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Abstract

An analytical modeling of condensation heat transfer characteristics under re~ux cooling mode inside vertical tubes
surrounded by isothermal external ~uid was conducted in the present work[ The dimensionless _lm thickness\ _lm
Reynolds number as well as the heat transfer coe.cient in the condensate _lm were formulated and calculated
numerically[ The results indicate that the increase in Biot number thickens the _lm layer\ speeds the _lm Reynolds
number\ and increases the condensation heat transfer coe.cient[ As Bi Ł 0 and N
u � 0\ the limiting cases for both
isothermal wall and uniform wall heat ~ux\ respectively\ were derived for comparison[ As compared with the experimental
data of re~ux condensation from previous studies\ the analytical results show good agreement with the observed trend
of the condensation heat transfer[ Þ 0888 Elsevier Science Ltd[ All rights reserved[

Nomenclature

B "0¦1F#0:1

Bi Biot number\ hed9:kl

cpl speci_c heat capacity of the condensate ðJ kg−0 >C−0Ł
fi interfacial friction factor
F Pld¹2:2
` gravitational acceleration
G 0¦S:1"0:Re9#"dRe1

d :dx¹ #
hfg latent heat ðJ kg−0Ł
kl thermal conductivity of the condensate ðW m−0 >C−0Ł
Ku Kutateladze number\ cpl"Ts−T�#:hfg

Nu Nusselt number\ qý:"Ts−Tw#"d9:kl#
N
u Nusselt number\ qý"Ts−T�#"d9:kl#
p pressure ðN m−1Ł
p¹ non!dimensional pressure\ p:rlu

1
9

Pe Peclet number for the condensate _lm\ Pr Re9

Pr Prandtl number for the condensate _lm\ ml:cplkl

Pl fiS Re9

qý heat ~ux at the inner wall of the tube ðW m−1Ł
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r radial coordinate ðmŁ
R inner radius of the tube ðmŁ
RÞ non!dimensional inner radius\ R:d9

Red _lm Reynolds number\ G:ml

Re9 Reynolds number\ rlu9d9:ml

S 3rl:"rvRÞ
1#

Tl condensate _lm temperature ð>CŁ
TÞl non!dimensional condensate _lm temperature\
"Tl−Tsat#:"Tsat−T�#
Tsat vapor saturation temperature ð>CŁ
Tw wall temperature ð>CŁ
T� temperature of external ~uid environment ð>CŁ
ul axial condensate velocity ðm s−0Ł
uv axial steam velocity ðm s−0Ł
u¹ l non!dimensional axial condensate velocity\ ul:u9

uli interfacial condensate _lm velocity ðm s−0Ł
u¹ li non!dimensional interfacial condensate _lm velocity
u9 interfacial condensate _lm velocity with no inter!
facial drag ðm s−0Ł
vl transversal condensate _lm velocity ðm s−0Ł
v¹l non!dimensional transversal condensate _lm
velocity\ vl:u9

x axial coordinate ðmŁ
x¹ non!dimensional axial coordinate\ x:d9

y transversal coordinate ðmŁ
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y¹ non!dimensional transversal coordinate\ y:d9[

Greek symbols
g rv:rl

G condensate mass ~ow rate per unit width ðkg m−0

s−0Ł
d base ~ow _lm thickness ðmŁ
d¹ non!dimensional base ~ow _lm thickness\ d:d9

d9 base ~ow _lm thickness at the tube entrance ðmŁ
h non!dimensional transversal coordinate\ y¹:d¹
ml absolute viscosity of the condensate _lm ðkg m−0 s−0Ł
mv absolute viscosity of the steam ðkg m−0 s−0Ł
rl condensate _lm density ðkg m−2Ł
rv steam density ðkg m−2Ł
s surface tension[

Subscripts
l liquid phase
li interface of condensate _lm and steam
v vapor phase[

