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Abstract

An experimental study is performed to investigate the high pressure steam condensation heat transfer in a large
diameter condenser tube which is adapted for passive systems in Advanced Nuclear Power Plants. Experiments are

conducted with high pressure steam in a single vertical tube with an inner diameter of 46 mm at a maximum
pressure of 7.5 MPa. The ®lm condensation heat transfer coe�cients in the vertical tube are calculated by the
di�erence of measured tube wall temperatures, and the two-phase pressure drops in the condenser tube are also

measured. A new turbulent annular ®lm condensation model is developed on the basis of the similarity of pipe ¯ow
and annular ®lm ¯ow. The present model gives better results than those of the Shah model in comparison with the
experimental data. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Passive reactors such as Korea Next Generation

Reactor (KNGR), Simpli®ed Boiling Water Reactor

(SBWR) are characterized by their simple design and

the presence of passive systems [1]. The ®lm conden-

sation heat transfer in a vertical tube is key phenom-

ena in those systems.

For the investigation of the ®lm condensation

heat transfer, a large number of experiments have

been performed in vertical geometries with various

¯uids. Badger [2] and Shea [3] obtained the average

®lm condensation heat transfer coe�cients in verti-

cal condensers. Carpenter [4] and Goodykoontz [5]

performed the condensation experiments in vertical

tubes with high steam ¯ow rate for the measure-

ment of the local condensation heat transfer coef-

®cients. Blangetti [6] also reported the local conden-

sation heat transfer coe�cient in a vertical tube

based on the experiment. Recently, the experiments

for the investigation of the turbulence e�ect of

liquid ®lm in the ®lm condensation heat transfer

were carried out by Kuhn [7] and Park [8] in a

tube and a rectangular channel, respectively, and

the local ®lm condensation heat transfer coe�cients

in highly turbulent liquid ®lm were obtained. Peter-

son [9] developed models for laminar and turbulent

®lm condensation heat transfer in vertical tubes and

also proposed a transition criteria from laminar to

turbulent. Vierow [10], Siddique [11], Kuhn [7], Has-

sanein [12] and Park [13] performed the conden-

sation experiments in the presence of non-
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condensable gases in vertical tubes. As the previous

experiments have been done in relatively small di-

ameter tubes or a rectangular channel at low press-

ure, there is a lack of high pressure steam

condensation data for the larger diameter condenser

tube, which is adapted for the passive heat removal

systems in KNGR and SBWR. For the veri®cation

of those systems, it is necessary to acquire the con-

densation heat transfer data for the large diameter

condenser tube at the high pressure conditions.

Many condensation models have been proposed for

the various conditions which include the laminar and

turbulent ®lm condensation in vertical and horizontal

geometries. Those models are divided into two types, a

¯at plate condensation model [8,14±17] and an annular

®lm condensation model [18,19]. From the review of

previous works, it is known that the governing factors

of ®lm condensation heat transfer are the velocities of

liquid ®lm and steam, and the properties of liquid ®lm.

Therefore, most of the condensation models are given

by the nondimensional parameters such as Nusselt

number, ®lm Reynolds number, Prandtl number and

nondimensional shear stress. Therefore, the ¯at plate

condensation model is developed for the analysis of

Nomenclature

A ¯ow area (m2)

a, b, c, d constant factors in Eq. (1)

a2, b2, c2 constant factors in Eq. (26)

e1, e2 constant factors in Eq. (31)

Cp speci®c heat (J/kg K)

D diameter (m)

F F-factor

G mass ¯ux (kg/m2)

h heat transfer coe�cient (W/m2 K)

hsf single phase convective heat transfer

coe�cient (W/m2 K)

hf Shah condensation heat transfer coef-

®cient (W/m2 K)

ifg latent heat of vaporization (J/kg)

j super®cial velocity (m/s)

k thermal conductivity (W/m K)

ln vertical length of local node (m)

_mcond, n condensation rate in local node (kg/s)

_mf liquid ®lm mass ¯ow-rate (kg/s)

