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Abstract

The objectives of this paper are to develop experimental correlations of heat transfer for enhanced tubes used in a falling film
condenser, and to provide a guideline for optimum design of the falling film condenser with a high condensing temperature of
59.8 �C. Tests are performed for four different enhanced tubes; a low-fin and three Turbo-C tubes. The working fluid is
HFC134a, and the system pressure is 16.0 bar. The results show that the heat transfer enhancement of low-fin tube, Turbo-C
(1), Turbo-C (2) and Turbo-C (3) ranges 2.8e3.4 times, 3.5e3.8 times, 3.8e4.0 times and 3.6e3.9 times, respectively, com-
pared with the theoretical Nusselt correlation. It was found that the condensation heat transfer coefficient decreased with in-
creasing the falling film Reynolds number and the wall subcooling temperature. It was also found that the enhanced tubes
became more effective in the high wall subcooling temperature region than in the low wall subcooling temperature region.
This study developed an experimental correlation of the falling film condensation with an error band of �5%.
� 2006 Elsevier Ltd and IIR. All rights reserved.
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HFC134a: corrélation expérimentale de la condensation d’un
film tombant sur des tubes à surface augmentée
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1. Introduction

Enhanced tubes with structured surface are strongly rec-
ommended to obtain high condensation performance in the
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shell side of the falling film condensers. There have been
some researches on the performance improvement of con-
densation with the variation of materials and surface struc-
ture [1,2]. It is reported that the enhanced tubes such as
low-fin and Turbo-C tubes provide a high heat transfer coef-
ficient compared with the smooth tubes [3]. Hwang et al. [4]
proposed that HFC134a be the best alternative to the conven-
tional CFC12 on the enhanced tubes. Honda et al. [5] studied
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Nomenclature

A area (m2)
Cp specific heat (J kg�1 K�1)
d diameter (m)
f friction factor
g gravitational acceleration (m s�2)
h heat transfer coefficient
k thermal conductivity (W m�1 K�1)
L tube length (m)
_m mass flow rate (kg s�1)
Nu Nusselt number
p fin pitch (mm)
Pr Prandtl number, mCp=k
Q heat transfer rate (W)
Rw wall resistance (K W�1)
Re Reynolds number, Vd=n

Ref film Reynolds number
U overall heat transfer coefficient (W m�2 K�1)
V velocity (m s�1)
DP pressure drop (Pa)
DTLM log mean temperature difference (K)
DTsub wall subcooling temperature (K)

Greek symbols
3 non-dimensional geometric parameter, l/p
l fin height (mm)
m viscosity (Pa s)
n kinematic viscosity (m2 s�1)
r density (kg m�3)
G mass flow rate per unit length (kg m�1 s�1)
u non-dimensional parameter, gd3

o=n2

Subscripts
c coolant
cal calculation
exp experiment
i inner
in inlet
l liquid
o outer
out outlet
ref refrigerant
sat saturation
w wall
the effect of fin geometry of horizontal tube finned tubes on
the condensation performance with HFC134a. Yan and Lin
[6] tested condensation heat transfer and pressure drop in
a small pipe with HFC134a. Recently, enhanced tubes
with three-dimensional fin geometry such as Turbo-C tubes
have been used for performance improvement of con-
densers. Webb and Murawski [7] tested various enhanced
tubes including low-fin and Turbo-C tubes, and found that
the Turbo-C tube provided the highest heat transfer coeffi-
cient among the enhanced tubes tested. Jung et al. [8] mea-
sured condensation heat transfer coefficients of a plain tube,
low-fin and Turbo-C tube for the low pressure refrigerants
(CFC11 and HCFC123) and for the medium pressure refrig-
erants (CFC12 and HFC134a) at the condensation tempera-
ture of 39 �C, and also found that the Turbo-C tube provided
the highest heat transfer coefficient among the tubes tested.
However, most of the previous studies have focused on the
performance comparisons of working fluids such as water
and Ozone depleting CFC refrigerants. Few papers [7,8]
tested a plain tube, a low-fin tube and a Turbo-C tube with
R22, R407C, and R410A, and only few data are available
for a Turbo-C tube with HFC134a which is generally used
for the falling film condenser of turbo chillers. Therefore,
it is required that the effects of geometric conditions of the
enhanced tubes such as Turbo-C tubes on the condensation
performance be evaluated for practical application to a real
condenser design.

