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Abstract

The present paper deals with experiments and a prediction method for the void fraction of R134a vapor–

liquid two-phase flow in horizontal smooth and microfin tubes in adiabatic condition. The void fraction is

measured by the quick closing valve method. The smooth tube tested is 1024 mm in length and 7.52 mm in

inside diameter. The microfin tube tested is 1015 mm in length and 8.86 mm in mean inside diameter; the fin

height is 0.18 mm, the helix angle of fins is 25� and the total number of fins are 70. The experiments were
carried out in the range of vapor quality from 1% to 96%, where the pressure was kept at 1.2 and 0.8 MPa

and the mass flow rate was kept at 20 and 40 kg h�1. It is confirmed that the void fraction for smooth tube is

well correlated by the Smith or the Baroczy correlations. It is also shown that the void fraction in the

microfin tube is lower than that of smooth tube in any quality and the prediction results using previous

correlations for smooth tube are higher than the present experimental data of microfin tube. The void

fraction prediction method consisting of a stratified-annular flow model and an annular flow model is

proposed. In the stratified-annular flow model, it is assumed that most of liquid flows at the bottom of the

tube and all grooves are filled with additional liquid. The momentum equations are constructed for regions
of vapor, main liquid flow at the bottom and additional liquid flow in grooves, respectively. These coupled

equations are solved numerically. In the case of annular flow model, it is assumed that all grooves are filled

with liquid uniformly. The momentum equations in the vapor and liquid flows in grooves are also solved

numerically. The values of the predicted void fraction are in good agreement with experimental data in high
*
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vapor quality region, while the predicted values are slightly smaller than experimental ones in low vapor

quality region.
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1. Introduction

The void fraction is one of the important parameters in heat transfer and flow characteristics
for vapor–liquid two-phase flow. It is worthwhile to predict the void fraction in a microfin tube as
a function of the design and operating parameters of the heat exchanger and calculating the
amount of refrigerant charge in evaporator and condenser since most of the air-conditioning
systems adopt microfin tubes to improve their efficiency over the past two decades. However,
there are few studies found in the literature and the characteristics of void fraction in a microfin
tube are not clarified yet. Moreover, most investigations on void fraction are limited for air water
two-phase flow on smooth tube. Therefore, the investigations on void fraction for microfin tubes
become more attractive and important. Up to now, only limited studies on void fraction for
microfin tube can be found in open literatures. Yashar et al. (2001) carried out experiments on the
void fraction of R134a and R410A condensing and evaporating in smooth and microfin tubes and
proposed an empirical correlation for microfin tube.

Over the years, some representative examples of correlations and models of void fraction in a
smooth tube are as follows: Lockhart and Martinelli (1949) first attempted to predict the void
fraction in a smooth tube. Butterworth (1975) reviewed a number of studies on void fraction for
co-current gas–liquid flow in smooth tube. Rice (1987) also gave a brief overview of previous
correlations of void fraction in smooth tube. He classified four categories: the homogeneous
model, the slip ratio based model, the Lockhart–Martinelli parameter correlated model and the
mass flux dependent model.

The Homogeneous model is the simplest one for calculating void fraction in two-phase flow, in
which the vapor and liquid phases are treated as a homogeneous mixture flowing with same
velocity. This model is usually recognized as an ideal case and upper limit to the complex two-
phase flow.

Levy (1960), Zivi (1964), Thom (1964) and Smith (1971) proposed the slip ratio based models.
The slip ratio based model is that the flow is segregated into vapor and liquid streams. Levy
analyzed the problems of steam slip in forced circulation of boiling water and developed a sim-
plified momentum model to obtain a theoretical prediction of steam slip and two-phase pressure
drop. Zivi made an analysis of void fraction of steady-state steam by means of the principle of
minimum entropy production. He assumed that energy dissipation due to wall friction in the
channel was negligible and the flow pattern was fully annular with no liquid entrained in the
vapor. He discussed the effect of wall shear stress and entrainments to void fraction and pressure
drops, respectively. He pointed out that wall friction reduced the void fraction and increased the
slip ratio. Thom obtained an empirical relationship between quality and void fraction based on
the assumption that the slip ratio is constant at a given pressure. Smith also developed a slip ratio
based correlation of void fraction employing an equal velocity head model. He stated that his
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correlation was valid for all conditions of two-phase flow irrespective of the pressure, mass
velocity, flow regime and rate of change of enthalpy.