0[ Introduction

The small!break loss!of!coolant accident "LOCA# is a
problem of frequent concern for nuclear safety analysis
of a pressurized water reactor "PWR#\ the reactor coolant
pump should have to trip when the primary system pres!
sure is less than a predetermined setpoint\ and hence\
natural circulation will result[ During the cool!down
phase\ adequate removal of decay heat from the core by
the primary coolant must be provided at all times[ Several
mechanisms and modes of natural circulation of primary
core coolant can occur following a small!break LOCA
ð0Ł[ The re~ux condensation process may occur in the
vertical steam generator tubes\ and the steam generated
would condensate on the steam generator tube walls and
then run back to the vessel in a countercurrent ~ow[
Therefore\ understanding and modeling of this mech!
anism is of considerable importance in reactor safety
analysis[

In the past\ many experimental studies were conducted
to investigate re~ux condensation and ~ow limiting
phenomena in countercurrent liquidÐvapor ~ows by use
of two!phase closed thermosyphon or single and:or mul!
tiple vertical tubes ð1Ð4Ł[ However\ the analytical mode!
ling of re~ux condensation was\ to the author|s knowl!
edge\ still scarcely found in the available literature ð5Ð8Ł[
The condensation heat transfer coe.cient was inves!
tigated both theoretically and experimentally by Tien et
al[ ð5Ł with special attention given to the e}ect of inter!
facial shear stress for constant inner wall temperature[
Recently\ Girard and Chang ð09Ł presented an extended
Nusselt theory and developed an analytical modeling of
re~ux condensation with constant inner wall heat ~ux[

In contrast to the limiting situations of uniform wall
heat ~ux and uniform wall temperature\ the present study
extends the problem to a general case for convective heat
transfer from external tube surface to an isothermal ~uid
environment with uniform heat transfer coe.cient he and
constant temperature T�[ In the present analysis\ similar
notations in Girard and Chang|s studies were used in the
mathematical modeling for comparison[ The dimen!
sionless _lm thickness\ heat transfer coe.cient as well
as the temperature pro_le and pressure gradient in the
condensate _lm are formulated or calculated numerically
further[ Furthermore\ the present study was extended to
derive the limiting cases for both isothermal wall and
uniform wall heat ~ux conditions and the results were
compared with previous works reported[

1[ Formulation of the problem

The physical mode and the coordinate system are
shown in Fig[ 0[ The saturated vapor ~ows upward in the
tube core and condenses at the tube inner wall[ The
similar assumptions\ as speci_ed by Girard and Chang
ð09Ł\ are made except that the tube is surrounded and
cooled by isothermal external ~uid[ Assuming further
that the thermal resistance of the tube wall is com!
paratively negligible\ then the local heat ~ux may be
taken as proportional to the ambient!tube temperature
di}erence

qý � he ðTw"x#−T�Ł "0#

Fig[ 0[ Physical con_guration and the coordinate system of re~ux
condensation[
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where he is the external heat!transfer coe.cient\ assumed
known and kept constant[

The geometry of the system being cylindrical\ the con!
servation equations of mass\ momentum and energy in
both liquid and vapor phases can be described as follows]

Liquid phase]

1

1x
"rlrul#¦

1

1r
"rlrvl# � 9 "1#

1

1x
"rlu

1
l r#¦

1

1r
"rlulvlr# � −r

1p
1x

¦ml

1

1r 0r
1ul

1r 1¦`r"rl−rv# "2#

1

1x
"rrlcplulTl#¦

1

1r
"rrlcplvlTl# � kl

1

1r 0r
1Tl

1r 1 [ "3#

Vapor phase]

