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Abstract

This study investigated the pressure drop characteristics in microtubes using R-134a as a test fluid. The test tubes were the circular
stainless steel tubes with inner diameters of 0.244, 0.430, and 0.792 mm. Although some of the existing studies reported the early flow
transition at the Reynolds number of less than 1000, it was not found in the single-phase flow pressure drop tests. The conventional
theory predicted the friction factors well within an absolute average deviation of 8.9%. The two-phase flow pressure drop increased with
increasing quality, increasing mass flux, and decreasing tube diameter. The existing correlations failed to predict the two-phase friction
multipliers in the microtubes of this study. A new correlation to predict the two-phase flow pressure drop in microtubes was developed in
the form of the Lockhart–Martinelli correlation. It includes the effect of the tube diameter, surface tension effect, and the effect of the
Reynolds number on the two-phase flow pressure drop in microtubes. The new correlation developed in this study predicted the exper-
imental data within an absolute average deviation of 8.1%.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

A lot of attention has been paid to the transport phe-
nomena in the microgeometries because microfabrication
enables us to manufacture the flow channels ranging from
a few micrometers to a few hundred micrometers. Micro-
fabrication technique can be applied in making the micro-
channels, and also can be used in manufacturing the
microsystems like microcooling devices, microturbines,
and so on. The fluid flow in the microchannels attracts peo-
ple’s attention because it has a variety of advanced applica-
tions in the microelectro-mechanical systems (MEMS),
electronic cooling systems, bioengineering, and others. In
spite of the brilliant development of microfabrication tech-
nique, the transport phenomenon in the microgeometries is
still one of the unexplored fields because of the many diffi-
culties in the experiments and the analyses.
0017-9310/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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The studies on the pressure drop in microchannels have
been focused on singe-phase flow [1–10]. When frictional
characteristics are analyzed in terms of friction constant
(f Æ Re), previous studies are divided into three groups.
The first is by Wu and Little [1], Mala and Li [7], and Tu
and Hrnjak [9]. They predicted greater values of friction
constant (f Æ Re) for the microchannels than for the conven-
tional channels. The second is by Choi et al. [3] and Yu
et al. [11], which predicted constant lower values than those
for conventional channels. The last is characterized by
Peng et al. [4], which showed a different trend; in their test
cases, friction constant (f Æ Re) decreased with an increase
in the Reynolds number. Also they concluded that the
value of friction constant is the greatest for the largest
microchannels (Dh) and the lowest for the smallest ones
while the slopes of the curves between friction constant
and the Reynolds number are identical as Re�0.98.

Table 1 shows the experimental results of the previous
studies on friction factors in the microchannels or the
microtubes. Some studies gave the result that the experi-
mental friction factors are greater than the theoretical
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Nomenclature

C C coefficient defined by Lockhart and Martinelli
[16]

C0–C3 constants used in Eq. (17)
Cf friction coefficient
Di inner diameter (mm)
–(dp/dz) pressure drop gradient (kPa m�1)
f friction factor
G mass flux (kg m�2 s�1)
I current (A)
i enthalpy (kJ kg�1)
L length (mm)
LC Laplace constant defined in Eq. (15)
_m mass flow rate (g h�1)
Nconf confinement number defined in Eq. (16)
Re Reynolds number
X Martinelli parameter
U velocity (m s�1)
V voltage (V)
v specific volume (m3 kg�1)
x quality

Greek symbols

Dp pressure drop (kPa)
d deviation (%)

e surface roughness (lm)
l viscosity (Pa s)
q density (kg m�3)
r surface tension (N m�1)
raa absolute average deviation (%)
/ two-phase frictional multiplier

Subscripts

cal calculated values
f liquid phase
fg phase change between liquid phase and vapor

phase
g vapor phase
in inlet
Lo liquid-only
m mixture
meas measured values
p preheater
pred predicted values
sp single-phase
t test section
tp two-phase
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values [1,7,9]. Others gave different results that the experi-
mental friction factors are less than the theoretical values
[3,11]. Pfahler et al. [2], Lee and Lee [12], and Liu and
Garimella [10] concluded that the friction factors in the
microchannels or the microtubes satisfactorily agree with
the theoretical prediction. Peng et al. [4] and Peng and
Peterson [6] showed that the aspect ratio of the microchan-
nel determines whether the friction factor is greater than
the theoretical value or not.

There have been, if any, few studies on two-phase flow
pressure drop in microgeometry. It is difficult to analyze
and predict the pressure drop of the two-phase flow
Table 1
The conflicting results between the existing studies about the friction
factor of the single-phase flow

Investigator f > ftheory f ffi ftheory f < ftheory

Wu and Little [1]
p

Pfahler et al. [2]
p

Choi et al. [3]
p

Peng et al. [4]
p p

Yu et al. [11]
p

Peng and Peterson [6]
p p

Mala and Li [7]
p

Lee and Lee [12]
p

Faghri and Turner [8]
p

Tu and Hrnjak [9]
p

Liu and Garimella [10]
p

because there are three factors associated with pressure
drop; fluid friction, phase change, and gravity. The studies
in microgeometry are mainly for the rectangular channels
and there are few studies for the circular tubes with the
diameter of less than 1 mm.