Baroczy (1966) and Wallis (1969) proposed the prediction correlations of void fraction utilizing
the Lockhart and Martinelli parameter. Baroczy carried out experiments for isothermal, two-
phase of liquid mercury–nitrogen and water–air and presented void fraction data as a function of
the Lockhart and Martinelli parameter. Wallis obtained the correlation of void fraction at low
pressures using the data of Lockhart and Martinelli. He pointed out that his method led to
progressively increasing errors as the frictional component of pressure drop decreases in pro-
portion to the other terms.

Hughmark (1962) and Premoli et al. (1971) obtained empirically based correlations including
the mass flux effect and Tandon et al. (1985) developed the mass flux dependent model of void
fraction for annular flow analytically.

As mentioned above, the detailed information on void fraction for two-phase flow in microfin
tubes are unavailable. In this paper, experiments on void fraction of R134a vapor–liquid two-
phase flow are conducted for both smooth and microfin tubes at adiabatic condition. A com-
parison of void fraction between smooth and microfin tubes is performed. The experimental data
for both smooth and microfin tubes are compared with previous correlations, most of which are
proposed for smooth tubes. A method to predict the void fraction for microfin tube with R134a at
adiabatic condition is also proposed.
2. Experimental facilities

2.1. Experimental apparatus and procedure

Fig. 1 shows the schematic view of the experimental apparatus, which consists of three loops: a
refrigerant loop, a water loop and a brine loop. In the refrigerant loop, subcooled refrigerant
liquid is delivered with a magnetic gear pump (1) through a desiccant filter (2), a mass flow meter
(3), a pre-heater (4) and a mixing chamber (5) to a heat exchanger (6). The pre-heater (4) and the
heat exchanger (6) are used to heat the refrigerant liquid close to the saturation state. Then, the
refrigerant flows through an evaporator (10) into the test section for the measurement of the void
fraction (11). The evaporator (10), around which an electrical heater is wrapped, is used to reg-
ulate the vapor quality at the entrance of the test section (11). The refrigerant flowing from the test
section returns through a visualization section for observation of the flow pattern (12), an after-
heater (14) and two condensers (15, 16) to the pump (1). The after-heater (14) and two condensers
(15, 16) are used to adjust the refrigerant pressure level in the refrigerant loop. The water loop,
which consists of a heat source tank (7), a centrifugal pump (8) and a gear-type flow meter (9), is
used to supply heating water to the heat exchanger (6). The brine loop, that consists of a brine
tank (18), three centrifugal pumps (8), two float-type flow meters (19) and a chilling unit (20), is
used to condense the refrigerant.

The refrigerant mass flow rate is measured using the mass flow meter with ±0.5% resolution of
measured value. Pressures at inlet and outlet of the evaporator and the test section are measured
using an absolute pressure transducer with a resolution of ±0.1% of a full scale. Refrigerant
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Fig. 1. Schematic diagram of the experimental apparatus.
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Fig. 2. Schematic diagram of the test section.
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temperatures in the refrigerant loop are measured using several 0.5 mm sheathed K-type ther-
mocouples, which were calibrated in advance within an error of ±0.05 K.

Fig. 2 shows the schematic view of the test section for the measurement of the void fraction.
The test section consists mainly of a test tube (1), a bypass loop, three valves with air actuators (2,
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3, 4), a sampling vessel (9), a sampling port (10) and a vacuum pump (11). The void fraction of
two-phase flow is measured by means of simultaneously closing valves. It is noted that the void
fraction is measured on the adiabatic condition. The operating procedures of this measurement
are as follows:

(1) Valves (2), (5), (7) and (8) are closed, while the others are opened. The temperature of the sam-
pling vessel (9) is kept around 273 K using an icebox to collect refrigerant of test tube easily
with condensing process.