1

1x
"rvruv#¦

1

1r
"rvrvv# � 9 "4#

1

1x
"rvu

1
v r#¦

1

1r
"rvuvvvr# � −r

1p
1x

¦mv

1

1r 0r
1uv

1r 1 "5#

Tv � Ts[ "6#

Under the steady!state assumption\ the mass is con!
served at each cross!section of the two!phase region\ and
hence we have

g
R

R−d"x#

rlulr dr � RG � −g
R−d"x#

9

rvuvr dr[ "7#

In the present study\ the condensation process occurs
in the presence of a body force "gravity# and forced
convection of the steam and the condensate at a Prandtl
number greater than or equal to one[ The condensate and
vapor momentum equations from r � ðR−d"x#Ł to r � R
and from r � 9 to r � ðR−d"x#Ł are integrated\ respec!
tively[ Summing up these equations\ the pressure gradient
can be obtained[ When substituting the resulting
expression for the pressure gradient into the condensate
momentum equation and neglecting the inertia terms\ the
governing equations for the liquid motion can be written
as]

ml

11ul

1y1
¦`"rl−rv#¦

3

rvR
1

d
dx

G1 � 9 "8#

with the following boundary conditions]

at y � 9^ ul � 9

at y � d^ ml

1ul

1y
�

fi
1

rv"uv−uli# =uv−uli =

where y �"R−r# is the transverse coordinate as shown
in Fig[ 0\ fi the interfacial friction factor and uli the liquid

_lm velocity at the interface[ For pipe ~ow with no
suction\ the interfacial friction factor is given by ð7Ł]

fi � 05:Rev\ Rev ³ 1999

fi � Re9[22
v :0414\ 1999 ³ Rev ³ 3999

fi � 9[968Re−9[14
v \ 3999 ³ Rev ³ 29 999

fi � 9[935Re−9[1
v \ 29 999³ Rev ³ 095[

Introducing the following variables for use in non!
dimensionalizing the governing equations]

d¹ � d:d9\ x¹ � x:d9\ y¹ � y:d9 "09#

u¹ l � ul:u9\ v¹l � vl:u9\ TÞl �"Tl−Tsat#:"Tsat−T�#

and using the boundary conditions\ equation "8# can be
easily integrated\ resulting in the following expression for
the liquid velocity]

u¹ l �"1d¹y¹−y¹1# 00¦
S

1Re9

dRe1
d

dx¹ 1−
Sfi

1Re9

Re1
d y¹[ "00#

The velocity component in the y!direction can be
obtained by using the continuity equation as

vl � −G
dd¹

dx¹
y¹1−

S
1Re9

d1Re1
d

dx¹1 0d¹y¹1−
y¹2

2 1
¦

S Re1
d

3Re9

dfi
dx¹

y¹1¦
Sfi

3Re9

dRe1
d

dx¹
y¹1[ "01#

The energy conservation equation for the condensate
_lm in non!dimensional form can be written as]

u¹ l

1TÞl

1x¹
¦v¹l

1TÞl

1y¹
�

0
Pe

11TÞl

1y¹1
"02#

with the following boundary conditions]

at y¹ � 9^
1TÞl

1y
� Bi"TÞl¦0#

at y¹ � d¹^ TÞl � 9[

The temperature pro_le of the liquid _lm can be ex!
pressed as

TÞl � h¦TÞp "03#

where TÞp � TÞp"h# is a high!order polynomial and h � y¹:d¹
ð09Ł[ By using equation "03# and the velocity distributions
given by equations "00# and "01# and keeping the _rst!
order term only\ the energy equation becomes

d1TÞp

dh1
� $Gh2−2Gh1¦

Sfi
1Re9

Re1
d

d¹
h1

¦
dG
dd¹ 0

h2

2
−h11 d¹¦

Sfi
3Re9

dRe1
d

dd¹
h¹1%×Pe d¹2 dd¹

dx¹
"04#

with the following boundary conditions]

at h � 9^
dTÞp

dh
� Bi d¹ "TÞl¦0#−0

at h � 0^ TÞp � −0[



G[!H[ Chou\ J[!C[ Chen:Int[ J[ Heat Mass Transfer 31 "0888# 1188Ð12001291

Integration of equation "04# with the application of its
boundary conditions and simpli_cation by an order of
magnitude analysis of the resulting expression yields]