Air and water have been adopted as the test fluids in
most of the studies about the two-phase pressure drop
because it is easy to adjust the velocities of the liquid phase
and the vapor phase with air and water. Two-phase flow of
two components is involved here, however, this is dissimi-
lar to the two-phase flow of one component. It is worth-
while to handle practical refrigerants, which are being
used as working fluids of actual heat pumps or refrigerators
in the two-phase flow pressure drop studies.

In this study, the single-phase flow pressure drop and
the two-phase flow pressure drop in the microtubes are
experimentally investigated and theoretically analyzed
using R-134a as a test fluid. Also, based on the measured
experimental results, the correlation to predict two-phase
flow pressure drop in microtubes is proposed in the form
of Lockhart–Martinelli type correlation.

2. Experiments

2.1. Experimental test rig

Fig. 1 shows the schematic view of experimental test
rig built for the test. It has two syringe pumps, filter,



Fig. 1. Experimental test rig for the pressure drop test (1: syringe pump 1, 2: syringe pump 2, 3: filter, 4: thermal mass flow meter, 5: subcooler,
6: preheater, 7: test section, 8: condenser, 9: differential pressure transducer, 10: DC power supply).
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subcooler, mass flow meter, preheater, test section, and the
condenser. The syringe pump is known to have two impor-
tant functions to discharge the liquid phase at constant
flow rate and keep the system pressure constant. Therefore,
syringe pump 1 in Fig. 1 is used to discharge the liquid
refrigerant into the test section at a constant flow rate
and syringe pump 2 is used to keep the system pressure
in the test rig constant. The thermal mass flow meter mea-
sures the mass flow rate of refrigerant flowing into the test
section. Precise control of the mass flow rate is made pos-
sible with the syringe pumps and the thermal mass flow
meter. The subcooler and the preheater are installed in order
to control the quality of the refrigerant at the inlet of the
test section. The refrigerant which comes out of the subco-
oler goes into the preheater. Direct heating method is
employed for providing the heat to the refrigerant in the
preheater. The DC power supply (HP 6673A) is used to
provide the accurate amount of electricity to the refriger-
ant. The refrigerant exiting the test section as a two-phase
fluid is condensed to the single-phase state in the con-
denser. The liquid phase refrigerant goes into the other syr-
inge pump 2 which maintains the system pressure constant.

2.2. Test sections

Three kinds of the microtubes are used to investigate the
pressure drop characteristics in microtubes. Table 2 shows
the specifications about the test tubes. Lsp represents the
Table 2
Specifications of the test sections for the pressure drop test

Test tube Di (mm) e (lm) Lsp (mm) Ltp (mm)

A 0.244 0.397 400 60
B 0.430 0.486 400 180
C 0.792 0.341 462 462
length of the test tube for the single-phase pressure drop
test and Ltp represents the length for the two-phase pres-
sure drop test. The reason why the test tubes have different
lengths is that there is a great difference in pressure drop
between the single-phase flow and the two-phase flow.
Two layers of the ceramic fiber insulator and the rubber
foaming insulator thermally insulate the test section to
minimize the heat transfer between the refrigerant flowing
in the test section and the ambient atmosphere. The heat
addition to the test fluid flowing through the test section
was estimated to be very small and would not cause the
quality change in the two-phase pressure drop tests which
could have meaningful effect on the characteristics of the
pressure drop in microtubes.

2.3. Data reduction

One of the best ways to investigate the characteristics of
the single-phase flow pressure drop is to analyze the rela-
tionship between the friction factor and the Reynolds num-
ber. The friction factors are calculated and compared to the
theoretically predicted values. The friction factor is given
as the following equation (1):

f ¼ p2 � qf � ðDp=LÞ
8 � _m2

� �
� D5

i ð1Þ

It is valid when the flow is fully-developed in the tube.
Reynolds number, Re, is defined as the following equa-

tion (2):

Re ¼ 4 _m
pDilf

ð2Þ

In the two-phase flow pressure drop test, the Martinelli
parameter and the two-phase frictional multiplier are used
to investigate the characteristics of the two-phase flow



Table 3
Test conditions for the pressure drop tests

Test tube Single-phase flow Two-phase flow

_m (g/h) G (kg/m2 s) Quality

A 110–1210 480, 730, 950 0.10–0.95
B 137–1098 270, 510, 900 0.08–0.84
C 110–1184 140, 270, 470 0.11–0.88
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Fig. 2. The pressure drop per unit length versus Reynolds number. (a)
Test tube A (Di = 0.244 mm); (b) test tube B (Di = 0.430 mm); (c) test tube
C (Di = 0.792 mm).
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pressure drop in the microtubes. The Martinelli parameter,
which is shown in Eq. (3), is the ratio of the pressure drops
of the liquid phase flow and the vapor phase flow.

