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Abstract

In the present study the experiments on ~ow boiling heat transfer in two horizontal smooth copper tubes are carried
out with pure refrigerants HFC023a\ HCFC012\ HCFC11\ CFC003 and CFC01 using water!heated double!tube type
test sections[ One test tube is of 7[3 mm inside diameter\ and the other is of 6[8 mm inside diameter[ For both tubes the
surface roughness is measured and the surface micro!geometry is observed with SEM[ From the experimental results\
the surface e}ect on ~ow boiling heat transfer is clari_ed and a correlation for the heat transfer coe.cient is proposed
in consideration of the surface e}ect[ This correlation equation agrees well with the experimental data from di}erent
sources[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

C0\ C1 constant
Cp isobaric speci_c heat ðJ kg−0 K−0Ł
Db bubble departure diameter ðmŁ
Dbe equilibrium break!o} diameter ðmŁ
di inner diameter ðmŁ
F two!phase convection multiplier factor ð!Ł
G mass velocity ðkg m−1 s−0Ł
hfg latent heat of evaporation ðJ kg−0Ł
M molecular weight ðkg kmol−0Ł
Nu Nusselt number
P pressure ðPaŁ
Pr Prandtl number
pr reduced pressure
Q heat transfer rate ðWŁ
q heat ~ux ðW m−1Ł
Rc nucleate cavity size ðmmŁ
Rp roughness in Gla�ttungstiefe ðmmŁ
Re Reynolds number
S suppression factor
Twi inside wall temperature ðKŁ
TRC calculated refrigerant temperature ðKŁ
x quality

� Corresponding author

W mass ~ow rate ðkg s−0Ł[

Greek symbols
a heat transfer coe.cient ðW m−1 K−0Ł
l thermal conductivity ðW m−0 K−0Ł
DL e}ective heating length of a subsection ðmŁ
m dynamic viscosity ðPa sŁ
r density ðkg m−2Ł
s surface tension ðN m−0Ł

xtt Martinelli parameter 0� 0
0−x

x 1
9[8

0
rv

rl1
9[4

0
ml

mv1
9[0

1[

Subscripts
c critical point
cal calculated
cv convective ~ow
exp experimental
in inlet of test section
l liquid
lo liquid only ~ow
nb nucleate boiling
R refrigerant
s source water
sat saturated
tp two!phase
v vapor[
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0[ Introduction

Many experimental results showed that the surface
condition is a very important factor in nucleate pool
boiling[ This factor a}ects strongly on not only the incipi!
ent boiling but also the nucleate boiling heat transfer
coe.cient[ Based on the force balance on a vapor bubble
and the ClausiusÐClapeyron equation\ a criterion equa!
tion\ in which the active nucleate cavity size controls
the relation between heat ~ux and wall superheat\ was
developed for the incipient boiling[ Considering the e}ect
of temperature gradient in liquid near the surface and the
wall superheat\ Han and Gri.th ð0Ł obtained a relation
between the active cavity size and ~uid properties[ They
found that the bubble growth rate is in~uenced by the
thermal layer thickness and the critical wall superheat
relation for the cavity[ Singh et al[ ð1Ł developed a theor!
etical model to determine the required superheat for
stable boiling from a cavity with consideration of the
liquid penetration\ the e}ect of transient heat ~ux and
the inertial and the viscous e}ects of liquid moving inside
the cavity[

For the nucleate boiling heat transfer coe.cient\
instead of nucleate cavity size\ the surface roughness is
often used to consider the e}ect of surface condition[
Chowdhury and Winterton ð2Ł studied the surface e}ects
in pool boiling with particular emphasis on the roles
of surface roughness and surface energy "measured by
contact angle#[ They measured the surface roughness
with a Talysuf!09 pro_lometer in terms of centerline aver!
age values[ Through the experiments\ they found that the
nucleate boiling heat transfer appears strongly a}ected
by surface roughness and almost una}ected by the con!
tact angle value[ To explore the e}ect of the surface
roughness on boiling heat transfer\ Nishikawa et al[ ð3Ł
conducted various experiments using the refrigerants of
CFC00\ CFC01 and CFC003 in the range of reduced
pressures from 9[97 to 9[8[ They used paper to polish the
boiling surface\ and the surface roughness varied from 3[2
to 9[911 mm "centerline average values are approximately
1[1Ð9[913 mm#[ From over 299 data points\ they noted
that the surface roughness has greater e}ect at lower
reduced pressure[ They correlated their experimental data
using graphical analysis and obtained

