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Abstract

Experimental heat transfer studies during condensation of pure R-134a vapor inside a single microfin tube have been carried out. The
microfin tube has been provided with different tube inclination angles of the direction of fluid flow from horizontal, . The data are
acquired for seven different tube inclinations, «, in a range of —90 to +90° and three mass velocities of 54, 81, and 107 kg/mz-s for each
inclination angle during condensation of R-134a vapor. The experimental results indicate that the tube inclination angle of, «, affects the
condensation heat transfer coefficient in a significant manner. The highest heat transfer coefficient is attained at inclination angle of
o = +30°. The effect of inclination angle, o, on heat transfer coefficient, /4, is more prominent at low vapor quality and mass velocity.
A correlation has also been developed to predict the condensing side heat transfer coefficient for different vapor qualities and mass

velocities.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The condensers have a very important role to play in dif-
ferent industries such as in refrigeration, air-conditioning,
power plants and chemical industries. As the energy sources
are limited and for their conservation, appropriate design
and optimization of condensers is very important. There-
fore, different methods have been used by different investi-
gators to increase heat transfer rate in these condensers
[1]. In refrigeration and air-conditioning industries, due to
the high wettability of the refrigerants, only film-wise con-
densation is observed and since the thermal conductivity
of refrigerants is low, it is desired to augment the heat
transfer coefficient in refrigerant side of condensers. There
are number of techniques to enhance the heat transfer coef-
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ficient [2,3]. One of the passive techniques to enhance heat
transfer coefficient is the use of microfin tubes.

Numerous researchers have carried out experiments to
study the effect of fin geometry [4], presence of lubricating
oil in refrigerant [5] and, different refrigerants flows [6] on
the performance of microfin tubes. A review of the existing
literature reveals that, although vast studies have been
done on heat transfer enhancement in these tubes, yet the
focus of almost all of the studies is to study the condensa-
tion during refrigerant flow in a horizontal tube. In fact,
the mechanism of heat transfer augmentation in microfin
tubes is dependent on the flow regime of two-phase flow.
The flow regime is also influenced by interfacial shear
stress, surface tension and gravitational force. Thus, there
is a great necessity to consider and study the effect of grav-
itational force on heat transfer rate during condensation of
refrigerants inside a tube. Therefore, an experimental inves-
tigation has been carried out to study the condensation of
R-134a vapor inside a microfin tube with different inclina-
tions of the tube.
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Nomenclature

Cpw specific heat of cooling water, J kg~' K~!
Cpf specific heat of liquid refrigerant, J kg ™' K~!

D internal diameter of test-section, m

D, outside diameter of test-section, m

e fin height, m

G mass velocity, refrigerant mass flow rate per unit

cross-sectional area, kgm 25!

h heat transfer coefficient, Wm 2 K™!
h average heat transfer coefficient, W m 2> K~!
k

thermal conductivity of tube material,
Wm 'K

ke thermal conductivity of liquid phase,
Wm ' K™!

L length of test-section, m

My mass flow rate of cooling water, kg s

Nu Nusselt’s number, defined in Eq. (3)

p fin pitch, m

Pry Prandtl number of liquid refrigerant, defined in

Eq. (3)

Rey Reynold’s number of liquid refrigerant, defined
in Eq. (3)

t test-section tube wall thickness, m

T inlet temperature of cooling water, K

Teo outlet temperature of cooling water, K

T, average saturation temperature of vapor, K

Twi average inside test-section wall temperature, K

Two average outside test-section wall temperature, K

X vapor quality or dryness fraction of vapor

Xt Lockhart-Martinelli parameter, defined in Eq.
(3)

o test-section tube inclination angle, °

0 fin tip angle, °

Y helix angle, °

I liquid phase dynamic viscosity, Pa s

Ly vapor phase dynamic viscosity, Pa s

Of liquid phase density, kg m~>

Py vapor phase density, kg m >

2. Experimental set-up and procedure

The test set-up was a well instrumented vapor compres-
sion refrigeration system. The schematic diagram of exper-
imental set-up is shown in Fig. 1. The set-up included a
test-condenser (3), a pre-condenser (2), an after-condenser
(4), and a by-pass line. The test-condenser was a 1040 mm
long double pipe counter-flow heat exchanger as shown in
Fig. 1. The cooling water flowed in the annulus and the
refrigerant flowed inside the internal microfin tube. In
order to change the inclination angle of the test-condenser
the connections to this condenser were made by flexible
pressure hoses (14). The refrigerant vapor was circulated
inside the test-condenser with the help of a reciprocating
compressor (1). In order to cover the whole domain of
vapor quality a pre-condenser (2) was used. The flow rate
of water in the pre-condenser was regulated in order to
control the quality of refrigerant vapor entering the test-
condenser. The pre-condenser (2) was connected to the
test-condenser with the help of a flexible pipe. The fluid
emerging from test-condenser was passed through the
post-condenser (4) for the complete condensation of R-
134a vapor. The condensed R-134a enters the rotameter
(5), expands in expansion valve (9) and enters the evapora-
tor (10). The flow of R-134a vapor in the test-condenser
was manipulated by controlling the flow of R-134a in the
by-pass condenser (7). The test-section consisted of a
microfin tube. The microfin tube was a copper tube having
internal microfins with triangular fin cross-section. The
geometrical parameters of microfin tube are shown in
Fig. 2. The average outside wall temperatures of the inner
tube was measured at four axial locations. At each location