TÞl � h¦$
G
19

h4−0
G
3

−
Sfi

13Re9

Re1
d

d¹

−
Sfi

13Re9

Red

dRed

dd¹ 1 h3%Pe d¹2 dd¹

dx¹

−0
Bi d¹F¦0
Bi d¹¦0 1 h−

Bi d¹¦F
Bi d¹¦0

"05#

where

F � $−
G
4

¦
Sfi

13Re 0
Re1

d

d¹
¦Red

dRed

dd¹ 1%Pe d¹2 dd¹

dx¹
[

By de_nition we have]

Red �
G
ml

� g
d

9

rlul

ml

dy[ "06#

Substituting equation "00# into equation "06# we obtain

Red �
3
2
Re9 d¹2

0¦z"0¦1F#
"07#

where F � Pld¹4:2[ Introducing the equations "05# and
"07# with the combination of the heat and mass interfacial
jump conditions\ the following di}erential equation for
the dimensionless _lm thickness is obtained]

Pe
2Ku

dd¹2

dx¹
�

Bi
Bi d¹¦0 6

3
0¦B

−
19
2
F

B"0¦B#1

¦Ku $
2
3

G−
7
8
F

"0¦B#1 03−
4F

B"0¦B#1
−

Bi d¹

Bi d¹¦0 0
G
4

−
1
8
F

"0¦B#1 03−
4F

B"0¦B#11%7
−0

"08#

where B �"0¦1F#0:1[ From the momentum equation and
the no!slip conditions\ the pressure gradient can be writ!
ten as]

1p¹
1x¹

�
S

Re1
9
0
fi
RÞ

Re1
d−

dRe1
d

dx¹ 1[ "19#

Attention may now be turned to the heat transfer
characteristics[ Two de_nitions of the Nusselt number
are examined in the present study ð00\ 01Ł]

Nu �
qý

Tsat−Tw

d9

kl

\ N
u �
qý

Tsat−T�

d9

kl

"10#

whereas the _rst of these is the conventional de_nition
for pipe ~ows\ it is not very useful for the case of external
cooling since both qý and Tw are unknowns[ The second
de_nition is more of a direct applicability since it contains
only qý as an unknown[ From a resistance series argu!

ment\ the relationship between Nu and N
u is readily
deduced as

0
N
u

�
0

Nu
¦

0
Bi

"11#

where Bi � hed9:kl is the Biot number[ The _rst boundary
condition of equation "02# is the statement of heat ~ux
continuity through the wall surface "y � 9#[ That is

qý � kl 0
1Tl

1y 1� he "Tw−T�# at y � 9[ "12#

Thus\ the N
u de_nition from equation "10# yields

1TÞl

1y¹
� N
u at y¹ � 9[ "13#

Integrating equation "04# with the application of the
boundary condition equation "13#\ we have]

N
u �
Bi

Bi d¹¦0 60¦
Pe
3

dd¹3

dx¹

×$
0
4

−
F

8"0¦B#1 07−
09F

B"0¦B#1%7[ "14#

2[ Numerical results

The present study developed a general expression for
the heat transfer characteristics during re~ux con!
densation inside vertical tubes by isothermal external
~uid[ To take it one step further\ the authors extended
the present results to derive the limiting cases for both
isothermal wall and uniform wall heat ~ux[ By examining
the boundary conditions at the wall in the energy equa!
tion among the limiting cases and the present study\ the
relations were found[ When the external thermal contact
is superior\ hed9:k0 Ł 0 "i[e[\ Bi Ł 0#\ the wall temperature
Tw approaches the isothermal condition Tw � T� � con!
stant\ which is the limiting case of the isothermal wall
condition[ While the uniform wall heat ~ux is the limiting
case of the present study when N
u � 0[ For Bi Ł 0\ equa!
tions "05#\ "08# and "14# are simpli_ed as follows]