a � 20[9q9[7 p9[1
c

M9[0T9[8
c

"7Rp#9[1−9[1pr "0#

where Rp is the roughness in Gla�ttungstiefe[ In the above
correlation\ the e}ect of surface roughness is considered
by the last term of "7Rp#9[1−9[1pr[ Cooper ð4Ł made a
detailed review on nucleate pool boiling research\ and
proposed a correlation for pool boiling heat transfer
using many experimental results of previous researches\
as follows]

a � 44q9[56M−9[4"−log09 pr#−9[44p9[01−9[1log09Rp
r "1#

In his correlation\ the e}ect of boiling surface condition
is expressed as the function of the surface roughness Rp

and the reduced pressure pr[ However\ he did not give a
clear de_nition on Rp[

Bergles and Rohsenow ð5Ł made an analysis on the
condition of incipient boiling[ They pointed out that the
incipient boiling should be independent of surface con!
dition for most commercially _nished surfaces due to the
existence of a wide range of cavity sizes[ Extending the
above study\ Davis and Anderson ð6Ł proposed a criterion
correlation for the incipient ~ow boiling which is referred
to that of incipient pool boiling developed by Han and
Gri}th ð0Ł[ They reduced the critical cavity size as the
function of pressure\ heat ~ux and physical properties[
From the measurements of the surface characteristics of
a copper tube and the incipient boiling heat transfer data
taken in that tube\ they concluded that the active cavity
size can be of the order of 0[9 mm under some normal
engineering conditions[ On the other hand\ the relation
between the cavity size and the wall superheat for a bub!
ble is the same both in its generation and in its dis!
appearance[ The suppression of nucleate boiling in the
annular ~ow would have the same characteristics as the
incipience of nucleate boiling[ In ~ow boiling\ the wall
superheat for a given heat ~ux decreases with increasing
quality or mass ~ow rate[ When the wall superheat falls
below that required to form bubbles\ nucleate boiling is
fully suppressed[ With this concept\ Jung ð7Ł found that
the calculated suppression point is very close to the exper!
imental data when the maximum cavity radius is set to
9[17 mm[

For ~ow boiling heat transfer characteristics\ Chen ð8Ł
postulated that the heat transfer coe.cient in tube can
be expressed as a simple addition of forced convective
~ow and nucleate boiling parts[ On this hypothesis\ he
developed a so!called {Chen!type| correlation for in!tube
boiling heat transfer characteristics[ After that\ Jung ð7Ł\
Takamatsu et al[ ð09Ł and Yoshida et al[ ð00Ł proposed
their correlations based on this hypothesis[ On the other
hand\ Rhee and Young ð01Ł\ Shah ð02Ł\ Kandlikar ð03Ł
and Liu and Winterton ð04Ł also proposed their cor!
relations for boiling heat transfer characteristics\ which
are di}erent in type with Chen|s[ All of these correlations
only express the e}ect of mass ~ow rate\ pressure\ quality
and heat ~ux on boiling heat transfer coe.cient\ but do
not include the e}ect of surface condition[

In the present paper\ the experimental study on ~ow
boiling heat transfer in two horizontal smooth tubes is
carried out using _ve kinds of pure refrigerants
HFC023a\ HCFC012 HCFC11\ CFC003 and CFC01 as
test ~uid[ From the present and many other experimental
results\ the surface e}ect on the ~ow boiling heat transfer
is examined[ Using the same model of Takamatsu et al[
ð09Ł and considering the e}ect of surface condition\ a
prediction correlation for ~ow boiling heat transfer
coe.cient is proposed[
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1[ Experimental apparatus and data reduction