In the present study, three different Turbo-C tubes and
a low-fin are tested at a high saturation temperature of
59.8 �C for application to the falling film condenser of turbo
chillers. The film Reynolds number ranges from 120 to 330.
The objectives of this study are to develop experimental cor-
relations of the falling film condensation heat transfer for
enhanced tubes used in the falling film condenser, and to
provide a guideline for optimum design of the condenser
for practical applications to a real turbo machine.

2. Experimental apparatus

Fig. 1 shows the experimental apparatus for the falling
film condensation tests. The experimental setup consists of
evaporator section, condenser section and the internal flow
section. The working fluid is HFC134a, and the system pres-
sure and the temperature were 16.0 bar and 59.8 �C, respec-
tively. The internal flow section is installed at the coolant
flow line to measure the internal flow characteristics of the
enhanced tubes. The evaporator boils the refrigerant with
the chilled water whose inlet temperature is controlled by
a heater with the heat capacity of 30 kW. Fig. 2 shows the
condenser test section with enhanced surfaces, called
a low-fin and three Turbo-C tubes. In the falling film con-
denser, the cooling water (Ethylene Glycol 46.4%) flows in-
side the tubes and HFC134a refrigerant condenses on the
outside of the enhanced tubes. The enhanced tubes of
1918 mm in length are placed in a row with five columns in-
side the condenser shell as shown in Fig. 2. The shell is fab-
ricated of rolled steel (SS400), 267.4 mm in outer diameter,
6.6 mm thick and 1996 mm long. Five sight glasses are
equipped for visual observation of the condensation. Fig. 3
shows the photographs of the low-fin and Turbo-C tubes
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Fig. 1. Schematic diagram of experimental apparatus.
which have smooth internal surfaces as shown in the figure.
The geometric details of the enhanced test tubes are summa-
rized in Table 1. Initially, the refrigerant boils in the evapo-
rator and moves up to the condenser as a gas state. The pipe
from evaporator to condenser is made of carbon steel,
80 mm in diameter. The gasified refrigerant is well distrib-
uted to the top of the condenser by the three gas distributors.
The gasified refrigerant is condensed on the enhanced tubes
by releasing the condensing heat to the cooling water. The
condensed liquid refrigerant falls down to the evaporator
by gravity, through a pipe of 10 mm in diameter. The cooling
water flows into the condenser through an electric valve
which operates automatically to maintain the pressure of
the refrigerant. To supply the chilled and cooling water
with a required temperature, a mixing tank is installed,
which has two rooms separated by a wall. It mixes the
high-temperature cooling water from the condenser with
the cold water (�20 �C) by controlling the flow rate, in order
to maintain the cooling water inlet temperature constant. A
reciprocating chiller (10RT) takes heat from the mixing
tank.

The chilled and cooling water include 29.7 and 46.4% of
ethylene glycol, respectively, to remove the crystallization
problem at a low temperature. The mass flow rate of the
chilled water was controlled by an inverter pump and was
measured by a nozzle flow meter with differential pressure
transmitter. The flow rate of the cooling water was measured
by an electromagnetic flow meter. The repeatability for the
present experiments was confirmed by conducting each
case two times. The uncertainty in the measurement of
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Fig. 2. Condenser test section.
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Fig. 3. Photographs of the cross section for each enhanced tube. (a) Low-fin tube. (b) Turbo-C tube.
mass flow rates was estimated as 0.13%. Temperatures were
measured by RTD’s, which were calibrated by a precision
thermometer with a measurement error of �0.03 �C in the
temperature range of this experiment.