TÞl � h−0¦6
G
19

"h4−h#−
G
3

"h3−h#¦$
Sfi

13Re9

Re1
d

d¹

¦
Sfi

13Re9

"Red# 0
dRed

dd¹ 1%"h3−h#7×Pe d¹2 dd¹

dx¹
"15#

Pe
3Ku

dd¹3

dx¹
� 6

3
0¦B

−

19
2

F

B"0¦B#1

¦Ku $
00
19

G−

1
2

F

"0¦B#1 03−
4F

B"0¦B#1%7
−0

"16#
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N
u � Nu �
0
d¹ 60¦

Pe
3

dd¹3

dx¹

×$
0
4

−
F

8"0¦B#1 07−
09F

B"0¦B#1%7 [ "17#

Similarly\ as N
u � 0\ we can also obtain the following
results for the uniform wall heat ~ux limit by substituting
equation "14# into equations "05# and "08#]

TÞl � d¹ "h−0#¦6
G
19

"h4−0#−
G
3

"h3−0#¦$
Sfi

13Re9

Re1
d

d¹

¦
Sfi

13Re9

"Red# 0
dRed

dd¹ 1%"h3−0#7×Pe d¹2 dd¹

dx¹
"18#

Pe
2Ku

dd¹2

dx¹
� 6

3
0¦B

−
19
2
F

B"0¦B#1

¦Ku $
2
3

G−
7
8
F

"0¦B#1 03−
4F

B"0¦B#1%7
−0

"29#

N
u � 0[ "20#

Equations "15#Ð"20#\ for the typical cases when Bi Ł 0
and N
u � 0\ were already derived in our previous study
ð02Ł[ As Bi : 9 "i[e[\ he ¼ 9# for the adiabatic condition\
the following equations can also be obtained from the
present results]

TÞl � 6
G
19

"h4−0#−
G
3

"h3−0#

¦$
Sfi

13Re9

Re1
d

d¹
¦

Sfi
13Re9

"Red# 0
dRed

dd¹ 1%"h3−0#7
×Pe d¹2 dd¹

dx¹
"21#

d¹ � constant "22#

N
u � 9[ "23#

It is interesting to note that the behavior of equations
"16# and "29# as the interfacial shear goes to zero\ or in
mathematical terms as F goes to zero\ we can obtain the
following results for both the limiting cases of isothermal
wall "IW# and uniform heat ~ux "UHF#]

IW]

lim
F:9

dd¹3

dx¹
�

3Ku
Pe 01¦

00
19

Ku1
−0

[ "24#

UHF]

lim
F:9

dd¹2

dx¹
�

2Ku
Pe 01¦

2
3

Ku1
−0

[ "25#

Here\ Ku � cpl"Ts−T�#:hfg is the Kutateladze number[ If
the condensation process is slow "Ku ð 0#\ integrating
equations "24# and "25# with the application of the initial
condition of d¹ � 9 at x¹ � 9 and the de_nitions of Ku\
Re9\ and Pr gives the results for the dimensional _lm

thickness as reported by Nusselt and the other inves!
tigators ð03Ł]

IW]

d"x# � $
3mlklx"Tsat−Tw#

`r1
l hfg

%
0:3

[ "26#

UHF]

d"x# � $
2qýmlx

`r1
l hfg
%

0:2

[ "27#

The agreement of equations "26# and "27# with results
found in the open literature may be used to check the
validity of the present mathematical model of re~ux con!
densation[

For a su.ciently long vertical tube\ Pld¹4 is larger than
unity "i[e[\ F Ł 0#[ Then equations "07#\ "16#\ "17# and
"29# can be integrated from the initial condition of d¹ � 9
at x¹ � 9 and written as follows]

IW]

d¹ � 1[880 $
0

Ku 0
x¹ Ku
Pe 1%

0:3

"28#

Red

Re9

� 1[713 $
0

P3
l Ku 0

x¹ Ku
Pe 1%

0:7

"39#

N
u � 9[446 $
0

Ku 0
x¹ Ku
Pe 1%

−0:3

[ "30#

UHF]