1[0[ Experimental apparatus

The experimental apparatus used in this study is shown
in Fig[ 0[ It consists of three main loops] a refrigerant
loop\ a water loop and brine loop[ In the refrigerant loop\
the subcooled liquid refrigerant is delivered with a pump
"0# through a desiccant _lter "1#\ a mass ~ow meter "2#\
an electrical preheater "3#\ a mixing chamber "4# and a
heat exchanger "5# to the test section "09# or "00#[ The
refrigerant vapor generates in the test section\ condenses
in two condensers "03# and "04#[ The pump "0# used in
the refrigerant loop is a positive!displacement pump that
was used instead of a compressor to eliminate the e}ect
of lubricating oil[ The desiccant _lter "1# is used to
exclude the water dissolved in the refrigerant[ The elec!
trical preheater "3# and the heat exchanger "5# are used
to adjust the thermodynamic state of refrigerant at the
entrance of the test section[ An after!heater "02# in the

Fig[ 0[ Experimental apparatus[

refrigerant loop is used to control the pressure in the
refrigerant loop[ The water loop\ including a heat source
tank "06#\ a centrifugal pump "7# and a gear!type ~ow
meter "8#\ is used to supply heating water to the test
section[ The brine loop\ which consists of a brine tank
"07#\ a chilling unit "19#\ two centrifugal pumps "7# and
two ~oat!type ~ow meters "08#\ is used to condense the
refrigerant[ The temperature in the brine tank is usually
set at −1[9>C in the ~ow boiling experiments[

The test section shown in Fig[ 1 is a horizontal double!
tube heat exchanger in which the refrigerant ~ows inside
an inner tube\ and the heating water ~ows in an outer
annulus[ In the test section\ two straight smooth copper
tubes A "7[3 mm I[D[ and 09[9 mm O[D[# and B "6[8 mm
I[D[ and 8[4 mm O[D[#\ each of which is 5[9 m in length\
are used as test tube[ The outer tube is formed by two
polycarbonate resin blocks each of which has a half!
round ditch with a radius of 7 mm[ To measure the
local heat transfer rate\ the annulus is divided into 03
subsections along the tube axis by brass blocks[ In these
subsections\ nos 0\ 1\ 02 and 03 are 149 mm long\ while
other subsections are 499 mm long[ The heat transfer rate
in each subsection is treated as a local value[ Depending
on the requirement of the experiments\ the ~ow condition
in the double!tube heat exchanger can be set to counter
or parallel ~ow by means of valves in the refrigerant loop[

1[1[ Data reduction

The heat ~ux on the heat transfer surface in one sub!
section is calculated as

q �
Q

pdiDL
"2#

where Q � CpsWsDTs[ Q is the total heat transfer in one
subsection[ DL is the e}ective heating length of the sub!
section[ Cps is the isobaric speci_c heat of heating water[
Ws is the ~ow rate of heating water[ DTs is the temperature
di}erence of heating water in the subsection

The ~ow boiling heat transfer coe.cient in the smooth
tube is de_ned as

a �
q

Twi−TRC

"3#

where Twi is the inner wall temperature\ which is esti!
mated from the measured outer wall temperature by one!
dimensional heat conduction equation[ TRC is the satu!
rated refrigerant temperature corresponding to the
measured pressure[

The calculation method for heat transfer rate Q\ inside
wall temperature Twi\ refrigerant temperature TRC and
quality x in boiling condition is described in detail in ð05Ł[
The thermophysical properties used in the present study
are estimated from the thermophysical property tables
suggested by JAR ð06Ð19Ł[ The measurement error in the
present study is about 9[0 K for refrigerant temperature
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Fig[ 1[ Test section[

TRC and 9[1 K for inter wall temperature Twi[ The uncer!
tainty for heat ~ux q is less than 1)\ and about less than
09) for heat transfer coe.cient a[ The experimental
ranges are listed in Table 0[ The experimental data in the
present study were tabled in ð05Ł[