_mtot total mass ¯ow rate ( _mg � _mf� (kg/s)
Nu Nusselt number �� h

kf
� v

2
j

g �1=3�
P pressure (MPa)

Pred reduced pressure �� P=Pcrit)

Pr Prandtl number

_q 00 heat ¯ux (W/m2)

r radius of tube ��rin � rout�=2� (m)

rin�out� inner (outer) radius of tube (m)

Re Reynolds number

Ref liquid ®lm Reynolds number �� 4G
m �

4 _mf

pDm �
RMS error root mean square error,����������������������������������

�hcorrelationÿhexperiment � 2
h 2

experiment

r
t thickness of tube wall (m)

t� corrected thickness of tube wall (m)

Tb temperature of bulk steam (8C or K)

Tw temperature of tube wall (8C or K)

v velocity (m/s)

x ¯ow quality � _mg=� _mg � _mf ��
Xtt Martinelli parameter

Greek symbols

a void fraction

af liquid fraction

G mass ¯ow-rate per unit width (kg/ms)

m viscosity (Pa/s)

n kinematic viscosity

r density (kg/m3)

s error of each variable

ti interfacial shear stress

t�i nondimensional interfacial shear stress

�t�i �ti=�rf�gnf� 2=3�
r radius of tube (m)

rin inner radius of tube (m)

rout outer radius of tube (m)

DTm temperature di�erence between inner

and outer wall (K)

Subscripts

h equivalent diameter, hydraulic diameter

f ®lm or water phase

g vapor or gas phase

l liquid ®lm phase

m measured value

n local position (node) of tube

in inner wall

out outer wall

bulk bulk steam
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the ®lm condensation heat transfer in an inclined ¯at
plate using those parameters as follows [17]:

Nu � aReb Prct�di : �1�

A lot of wall ®lm condensation models have been pro-

posed following the model of Nusselt [14]. The annular
®lm condensation models are developed for the con-
densation inside the condenser channel. The Shah [19]

correlation, which is an empirical correlation based on
a wide range of experimental data, is considered as a
best correlation for the turbulent ®lm condensation

heat transfer [20]. The Shah correlation is described as
follows:

hf � hsf

�
1� 3:8

Z 0:95

�
, �2�

where

Z �
�
1

x
ÿ 1

�0:8

P0:4
red: �3�

The super®cial heat transfer coe�cient, hsf , including
the Dittus±Boelter's single phase convection heat

transfer coe�cient, hl, is given as follows:

hsf � hl�1ÿ x�0:8, �4�

where

hl � 0:023

�
kl

D

�
Re0:8l Pr0:4l : �5�

As the Shah correlation is considered as the most pre-
dictive condensation model for the annular ®lm con-

densation model in a tube, it is used for the
comparison with a correlation from the present work.

2. Experimental study

2.1. Test facility

To investigate the ®lm condensation heat transfer in
the condenser tube submerged in a water pool, a small
scale experimental facility was set up and experiments
have been performed to acquire the local heat ¯uxes,

Fig. 1. Schematic diagram of test facility.
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heat transfer coe�cients and pressure drops in the con-
densation heat transfer as shown in Fig. 1. The exper-

imental facility is designed with a maximum pressure
of 7.5 MPa and a maximum temperature of 3008C.
The steam generator is a 2.5 m long, 0.4 m I.D. stain-

less 304 tank. Its heating capacity is 200 kWe to supply
steam for the condensation test at the maximum press-
ure of 7.5 MPa. For the experiment of condensation

with noncondensable gas, the air supply system with
maximum pressure of 8.0 MPa and the venting line are
also included. The test section is a stainless 316 tube

with an outer diameter of 50.8 mm, a thickness of 2.3
mm and a length of 1.8 m. A total of 23 K-type ther-
mocouples with a diameter of 1 mm were silver sol-
dered in the tube as shown in Fig. 2. As shown in

section A±A in Fig. 2, sheathed ungrounded type ther-
mocouples were installed at the center of tube to
measure bulk steam temperatures at four points along

the tube. Seven thermocouples are mounted at the
outer surface of the tube to measure the outer wall
temperatures. Sheathed grounded type thremocouples

are also installed for the measurement of the inner wall
temperatures at 10 points with 12 thermocouples as
shown in Fig. 2. Steam line with an inner diameter of

23.4 mm is connected from the top of steam generator
to the upper end of test section without valve. The
steam ¯ow rate is measured in the steam line by the
ori®ce ¯ow meter with the maximum error of 2.8%.

