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Abstract

A stratified flow model and an annular flow model of evaporation heat transfer in horizontal microfin tubes have been proposed. In
the stratified flow model, the contributions of thin film evaporation and nucleate boiling in the groove above the stratified liquid level
were predicted by a previously reported numerical analysis and a newly developed correlation, respectively. The contributions of nucleate
boiling and forced convection in the stratified liquid region were predicted by the new correlation and the Carnavos correlation, respec-
tively. In the annular flow model, the contributions of nucleate boiling and forced convection were predicted by the new correlation and
the Carnavos correlation in which the equivalent Reynolds number was introduced, respectively. The flow pattern transition curve
between the stratified-wavy flow and the annular flow proposed by Kattan et al. was introduced to predict the heat transfer coefficient
in the intermediate region by use of the two theoretical models. The predictions of the heat transfer coefficient compared well with avail-
able experimental data for ten tubes and four refrigerants.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Microfin tubes with spiral grooves are widely used for
air conditioners and refrigerators as a high performance
evaporator tube. A large number of researches have been
made on the effects of fin dimensions and fin shape on
the heat transfer performance and pressure drop during
evaporation in horizontal microfin tubes. On the heat
transfer performance, Miyara et al. [1], Murata and Hash-
izume [2], Kido et al. [3], Koyama et al. [4], Murata [5],
Kandlikar and Raykoff [6], Thome et al. [7], Cavallini
et al. [8], Yun et al. [9] and Mori et al. [10] have developed
correlations of the heat transfer coefficient that are based
on the correlations for smooth tubes. Honda and Wang
[11] has developed a stratified flow model of evaporation
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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heat transfer in which the effect of surface tension on the
vapor–liquid interface profile was taken into account.
For the region above the stratified liquid where thin film
evaporation is dominant, a numerical analysis using exact
boundary conditions was applied. For the stratified liquid
region, the correlation proposed by Mori et al. [10] was
applied. They compared the predictions of the heat transfer
coefficient with available experimental data for four tubes
and three refrigerants. The agreement was good in the
low mass flux region where the heat flux was also low. In
the medium-to-high mass flux region, however, the predic-
tions underpredicted the measured values, with the differ-
ence increasing with the mass flux. This was mainly due
to the increase in the effect of vapor shear, which resulted
in the transition of flow pattern from the stratified flow
to the annular flow. Another factor was that the contribu-
tion of nucleate boiling in the groove above the stratified
liquid level was not taken into account.
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Nomenclature

A cross-sectional area of tube, m2

Ac core flow area of tube, p(d � 2h)2/4, m2

Bo boiling number
d diameter at fin root, m
do outside diameter, m
dh hydraulic diameter of tube, m
Fr0 dimensionless quantity, G=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dgqvðql � qvÞ

p
G refrigerant mass velocity, kg/m2 s
g gravitational acceleration, m/s2

h fin height, m
hlv latent heat of vaporization, kJ/kg
M molar mass
N number of data
n number of fins
p fin pitch, m
P pressure, Pa
Pc critical pressure, Pa
Pr reduced pressure, P/Pc

Pr Prandtl number
q heat flux, kW/m2

rb radius of curvature of liquid meniscus, m
rt radius of curvature at corner of fin tip, m
Rel,h Reynolds number based on the hydraulic dia-

meter, Gdh/ll

Reeq equivalent Reynolds number, Rel,h[1 � v +
(ql/qv)1/2v]

DT wall superheat, K
x, y curvilinear coordinates, Fig. 3
xa connecting point between non-evaporating and

evaporating film regions, Fig. 3, m
xb connecting point between thin film region and

meniscus region, Fig. 3, m
xc connecting point between fin flank and fin root

tube surface, Fig. 3, m

x0, xt connecting points between straight and round
portions of fin, Fig. 3, m

X, Y Cartesian coordinates, Fig. 3
z vertical height measured from stratified liquid

surface, m
a heat transfer coefficient, kW/m2 K
c helix angle of groove, deg
d liquid film thickness, m
ea surface area enhancement compared to a

smooth tube
h fin half tip angle, deg
k thermal conductivity, kW/m K
l dynamic viscosity, Pa s
q density, kg/m3

r surface tension, N/m
u angle measured from tube top, rad
us flooding angle, rad
v quality, –
x angle, Fig. 1, rad