2[ Experimental results

2[0[ Surface condition of test tubes

In general\ the surface condition is an important par!
ameter in boiling heat transfer process[ The nucleate cav!
ity size controls the degree of superheat at the initial
boiling point[ The number density and the size of active
nucleate cavity have a direct in~uence on heat ~ux in
nucleate boiling region[ In most previous studies\ the
surface roughness is often used to estimate the e}ect of
surface condition on the nucleate boiling heat transfer[
Figure 2"a# and "b# shows the typical results of surface

roughness measured along the axial direction for tube A
and tube B\ where Rmax\ Rcla\ Rrms\ skewness and ~atness
are the maximum height roughness\ the centerline aver!
age height roughness\ the root mean square roughness\
the moments of the third order and the moments of the
fourth order\ respectively[ It is clari_ed from these _gures
that tube A is rougher than tube B[

Figure 3"a# and "b# illustrates the surface micro!
geometry observed by SEM "Scanning Electron Micro!
scope# for the two tubes[ It is found in Fig[ 3"a# that the
heat transfer surface of tube A can be divided into three
areas] smooth area\ rough area and some large cavity
points[ The smooth area looks like really smooth and
almost no cavity on it[ In the rough area\ the cavity is
small and shallow[ For some large cavity points\ the
cavity size ranges from 2 to 5 mm[ Some deep pits with
the width of 4 mm are longer than 19 mm[ For tube B\ as
shown in Fig[ 3"b#\ no large cavity can be found on the
surface\ and many long pits are shallow and only of 0Ð1
mm in width[
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Table 0
Experimental ranges

Tube A Tube B

Refrigerant
GR PR\in

x
q GR PR\in

x
q

ðkg m−1s−0Ł ðMPaŁ ðkW m−1Ł ðkg m−1s−0Ł ðMPaŁ ðkW m−1Ł

HCFC11 299Ð201 9[46Ð0[01 9[9Ð0[9 4Ð78 112Ð250 9[56Ð0[03 9[9Ð0[9 3Ð44
HCFC012 099Ð209 9[14Ð9[35 9[9Ð0[9 1Ð59 * * * *
HFC023 099Ð245 9[44Ð9[63 9[9Ð0[9 1Ð000 132Ð295 9[52Ð9[58 9[9Ð0[9 09Ð43
CFC003 * * * * 111Ð238 9[32Ð9[34 9[9Ð0[9 2Ð39
CFC01 * * * * 294 9[51 9[9Ð0[9 09Ð26

Fig[ 2[ Roughness of test surface[

2[1[ Heat transfer characteristics

Figure 4"a# and "b# shows the comparison between
the experimental results for two smooth tubes and the
prediction of the correlation for tube B proposed by
Takamatsu et al[ ð09Ł[ It is found in these _gures that
for tube A the experimental results of HFC023a and
HCFC11 are higher than the predicted values\ while the

experimental results of tube B agree well with the pre!
dicted values[ The di}erence between tube A and tube B
is only the surface condition[ Other conditions\ such as
experimental conditions and ranges\ are almost the same[
Although the inner diameter of these two tubes is di}er!
ent the e}ect of di}erence in inner diameter on heat
transfer coe.cient is less than 0) according to the cor!
relation of Takamatsu et al[ ð09Ł[

Figure 5"a#\ "b# and "c# shows the comparison between
the measured and predicted heat transfer coe.cients of
HCFC012\ HFC023a and HCFC11 in the counter ~ow
condition for tube A[ The broken line and the dot!dash
line represent the convective heat transfer component acv

and the total heat transfer coe.cient acal\ respectively\
both of which are calculated by correlation of Takamatsu
et al[ ð09Ł[ The di}erence between acal and acv denotes the
calculated nucleate boiling component anb\cal[ The di}er!
ence between aexp and acv expresses the real nucleate boil!
ing component anb\exp if the prediction of acv is reliable[
The expression of acv is developed by Yoshida et al[ ð10Ł
from their large data source and checked by Takamatsu
et al[ ð09Ł with di}erent experimental conditions[ So we
have enough con_dence to its reliability[ In Fig[ 5"a#\ for
HCFC012\ it is revealed that the heat transfer coe.cient
is predicted well by the correlation of Takamatsu et al[
ð09Ł[ This reason is that for HCFC012 the vapor velocity
is higher and the liquid _lm is thinner\ due to lower
pressure and lower latent heat[ Therefore\ the nucleate
boiling heat transfer component is suppressed in a
marked degree and the convective heat transfer com!
ponent is dominant[ On the other hand\ as shown in Fig[
5"b# and "c#\ for HFC023a and HCFC11\ the nucleate
boiling component takes an important part and is not
fully suppressed in the high quality region under the
counter!current ~ow condition[ The nucleate boiling
component of experimental data is much higher than the
predicted value[ As a result\ the heat transfer coe.cient
for tube A is higher than that of tube B[