d¹ � 2[291 $
0

Ku 0
x¹ Ku
Pe 1%

0:2

"31#

Red

Re9

� 1[856 $
0

P2
l Ku 0

x¹ Ku
Pe 1%

0:5

"32#

N
u � 0[ "33#

3[ Discussions

Previous theoretical analyses of _lm condensation have
mostly been focused on isothermal wall and uniform heat
~ux limits[ In contrast to these limiting situations\ the
present study extends the problem to a general case which
is more practical[ In summary\ equations "7#\ "05#\ "07#Ð
"19#\ and "14# are the governing equations of the present
model to describe the behaviors for re~ux condensation
of a countercurrent two!phase ~ow\ equations "08# and
"14# cannot be integrated analytically[ Consequently\
they are numerically integrated by using a fourth!order
RungeÐKutta scheme[ For the selected values of Ku
"�9[94 and 9[9# and Pl "�9[90#\ the dimensionless _lm
thickness "d¹#\ liquid _lm Reynolds number "Red:Re9# and
local _lm Nusselt number "N
u# are calculated and plotted
as functions of x¹ Ku:Pe with di}erent Biot numbers[
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Figures 1 and 2 illustrate the dimensionless _lm thick!
ness variations along the tube cooled by isothermal ~uid
with di}erent Biot numbers for selected values of Ku
and Pl[ In Fig[ 1\ it indicates that the dimensionless _lm
thickness d¹ increases with increasing Bi\ and the rate of
increase is larger for longer condensation length\ so that
the dimensionless _lm thickness tends to approach an
asymptotic relation independent of Bi if the tube has a
su.ciently long condensation length[ It has also seen
from Fig[ 1 that d¹ changes with very little di}erence as
Bi Ł 0[ The result approaches to the limiting case of the
isothermal wall[ For the case of uniform heat ~ux limit\
the rate of the variations in d¹ is evidently larger in the
shorter condensation length[ The relations given by equa!
tions "28# and "31# for both IW and UHF cases with a
su.ciently long vertical tube\ respectively\ are also shown
in Fig[ 1 by chain!dotted lines which are independent of
Pl or the interfacial shear stress[ The prediction for
Ku � 9 "no convection# is shown in Fig[ 2\ the variation
of d¹ vs x¹ Ku:Pe results for di}erent Bi are similar to that

Fig[ 1[ The dimensionless _lm thickness variation as functions of the dimensionless tube length with di}erent Biot numbers for
Ku � 9[94\ Pl � 9[90[

in the case of Ku � 9[94\ but the increase rate of d¹ varies
drastically for the case of the uniform heat ~ux limit[ It
is concluded that the interfacial shear thickens the _lm
relatively more pronounced for the UHF case\ especially
when the convection e}ect is neglected[

The variation of the _lm Reynolds number Red:Re9

along the tube length is shown in Fig[ 3\ the _lm Reynolds
number increases with increasing Bi\ and the _lm Rey!
nolds number will approach to an asymptotic relation
independent of Bi[ It is worth noting\ as shown from Fig[
3\ that the _lm Reynolds number changes with very little
di}erence as Bi Ł 0\ and approaches to the limiting case
of the isothermal wall[ For the case of uniform heat ~ux
limit\ the rate of the variations in Red:Re9 is evidently
larger along the condensation length[ The relations of the
_lm Reynolds numbers given by equations "39# and "32#
for both IW and UHF cases\ respectively\ are also plotted
in Fig[ 3\ the results show good approach in the large
x¹ Ku:Pe region[ This can further validate the numerical
results of the present mathematical modeling[ The results
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Fig[ 2[ The dimensionless _lm thickness variation as functions of the dimensionless tube length with di}erent Biot numbers for Ku � 9[9\
Pl � 9[90[

for Ku � 9 are shown in Fig[ 4\ the variation of the _lm
Reynolds number Red:Re9 along the tube length for the
UHF case varies almost linearly and is more drastic[