X 2 ¼ dp
dz

� �
f

dp
dz

� �
g

,
ð3Þ

The two-phase frictional multiplier is defined as Eq. (4).
It is the ratio of the pressure gradients of the two-phase
flow and the liquid phase flow.

/2
f ¼

dp
dz

� �
tp

dp
dz

� �
f

�
ð4Þ

The pressure drops of the liquid phase flow and the vapor
phase flow are expressed as Eqs. (5) and (6), respectively.

� dp
dz

� �
f

¼ 2 � Cf;f � ðG � ð1� xÞÞ2

Di � qf

ð5Þ

� dp
dz

� �
g

¼ 2 � Cf ;g � ðG � xÞ2

Di � qg

ð6Þ

The mass quality at the inlet of the test section is the
same as that at the outlet of the preheater because the inlet
of the test section is the same location as the outlet of the
preheater. The heat provided in the preheater determines
the mass quality at the inlet of the test section. The heat
is supplied by the electricity in the direct heating method
of this study. The refrigerant flowing into the preheater
should be in the subcooled state for the calculation of the
mass quality, but it becomes saturated when entering the
test section. The mass quality at the inlet of the test section
is expressed as Eq. (7).

xt;in ¼
ðV p � IpÞ= _mþ if ;p;in � if ;t;in

ifg;t;in

ð7Þ

The mass quality does not change a lot along the test
section because no heat is provided to the refrigerant flow-
ing in the test section. However, the mass quality at the
inlet of the test section is adjusted by the preheater and it
is used in calculating the Martinelli parameters and the
two-phase multipliers.

The thermophysical properties should be known to cal-
culate the Martinelli parameter, two-phase multiplier,
quality, and etc. REFPROP [13], which is widely used in
calculating the thermophysical properties of refrigerants,
was used.

The uncertainty analysis was done for the experimental
friction factors and two-phase frictional multipliers accord-
ing to the procedures described by Coleman and Steele [14]
and the average uncertainties of the friction factors and the
two-phase frictional multipliers were 4.6% and 8.4%,
respectively.

2.4. Test condition

Table 3 shows the test conditions in this study. For the
single-phase flow pressure drop tests, the ratios of the
length and the inner diameter are all over 500, which con-
firms that the flows in the pressure drop test can be pre-
sumed to be fully developed. The controlling parameter is
the mass flow rate that is varied with the syringe pump 1.

For the two-phase flow pressure drop tests, the mass flux
and the quality were controlled by the syringe pump 1 and
the preheater. Their ranges are listed in Table 3.

3. Experimental results and discussion

3.1. Single-phase flow pressure drop

Fig. 2 shows the pressure drop per unit length versus
Reynolds number in the microtubes, which is named as test
tube A, test tube B, and test tube C, respectively. All the
pressure drop tests have been done under the adiabatic
condition. Therefore, all the data show frictional pressure
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Fig. 3. The friction factors versus the Reynolds numbers for the test tubes
in this study.
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drop. As easily expected, pressure drop per unit length
increases with increasing Reynolds number. It is because
the friction force increases due to the increase of the aver-
age velocity of fluid and the shear stress on the surface.
This phenomenon is exactly the same as in the conven-
tional-sized tubes. In the low Reynolds number region,
the pressure drop increases linearly with the Reynolds
number. At Reynolds number of slightly less than 2000,
however, pressure drop starts to increase sharply, not line-
arly. This means that the flow experiences a transition from
laminar to turbulent flow. Wu and Little [1] carried out an
experimental study with nitrogen in the trapezoidal micro-
channels made of silicon and glass and presented the result
that flow transition occurs at Re � 400. Peng et al. [4]
showed in their study that the transition from laminar flow
to turbulent flow occurs at Re � 700 for Dh > 267 lm.
They explained that the intensity of the velocity fluctuation
due to the inertial force and viscosity required to initiate
the turbulence is smaller than that for the normal flow in
large or macroducts, and any wall effect would easily and
quickly penetrate into the main stream fluid zone and influ-
ence the entire flow. Mala and Li [7] made an experimental
investigation on flow characteristics with water in the circu-
lar microtubes made of silica and stainless steel. They con-
cluded that the experimental results indicated significant
departure of flow characteristics from the predictions by
the conventional theory for microtubes with smaller diam-
eters and there might be an early transition from laminar to
turbulent flow mode at Re > 300–900. They mentioned that
the presence of surface roughness affects the laminar veloc-
ity profile and decreased the transitional Reynolds number.
However, Lee and Lee [12] did not find the early transition
in the single-phase flow pressure drop test with the micro-
channels with a hydraulic diameter of 0.784 mm. Faghri
and Turner [8] investigated the effect of relative surface
roughness in the microchannels made of (100) and (101)
silicon wafer. They fabricated various microchannels hav-
ing different relative surface roughness and tested them
with nitrogen and helium. They could not find a significant
effect of relative surface roughness in the range of e/H from
0.001 to 0.06. Liu and Garimella [10] showed that at
Re � 2000, the experimental results start to deviate from
the laminar predictions, indicating the onset of the transi-
tion. In this study, flow transition is also identified, but
the transition is not as early as in Wu and Little [1], Peng
and Peterson [6], and Mala and Li [7]. The experimental
results show that the flow transition for the test tubes of
the diameter of down to 0.244 mm occurs at Re � 2000
or less. Obot [15] concluded that there is hardly any evi-
dence to support the occurrence of transition to turbulence
for Re < 1000 and the early transition at Reynolds number
as low as 400 in Wu and Little [1] and 700 in Peng et al. [4]
can be ascribed to possible experimental errors.