(2) After opening the valve (7), the sampling vessel (9) including the piping is evacuated with the
vacuum pump (11). Then, the valve (7) is closed again.

(3) The refrigerant temperature and pressure in the test tube (1) are measured at the sampling
port (10). The refrigerant flow rate, the heat transfer rate in the evaporator, and the refriger-
ant pressure and temperature in the refrigerant loop are also measured.

(4) Valves (3) and (4) are closed with air actuators instantaneously. Difference in closing time be-
tween valves (3) and (4) is estimated to be within 0.1 s. At the same time, the valve (2) is
opened.

(5) Valve (5) is opened. Then, the refrigerant is condensed and collected in the sampling vessel (9).
After that, valve (6) is closed.

(6) The refrigerant temperature and pressure in the test tube are measured again at the sampling
port (10) to evaluate the amount of the remaining refrigerant vapor in the test tube.

(7) The weight of the sampling vessel (9) containing the refrigerant is measured with an accurate
electrical balance of ±1 mg resolution. Then, the net weight of refrigerant is obtained.

2.2. Data reduction method

The void fraction, e, is obtained from the following equation:
e ¼ VG
VG þ VL

¼ qLV � m
ðqL � qGÞV

; ð1Þ
where VL is the liquid volume of the test tube, VG is the vapor volume of the test tube and V is the
total volume of the test tube. The mass of the refrigerant existing in the test tube before closing
valves (3) and (4) in Fig. 2, m, is calculated as
m ¼ m0 þ q0
GV

0; ð2Þ
where m0 is the refrigerant mass in the sampling vessel (9) in Fig. 2, q0
G is the superheated vapor

density in the test tube after collection process and V 0 is the volume of the test tube and the piping
between the sampling port and valves (6, 7) in Fig. 2.

The quality of refrigerant at the inlet of the test tube, x, is evaluated from
x ¼ hb � hL;sat
hG;sat � hL;sat

; ð3Þ
where hL;sat is the liquid specific enthalpy at the saturated state and hG;sat is the vapor specific
enthalpy at the saturated state. The bulk refrigerant specific enthalpy at the inlet of the test tube,
hb, is calculated by
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hb ¼
ðQ� QlossÞ

W
þ hb0; ð4Þ
where Q is the heat transfer rate in the evaporator, Qloss is the heat loss from the evaporator to the
ambience, W is the mass flow rate of refrigerant and hb0 is the bulk refrigerant specific enthalpy at
the inlet of the evaporator.

The thermal physical properties of R134a are determined from the program package REF-
PROP Version 6.0 (1998).
2.3. Experimental conditions

In the present study, commercially available smooth and microfin tubes made of copper were
used as test tubes. The inside surface of the microfin tube is grooved spirally. The dimensions of
the test tubes are summarized in Table 1, where ‘‘area enlargement ratio’’ is defined as the ratio of
a real inside surface area to that of smooth tube having the same inside diameter as mean inside
diameter of the microfin tube.

Experiments for void fraction have been conducted using refrigerant R134a as the working
fluid in the ranges shown in Table 2. All of the data signals have been collected and recorded by a
data acquisition system.

The reliability in the measurement of void fraction by a quick closing valve method is affected
by three factors, which are the degree of superheat of remaining vapor in the test tube after
collection process, the length of the test tube and the volume of the sampling vessel. Prior to the
void fraction experiments, these effects were confirmed by preliminary experiments.