The steam generated in the steam generator is directly
supplied to the condenser tube. To reduce the entrance
e�ect, a 0.5 m long, 50.8 mm O.D. tube enclosed with

the te¯on insulation block is installed between the top
of condenser tube and the steam line.The condensate
in the lower plenum is pumped to the steam generator

by the water circulation pump. The test tube is sub-

merged in a 1.2 m � 1.2 m width, 2.5 m height pool.
The pool is maintained to be saturate during the exper-

iment.

2.2. Test procedure

There exist noncondensable gases in the test loop at
startup. Therefore, for the removal of the nonconden-

sable gas residing in the test loop, water in the steam
generator is electrically heated and generated steam is
vented to the atmosphere. The vent valve is closed
after the noncondensable gas is completely removed.

The steam supplied to the condenser tube is condensed
and the condenser tube is gradually ®lled with the con-
densate because the water line is closed by the control

valve. After the condenser tube is completely ®lled
with the condensate, the steam generator pressure is
increased to the test pressure by electric heating. After

the test pressure is reached, the control valve opens
and the pump starts. The constant water level in the
lower plenum is maintained by controlling the pump-

ing capacity. After the steady condition is reached, the
data are acquired.

2.3. Data acquisition and reduction

To acquire the condensation heat transfer data, local
temperatures and pressures are measured by the 64

channel HP-VXI DAS, which has a maximum data
sampling rate of 100 kHz. The measurement system is
composed of 45 thermocouples, three absolute pressure

transducers and eight di�erential pressure transducers
for the meausrements of levels and ¯ow rates. The
measured data in the DAS are transferred to the IBM
PC and also used to control the test loop.

The local heat transfer coe�cients and heat ¯uxes,
which are the most important factors in the present ex-
periment, are calculated using the temperature di�er-

ence between the inner and outer condenser tube wall
as shown in Fig. 2. The local heat ¯ux is de®ned in
terms of the temperature di�erence between the inner

and outer wall temperatures, DTw, n, in the local node,
n, as follows:

_q 00n � kwall, n
DTw, n

r=2ln�rout=rin � , �6�

where rout and rin are the inner and outer radii of the
test tube, respectively. The local heat transfer coef-

®cient is given by the local heat ¯ux and the local tem-
peratures as follows:

hn � _q 00n
Tbulk, n ÿ Tw, in, n

�7�
Fig. 2. Measurement of local tube wall temperatures.
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To obtain the conductivity of the stainless-steel 316
tube, a simple correlation is developed from the linear

®t of the data extracted from the property Table of
Incropera [21] with the maximum error of 1.5% as fol-
lows:

kwall, n � 14:49� 0:0163
�ÿ
Tw, in, n � Tw, out, n

�
=2
�
: �8�

The local steam condensation rate is calculated from
the measured local heat ¯ux as follows:

_mcond, n � _q 00n pDln ÿ DTf, nCpf, n _mf, nÿ1
ifg, n �

ÿ
Tg, n ÿ Tf, n

�
Cpf, n

: �9�

where the temperature change of liquid ®lm, DTf, n, is
calculated from the mean ®lm temperatures obtained
from the temperatures of the bulk steam and the inner

wall as suggested by McAdams [22].

DTf, n � Tf, nÿ1 ÿ Tf, n: �10�

where the local ®lm temperature is calculated as fol-

lows:

Tf, n � Tbulk, n ÿ 3=4
ÿ
Tbulk, n ÿ Tw, in, n

�
: �11�

The local ®lm ¯ow rate is calculated from the local
steam condensation rate as follows:

_mf, n � _mf, nÿ1 � _mand, n: �12�

Finally, the ¯ow quality, xn, is calculated from the
local mass ¯ow rates as follows:

xn � _mg, n

_mf, n � _mg, n
� _mtot ÿ _mf, n

_mtot

: �13�

where the total mass ¯ow rate supplied to the conden-
ser tube, _mtot, is sum of the local steam ¯ow rate and

the local ®lm ¯ow rate.

