy of three correlations for flow boiling heat
transfer coefficient h

Mean
deviation
(%)

Accuracy defined as fraction of
data within ±30% error (%)

Modified Chen-type
correlation in
present study

13.6 93.6

Kandlikar [11] 19.7 80.7
Gungor and Winterton [9] 20.5 77.5

Mean deviation ¼ 1
n

Pn
1
jhexp�hcal j

hexp
� 100%, where n is the number of data

points.
b ¼ x

xþ s 1� xð Þ qg

ql

; ð8Þ

where s is slip ratio, which is the ratio between the vapor
mean velocity ug and liquid mean velocity ul. Assuming
that the momentum and energy dissipation in the steady-
state annular flow (see Fig. 2) are minimum, s can be ex-
pressed as [26]

s ¼ ql

qg

 !0:5

ðminimum momentumÞ; ð9Þ

s ¼ ql

qg

 !1
3

ðminimum energy dissipationÞ: ð10Þ

Based on Levy’s momentum model [27], s is given by

s ¼ bql

2qg

 !0:5

: ð11Þ

By eliminating b from Eqs. (7) and (8), the relation between
x and d is obtained. The dryout quality xdryout can be ex-
pressed by using the critical liquid film thickness dcrit,
which is given by Eq. (6) using experimental data of hexp

just before the occurrence of dryout:
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Fig. 3. Critical thickness of liquid film dcritvs. boiling number Bo. Line
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Fig. 2. Annular flow model. D is the inner diameter of a tube and d is the
liquid film thickness.
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xdryout ¼
s 1� 2dcrit

D

� �2 qg

ql

� �
1� 1� 2dcrit

D

� �2
1� s

qg

ql

� �h i : ð12Þ
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Fig. 4. Experimental dryout quality xdryout vs. tube diameter D and
calculated xdryout vs. D based on the annular flow model shown in Fig. 2.
Fig. 3 shows dcrit vs. Bo for three different diameter tubes
(D = 3.1-, 1.12- and 0.51-mm-ID). These results show that
dcrit did not depend either on Bo or D and the average dcrit

was 15 lm (solid line in Fig. 3). Carey et al. [28] investi-
gated two-phase heat transfer characteristics for refrigerant
R-113 flow boiling with the large-scale offset fin and cross-
ribbed geometries, and reported that 10 < dcrit < 37 lm.
The mean value of dcrit obtained in this study is close to
that reported by Carey et al. Fig. 4 compares the effect of
D on xdryout calculated from Eq. (12) using three different
s (Eqs. (9)–(11)). The calculated xdryout decreased with
decreasing D, agreeing well with the tendency of experi-
mental results by our previous study, Oh et al. [19] and
Kattan et al. [29]. At D 6 2 mm, the dryout quality xdryout

vs. tube diameter D curve calculated with the minimum
momentum model (Eq. (9)) was closest to the experimental
data. Kattan’s experimental data [29] for a tube with large
D (10.92-mm-ID) are smaller than the calculation results,
suggesting that for a large D tube, dryout initially occurs
Table 3
Correlations for predicting dryout quality xdryout

Correlation for p

Sun and Groll [15] xdryout ¼ xcrit � Dx

where

xcrit ¼ 10:795
q

10

�

xcrit ¼ 19:398
q

10

�

xcrit ¼ 32:302
q

10

�

Fr ¼
xcritG=

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gD ql � q
�q

Dxcrit ¼
16

ð2þ FrÞ2

Katto [30]
xdryout ¼ 4

L
D

� ��

where, L regime;

q
GH lg

¼ C
rql

G2L

� �

C = 0.25 for L/

C = 0.34 for L/

C ¼ 0:25þ 0:000
on the top of the tube due to the effect of gravity. Figs.
5a–c compare the experimental xdryout (xexp) for our previ-
redicting xdryout

crit

2

00
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G�0:333ð1000DÞ�0:07e0:01715p�10�5
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00
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; for 9:8 MPa 6 p 6 19:6 MPa

ffiffiffiffiffiqgffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g

�
cos h

; h ¼ 0 for horizontal flow
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�
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ous study and calculated xdryout (xcal) based on our annular
flow model, Sun and Groll correlation [15], and Katto cor-
relation [30], respectively, for three different D tubes. Table
3 summarizes the Sun and Groll correlation and Katto cor-
relation. The present correlation based on the annular flow
model agrees with the measured xdryout for all three tubes;
however, neither the Sun and Groll correlation nor Katto
correlation can predict xdryout for the smaller tubes (0.51-
and 1.12-mm-ID). Both in the Sun and Groll correlation
and the Katto correlation, dryout quality slightly increases
with decreasing D. This tendency is opposite to that of the
experimental results.
2.3. Post-dryout heat transfer

Fig. 6 shows typical results for the measured boiling
heat transfer coefficient (hexp) and the standard deviation
(S.D.) of the measured temperature of the outer surface
of the tubes as a function of x. The standard deviation

was defined as S:D: ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

1 T W � T W

� �2
= n� 1ð Þ

q
, where

TW, T W and n are the measured temperature of the outer
surface of the tubes, the mean value of TW, and the number
of measured data, respectively. After the onset of dryout,
hexp decreased and fluctuation in TW increased with
increasing x, suggesting that the dry-portion changes
spatially and temporally on a tube wall. Based on measure-
ments of R-141b flow boiling in single 1.39- to 3.69-mm-ID
tubes, Kew and Cornwell [31] reported that dryout
occurred locally and temporally in confined bubble flow
and annular slug flow regimes. The flow patterns in
small-diameter tubes in our previous study [1] are consis-
tent with those by Kew and Cornwell. Thus, the occurrence
of dry-portions causes decrease in hexp and fluctuations in
TW.
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Fig. 7 shows a simple flow model based on the annular
flow in the post-dryout region. The heat transfer coefficient
in the post-dryout region hTP,post is given as

hTP;post ¼ 1� ADð ÞhTP;pre þ ADhg; ð13Þ

where AD is the ratio of the dry-portion around the entire
perimeter of a tube, and hTP,pre and hg are the heat transfer
coefficients for the liquid and gas fractions, respectively.
The heat transfer coefficient hg is given by the Dittus–
Boelter equation:

hg ¼ 0:023
kg
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Fig. 6. Experimental boiling heat transfer coefficient hexp and standard
deviation of temperature (S.D.) [1] of the outer surface of a tube vs. vapor
quality x for different inside tube diameter D, mass flux m, and heat flux q.
For D = 0.51 mm, m = 289 kg/m2 s and q = 12.8 kW/m2. For
D = 1.12 mm, m = 298 kg/m2 s and q = 13.2 kW/m2. For D = 3.1 mm,
m = 304 kg/m2 s and q = 12.1 kW/m2.
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Fig. 7. Simple flow model based on the annular flow model shown in
Fig. 2. Ratio of dry-portion and liquid film after the onset of dryout. D is
the inner diameter of a tube, d is the liquid film thickness. The ratio of the
dry-portion around the entire perimeter of a tube is defined as AD = hD/
2p.
where Reg is the Reynolds number of the gas and is
Reg ¼ GDx

lg
. From Eq. (13), AD is given by

AD ¼
hexp � hTP;pre

hg � hTP;pre

: ð15Þ

Fig. 8 shows the relation between AD and x normalized by
xdryout given by Eq. (12) as xnor ¼ x�xdryout

1�xdryout
. The wide scatter

in the data is due to significant fluctuation in the wall tem-
perature after the onset of dryout. When the liquid flow is
laminar (Rel < 1000) in the 0.51- and 1.12-mm-ID tubes,
AD can be fitted with a curve represented as
AD ¼ �x3

nor þ x2
nor þ xnor � 0:03 over a wide range of xnor,

whereas when the liquid flow is turbulent (Rel > 1000) in
the 1.12-mm-ID tube, the fitted curve is AD = 4(xnor�0.5)2

in the range of 0.5 6 xnor 6 1. Thus, these results suggest
that the liquid film on a tube wall is maintained until higher
x without partial dryout in liquid turbulent flow than in
laminar flow. After onset of dryout, b is given as a function
of AD and d as

b ¼ 1� 1� 1� 2d
D

� �2
" #

1� ADð Þ: ð16Þ

By eliminating b from Eqs. (8), (9) and (16), d is given as
function of AD and x as