(1) If a part of the liquid remains in the test tube and the piping after collection process, the mea-
sured temperature is close to the saturation temperature that is calculated from the measured
pressure in the test section. To omit data obtained these conditions, in which the degree of
superheat of the vapor in the test tube and the piping after collection process is higher than
20 K, are selected.
1

nsion of smooth and microfin tubes

Unit Microfin tube Smooth tube

Scale Scale

side diameter mm 9.52 9.52

an inside diameter mm 8.86 7.52

imum inside diameter mm 8.60 7.52

mber of fins – 70 –

ix angle Degree 25 –

height mm 0.18 –

top angle Degree 25 –

an wall thickness mm 0.33 –

imum wall thickness mm 0.28 –

a enlargement ratio – 1.67 –

t tube�s length m 1.015 1.024



Table 2

Experimental ranges

Smooth tube Microfin tube

Inlet pressure (MPa) 0.8 1.2 0.8 1.2

Mass velocity (kgm�2 s�1) 125, 250 125, 250 90, 180 90, 180

Inlet temperature (K) 301–305 313–317 301–305 313–317

Table 3

Uncertainty analysis of vapor quality and void fraction

P (MPa) G (kgm�2 s�1) x e Ux Ue

Smooth tube 1.2 250 0.02 0.32 0.009 0.056

0.94 0.95 0.077 0.008

125 0.03 0.38 0.017 0.051

0.92 0.95 0.15 0.008

0.8 250 0.001 0.21 0.004 0.062

0.85 0.94 0.067 0.007

125 0.04 0.49 0.012 0.041

0.86 0.94 0.134 0.007

Microfin tube 1.2 180 0.007 0.11 0.014 0.053

0.91 0.91 0.083 0.008

90 0.07 0.37 0.028 0.038

0.95 0.90 0.16 0.009

0.8 180 0.02 0.38 0.009 0.037

0.84 0.91 0.07 0.007

90 0.06 0.38 0.015 0.037

0.93 0.91 0.15 0.007
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(2) About 1 m in length of the test tube was selected after preliminary experiments as changing
length of the test tube.

(3) The sampling vessel of a volume 150 cm3 was selected to cover the amount of refrigerant of
the test tube sufficiently. If the volume of the sampling vessel is not enough, a part of liquid
may remain in the test tube and the piping after the collection process.

An uncertainty analysis has been performed according to the method proposed by Moffat
(1988). Table 3 shows the uncertainties of vapor quality and void fraction with typical cases of test
data in both smooth and microfin tubes, where Ux and Ue are the uncertainties of vapor quality
and void fraction, respectively. Uncertainties of the vapor quality and void fraction in the present
study are estimated to be ±0.16 and ±0.06 in maximum, respectively.
3. Experimental results and discussion for smooth and microfin tubes

Experimental data of void fraction for both smooth and microfin tubes were obtained for the
range of vapor quality from 1% to 96%. The present experimental data are compared to the past
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studied representative correlations for void fraction in smooth and microfin tubes, which are
summarized in Table 4, where E is the ratio of mass of water flowing in homogeneous mixture to
total mass of water flowing, Ft is the Froude rate, G is the mass velocity, ReL is the liquid Reynolds
number, X or Xtt is the Lockhart–Martinelli parameter, vG is the specific volume of saturation
vapor, vL is the specific volume of saturation liquid, gG is the viscosity of saturation vapor and gL
is the viscosity of saturation liquid.

Prior to the experiments for microfin tube, the void fraction of smooth tube was measured at
adiabatic conditions to check the reliability of experimental systems. Fig. 3 shows the experi-
mental results of void fraction for smooth tube. In this figure opened and closed symbols denote
the results for P ¼ 1:2 and 0.8 MPa, respectively. In each symbol the difference of mass velocity
is distinguished by circle and triangle symbols. The effect of refrigerant pressure on the void
fraction is significant, while that of mass velocity is very small especially for high vapor
quality region. This means that the void fraction is mainly affected by the physical properties
of refrigerant. All the data of void fraction approach to unity as the vapor quality closes to
unity.