Based on the above consideration\ we can get rid of
the e}ect of all factors except surface condition\ that is\
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Fig[ 3[ Micro!geometry of test surface] 0[ smooth area\ 1[ rough area\ 2[ large cavity\ 3[ long pit[

the di}erence of the ~ow boiling heat transfer charac!
teristics in tube A and tube B is caused by the di}erence
in surface condition of these two smooth tubes[

3[ Proposed correlation on ~ow boiling

As mentioned before\ there are several types of cor!
relations for ~ow boiling heat transfer characteristics[ In
these correlations\ the e}ect of surface condition is not
considered[ In this study\ we select the correlation of
Takamatsu et al[ ð09Ł that belongs to the Chen!type cor!
relation as our model correlation\ and supplement the
surface e}ect in it[ In common knowledge\ the heat trans!
fer coe.cient is almost independent of the surface rough!
ness for the forced convective heat transfer[ On the other
hand\ for the nucleate boiling the heat transfer coe.cient
is sensitive to the surface condition\ which was proved by
many experiments under pool boiling condition and also
found in the present experiment under ~ow boiling con!
dition[ For pool boiling\ Nishikawa et al[ ð3Ł studied
this e}ect systematically and proposed a correlation to
consider this e}ect in pool boiling condition\ as follows]

FR �"7Rp# "9[1−9[1pr# "4#

where Rp represents the roughness in Gla�ttungstiefe[ This
value of Rp is usually not equal to nucleate cavity size\
but it may be the same order as the nucleate cavity size
for the arti_cial surface polished by emery papers[ In the
present study\ due to the similarity between pool nucleate
boiling and ~ow nucleate boiling\ we introduce equation

"4# into the nucleate boiling component to evaluate the
e}ect of surface condition\ in which Rp is replaced by the
nucleate cavity size Rc[ A new correlation including the
surface e}ect is proposed as follows]

a � acv¦anb "5#

acv � 9[912Re9[7
tp Pr9[3

l 0
ll

di1 "6#

Retp � F0:9[7Relo "7#

Relo �
G"0−x#di

ml

"8#

F � 0¦1x−9[77
tt "09#

anb � K9[634Sapb "00#

K9[634 �
0

0¦9[764h¦9[407h1−9[048h2¦9[6896h3

"01#

h �
acv

Sapb

"02#

S �
0
j

"0−e−j# "03#

j � Cl0
rl

rv

Cpl

hfg

Tsat1
0[14

La
acv

ll

"04#

La �X
1s

`"rl−rv#
"05#
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Fig[ 4[ Comparison between experimental results and correlation
of Takamatsu et al[

apb � C1×196
ll

Db0
qDb

llTsat1
9[634

0
rv

rl1
9[470

Pr9[422
l Fr "06#

Db � 9[40La "07#

Fr �"7Rc# "9[1−9[1pr# "08#

In the above correlation the experimental constants C0

and C1 are independent of the kind of refrigerant and the
surface condition\ and the nucleate cavity size Rc depends
only on the surface condition of test tube[ This cavity
size is di}erent from the measurement result by surface
contact pro_le meter\ and in~uenced by the tube material\
manufacturing process and treatment before exper!
iments[ Since there are many di}erent kinds and sizes of
cavities on a real surface\ it is di.cult to determine a
representative value for cavities from the direct obser!