The heat transfer results for the selected values of Ku
and Pl are shown as Fig[ 5 and 6 for comparison[ The
heat transfer coe.cient N
u increases with increasing Bi\
and decreases along the tube length[ When the tube has
a su.ciently long condensation length\ the local _lm
Nusselt number approaches to an asymptotic relation
independent of Bi[ For Bi × 09\ the result approaches
also to the limiting case of the isothermal wall[ The
relation given by equation "30# is shown in Fig[ 5 by a
chain!dotted line\ which is independent of Pl[ In the UHF
case\ the local _lm Nusselt number\ as derived in equation
"20#\ keep unity along the tube length which is inde!
pendent of Pl and Ku[ The calculation results for Ku � 9
"no convection# are depicted in Fig[ 6 to clarify the e}ect
of convection in the liquid _lm on the heat transfer
coe.cient[ The zero!convection result causes a noticeable
decrease in N
u in comparison with the non!zero con!
vection case\ especially in the large x¹ Ku:Pe region[

Besides\ Fig[ 6 also illustrates that the local _lm Nusselt
number for large Bi is lower than that for small Bi at
certain condensation length[ This is due to the fact that\
for large Bi\ higher _lm Reynolds number and larger _lm
thickness are present in the large x¹ Ku:Pe region[ The
resulting increase in the thermal resistance of the _lm
tends to depress heat transfer[

Equation "07# represents the relation between d¹ and
Red with the functional form d¹ � f"Pl\ Red#[ The variation
of the dimensionless _lm thickness d¹ as functions of the
dimensionless _lm Reynolds number Red:Re9 with
di}erent values of Pl is shown in Fig[ 7[ It depicts that d¹
increases with increasing Pl and the rate of increase is
larger in higher Red[ Large condensate ~ow would exert
high interfacial shear stress upon the liquid layer\ and
hence\ thickens the _lm thickness[ Furthermore\ the
result indicates that d¹ varies with Red:Re9 independently
not only for the di}erent values of Bi\ but for the di}erent
thermal boundary conditions in the present study[ Figure
8 illustrates the local _lm Nusselt number variation as
functions of the dimensionless _lm Reynolds number for
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Fig[ 3[ The dimensionless _lm Reynolds number variation as functions of the dimensionless tube length with di}erent Biot numbers
for Ku � 9[94\ Pl � 9[90[

both Ku � 9[94 and Ku � 9 cases with _xed Pl[ The heat
transfer coe.cient N
u increases with increasing Bi\ and
decreases with increasing Red[ The results indicate that
N
u changes with very little di}erence between the non!
zero and zero!convection cases[ For higher Red\ the local
_lm Nusselt number approaches an asymptotic relation
independent of Bi and Ku\ which presents similar results
as described above[

In the open literature\ it is di.cult to acquire the exper!
imental data conducted for the re~ux condensation
phenomena inside vertical tubes surrounded by iso!
thermal external ~uid[ Thus\ some experimental data
from Chen et al[ ð7Ł and Gerner and Tien ð05Ł for constant
tube inner wall temperature were collected to compare
with the analytical results of the present modeling[ As
shown in Fig[ 09\ the experimental data " for both meth!
anol and water# of Chen et al[ ð7Ł and Tien et al[ ð04Ł and
the present model for Bi � 099 "i[e[\ the isothermal wall
limit case# are plotted along with the Nusselt prediction[
It delineates that the experimental data are quite scattered
at low _lm Reynolds numbers region[ It appears that at

moderate _lm Reynolds numbers "09 ³ Red ³ 49#\ the
experimental heat transfer coe.cients are slightly higher
than the Nusselt|s solution and the present results[ The
observed higher values of heat transfer coe.cients may
be attributed partly to the presence of waviness on the
_lm surface and partly to the e}ect of liquid carry!over[
This increase is o}set by the interfacial shear due to the
higher vapor ~owrates at relatively high _lm Reynolds
numbers[ Consequently\ the present model which
accounts for the interfacial shear stress can achieve better
agreement than that predicted by the Nusselt theory[ The
condensation heat transfer coe.cients for Red × 099 are
underpredicted in the present model[ Both Chen|s and
Tien|s models ð7\ 04Ł are presented in Fig[ 09 for compari!
son[ Chen et al[ improved the theoretical Nusselt|s solu!
tion\ also taking into account the e}ect of interfacial
shear stress\ their model underpredicts the experimental
data for the selected _lm Reynolds numbers ranging from
9Ð59[ On the other hand\ the correlation proposed by
Tien et al[ ð04Ł overpredicts the experimental data[ This
is because Tien|s correlation ð04Ł combines both the
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Fig[ 4[ The dimensionless _lm Reynolds number variation as functions of the dimensionless tube length with di}erent Biot numbers
for Ku � 9[9\ Pl � 9[90[

e}ects of interfacial shear stress and waviness[ In fact\
the interfacial waviness tends to enhance heat transfer
which is not so evident as in the experimental results
when the _lm Reynolds numbers are small[