2d
D
¼ 1� 1� 1

1� AD

1� 1

1þ 1�x
x

qg

ql

� �0:5

2
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Fig. 8. Ratio of dry-portion AD vs. normalized quality xnor. AD represents
the ratio of dry-portion around the tube perimeter after the onset of
dryout, and is given by Eq. (15). Normalized quality xnor is defined as
x�xdryout

1�xdryout
, and xdryout is given by Eq. (12). Fitted curves are

AD ¼ �x3
nor þ x2

nor þ xnor � 0:03 for liquid laminar flow (Rel < 1000) and
AD = 4(xnor�0.5)2 for liquid turbulent flow (Rel > 1000).
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Fig. 9 shows the non-dimensional d/dcrit as a function of
xnor calculated with Eq. (17) by using experimental data
(symbols) and the fitted curves of AD. For turbulent liquid
flow in the 1.12-mm-ID tube, d/dcrit decreased with increas-
ing xnor, whereas for liquid laminar flow, d/dcrit remained
relatively constant at xnor < 0.6. The mean and deviation
of d/dcrit increased with increasing xnor at xnor > 0.6. This
experimental result suggests that in liquid laminar flow,
the liquid film breaks into small ‘‘streaks” whose average
thickness could be larger than dcrit due to cohesion of li-
quid, and that these streaks flow downstream while evapo-
rating. Fig. 10 compares the measured and calculated h
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Fig. 9. Non-dimensional thickness of liquid film d/dcrit vs. normalized
quality xnor (for a critical liquid film thickness dcrit = 15 lm). Curves were
calculated using Eq. (17) with fitted curves AD ¼ �x3

nor þ x2
nor þ xnor � 0:03

for liquid laminar flow (Rel < 1000) and AD = 4(xnor�0.5)2 for liquid
turbulent flow (Rel > 1000).
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after the onset of dryout. When h > 5 kW/m2 K, hcal given
by Eq. (13) agrees well with hexp in the range of ±30%.
When h < 5 kW/m2 K, the data at x > 0.9 includes data
where the measured temperature widely fluctuates, thus
the hexp deviates significantly from hcal.

Figs. 11a–c show representative comparisons between
predicted and measured h over a wide range of x for a
3.1-mm-ID tube (Fig. 11a), 1.12-mm-ID (Fig. 11b), and
0.51-mm-ID (Fig. 11c). The calculated hTP,pre and hTP,post

vs. x relation and xdryout agree well with the measured ones.
The predicted heat transfer coefficients decrease sharply at
dryout, because AD increases rapidly with increasing x

after the onset of dryout.
3. Conclusions

Correlations for the boiling heat transfer of R-134a in
horizontal tubes including the effect of tube diameter were
developed here for both the pre- and post-dryout regions.
A simple annular flow model for the prediction of the onset
of dryout was also developed. The results can be summa-
rized as follows.

1. A modified Chen-type correlation for the flow boiling
heat transfer was developed that included the effect of
tube diameter. In this correlation, the effect of tube
diameter on flow boiling heat transfer was characterized
by the Weber number. The correlation agreed reason-
ably well with experimental data for a wide range of
tube diameter from 0.51 to 10.92 mm ID.

2. A simple annular flow model was developed for predic-
tion of dryout quality depending on the effect of tube
diameter. The dryout quality predicted using this model
agreed well with experimental data.

3. The heat transfer coefficient in the post-dryout region
was predicted as the summation of two terms: the heat
transfer coefficient by the Dittus–Boelter’s correlation
in the vapor phase and the pre-dryout heat transfer coef-
ficient in the liquid phase. Both terms are a function of
the dry-portion of the inner tube wall, and this dry-por-
tion was estimated from experimental data. The calcu-
lated heat transfer coefficient agreed well with
measured data within a range of ±30%.
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