Fig[ 5[ Axial distribution of convective evaporation and nucleate
boiling component[

vation by SEM[ In the present stage\ this nucleate cavity
size Rc can be only determined from the experimental
heat transfer data\ and the measured value of Rc from
the microphoto is used as a reference[

Based on the above criterions and the experimental
data obtained by Altman et al[ ð11Ł\ Anderson et al[ ð12Ł\
Chaddock and Noerager ð13Ł\ Jung ð7Ł\ Yoshida ð14Ł\
Khanpara et al[ ð15Ł\ Murata and Hashizume ð16Ł\ Tak!
ahashi et al[ ð17Ł and the present study\ the optimum
values of the two constants are determined as
Cl � 4[9×09−4 and C1 � 0[14[ The estimated nucleate
cavity size for each tube is listed in Table 1[ It is found
from these tubes that the nucleate cavity size Rc is 9[2 mm
for six tubes\ about 0[9 mm for three tubes\ and over 1[9
mm for two tubes[ It is noted here that the value of Rc for
Jung|s tube is estimated as 9[2 mm in the present study\
very close to the 9[17 mm value that was found by Jung
ð7Ł[
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Table 1
Estimated nucleate cavity size for di}erent tubes

Author Tube
L di G P q Rc

ðmŁ ðmmŁ ðkg m−1s−0Ł ðMPaŁ ðkW m−1Ł ðmmŁ

Altman et al[ ð11Ł Copper 0[11×1 7[6 035Ð469 9[46Ð0[96 8Ð25 9[2
Anderson et al[ ð12Ł Copper 1[175 05[8 191Ð249 9[46 7Ð16 9[7
Takahashi et al[ ð17Ł Copper * 6[8 083Ð344 9[45Ð9[51 14 9[2
Khanpara et al[ ð15Ł Copper 2[70\ 0[9 6[8 137Ð419 9[22 4Ð4[4 9[2
Murata!Hashizume ð16Ł Copper * 09[2 199Ð299 9[1 09Ð29 0[9
Yoshida ð14Ł Copper 2[9\ 3[9 00[9 299Ð499 9[48 09Ð39 9[2
ChaddockÐNoerager ð13Ł SUS 0[82 00[6 240Ð476 9[33 6Ð24 9[2
Yoshida ð14Ł SUS * 09[5 199Ð399 9[48 19 1[9
Jung ð7Ł SUS 3[9×1 8[0 139Ð649 9[14Ð9[56 09Ð34 9[2
Present "tube A# Copper 5[9 7[3 049Ð249 9[14Ð0[01 1Ð000 2[4
Present "tube B# Copper 5[9 6[8 1[19Ð259 9[32Ð0[03 2Ð43 0[9

Figure 6 shows the comparison between the present
experimental results and the previous correlation equa!
tion[ It is found that most of the experimental data agree
with the present correlation within 219)[ For the

Fig[ 6[ Comparison of experimental and calculated results[

present two smooth tubes\ the nucleate cavity size Rc is
2[4 mm for tube A and 0[9 mm for tube B[ These values
are very close to the width of many larger pits observed
by SEM[
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It should be pointed here that tube B is a normal
commercial heat transfer tube ever widely used in air!
conditioner\ while tube A is a special heat transfer tube
without _nal smoothing treatment[ Using above results\
we can design a simpler manufacture process for heat
transfer tube[ In the viewpoint of heat transfer\ the last
smoothing process is not necessary and can be cut down[
The produced heat transfer tube with relatively large
cavity size will have higher heat transfer performance\
while the pressure drop is not increased ð05Ł[

4[ Conclusions

0[ The experimental studies on the ~ow boiling heat
transfer in two smooth tubes were conducted using _ve
kinds of refrigerants HFC023a\ HCFC012\ HCFC11\
CFC003 and CFC01[ The surface roughness was
measured and surface micro!geometry was obtained
with SEM for both tubes[

1[ From these experiments the e}ect of surface condition
on ~ow boiling was clari_ed[ This e}ect comes from
the nucleate boiling component and relates to the
nucleate cavity size[ This nucleate cavity size of boiling
surface seems mainly controlled by the cavity width[

2[ Based on the experimental data from the present study
and other sources\ a new correlation considering the
surface e}ect was proposed for ~ow boiling in annular
and semi!annular ~ow region[ This correlation agrees
well with the experimental data[

3[ Relatively rough surface can lead higher heat transfer
characteristics[ In the viewpoint of heat transfer\ the
last smoothing process in manufacturing heat transfer
tube is not necessary\ and cheaper tube with higher
performance can be produced[
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