Fig. 4(a) and (b) show the comparison between the experimental data and several correlations
for void fraction in smooth tube for P ¼ 1:2 and 0.8 MPa, respectively. Symbols of circle and
triangle represent experimental data for G ¼ 250 and 125 kgm�2 s�1, respectively. A dotted line, a
dashed line, a chain line, a double dotted chain line, a thick solid line and a thin solid line rep-
resent the correlations of the homogeneous model, Smith (1971), Zivi (1964), Baroczy (1966),
Tandon et al. (1985), (G ¼ 250 kgm�2 s�1) and Tandon et al. (1985) (G ¼ 125 kgm�2 s�1),
respectively. The homogeneous model indicates the highest value of void fraction, which over-
predicts the void fraction compared with the present experimental data. The Smith correlation is
in good agreement with the present experimental data for smooth tube. The Zivi correlation
shows a lower void fraction at low quality region and higher value at high quality region com-
pared with experimental data. The Baroczy correlation is good agreement with the present
experimental results for smooth tube. The Tandon et al. correlation show a little higher value than
present experimental data. As a result, the Smith and the Baroczy correlations agree with the
present experimental data with ±10% discrepancy.

Fig. 5 shows the experimental results of void fraction for microfin tube. In this figure opened
and closed symbols denote the results for P ¼ 1:2 and 0.8 MPa, respectively. In each symbol the
difference of mass velocity is distinguished by circle and triangle symbols. The void fraction in-
creases with the decrease of the refrigerant pressure. This trend is similar to that of smooth tube.
The void fraction increases with the increase of mass velocity. This effect is more remarkable as
the refrigerant pressure or the vapor quality decreases. It is noted that in the case of smooth tube
this effect is negligible as can be seen from Fig. 3. It is not observed from the present data that the
void fraction do not approach to unity as the vapor quality closes to unity for microfin tube.
However, it is inferred that the void fraction for microfin tube is supposed to be close to unity
sharply as vapor quality approaches adjacent to unity.

As a trial, the experimental data of void fraction in microfin tube are compared with several
correlations for smooth tube and the correlation of Yashar et al. for microfin tube. Fig. 6(a) and
(b) show the comparison of void fraction between the experimental data in microfin tube and
several correlations in smooth for P ¼ 1:2 and 0.8 MPa, respectively. Symbols of circle and tri-
angle represent experimental data in cases of G ¼ 180 and 90 kgm�2 s�1, respectively. A dotted
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Summary of previous correlations of the void fraction for smooth and microfin tubes

Authors Correlations

Homogeneous model
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h
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x
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line, a dashed line, a chain line, a double dotted chain line, a thin solid line and a thick solid line
also represent the correlations of the homogeneous model, Smith (1971), Zivi (1964), Baroczy
(1966), Yashar et al. (2001), (G ¼ 180 kgm�2 s�1) and Yashar et al. (2001) (G ¼ 90 kgm�2 s�1),
respectively. All of correlations for smooth tube show higher values than the present experimental
data of microfin tube. This fact suggests that any correlations for smooth tube are not suitable to
predict the void fraction in microfin tube. That is, the effect of grooves should be considered. The
correlation of Yashar et al. (2001) for microfin tube also over-predicts the present data. They
reported that there is no difference in void fraction between Smooth and microfin tubes. However,
it is well known that the frictional pressure drop in a microfin tube is higher than that of a smooth
tube. This suggests that mean liquid velocity in a microfin tube is lower than that of a smooth
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tube. Therefore, the void fraction in a microfin tube is supposed to be lower than that of a smooth
tube.

Fig. 7(a) and (b) show the comparison between the experimental data for smooth and microfin
tubes in the cases of P ¼ 1:2 and 0.8 MPa, respectively. The influence of mass velocity on void
fraction is observed apparently for microfin tube, compared with for smooth tube. There is also a
distinction that the void fraction of a microfin tube becomes much lower than that of a smooth
tube at the same vapor quality, especially in the high vapor quality region. This may be explained
as follows:

The mean wall shear stress in a microfin tube becomes larger than that in a smooth tube be-
cause of the enlargement of wall area in microfin tube. Therefore, the bulk velocity of liquid
decreases and the cross-sectional area occupied by liquid increases.
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4. A prediction method of void fraction for microfin tube

The prediction results by previous correlations for smooth tube are higher than the present
experimental data of a microfin tube at adiabatic condition (see Fig. 6(a) and (b)). Therefore, a
new prediction method for void fraction in a microfin tube is developed by combining a stratified-
annular and annular flow models that are constructed from an observation of flow patterns and
consideration of geometrical configuration of microfin tube. The effect of entrainment and
gravitational force are neglected in the present method.