four thermocouples were fixed at top, two sides in the mid-
dle of tube and bottom positions (when microfin tube is in
horizontal position). The refrigerant temperature at the
inlet and outlet of the test-condenser was also measured.
All the above temperature measurements were done by
J-type (iron-constantan) thermocouples with a calibrated
accuracy of 0.1 °C. The thermocouples were carefully sol-
dered on the outer surface of microfin tube. For the mea-
surement of cooling water temperatures the mercury in
glass thermometers were used. The arrangements were also
made for the measurement of refrigerant pressure at inlet
and outlet of the test-condenser, pre-condenser and post-
condenser. The refrigerant mass flow rate was measured
by a rotameter (5) installed down stream of after-con-
denser. It was ensured that the complete liquid refrigerant
enters the rotameter by providing an after-condenser (4).
The whole of test-condenser, pre-condenser and after-con-
denser were insulated by glass wool to prevent any heat
loss to the surroundings. A total of 84 test runs with three
different refrigerant mass velocities of 54, 81 and 107 kg/
m?-s were performed for seven different tube inclinations
from o= —-90° to o =+4+90° (with intervals of 30°). The
range of operating parameters is given in Table 1.

For each test run, the refrigerant side heat transfer coef-
ficient, /1, was calculated by using the Eq. (1) developed by

[7].

DU T D, (22)] m

My Cow(Teo — Tei) 2k D

The outside tube wall temperature, T,,,, was taken as the
arithmetic mean of outside tube wall temperatures at top,
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1- compressor 7- by-pass
2- pre condenser condenser
3- test condenser 8- filter-drier

4- after condenser
5- rotameter
6- receiver

10- evaporator
11- accumulator

9- expansion valve

12- shut off valve

13- rotating trestle

14- hoses(for R-134a flow)
TC- thermocouple

T- thermometer

P- pressure gauge

Fig. 1. Schematic diagram of experimental set-up.

fin tip angle 6 25°

helix angle y 15°
outside diameter D, 9.52 mm
inside diameter D 8.92 mm
fin height e 0.25 mm
wall thickness t 0.30 mm
fin pitch P 0.48mm
number of fins n 55

Fig. 2. Geometry of microfin tube.

Table 1
List of operating parameters

Working fluid R-134a
Refrigerant mass velocity 54-107 kg/m?>-s
Average condensing temperature 26-32°C
average cooling heat flux 8.7-20.3 kW/m?
Coolant water mass flow rate 90-112 kg/h
Average vapor quality 0.2-0.8

side and bottom positions of a particular station. The local
vapor quality at the inlet and outlet of each section was cal-
culated by energy balance in that test-condenser (heat
gained by cooling water is equal to the heat rejected by
R-134a). The vapor quality of test-condenser was obtained
by taking the average of vapor qualities at the inlet and
outlet. The thermophysical properties of R-134a were ta-
ken from [8]. The uncertainty analysis of experimental re-
sults has been carried out by the method proposed in [9]
and it was found that the expected experimental uncer-
tainty was within a band of 48.5% for all the test runs.

3. Results and discussion

First of all, the integrity of experimental set-up has been
established by collecting data for the condensation of
R-134a vapor inside a horizontal microfin tube. The exper-
imental heat transfer coefficient has been compared with
that predicted by four different correlations [10-13] for
the condensation of vapor inside a horizontal microfin
tube. In Fig. 3 such a comparison has been made taking
experimental heat transfer coefficient as abscissa and pre-
dicted heat transfer coefficient as ordinate. It is observed
in Fig. 3 that the experimental heat transfer coefficients,
h, are in an error band of £20% from those predicted by
the four models [10-13]. This agreement of experimental
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Fig. 3. Comparison of experimental heat transfer coefficient with that predicted by different models.
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Fig. 4. Variation of heat transfer coefficient with vapor quality at vapor mass velocity of 54 kgm 25,