2.4. Data correction and uncertainty analysis

The present heat ¯ux measurement method men-

tioned above is not usually adopted because of the
large measurement uncertainties of the inner and outer
wall temperatures. In several condensation exper-

iments, the cooling jacket is introduced for the
measurement of the local heat transfer coe�cients in a
tube [7]. The objective of the present experiment
includes both the condensation heat transfer coe�cient

and the pool boiling heat transfer coe�cient measure-
ment in a condenser tube submerged in a pool. There-
fore, the direct wall temperature measurement method

is selected instead of the cooling jacket method.
For the veri®cation and correction of the measured

tube wall temperatures, the correction experiments has

been performed. The correction experiment is a single
phase turbulent convection heat transfer test in the
condenser tube as shown in Fig. 3. High temperature

water of 2508C is supplied from the bottom of con-
denser tube at the pressure of 4.5 MPa whereas the
water in the pool is subcooled at atmospheric pressure.
The bulk temperature of supplied water in the center

of tube shows gradually decreasing trend from the bot-
tom of the tube due to the heat transfer through the
tube wall. The conductive heat ¯ux through the tube

wall becomes same as the turbulent convective heat

Fig. 4. Temperature pro®le across tube wall with thermo-

couples.Fig. 3. Schematic of wall temperature correction experiment.
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¯ux inside the tube in the control volume, shown in
Fig. 3.

In the correction experiment, the local heat ¯uxes
are directly measured from the wall attached thermo-
couples as given in Eq. (6) and also given by the tem-

perature drops of the supplied water ¯ow as follows:

_q 00conv, n �
Cp _mf

pDltube

ÿ
Tf, in, n ÿ Tf, out, n

�
: �14�

The local inner wall temperatures are corrected from
the comparison of the above two heat ¯uxes. For the
correction of inner wall temperature, the local pos-

itions of inner wall thermocouples, t�n, are acquired
from the comparison of _q 00n and _q 00conv, n: t

�
n means the

depth of installed thermocouple for inner wall tem-

perature as shown in Fig. 4. Using t�n, the true value of
inner wall temperature is calculated as follows:

Tw, in, n � t�n
t
Tw, in, m, n �

�
1ÿ t�n

t

�
Tw, out, n: �15�

where Tw, in, m, n means the measured local inner wall
temperature.
The uncertainty analysis of the local heat transfer

coe�cients is performed using the error propagation

method [23]. The sources of uncertainty have orig-
inated from the measurement errors of the instruments.
The condensation heat transfer coe�cient derived from

Eqs. (6) and (7) is given as a function of local tempera-
tures, conductivity and radii.

h � kwall

r=ln�rout=rin �
Tw, in ÿ Tw, out

Tbulk ÿ Tw, in

�16�

and

h � f
�
Tw, in, Tw, out, Tbulk, kwall, r

�
, �17�

where the uncertainty of kwall also depends on the
uncertainty of tube wall temperatures because it is
given as a function of wall temperatures in Eq. (8).
The uncertainty of heat transfer coe�cient is estimated

from the instrumental errors of the measurement
devices as follows:

Fig. 5. Local temperatures as a function of pressure.

Fig. 6. Local heat ¯uxes as a function of pressure.

Fig. 7. Local heat transfer coe�cients as a function of press-

ure.
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sh �
"
s2Tw, in

�
@h

@Tw, in

�2

�s2Tw, out

�
@h

@Tw, out

�2

� s2Tbulk

�
@h

@Tbulk

�2

�s2kwall

�
@h

@kwall

�2

�s2r
�
@h

@r

�2
#1=2

�18�

The uncertainties of inner wall temperatures, outer
wall temperatures and bulk temperature are estimated
as 6%, 2% and 1.5%, respectively. The error bound of

radius, r, is23%. The uncertainty of kwall is calculated
to 2.5%. Finally, the uncertainties of condensation
heat transfer coe�cient are obtained to 28.2% from

Eq. (18). The uncertainty of condensation heat ¯ux is
also estimated as 15.9%.