In an inverted U!tube steam generator\ the secondary
side ~uid environment is usually considered as isothermal
in heat transfer analysis[ Thus\ the improved under!
standing developed in the present study is more practical
than the previous researches in either uniform heat ~ux
or isothermal wall cases[ Given the geometry of a tube
and the proper boundary conditions\ pertinent to steam
generators\ the present model could be applied to com!
pute for the base ~ow characteristics of a given inlet
steam mass ~ow rate using the extended Nusselt theory
plus global mass and energy balances[ Furthermore\ the
results of the present work could be extended for a tube
bundle and used in a small!break LOCA analysis to esti!
mate for the heat removal capabilities "via the con!
densation rates#\ if\ to be conservative\ total re~ux con!
densation is the assumed ~ow regime in each tube of the
steam generators[

4[ Conclusions

A general analytical modeling of condensation heat
transfer characteristics\ under re~ux cooling modes in a
single vertical tube surrounded by isothermal external
~uid\ was developed in the present study[ As Bi Ł 0 and
N
u � 0\ the limiting cases for both isothermal wall and
uniform wall heat ~ux\ respectively\ were derived for
comparison[

The dimensionless _lm thickness\ _lm Reynolds
number\ and local _lm Nusselt number were calculated
numerically using a fourth!order RungeÐKutta scheme[
The e}ects of di}erent Biot numbers on the re~ux con!
densation heat transfer are examined[ As a result\ the
increase in the Biot number thickens the _lm layer\ speeds
the _lm Reynolds number\ and increases the con!
densation heat transfer coe.cient[ For a su.ciently long
condensation length\ each parameter "d¹\ Red:Re9 and N
u#
approaches an asymptotic relation\ respectively\ inde!
pendent of Bi[ It is seen that in small condensation length
the convection e}ect on condensation is small[ However\
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Fig[ 5[ The local _lm Nusselt number variation as functions of the dimensionless tube length with di}erent Biot numbers for Ku � 9[94\
Pl � 9[90[

Fig[ 6[ The local _lm Nusselt number variation as functions for the dimensionless tube length with di}erent Biot numbers for Ku � 9[9\
Pl � 9[90[
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Fig[ 7[ The dimensionless _lm thickness variation as functions of the dimensionless _lm Reynolds number with di}erent Biot numbers
for Ku � 9[94\ and Pl � 9[90\ 9[994\ 9[990[

Fig[ 8[ The local _lm Nusselt number variation as functions of the dimensionless _lm Reynolds number with di}erent Biot numbers
for Ku � 9[94\ 9[9\ and Pl � 9[90[
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Fig[ 09[ Comparison of the analytical results with the experimental data of re~ux condensation[

it becomes relatively appreciable in the large x¹ Ku:Pe
region[ Both d¹ and Red increase along with the tube
condensation length\ while N
u decreases along it[ The
predicting results indicate that the values of d¹ and Red at
a _xed condensation length for the UHF case are higher
than those in the other cases[ The result of the isothermal
wall case is quantitatively achieved from the present study
when larger Bi "×09# is taken into account[

The present analytical results and that of Chen|s and
Tien|s models were compared with the experimental data
collected from some open literature[ The present model
shows good agreement with the observed trend of the
condensation heat transfer[ The observed higher values
of heat transfer coe.cients at low _lm Reynolds numbers
region may be attributed partly to the presence of waves
on the _lm surface and partly to the e}ect of liquid
carry!over which were not taken into consideration in
the present study[
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