Subscripts

an annular model
db dryout inception point
dc dryout completion point
ev evaporation component
fc forced convection component
l liquid
m circumferential average
nb nucleate boiling component
r mid-point between adjacent fins at fin root
st stratified model
v vapor
1 region 1
2 region 2
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In this paper, new theoretical models (i.e., stratified flow
model and annular flow model) of evaporation heat trans-
fer in horizontal microfin tubes are proposed. On the basis
of available experimental data for evaporation in horizon-
tal microfin tubes, heat transfer correlations for the nucle-
ate boiling component are developed. These correlations
are incorporated into the stratified flow model of Honda
and Wang [11] to take into account the effect of nucleate
boiling explicitly. The annular flow model is based on the
equivalent Reynolds number concept and takes into
account the effect of nucleate boiling explicitly. The flow
pattern transition curve between the stratified-wavy flow
and the annular flow proposed by Kattan et al. [12] is intro-
duced to predict the heat transfer coefficient in the interme-
diate region as a weighted mean of the predictions of the
two theoretical models. The predictions of the new theoret-
ical model and previously proposed empirical equations are
compared with available experimental data for ten tubes
and four refrigerants.
2. Expression for nucleate boiling component

Near the inception point of nucleate boiling, the circum-
ferential average heat transfer coefficient am is determined
by the contributions of the nucleate boiling component
and the forced convection component. If the contributions
of these components are assumed to be given by the expres-
sion of the form

am ¼ ða3
nb þ a3

fcÞ
1=3 ð1Þ

then the heat flux q is given by

q ¼ ðq3
nb þ q3

fcÞ
1=3 ð2Þ



Table 1
Tube dimensions

Tube do (mm) d (mm) n h (mm) p (mm) x0 (mm) rt (mm) h (deg) c (deg) ea l (mm) lT (m) Authors

A 10.0 8.48 60 0.16 0.44 0.027 0.015 19.9 18 1.52 500 6.0 Yu et al.
B 7.0 6.50 50 0.21 0.41 0.019 0.008 19.5 18 1.71 300 3.6 Miyara et al.
C 7.0 6.49 60 0.19 0.34 0.018 0.03 13.1 18 1.78 300 3.6
D 15.9 14.9 73 0.38 0.64 0.020 0.04 20.8 21.5 1.76 2430 2.43 Del Col et al.
E 7.0 6.46 60 0.15 0.33 0.028a 0.02a 26.7 18 1.63 300 0.3 Kido et al.
F 7.0 6.45 70 0.21 0.28 0.019a 0.02a 11.0 11 2.21 300 0.3
G 7.0 6.49 70 0.21 0.29 0.009a 0.02a 14.0 17 2.24 300 0.3
H 7.0 6.48 85 0.16 0.24 0.009a 0.02a 13.2 9 2.07 300 0.3
I 7.0 6.50 85 0.16 0.24 0.009a 0.02a 13.4 17 2.13 300 0.3
J 7.0 6.44 85 0.21 0.23 0.013a 0.02a 9.7 7 2.49 300 0.3

a Estimated value.
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where qnb is the nucleate boiling component and qfc is the
forced convection component. It is assumed that afc is
given by the correlation for the microfin tubes proposed
by Carnavos [13] as follows:

afc ¼ 0:023
kl

dh

Re0:8
l;h Pr0:4

l

A
Ac

� �0:1

e0:5
a sec3 c ð3Þ

where dh is the hydraulic diameter, Rel,h = Gdh/ll, G is the
mass velocity, A is the cross-sectional area of tube, Ac is the
core flow area, ea is the surface area enhancement com-
pared to a smooth tube, and c is the helix angle of groove.
Thus, the values of anb and qnb at v = 0 are obtained by
substituting the values of am and q at v = 0 that are
obtained by the interpolation of the curves of am versus v
and q versus v into Eqs. (1)–(3).