2.5. Experimental results

2.5.1. Condensation heat transfer coe�cient

A total of 984 local data of ®lm condensation heat
transfer including laminar and turbulent ¯ow regimes
are acquired in the range of pressure from 0.35 to 7.2

MPa.
Fig. 5 shows the measured local temperatures of

bulk, inner wall, outer wall and pool as a function of
pressure. The local heat ¯uxes and heat transfer coef-

®cients are calculated from the temperatures of inner
wall and outer wall using Eqs. (6) and (7). Figs. 6 and
7 show the local heat ¯uxes and the heat transfer coef-

®cients as a function in pressure. The heat ¯uxes
increase with an increase of pressure. However, the
heat transfer coe�cients lie within a range of 4000±

7000 W/m2 K regardless of the system pressure.
There exist three heat resistances of the condenser

tube; the ®lm condensation on the inner wall, the wall
conduction and the pool boiling on the outer wall. The

heat resistance is represented by the temperature di�er-
ences between bulk, inner wall, outer wall and pool as
shown in Fig. 8. The temperature di�erences of the

condensation is largest among them. Based on the
measured heat ¯uxes, the local condensation rates and
local ®lm mass ¯ow rates are calculated in the tube.

The laminar to turbulent transition lengths are
obtained from the local ®lm mass ¯ow rates as shown
in Fig. 9. There exist several de®nitions for the critical

Reynolds number in the range of 576±4000 [24].
Recently, Peterson [9] proposed a transition Reynolds
number correlation using Prandtl number and nondi-
mensional interfacial shear stress based on several

Fig. 8. Comparison of local temperature di�erences.

Fig. 9. Transition lengths as a function of pressure. Fig. 10. Pressure drop in a condenser tube.
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experimental data as follows:

Retr � 4080
�ÿ
1� 0:31t�1:07i

�ÿ
1:18Pr0:87f ÿ 0:23

��ÿ1
:

�19�

Also, Wilke [25] developed a correlation for departure
Reynolds number from liminar ¯ow as follows:

Retr � 2460Prÿ0:65: �20�

The transition Reynolds number of Peterson is
adopted in the present experiment. The 107 turbulent
®lm condensation data from the turbulent region in

Fig. 9 are gathered and used for the development of
condensation model in the following section.

2.5.2. Pressure drop in a vertical tube
The accurate estimation of the pressure drop in a

condenser tube is also important to the condenser de-

sign. Therefore, the di�erential pressure �DP� between
the tube inlet and the tube outlet is measured by the
di�erential pressure transmitter. The two-phase press-

ure drop in the annular ®lm ¯ow is given by the sum
of gravitational pressure drop, frictional pressure drop
and accelerational pressure drop [26].

dP

dz
�
�

dP

dz

�
gra

�
�

dP

dz

�
fr

�
�

dP

dz

�
acc

,

�
dP

dz

�
gra

� rvghl,

�
dP

dz

�
fr

� 0:079

"
Gx�Dÿ d�

mv�1ÿ 4d=D�

#ÿ0:25 
G 2x 2

2rv�1ÿ 4d=D�

!
,

�
dP

dz

�
acc

� ÿ 2xDG 2

rv�Dÿ 2d�
dx

dz
: �21�

where hl is the vertical length of condenser tube, d is
the ®lm thickness and x is the quality of the two-phase
annular ¯ow.

Fig. 10 shows the comparison of the measured
di�erential pressures with the predictions from Eq.
(21). The negative value of the pressure drop means an
increase of pressure along the downward axial length

of tube. The two-phase frictional and accelerational
pressure drops calculated from the present experimen-
tal data are very small in comparison with the gravita-

tional pressure drop as shown in Fig. 11. The
estimated error of measured di�erential pressure is
about 5%.