4.1. Stratified-annular flow model

Fig. 8 shows the schematic view of the stratified-annular flow model. The stratified-annular
flow model is assumed that most of liquid flows at the bottom of tube and upper part of grooves is
filled fully with additional liquid. Region of the bottom of the tube, where the most of liquid
flows, is named liquid region II, while region of upper part of grooves, where additional liquid
flows, is named liquid region I. In Fig. 8, n1 is number of fins corresponding to liquid region I, AL1

is the total area of liquid region I, AL2 is the total area of liquid region II, AG is the total area of
vapor region, SL1 is the total perimeter of liquid region I, SL2 is the total perimeter of liquid region
II, Si1 is the total perimeter between liquid region I and vapor region, Si2 is the total perimeter
between liquid region II and vapor region and SG is the total perimeter between vapor region and
grooves. It is noted that the void fraction is smaller than the value of Ai=A in this model, where Ai

is the area based minimum diameter of microfin tube and A is the area based mean inside diameter
of microfin tube.

4.1.1. Liquid region I

Momentum equation of liquid in upper part of grooves is expressed as
PAL1 � ðP þ dPÞAL1 � sL1SL1 dzþ si1Si1 dz ¼ 0; ð5Þ
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Fig. 8. Schematic view of the stratified-annular flow model.

S. Koyama et al. / International Journal of Multiphase Flow 30 (2004) 291–310 303
where P is the pressure, dP is the infinitesimal pressure difference, dz is the infinitesimal length in
the axial direction, sL1 is the shear stress for liquid region I to tube wall and si1 is the shear stress
between liquid region I and vapor region.

4.1.2. Liquid region II
Momentum equation of liquid at the bottom part of tube is expressed as
PAL2 � ðP þ dP ÞAL2 � sL2SL2 dzþ si2Si2 dz ¼ 0; ð6Þ

where sL2 is the shear stress for liquid region II to tube wall and si2 is the shear stress between
liquid region II and vapor region.

4.1.3. Vapor region

Momentum equation of vapor core is expressed as
PAG � ðP þ dP ÞAG � si1Si1 dz� si2Si2 dz� sGSG dz ¼ 0: ð7Þ

Rearranging Eqs. (5)–(7), the following equations are obtained:
� dP
dz

¼ 1

AL1

ðsL1SL1 � si1Si1Þ; ð50 Þ

� dP
dz

¼ 1

AL2

ðsL2SL2 � si2Si2Þ; ð60 Þ

� dP
dz

¼ 1

AG

ðsi1Si1 þ si2Si2 þ sGSGÞ: ð70 Þ
Eliminating the pressure drop term from Eqs. (50) and (70), Eq. (8) can be obtained as
fL1qLu
2
L1

SL1
AL1

� qGu
2
G fi1

Si1
AL1

�
þ fi1

Si1
AG

þ fi2
Si2
AG

þ fG
SG
AG

�
¼ 0; ð8Þ
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where fL1 is the friction factor in liquid region I, fi1 is the friction factor of interface between liquid
region I and vapor region, fi2 is the friction factor of interface between liquid region II and vapor
region, fG is the friction factor in vapor region, uG is the vapor velocity in vapor region and uL1 is
the liquid velocity in liquid region I. The following equation is also obtained from equations Eqs.
(60) and (70).
fL2qLu
2
L2