In the present paper, the experimental data of Kido
et al. [3], Yu et al. [14], Miyara et al. [15] and Del Col
et al. [16], where the dimensions of the microfin are clearly
described or the picture of fin cross-section are available,
are adopted to develop the correlation for the nucleate
boiling component. Table 1 shows the tube and fin dimen-
sions, and Table 2 shows the experimental conditions. In
Table 1, l is the length of a subsection and lT is the overall
length of the test section. In the data analysis, care must be
taken to the accuracy of the measured am value. Since the
value of average wall superheat DTm is generally small, the
Table 2
Experimental conditions

Tube Refrigerant Tsat (�C) G (kg/m2s) Heating condition

A R22 8.7–30.9 115–394 Water, c.f. and p.f.a

R134a 18.9–30.9 209–356
R123 55.9–59.1 113–309

B R410A 10.0–10.3 98–296 Water, c.f.
C R410A 9.8–10.6 99–299
D R22 22 205, 255
E R22 �0.5 86–345 Condensation of R114
F R22 �0.5 173
G R22 �0.5 173
H R22 �0.5 86, 173
I R22 �0.5 86, 173
J R22 �0.5 173

a c.f.: counter flow, p.f.: parallel flow.
accuracy of am depends largely on the accuracy of mea-
sured wall temperature, Kido et al. [3], Yu et al. [14] and
Miyara et al. [15] measured the local wall temperatures at
the top, bottom and both sides at the mid-point of each
subsection by using thermocouples embedded in the tube
outer surface. The diameter of thermocouple wire was
0.3 mm for Kido et al. [3], and 0.1 mm for Yu et al. [14]
and Miyara et al. [15]. Del Col et al. [16] obtained am from
the measured overall heat transfer data by using the heat
transfer correlation for the heating water side that was
obtained by the Wilson plot method. They also performed
pool boiling tests of a flat microfin surface obtained by flat-
tening a piece of the round microfin tube. In this case, the
surface temperature was estimated by extrapolating the
measured local temperatures in the copper block on which
the test surface was soldered. The accuracy of the measured
am value decreases as DTm decreases. In the present paper,
only the experimental data satisfying the condition of
DTm > 0.7 K were adopted.

Fig. 1 shows the relationship between anb and qnb for
nine tubes and four refrigerants read from the experimental
data of Kido et al. [3], Yu et al. [14] and Miyara et al. [15].
The data are plotted using the parameters of the Cooper
10-1 1
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Fig. 1. Relation between anb and qnb plotted on the coordinates of Cooper
correlation.



Fig. 2. Physical model of stratified flow in a horizontal microfin tube.
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Fig. 3. Liquid film profiles in fin cross-section of region 1.
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[17] correlation for pool boiling as the coordinates. In
Fig. 1, the pool boiling data obtained by Del Col et al.
[16] are also plotted. The dashed line in the figure shows
the Cooper [17] correlation for the surface roughness of
1 lm

anb ¼ 5:63eaP 0:12
r ð�log10P rÞ�0:55M0:5ðqnb=eaÞ0:67 ð4Þ

where Pr is the reduced pressure, M is the molar mass, and
the units of anb and qnb are kW/m2 K and kW/m2, respec-
tively. The experimental data for microfin tubes are consid-
erably scattered and are generally higher than Eq. (4). This
is probably due to the difference in the surface roughness
among the test tubes. It is also seen that the experimental
data for evaporation of R22, R134a and R123 in tube A
are correlated fairly well by a straight line. This indicates
that the effects of physical properties are expressed fairly
well by using the parameter of the Cooper correlation.
The solid line in Fig. 1 shows the correlation for tube A:

anb ¼ 9:52eafP 0:12
r ð�log10P rÞ�0:55M0:5ðqnb=eaÞ0:67g0:8 ð5Þ

The numbers of data points for tubes B, C, E–J are limited
and it is impossible to determine the correlations for these
tubes. If we assume the functional form of Eq. (5), the pro-
portionality constants for tubes B, C, E–J are determined
to be 14.0, 11.0, 6.0, 4.2, 8.5, 7.1, 8.5 and 7.1, respectively.
The broken line in Fig. 1 shows the average correlation for
all tubes excepting tube D determined by the least square
approximation:

anb ¼ 9:48eafP 0:12
r ð�log10P rÞ�0:55M0:5ðqnb=eaÞ0:67g0:85 ð6Þ

and the dotted line shows the correlation for pool boiling
on tube D:

anb ¼ 5:07eafP 0:12
r ð�log10P rÞ�0:55M0:5ðqnb=eaÞ0:67g0:68 ð7Þ

The slopes of Eqs. (5) and (6) are smaller than that of the
Cooper correlation (4), and the slope of Eq. (7) is even
smaller.