2.1. Data reduction

In the present experiments, the internal friction factor for
the enhanced tubes was measured by using a single long tube
with the length of 3.0 m, which had the internal flow section.
The internal friction factor fi is defined by the Darcye
Weisbach’s definition [9] as follows;

DP¼ fi

L

di

1

2
rV2

i ð1Þ

The friction factor for the present enhanced tubes with
internal smooth surface was developed as follows;

fi ¼
96

Re0:76
i

ð2Þ

After obtaining the friction factor of Eq. (2), the follow-
ing Gnielinski’s correlation [10] is used to calculate the
internal heat transfer coefficient;

Table 1

Geometric conditions of the enhanced tubes

Tube

No.

Tube

diameter

do (mm)

Fin

height

l (mm)

Wall

thickness

(mm)

Fin

pitch

p (mm)

Low-fin 19.05 1.42 0.69 0.98

Turbo-C (1) 19.05 0.79 1.00 0.61

Turbo-C (2) 19.05 1.03 0.68 0.61

Turbo-C (3) 19.05 1.13 0.79 0.61
Nui ¼
ðfi=8Þ½Rei � 1000�Pri

1þ 12:7ðfi=8Þ1=2½Pr2=3
i � 1�

ð3Þ

Heat transfer to the cooling water, log mean temperature
difference (LMTD), DTLM, and, the overall heat transfer
coefficients are calculated, respectively, as follows;

Q¼ _mcCp;cðTc;out � Tc;inÞ ¼ UADTLM ð4Þ

DTLM ¼
�
Tref � Tc;in

�
�
�
Tref � Tc;out

�
ln

�
Tref � Tc;in

Tref � Tc;out

� ð5Þ

and

1

UA
¼ 1

hiAi

þRw þ
1

hoAo

ð6Þ

In Eq. (6), Rw is the conduction resistance through the
wall. In Eq. (6), the outside convection resistance was calcu-
lated based on do. do is the outside diameter measuring at the
top of the fin height. The outside heat transfer area Ao is the
nominal area based on the outside diameter. It is to be noted
that for the low-fin and Turbo-C tubes, the nominal area is
quite different from the actual area. However, it is generally
accepted that the nominal area based on the outside diameter
is used to calculate the heat transfer coefficient for the en-
hanced tubes because the actual heat transfer area cannot
be measured accurately [11]. In the present study, the wall
conduction resistance was found to be only less than 2%
of the outside convection resistance in the calculation of
the overall heat transfer coefficient. By combining Eqs.
(3)e(6), the heat transfer coefficient for the falling film con-
densation on the enhanced tubes, ho could be obtained. The
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Nusselt number during the falling film condensation on the
outer surface is defined as follows;

Nuo ¼
ho

kl

�
n2

l

g

�1=3

ð7Þ

Now, the wall subcooling temperature and the film
Reynolds number are calculated as follows, respectively;

DTsub ¼ Tsat � Tw;o ¼
Q

hoA
ð8Þ

Rel ¼
4Gl

ml

ð9Þ

where

Gl ¼
_mref=2

L
ð10Þ

The experimental uncertainties in the measurement of the
friction factor, f and the condensation heat transfer coeffi-
cient, ho were estimated as 1.4 and 6.5%, respectively.

3. Results and discussion

Fig. 4 shows the comparison of the present experimental
results and the Beatty and Katz’s theoretical correlation [12]
which is most widely used for the low-fin tube. The satura-
tion temperature was kept constant at 59.8 �C during the ex-
periment. The experimental data were satisfied with the
theoretical correlation within �20%. The experimental
data were slightly higher than the correlation values because
the condensate spreading effect between the fins and surface
tension effect were not taken into account in the theoretical
correlation. The surface tension plays an important role in
spreading the condensate, and its effect on the heat transfer
enhancement depends on the shape of the enhanced surfaces.