3. Turbulent annular ®lm condensation model

3.1. Development of turbulent annular ®lm condensation
model

A turbulent ®lm condensation model in a vertical
tube is developed using the similarity between the
single phase turbulent convective heat transfer and the

annular ®lm condensation heat transfer as shown in
Fig. 12. In the turbulent ®lm ¯ow regime, the govern-
ing heat transfer mechanism of annular ®lm conden-

sation is also turbulent convection of ®lm.

Fig. 12. Two ¯ow patterns in a vertical tube.Fig. 11. Pressure drops calculated by Eq. (21).
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Reynolds numbers of the single phase ¯ow regime
and the annular ®lm ¯ow regime are derived as fol-

lows:

Re1 � G�1ÿ x�D
mf

� rfvfafD

mf

, �22�

where G�1ÿ x� � Gf � rf jf , and

Re2 � rfvfDh

mf

� rfafvfD

mf

, �23�

where Dh�4Af

P � 4df�1ÿ df=D�, Dh�afD:
It is assumed that liquid only ¯ows in the channel of

the single phase ¯ow, the mechanism of heat transfer
is convection, no nucleation occurs at the wall in the
two-phase ®lm ¯ow, and there is no entrainment in the
channel. If liquid mass ¯ux is the same in both ¯ow

regimes 1 and 2, the ratio of Reynolds numbers
becomes 1 as follows:

Re1
Re2
� 1: �24�

The Dittus±Boelter correlation is known as a well
predicting correlation for the single phase turbulent

convective pipe ¯ow (¯ow regime 1):

h1 � hdittus � 0:023kfRe
0:8
1 Pr0:4f =D: �25�

The governing heat transfer mechanism is also tur-
bulent convective heat transfer of falling ®lm in the

annular ®lm ¯ow regime. Therefore, the heat transfer
coe�cient in the ®lm ¯ow can be determined using the
same nondimensional parameters:

h2 � a2kfRe
b2
2 Pr

c2
f =Dh: �26�

The ratio of the heat transfer coe�cients is given

with the de®nition of the F factor, which is equivalent
to the Reynolds number factor de®ned by Chen [27],
as follows:

F � h2
h1
� a2

0:023

1

af

�
Re2
Re1

��b2ÿ0:8�
Pr
�c2ÿ0:4�
f : �27�

According to Chen [27], as the F factor depends on
the Martinelli parameter, Xtt, only, b2 and c2 become

0.8 and 0.4, respectively. Then, it can be expressed in
terms of af :

F � a2
af

: �28�

Finally, the ®lm ¯ow heat transfer correlation is de-

rived from the above Eq. (28) as follows:

h2 � fD
�1ÿ a�Re

0:8
2 Pr0:4f

kf

D
, �29�

where the factor of diameter, fD, accounts for the e�ect
of the diameter on ®lm condensation, which becomes 1
for the tube diameter of 50 mm. Finally, the conden-

sation heat ¯ux is given by the condensation heat
transfer coe�cient and temperature as follows:

h2 � _q 00

DT
� _q 00ÿ

Tg ÿ Tw, in

� �30�

A lot of void fraction and quality correlations have
been developed for various ¯ow regimes [28]. In the
present model, the void fraction of the two phase ®lm

Table 1

Summary of compared experimental data

Present Goodykoontz [5] Kuhn [7]

Type Steam condensation Steam condensation Condensation on ®lm

Geometry Single tube Single tube Single tube

Tube diameter, D (mm) 46 15.8, 7.4 48.2

Tube length, L (m) 1.8 2.4 2.4

Tube material Stainless steel Copper Stainless steel

Cooling Pool Cooling jacket Cooling jacket

Heat transfer coe�cient measurement Wall temperature Coolant temperature Coolant temperature