3. Theoretical model

3.1. Stratified flow model

Fig. 2 shows the physical model of stratified flow in a
horizontal microfin tube. The angle u is measured from
the top of tube and us is the flooding angle below which
the tube is filled with stratified liquid. The coordinate z is
measured vertically upward from the liquid vapor interface
at u = us. The tube surfaces at the angular portions
0 6 u 6 us and us 6 u 6 p are denoted as region 1 and
region 2, respectively. The profile of stratified liquid is
assumed by a circular arc centered at O1. The void fraction
and the angle x in Fig. 2 are determined by the method
described in Honda and Wang [11].

Fig. 3 shows the liquid film profile of a well wetting
liquid in the fin cross-section in region 1. The fin profile
is approximated by a trapezoid with a round corner at
the fin tip. The fin height, fin pitch, fin half-tip angle and
the radius of curvature at the corner of fin tip are denoted
as h, p, h and rt, respectively. The coordinate x is measured
along the fin surface from the center of fin tip and y is mea-
sured vertically outward from the fin surface. The X and Y

are the Cartesian coordinates measured horizontally and
vertically upward from the mid-point at fin root, respec-
tively. The connecting points between the straight and
round portions at the fin tip are x0 and xt. The x coordinate
at the fin root is xc, and that at the mid-point between adja-
cent fins is xr. Liquid is pulled up above the level of strat-
ified liquid by the capillary effect and retained in the groove
between adjacent fins. The radius of curvature of the liquid
meniscus rb is assumed to be determined by the static force
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balance between the surface tension and gravity forces as
follows:

r
rb

¼ ðql � qvÞgz ¼ ðql � qvÞgd
2

ðcos u� cos usÞ ð8Þ

The liquid film in the fin cross-section is divided into
three regions: a non-evaporating film region, a thin film
region with a high evaporation rate and a meniscus region
with a relatively low evaporation rate. The connecting
point between the non-evaporating film region and the
evaporating film region is denoted as xa, and the connect-
ing point between the thin film region and the meniscus
region is denoted as xb. The liquid film profile is divided
into three cases; Case A, Case B and Case C, depending
on the position of xa. In Case A for x0 < xa < xt and Case
B for xt < xa < xam, the liquid film profile is symmetrical
with respect to the line A–A 0 (X = p/2), where xam denotes
the position of xa at which the liquid film thickness at
x = xr, dr, is equal to zero. In Case C for xam < xa < xr,
the liquid film profile is symmetrical with respect to the line
B–B 0. In this case the non-evaporating film region and the
thin film region exist on both the fin flank and the fin root
tube surface. Numerical calculation of the liquid film pro-
file was conducted for about 20 values of xa that changed in
between x0 and xc. The value of xam is determined empiri-
cally on the basis of the numerical calculation of liquid film
profile for different xa. The details of the calculation proce-
dure is described in Honda and Wang [11].

The heat transfer coefficient for region 1, a1, consists of
the evaporation component aev1 and the nucleate boiling
component anb1, where aev1 is determined by the thin film
evaporation model of Honda and Wang [11] and anb1 is
obtained by multiplying the value of anb given by Eqs.
(5)–(7), etc. with the area ratio of the thick film region in
the groove to the total surface area of region 1. Thus the
expression for a1 is written as

a1 ¼ aev1 þ anb1 ð9Þ
The value of anb1 is obtained from

anb1 ¼ anb 2

Z ubm

0

ðxc � xbÞduþ
Z us

ubm

ðxr � xbÞdu

" #,
xrus

for rb0 < rbm ð10-1Þ
and

anb1 ¼ anb

Z us

0

ðxr � xbÞdu=xrus for rb0 P rbm ð10-2Þ

where rb0 is the value of rb obtained by substituting u = 0
into Eq. (8), rbm is the value of rb that corresponds to xb =
xbm, and ubm is the value of u that corresponds to
xb = xbm.