heat transfer coefficient with the predicted values estab-
lishes the integrity of experimental set-up. Fig. 4 has been
drawn to show the variation of condensation heat transfer
coefficient, s, with vapor quality at seven different inclina-
tion angles (« = —90° to o = +90°) of a microfin tube. The
mass velocity of R-134a inside the tube has remained con-
stant as 54 kg/m>-s. It has been found that the heat transfer
coefficient, A, for the condensation of R-134a vapor inside a
horizontal finned tube reduces for all tube inclination
angles as the condensation of vapor progresses. In fact,
the vapor side heat transfer coefficient, 4, has reduced for
all inclinations in a range of 22-42% with an average of
32.5% at the exit of test-section as compared to that at
the inlet of test-section. The reason for such a phenomenon

is the fact that, with the progress of condensation along the
tube in the direction of flow the average thickness of con-
densate film around the tube wall increases. The increased
condensate thickness offers more thermal resistance to heat
flow from vapor to the cooling water. Further, as the con-
densation progresses the vapor phase velocity decreases
resulting in the lowering of the interfacial shear stresses.
The cumulative effect of the above two factors contributes
towards the decrease in the heat transfer coefficient, 4. The
random variation in heat transfer coefficient, /4, is also vis-
ible in Fig. 4. This is due to the instability of heat transfer,
in which, both the phases are flowing together during phase
change. In addition, the presence of microfins in the pas-
sage and the different flow regimes inside the tube with dif-
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ferent tube inclinations cause these random variations. The
tube inclination angle has influenced the heat transfer coef-
ficient, A, in a significant manner. The tube with +30° incli-
nation angle turns out to be the best performing tube at
low vapor quality, near exit of the test-section tube. The
tube having inclination angle of —90° has the lowest heat
transfer coefficient, 4. The performance of the tube with
+30° inclination is much superior to that of tube with
—90° inclination in the low vapor quality region where
the heat transfer coefficient, 4, for +30° inclination tube
is 48% more than that of the —90° inclined tube. However,
the average heat transfer coefficient, %, for the tube with
+30° inclination is 25% more than that for the tube with
—90° inclination for the entire range of vapor quality. In
comparison to the performance of the horizontal tube the
heat transfer coefficient, %, for the tube having inclination
angle of +30° is 9.3% more at lower vapor quality, how-
ever, the average heat transfer coefficient, %, is merely
5.8% more than that for a plain tube, which lies within
the uncertainty of 8.5% in experimental data. The variation
of heat transfer coefficient with vapor quality for a microfin
horizontal tube with different inclinations is shown in Figs.
5 and 6 for the mass velocity of 81 kg/m?>-s and 107 kg/m?-s
respectively. In these figures it is observed that the change
in tube inclination has considerable effect on condensation
heat transfer coefficient. The tube with the inclination angle
of +30° is still the best performing tube at both the refrig-
erant flow rates. The enhancement in heat transfer coeffi-
cient, h, at lower vapor quality i.e. near exit of test-
condenser is 40% and 32% at respectively at the refrigerant
mass velocities of 81 kg/m*s and 107 kg/m>-s. However,
the average heat transfer coefficient, 4, is 20% and 14%
more than that for the tube having —90° inclination. In
fact, at high vapor phase velocity and vapor quality the
interfacial shear stress is predominant and at low vapor
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quality the vapor phase velocity is reduced resulting in
decrease of interfacial shear stresses and inertia force as
well. Therefore, at low vapor quality the gravitational force
has considerable effect on condensate flow rates and this is
the major reason for different rates of heat transfer coeffi-
cient for different inclinations of finned tube. From Figs.
4-6, it is also noted that the vertical tube with inclination
angle of —90° has the lowest heat transfer coefficient. In
fact, during downward vertical flow, the interfacial shear
stress and gravitational force are unidirectional and the
only probable flow pattern is annular flow. Wang et al.
[14] also reported the same observations in their study of
different flow patterns in inclined plain tubes. The phenom-
enon of annular flow causes to form a thick layer of con-
densate around the periphery of tube as a result the heat
transfer coefficient, /4, is reduced. Since, the gravitational
force and vapor shear stress are in same direction, the inter-
facial turbulence is the lowest. For other inclination angles,
especially tubes with inclination close to horizontal, the
condensate liquid tends to flow in lower side of the tube
and as a result the heat transfer in the unflooded part of
the tube takes place. During upward vertical flow
(0 =+90°) of vapor, due to high interfacial turbulence,
higher heat transfer coefficient is observed in comparison
to that for downward vertical flow in low vapor qualities.
The same observation has also been made by Wang et al.
[14] for plain tubes. However, at high vapor quality, the
case is vice-versa and i.e. upward vertical condensation
flow has the lower heat transfer coefficient than that for
the tube with inclination angle, «, of —90°. With regard
to high probability of annular flow existence for both
upward and downward vertical flow cases in high vapor
qualities, the reason for the superior performance of tube
having inclination angle, o, as —90° can be related to better
condensate liquid film flow inside grooves and tube surface
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Fig. 6. Variation of heat transfer coefficient with vapor quality at vapor mass velocity of 107 kg m~>