Fig. 5 shows the comparisons of the Nusselt condensa-
tion equation, the Beatty and Katz’s theoretical correlation

Fig. 4. Experimental comparison with the Beatty and Katz correla-

tion for the low-fin tube.
and the present experimental results for the enhanced tubes.
Of course, the Nusselt condensation equation is for a smooth
surface and the Beatty and Katz’s correlation is for the low-
fin tubes. The condensation heat transfer coefficient is plot-
ted as a function of the condensate film Reynolds number.
There was not much variation in the Nusselt condensation
equation while somewhat effect of the film Reynolds num-
ber on the condensation heat transfer coefficient was found
in the Beatty and Katz’s correlation and the present experi-
mental results for the enhanced tubes. The condensation heat
transfer coefficient decreased with increasing the film Rey-
nolds number. This is because the condensate film becomes
thicker leading to a high conduction resistance as the film
Reynolds number increases in the laminar flow regime.
Therefore, it could be concluded that the negative effect
by the condensate film resistance was more dominant than
the positive effect by the turbulent mixing of the liquid in
the laminar region even for the enhanced tubes considered
in the present study. The Reynolds number ranged from
120 to 330, which is much less than the transition Reynolds
number of 1600e1800 for the falling film condensation on
the smooth tube. It was also visualized through the sight
glass that the uniform liquid film formed between the fins
and the uniform liquid column did between the tubes.

Fig. 6 shows the condensation heat transfer coefficient as
a function of the wall subcooling temperature, DTsub for the
enhanced tubes. Similar to Fig. 5, the condensation heat
transfer coefficient decreased with increasing the wall sub-
cooling temperature. This is also because of the effect of
the condensate film resistance. As the wall subcooling tem-
perature increases, the amount of condensate increases lead-
ing to a high conduction resistance. It was found that the
Turbo-C tubes gave much higher heat transfer coefficient
than the Low-fin tube. This is mainly because the Turbo-C
tube has a three-dimensional shape as shown in Fig. 3, lead-
ing to a thin condensate film for a given amount of liquid
while the Low-fin tube does a two-dimensional shape in
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radial and axial directions. The other reason is that the con-
densate film formed on the Low-fin surface while conden-
sate droplets formed on the Turbo-C surfaces. The similar
uniform liquid columns were found between the tubes for
both Turbo-C and the Low-fin tubes. The Turbo-C (1),
Turbo-C (2) and Turbo-C (3) tubes gave about 18, 30 and
26% higher heat transfer coefficient than the Low-fin tube,
respectively. The Turbo-C (2) with the fin height of
1.025 mm gave the highest heat transfer coefficient. This
implies that the liquid holding phenomenon exists between
the fins if the fin height increases too much. Therefore, it
is suggested that an optimum fin height exist for a maximum
heat transfer coefficient and guesses that the Turbo-C (2)
tube falls on the condition.

Fig. 7 shows the condensation heat transfer enhancement
ratio of the enhanced tubes to the Nusselt equation. hNu rep-
resents for the heat transfer coefficient based on the Nusselt
condensation correlation. It was found that the enhancement

Fig. 7. Heat transfer enhancement factor versus the wall subcooling

temperature.
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Fig. 6. Condensation heat transfer coefficients for each enhanced

tube.
ratio ranged 2.8e3.4 for the Low-fin tube, 3.5e3.8 for the
Turbo-C (1), 3.8e4.0 for the Turbo-C (2) and 3.6e3.9 for
the Turbo-C (3), respectively. It was also found that the en-
hancement ratio increased with increasing the wall subcool-
ing temperature. This implies that the enhanced tubes
become more effective in the high wall subcooling temper-
ature region than in the low wall subcooling temperature
region.