Condensing ¯uid Water Water Water

Reynolds number, Ref 2400±18,000 1000±50,000 5000±29,000

Prandtl number, Pr 0.84±1.27 1.44±2.81 1.4±2.11

Pressure (MPa) 0.35±7.2 0.5 0.3

Maximum heat ¯ux (kW/m 2) 708 1034 174

Maximum heat transfer coe�cient (W/m2 K) 7400 90,000 17,500

Data point 107 92 1230
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¯ow is de®ned in the same form as the Lockhart±Mar-
tinelli correlation as follows:

a � ÿ1� Xe1
tt

�e2 , �31�

where the Martinelli parameter is

Xtt �
� ml

mv

�0:25
�
1ÿ x

x

�1:75�rv
rl

�
: �32�

The relation of void fraction in Eq. (31) shows large

scattering near the high void fraction and low Marti-
nelli parameter [28]. Therefore, the best ®t relation of
the void fraction is founded for the present experiment

from the comparison of the present model with the ex-
perimental data. The factors of e1, e2 for the present
experimental data are selected as 0.6, ÿ0.15, respect-
ively. Then, the diameter factor, fD, is empirically de-

rived from the experimental data given in Table 1 as
follows:

fD � 0:0182
�
1ÿ 0:24�1ÿ 4:47D0:5 ��4: �33�

Using the diameter factor, the present model pre-
dicts well all of the turbulent ®lm condensation data in
Table 1. The present correlation is applicable for the
turbulent annular ®lm condensation in a vertical tube

and the recommended range of tube diameter is from
7.4 to 50 mm.

3.2. Discussion of results

The turbulent annular ®lm condensation models of

the present and Shah are assessed with various exper-
imental data. The data from three vertical in-tube con-

densation experiments are compared with the
predictions from the models. Those data are summar-
ized in Table 1. There exist little data of steam conden-

sation inside a vertical tube. The experiment of
Goodykoontz [5] and Kuhn [7], in which the local
properties and the heat transfer coe�cients are
measured at low pressure, are selected for the compari-

son. The 107 turbulent ®lm condensation heat transfer
coe�cient data in the present experiment are extracted

Fig. 14. Comparison of condensation models with the data of

Kuhn [7].

Fig. 15. Comparison of condensation models with the data of

Goodykoontz [5].

Fig. 13. Comparison of condensation models with the present

experimental data.
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for the veri®cation of the present model. Goodykoontz
obtained the heat transfer coe�cients from the conden-

sation experiment of high speed steam in relatively
small diameter tubes. Kuhn performed the steam con-
densation experiment on the turbulent ®lm generated

by the ®lm distributor in a relatively large diameter
tube.
Figs. 13±15 show the comparison results of the ex-

perimental data with the two condensation models. As
shown in Figs. 13 and 14 the Shah model underpre-
dicts the data of the present and the Kuhn experiment

[7] performed in the relatively large diameter tubes by
about 50%, while the present model gives more
reasonable predictions for those data. It is due to this
that the Shah model, based on the condensation heat

transfer data in a diameter of smaller than 40 mm, is
developed and usually used for the estimation of re-
frigerator performance. As shown in Fig. 13, the range

of heat transfer coe�cient in the present experiment is
very limited because the system pressure is a control
variable and the ®lm Reynolds number, which is a

dominant factor in the heat transfer coe�cient, slightly
increases with an increase in pressure.
Both the present model and the Shah model well

predict the data of Goodykoontz [5] as shown in
Fig. 15.
The mean RMS errors of the present model and the

Shah model with equal weight of each data are 26%

and 46.1%, respectively.

4. Conclusions

The high pressure steam condensation experiments
are performed in a vertical tube with an inner diameter

of 46 mm to investigate the turbulent ®lm conden-
sation at a steam pressure of 7.5 MPa. The local con-
densation heat transfer coe�cients and the pressure

drops in the condenser tube are acquired. The turbu-
lent ®lm condensation heat transfer coe�cients are
compared with the Shah model. The Shah model does
not show good agreement with the data in a relatively

large diameter tube such as the present and the Kuhn
ones. Therefore, a new analytical condensation model
is developed based on the annular ®lm ¯ow model.

The developed model gives better estimations for the
present and the Kuhn data than the Shah model does.
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