SL2
AL2

� qGu
2
G fi2

Si2
AL2

�
þ fi1

Si1
AG

þ fi2
Si2
AG

þ fG
SG
AG

�
¼ 0; ð9Þ
where fL2 is the friction factor in liquid region II and uL2 is the liquid velocity in liquid region II.
The definition of friction factors, shear stresses and hydraulic diameters in these equations is
summarized in Table 5. In Table 5, An is the area based on maximum diameter of microfin tube, c
is the helix angle of grooves for microfin tube, dL1 is the hydraulic diameter in liquid region I, dL2 is
the hydraulic diameter in liquid region II, dG is the hydraulic diameter in vapor region, ReL1 is the
liquid Reynolds number in liquid region I, dm is the mean inside diameter of a microfin tube and
Pgroove is the axial pitch of a groove in a microfin tube. In stratified-annular flow model, it is
assumed that fi1, fi2 and fG are estimated by the Colburn correlation and fL2 is estimated by the
Carnavos correlation (1980). fL1 is estimated by the correlation obtained by the preliminary
experiment in which the pressure drop in a spiral smooth circular tube from 0.5 to 1.0 mm in
inside diameter was measured.

The equation for conservation of mass in the tube can be written as
W ¼ AL1qLuL1 þ AL2qLuL2 þ AGqGuG: ð10Þ

To solve the coupled equations (8)–(10) for stratified-annular flow model, numerical calculation

was carried out based on the following step by step procedures

(1) Geometrical configurations of microfin tube, physical properties of R134a and mass flow rate
are given as known values.

(2) The value of void fraction is given as a known value. Total area occupied by liquid
ALð¼ AL1 þ AL2Þ, total area occupied by vapor AG, perimeters and hydraulic diameters can
be calculated.

(3) Assuming the initial vapor velocity uG in given void fraction, uL1 and uL2 can be calculated
from Eqs. (8) and (9), respectively.

(4) If the convergence condition between calculated mass flow rate in Eq. (10) and given mass
flow rate is satisfied, vapor quality can be calculated in given void fraction.

(5) If calculated velocities do not satisfy the convergence condition, assuming the new vapor
velocity uG and iterate the procedure from (3) to (4) until the convergence condition is satis-
fied.

4.2. Annular flow model

Fig. 9 shows the schematic view of annular flow model. In annular flow model, all grooves are
assumed to be filled with liquid uniformly with refrigerant flow height HR. In Fig. 9, n is the
number of fins of microfin tube, AL is the total area of liquid region, AG is the total area of vapor
region, SL is the total perimeter of liquid region, Si is the total perimeter between liquid region and



Table 5

Definition of shear stresses, friction factors and hydraulic diameters employed in the present prediction method

Stratified-annular flow model Annular flow model

Shear stresses
sL1 ¼ fL1ðqLu

2
L1Þ=2 sL ¼ fLðqLu

2
LÞ=2

sL2 ¼ fL2ðqLu
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2
GÞ=2 sG ¼ fGðqGu
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Fig. 9. Schematic view of the annular flow model.
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vapor region, SG is the total perimeter between grooves and vapor region and HR is the height of
refrigerant flow inside grooves. It is noted that the void fraction is larger than the value of Ai=A in
this model.

4.2.1. Liquid region

Momentum equation of liquid in grooves is expressed as
PAL � ðP þ dP ÞAL � sLSL dzþ siSidz ¼ 0; ð11Þ

where sL is the shear stress between liquid region and tube wall and si is the shear stress between
liquid region and vapor region.

4.2.2. Vapor region
Momentum equation of vapor core is expressed as
PAG � ðP þ dPÞAG � sGSG dz� siSidz ¼ 0; ð12Þ

where sG is the shear stress in vapor region.