The heat transfer coefficient for region 2, a2, is obtained
by the following equation:

a2 ¼ ða3
nb2 þ a3

fc2Þ
1=3 ð11Þ

where anb2 is the nucleate boiling component obtained
from Eqs. (5)–(7) and afc2 is the forced convection compo-
nent obtained by applying Eq. (3) to the stratified liquid re-
gion. The definition of dh for the stratified liquid region is
given in Honda and Wang [11]. The circumferential aver-
age heat transfer coefficient am is obtained by the following
equation for the uniform heat flux condition:

am ¼
pq

usDT 1 þ ðp� usÞDT 2

¼ us

p
1

a1

þ 1� us

p

� � 1

a2

� ��1

ð12Þ

where DT1 = q/a1, DT2 = q/a2.

3.2. Annular flow model

In the annular flow model, the effect of vapor shear force
on the forced convection component afc is assumed to be
expressed by substituting the equivalent Reynolds number
Reeq = (Gdh/ll) [1 � v + (ql/qv)1/2v] into Rel,h of Eq. (3) as
follows:

afc ¼ 0:023
kl

dh

Re0:8
eq Pr0:4

l

A
Ac

� �0:1

e0:5
a sec3 c ð13Þ

The nucleate boiling component anb is given by Eqs. (5)–
(7). Then, am is assumed to be given by the following
equation:

am ¼ ða3
fc þ a3

nbÞ
1=3 ð14Þ
4. Comparison of theoretical predictions with

experimental data

The predictions of am by the two theoretical models
were compared with the measured heat transfer coefficients
for ten tubes and four refrigerants shown Tables 1 and 2. In
the data reduction, the average quality of a subsection or a
test section was used as the experimental data. The quality
change in each subsection was less than 0.21, 0.19 and 0.23
for tubes A, B and C, respectively, and the quality change
in the test section was less than 0.3 for tube D and less than
0.11 for tubes E–J. As described in the previous section, the
magnitude of nucleate boiling component anb was consid-
erably different depending on the test tubes. This was prob-
ably due to the difference in the surface roughness.
However, no information was available about the surface
roughness and it was impossible to derive a general corre-
lation for anb taking account of the surface roughness. In
the following discussion, two cases are examined for the
expression of anb. In case 1, the expression of anb for each
tube described in the previous section was used. In case 2,
the average correlation given by Eq. (6) was used for all
tubes.

Fig. 4(a)–(d) compare the predictions of the stratified
flow model and the annular flow model with the experi-
mental data for the evaporation of R22 in tube A. In
the theoretical models, anb was predicted by use of
Eq. (5). The value of the dimensionless number Fr0 ¼
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Fig. 4. Comparison of measured and predicted am values.
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G=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dgqvðql � qvÞ

p
, which is a measure of the flow pattern

transition, is also shown in the figures. Fig. 4(a)–(c) show
the results for the counter flow of refrigerant and heating
water in the increasing order of G. The stratified flow
model gives a higher am than the annular flow model and
the difference between the two predictions decreases with
the increase in G. The experimental data is located in the
middle of the two predictions. Fig. 4(d) shows the result
for the parallel flow of refrigerant and heating water at
G = 312 kg/m2 s. In this case the distribution of am is con-
siderably different from those for the counter flow. This is
due to the difference in the distribution of anb between the
two cases. In the case of counter flow, DTm takes a small
value near the inlet of the refrigerant (i.e., at small v) and
increases with increasing v. Since anb is proportional to
the power of DTm, anb also increases with increasing v. In
the case of parallel flow, on the other hand, DTm takes a
large value near the inlet of the refrigerant and decreases
with increasing v. Consequently, anb takes a large value
at small v and decreases with increasing v. It is seen in
Fig. 4(d) that the experimental data are larger than the pre-
dictions of the two theoretical models. This indicates that
the correlation for anb is not satisfactory at large DTm.
As described above, am is closely related to the flow pattern
in the tube. Fig. 5(a)–(d), respectively, show the mass veloc-
ity at the transition between the stratified-wavy flow and
the annular flow, Gwavy, corresponding to Fig. 4(a)–(d) that
are obtained from the flow pattern map proposed by Kat-
tan et al. [12]. Since the Kattan et al. [12] map was obtained
for evaporation in smooth tubes, it was modified to the
case of microfin tubes as follows:

Gwavy ¼
16ðAv=d2Þ3gdqlqv

p2v2ðSi=dÞ

( )0:5

� p2

25ðhl=dÞ2
ð1� vÞF 1

r

gd2ql

� �F 2

þ 1

( )0:5

þ 50

ð15Þ

where Av is the cross-sectional area of the vapor space, Si is
the perimeter length of the liquid–vapor interface, hl is the
height of the liquid–vapor interface measured from the tube
bottom, F1 = 646.0(q/qc)

2 + 64.8(q/qc), F2 = 18.8(q/qc) +
1.023 and qc ¼ 0:131q1=2

v hlvfgðql � qvÞrg
1=4. The values of

Av, Si and hl were determined by the method described in
Honda and Wang [11]. In Fig. 5, where Gwavy is plotted as
a function of v, the measured mass velocity G is also plotted.
It is seen that Gwavy is larger than G in Fig. 5(a), whereas G is
larger than Gwavy in Fig. 5(b)–(d). Comparison of the coun-
ter flow cases in Figs. 4 and 5 reveals that the measured am is
close to the prediction of the stratified flow model when
Gwavy P G and it is close to the prediction of the annular
flow model when G > Gwavy. Considering the above
results, we propose a general prediction equation for am

of the form

am ¼ ð1� aÞam;st þ aam;an ð16Þ

where a = 1/[1 + (Gwavy/G)3], and am,st and am,an denote
the predictions of the stratified flow model and the annular
flow model, respectively.

Fig. 6(a)–(d), respectively, compare the predictions of
Eq. (16) and previously proposed six correlations with
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Fig. 5. Variation of Gwavy with v.
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Fig. 6. Comparison of measured and predicted am values.
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the experimental data shown in Fig. 4(a)–(d). It is seen that
the correlation of Yun et al. [9] gives predictions that are
generally lower than the experimental data. It is also seen
that the difference among the predictions is most significant
for the case of parallel flow shown in Fig. 6(d).
Table 3 summarizes the results of comparison between
the predictions of the present theoretical model and the
previously proposed six correlations with available experi-
mental data for 10 tubes and four refrigerants. For the
present theoretical model, the results are presented for



Table 3
Error analysis

Tube Refrigerant N Murata Koyama et al. Thome et al. Cavallini Yun et al. Mori et al. Present 1 Present 2

am rms am rms am rms am rms am rms am rms am rms am rms

A R22 37 �28.2 42.7 �7.5 19.8 �18.4 23.4 �52.0 53.0 �48.1 58.3 �34.2 39.0 �7.9 18.1 �12.5 18.8
A R134a 31 �30.3 36.5 6.5 23.1 �6.2 28.2 �52.9 55.0 �40.9 49.2 �28.6 36.6 �10.9 19.3 �15.2 21.4
A R123 28 12.5 28.5 �5.1 21.7 41.8 53.0 �39.5 42.4 �15.7 35.6 16.4 31.7 5.7 16.3 �0.8 14.1
B R410A 22 �47.9 48.5 �19.4 30.3 �26.8 31.3 �46.3 48.2 �67.3 68.2 �31.1 33.5 21.1 26.8 �19.6 22.9
C R410A 24 �36.3 41.1 �11.6 22.6 �17.0 21.0 �17.7 25.3 �59.3 61.9 �8.1 20.5 14.7 22.3 �5.0 13.9
D R22 18 �19.2 19.8 23.9 26.7 16.7 17.9 �38.7 39.0 �43.7 46.2 �26.1 26.3 �18.8 19.6 12.6 17.2
E R22 25 31.7 41.0 28.5 38.9 104.3 111.5 37.6 39.3 �41.0 50.8 123.0 134.1 28.7 38.3 50.4 55.7
F R22 8 7.0 29.5 �9.3 19.8 49.9 50.3 95.2 95.6 �57.7 60.7 156.0 157.0 �15.9 16.4 15.7 32.8
G R22 6 �27.1 29.8 �40.8 41.7 4.5 7.6 11.3 16.7 �69.4 69.9 49.2 50.0 �22.5 26.1 �21.8 25.9
H R22 14 �18.4 25.0 �30.6 32.5 0.6 15.1 29.8 35.8 �68.5 69.4 49.9 62.1 �11.9 18.1 2.3 19.3
I R22 15 �25.1 30.7 �35.4 37.2 11.6 31.8 30.8 43.7 �71.5 72.4 47.1 67.2 �6.2 11.9 �5.5 11.9
J R22 6 �12.5 19.3 �29.1 30.7 5.0 6.7 82.2 84.0 �63.3 64.1 125.5 126.0 �15.0 19.3 �2.6 18.1
All data 234 �16.9 36.4 �5.3 27.9 12.1 46.8 � 15.7 48.2 �49.1 57.1 16.0 67.0 0.4 22.4 �0.4 25.7