Based on the experimental results of falling film conden-
sation, the following experimental correlation was devel-
oped with an error band of �5% as shown in Fig. 8;

Nuc ¼ 0:148 Re�0:201
f Pr1:461u0:06330:179 ð11Þ

where

Ref ¼
4G

m
; u¼ gd3

o

n2
; and 3¼ l

p

The applicable ranges for the correlation are
120� Ref� 330 and 1.31� 3� 1.83, respectively. In Eq.
(11), Pr and 3 were included to consider the effect of the re-
frigerant property variations depending on the saturation
temperature change and the effect of the gravity force in
the falling film condensation. The experimental correlation
can be applied for condenser design of HFC134a with repre-
sentative enhanced tubes such as Turbo-C and Low-fin tubes
with a diameter of 19.05 mm.

4. Conclusions

The following conclusions are drawn from the present
study.

1. Four different enhanced tubes including Turbo-C tubes
were tested to apply to the falling film condenser in
Turbo chillers. It was found that the condensation
heat transfer coefficient decreased with increasing the
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falling film Reynolds number and the wall subcooling
temperature. It was concluded that the negative effect
by the condensate film resistance was more dominant
than the positive effect by the turbulent mixing of the
liquid in the laminar region even for the enhanced
tubes considered in the present study.

2. The Turbo-C (1), Turbo-C (2) and Turbo-C (3) tubes
gave about 18, 30 and 26% higher heat transfer coeffi-
cients than the Low-fin tube, respectively. It was found
that an optimum fin height existed for a maximum heat
transfer coefficient for a given geometric conditions.

3. It was found that the heat transfer enhancement ratio
ranged 2.8e3.4 for the Low-fin tube, 3.5e3.8 for
the Turbo-C (1), 3.8e4.0 for the Turbo-C (2) and
3.6e3.9 for the Turbo-C (3), respectively. It was also
found that the enhanced tubes became more effective
in the high wall subcooling temperature region than
in the low wall subcooling temperature region.

4. This study developed an experimental correlation for
the falling film condensation with an error band of
�5%. The correlation can be applied for falling film
condenser design of HFC134a with enhanced tubes
such as Turbo-C and Low-fin tubes.

Acknowledgement

This work was partially supported by Korea Energy
Management Corporation Grant (2005-E-BD11-P-03-3-
010-2005) and by MOCIE through EIRC program.

References

[1] H.H. Kim, Y.J. Baik, H.S. Ra, J.T. Park, S.R. Park, Experi-

mental investigation of heat pump system using river water
as a heat source, The Society of Air-Conditioning and Refrig-

erating Engineers of Korea (2002) 64e69.

[2] P.J. Marto, R.H. Nunn, Power Condenser Heat Transfer Tech-

nology, Hemisphere, Washington, 1981, pp. 287e372.

[3] D.S. Jung, S. Chae, D. Bae, G. Yoo, Condensation heat

transfer coefficients of binary HFC mixtures on low fin and

Turbo-C tubes, International Journal of Refrigeration 28

(2005) 212e217.

[4] S.M. Hwang, K.K. Kim, D. Jung, C.B. Kim, Condensation

heat transfer coefficients of R22 alternative refrigerants on

enhanced tubes, Journal of Society of Air-Conditioning and

Refrigerating Engineers of Korea 23 (4) (1999) 459e469.

[5] H. Honda, N. Takata, H. Takamatsu, J.S. Kim, K. Usami,

Condensation of downward-flowing HFC134a in a staggered

bundle of horizontal finned tubes: effect of fin geometry,

International Journal of Refrigeration 22 (2002) 3e10.

[6] Y.Y. Yan, T.F. Lin, Condensation heat transfer and pressure

drop of refrigerant R-134a in a small pipe, International Jour-

nal of Heat and Mass Transfer 42 (1999) 697e708.

[7] R.L. Webb, C.G. Murawski, Row effect for R012 condensa-

tion on enhanced tubes, Journal of Heat Transfer 112

(1990) 768e776.

[8] D.S. Jung, C. Kim, S. Hwang, K. Kim, Condensation heat

transfer coefficients of R22, R407C, and R410A on a horizon-

tal plain, low fin, and Turbo-C tubes, International Journal of

Refrigeration 26 (4) (2003) 485e491.
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