Rearranging Eqs. (11) and (12), the following equations are obtained:
� dP
dz

¼ 1

AL

ðsLSL � siSiÞ; ð110 Þ

� dP
dz

¼ 1

AG

ðsGSG þ siSiÞ: ð120 Þ
Eliminating the pressure drop term from Eqs. (110) and (120), Eq. (13) can be obtained
fGqGu
2
G

SG
AG

� fLqLu
2
L

SL
AL

þ fiqGu
2
GSi

1

AG

�
þ 1

AL

�
¼ 0; ð13Þ
where fL is the friction factor in liquid region, fG is the friction factor in vapor region, uL is the
liquid velocity in liquid region and uG is the vapor velocity in vapor region. The definition of
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friction factors and shear stresses in these equations are summarized in Table 5, where dL is the
hydraulic diameter in liquid region, dG is the hydraulic diameter in vapor region and ReL is the
liquid Reynolds number in liquid region. In annular flow model, it is assumed that fi is estimated
by the Colburn correlation and fG are estimated by the Carnavos correlation. fL is estimated by
the correlation in preliminary experiment that was proposed for the pressure drop in a spiral
smooth circular tube from 0.5 to 1.0 mm in inside diameter.

The equation for conservation of mass in the tube is expressed as
Fig. 1

P ¼ 1
W ¼ ALqLuL þ AGqGuG: ð14Þ
The coupled Eqs. (13) and (14) are solved using the similar method as for stratified-annular flow
model.
4.3. Comparison between experimental data and calculation results

Fig. 10(a) and (b) show the comparison between the experimental data for microfin tube and
prediction result by the present prediction method in the cases of P ¼ 1:2 and 0.8 MPa, respec-
tively. The values of the predicted the void fraction are in good agreement with experimental data
in high vapor quality region, while the predicted values are slightly smaller than experimental ones
in low vapor quality region.

Fig. 11(a)–(d) show the comparison between experimental and predicted mean velocities.
Symbols of opened and closed circles denote experimental mean liquid velocity, uL;mean, and
experimental mean vapor velocity, uG;mean, respectively. A chain line and a double dotted chain
line denote the predicted mean liquid and vapor velocities, respectively. As reference, in each
figure, the predicted liquid velocity in Region I, uL1, and the predicted liquid velocity in Region II,
uL2, of stratified-annular flow model are also plotted by a solid and a dashed lines, respectively.
The values of predicted mean liquid velocity uL;mean, are in good agreement with experimental
ones. However, the values of predicted mean vapor velocity, uG;mean, is slightly higher value than
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the experimental ones in low vapor quality region and slightly lower than the experimental ones in
high vapor quality region. It appears that this discrepancy between predicted mean vapor velocity
and experimental one is mainly due to difference between real flow pattern and present flow
model. However, the present prediction method would be of a great interest to investigate the
two-phase flow phenomena in a microfin tube. This method will also be useful to design heat
exchangers in air-conditioning and refrigerating systems.
5. Conclusions

The experiments on the void fraction of refrigerant R134a two-phase flow in smooth and
microfin tubes were carried out at adiabatic condition. A new approach to predict void fraction
was conducted for microfin tube. The main results obtained are as follows:

(1) The void fraction for both smooth and microfin tubes increases with the decrease in refriger-
ant pressure.
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(2) The effect of the mass velocity on the void fraction in microfin tube is more remarkable than
that of smooth tube.

(3) The void fraction for a microfin tube is lower than that for a smooth tube at the same exper-
imental condition including pressure, mass velocity and vapor quality. This fact suggests that
any correlations for a smooth tube are not suitable to predict the void fraction in a microfin
tube.

(4) The mean shear stress of liquid to tube wall in a microfin tube becomes larger than that in a
smooth tube. Therefore, the bulk velocity of liquid decreases and the cross-sectional area
occupied by liquid increases.

(5) The void fraction for a smooth tube can be predicted well by the Smith or the Baroczy cor-
relations.

(6) A prediction method for void fraction in a microfin tube is constructed from momentum
equations of stratified-annular and annular flow models. The values of the predicted the
void fraction are in good agreement with experimental data in high vapor quality region,
while the predicted values are slightly smaller than experimental ones in low vapor quality
region.

(7) The present prediction method gives good information of two-phase flow phenomena in a
microfin tube and could be available for practical applications.
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