am: arithmetic mean value, rms: root mean square value.
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two cases. The first one (Present 1) is the case where anb is
calculated by using the correlation for each tube. The sec-
ond one (Present 2) is the case where anb is calculated by
using Eq. (6) for all tubes. The performance of all models
and correlations were estimated in terms of the arithmetic
mean error, am, and the root-mean-square error, rms,
defined as follows:

am ¼ 1

N

X am;pre � am;exp

am;exp

� 100% ð17Þ

rms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X am;pre � am;exp

am;exp

� �2
s

� 100% ð18Þ

The experimental data in the range of v > 0.8 were
excluded from the analysis because they were supposed to
be affected by the dryout of the tube surface. Comparison
of the results reveals that the rms error for all data
decreases in the order of Present 1 (22.4%), Present 2
(25.7%), Koyama [4] (27.9%) and so on. Since Present 1
is based on the correlation of anb for each tube which is
not applicable to the other tubes, Present 2 is considered
to be the best practical method for predicting am.

An attempt was made to take into account the effect of
dryout in the heat transfer model by use of the correlation
for the dryout inception condition proposed by Yoshida
et al. [18]. Their correlation was based on the experimental
data for uniform heat flux and it was not directly applica-
ble to the cases of variable heat flux discussed in the present
paper. Thus an interpolation procedure was adopted to
estimate the dryout inception quality vdb and the heat
transfer coefficient at v = vdb. For the local flow condition
at each measurement point along the tube, the dryout
inception quality vdb,i (i = 1,2, . . .) corresponding to the
local heat flux qi was calculated by use of the Yoshida
et al. [18] correlation. Then it was compared with the exper-
imental data vi. If vdb,i 6 vi and vdb,i+1 > vi+1 (or vise versa)
were satisfied by two successive measurement points along
the tube, the local quality at which vi = vdb was satisfied
was obtained by the following equation:
vdb ¼
vdb;iviþ1 � vdb;iþ1vi

viþ1 � vi � vdb;iþ1 þ vdb;i
ð19Þ

Then the heat transfer coefficient at v = vdb was obtained
from

adb ¼
ðaiþ1 � aiÞvdb � aiþ1vi þ aiviþ1

viþ1 � vi
ð20Þ

The dryout completion quality was assumed to be unity.
Then, for the region of vdb < vi < 1, the heat transfer coef-
ficient at v = vi was obtained from

am;i ¼
adbvdc � adcvdb

vdc � vdb

� adb � adc

vdc � vdb

vi ð21Þ

where adc is the heat transfer coefficient at v = 1 which was
obtained by substituting the physical properties of vapor
into Eq. (13). The rms errors for all data were 23.4% and
26.7% for the modified Present 1 and Present 2 methods
in which the above correction was incorporated, respec-
tively. These values were a little larger than the predictions
of the original Present 1 and Present 2 methods.

5. Conclusions

The contribution of nucleate boiling during evaporation
in horizontal microfin tubes was examined for available
experimental data for ten tubes and four refrigerants.
The correlation of the nucleate boiling component for each
tube and an average correlation for all tubes were devel-
oped using the parameters of the Cooper [17] correlation
for pool boiling. A stratified model and an annular flow
model of evaporation heat transfer in horizontal microfin
tubes in which the above correlations were incorporated
were proposed. A good agreement with available experi-
mental data was obtained by the weighted average of the
predictions of the two theoretical models taking account
of the flow pattern transition curve between the stratified-
wavy flow and the annular flow proposed by Kattan
et al. [12]. The rms error of the prediction for all data
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was 22.4% and 25.7% for the cases in which the correlation
of the nucleate boiling component for each tube was
adopted and the average correlation for all tubes was
adopted, respectively. The agreement was better than the
predictions of previously proposed six correlations.
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