in downward flow in comparison with upward flow. Finally
it is also revealed from Figs. 4-6 that the highest heat trans-
fer coefficient for all vapor qualities occurs when the micro-
fin tube is horizontal at high vapor quality or with an
inclination of +30° at low vapor quality. In fact, the flow
pattern existing for these inclinations is the most befitting
two-phase flow pattern to obtain highest condensation heat
transfer at low vapor quality with inclination of +30° and
at high vapor qualities in horizontal tube. Wang et al. [14]
noted that the flow regimes in horizontal plain tube and
plain tube with inclination of +30° are too close to each
other. They found that the only difference between these
two cases is the increase of interfacial turbulences in tube
with inclination of +30° in comparison with the horizontal

N

—1

tube. At high vapor quality the increase in condensation
heat transfer coefficient in tube with inclination of
o = —30° in comparison with the tube with inclination of
o =+30° for mass velocities of 81 kg/m?s and 107 kg/
m?-s is due to better flow of condensate inside grooves
and over tube inside wall because of favorable direction
of gravitational force. But with decrease in vapor quality
and as a result of increase in condensate, the interfacial tur-
bulences would become the effective parameter and cause
increasing of heat transfer in tube with o = +30° in com-
parison with horizontal tube. Royal and Bergles [15] have
also indicated that positive inclination of tube causes
increasing of interfacial turbulences in comparison with
horizontal tube and could be considered as a suitable
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Fig. 7. Effect of vapor mass velocity on heat transfer coefficient at inclination angle of +30°.
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way for heat transfer enhancement in plain tubes. Here, it
should be noted that the vapor quality of the cross point of
the curves relating to inclinations of (« = +30° and « = 0°),
(0 =+430° and o = — 30°), (¢ = —60° and o = +60°) and
(. ="190° and o« = —90°) is mostly in a range of 0.2 to
0.8 vapor quality for all mass velocities. In fact, at high
vapor qualities the flow of condensate liquid inside grooves
and the vapor flow over fin surface is the most effective
arrangement for heat transfer, however, at low vapor qual-
ities, due to increasing the thickness of condensate film,
parameters such as interfacial turbulences affects the rate
of heat transfer.

Fig. 7 has been drawn to show the variation of heat
transfer coefficient, /2, with vapor quality at different vapor
mass velocities for the condensation of R-134a inside a
tube of +30° inclination. The highest heat transfer coeffi-
cient, 4, is for the mass velocity of 107 kg/m*-s. The aver-
age heat transfer coefficient, 4, at the mass velocity of
107 kg/mz-s is nearly 36% more than that for the mass
velocity of 54 kg/m>-s. The following correlation, Eq. (2),
has been developed to predict the heat transfer coefficient
at different vapor qualities, mass velocities and tube
inclinations.

Pr,
Nu = 1.O9ReLBFO3, [L 2)
C OV Xy
where,
h GD(1—x c
Nu:%; Rer = /(1f ) Prf:“fk—fpf
12y 09 (5 O 1\ 01 (3)
X = (=) (p—) (f) , Jung et al. [16]
Fy= (14 (1 —x)"*Cos(a — 10°)) /x*4 (4)

The above correlation given in Eq. (2) predicts the experi-
mental data for all angles of inclination of finned tune in an
error band of £10% as shown in Fig. 8.

4. Conclusions

The following conclusions have been drawn from the
present investigation:

1. The heat transfer coefficient depends on the tube inclina-
tion angle and it decreases with the decrease in vapor
quality and mass velocity.

2. The highest heat transfer coefficient occurs when the
microfin tube is horizontal at high vapor qualities and
is inclined at +30° at low vapor qualities. The lowest
heat transfer coefficient has been attained for the vertical
tube. Further, for high vapor quality, upward flow has
the lowest heat transfer coefficient and for low vapor
quality, heat transfer coefficient is the lowest for down-
ward flow. The microfin tube having inclination angle of
+30° outperforms the tube with —90° inclination in a
range of 32-48%.

3. The inclination angle of +30° provides marginal rise of
5.8% in heat transfer coefficient, /2, in comparison to that
for a plain tube. Other inclination angles adversely affect
the heat transfer coefficient, /.

4. The following correlation has been developed to predict
the heat transfer coefficient

Pr
Nu = 1.09RFO3, | )Tf
tt
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