Friction factors are plotted against Reynolds number
for test tubes A–C in Fig. 3. The trend of the friction fac-
tors versus Reynolds numbers is so much the same as for
the conventional-sized tubes. According to the classical
theory about laminar flow, the product of friction factor
and Reynolds number is 64 for circular tubes. As seen in
Fig. 3, test results are in a good agreement with a classical
theory within an absolute average deviation of 8.9%. As
described in Table 1, there have been controversial results
about whether the conventional theory can predict friction
factors in microtubes. This study supports that the pressure
drop and the friction factors in microtubes of a diameter
down to about 0.2 mm are very well predicted by the con-
ventional theory.

The accuracy of friction factors is entirely dependent on
the measurement of the parameters related to the single-
phase pressure drop test. Eq. (1) shows that the most
important parameter of them is the inner diameter of the
microtube because friction factor is directly proportional
to the inner diameter to the fifth power. It also means that
the error in the measurement of the inner diameter can lead
to the great uncertainty of the friction factor. In spite of its
importance, it is not easy to measure the accurate diameter
for the microtubes or the height and the width of the
microchannels. In this study, the 10 sections for each
microtube have been used for the measurement of the inner
diameter with SEM (scanning electron microscope) which
has a function to measure the diameter, length, etc., and
then the average value of the measured inner diameters
was used for calculating the friction factors.

As seen in Eq. (1), the other parameters are said to be
easier to measure accurately. Therefore, the departure from
the theoretical predictions found in the previous studies is
likely to be due to less accurate measurement of the height
and the width of the microchannels or the diameter for the
microtubes.

3.2. Two-phase flow pressure drop

Fig. 4(a) shows the pressure drop per unit length of the
test tube A versus mass quality. As easily expected, greater
mass quality causes greater pressure drop because mean
specific volume increases with increasing mass quality
and thus the average velocity of refrigerant goes up.
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As seen in Fig. 4(a), the effect of mass flux on the two-
phase flow pressure drop is very significant because mass
flux directly causes the friction force of fluid flow against
tube wall. Eqs. (8) and (9) show the change in mean veloc-
ity on which the pressure drop depends with increasing
mass flux and mass quality. Fig. 4(b) and (c) is the mea-
sured pressure drop data for the test tubes B and C, respec-
tively and their trends are the same as that of the test tube
A.

vm ¼ ð1� xÞ � vf þ x � vg ð8Þ
U m ¼ G � vm ð9Þ

The experimental two-phase pressure drop data were
reduced to the two-phase frictional multipliers and then
compared with several existing correlations. They are the
Table 4
The comparison of the experimental results with the existing correlations

Correlation raa (%)

Test tube A (Di = 0.244 mm) T

Lockhart and Martinelli [16] 182.6 8
Moriyama et al. [17] 255.1 14
Mishima and Hibiki [18] 15.5 2
Lee and Lee [12] 117.4 7
correlations by Lockhart and Martinelli [16], Moriyama
et al. [17], Mishima and Hibiki [18], and Lee and Lee
[12]. There are other correlations to predict the two-phase
flow pressure drop for larger-sized tubes, which are
excluded for comparison with the experimental results in
this study.

The absolute average deviations expressed in Eq. (10)
are tabulated in Table 4.

raa ¼
1

N

XN

k¼1

/2
f ;pred;k � /2

f ;meas;k

/2
f;meas;k

�����
�����

" #
� 100ð%Þ ð10Þ

Table 4 also shows that the deviation increases with
decreasing tube diameter and the Mishima and Hibiki
[18] correlation predicts the experimental data better than
the others. The Mishima and Hibiki [18] correlation was
developed with the circular tubes with an inner diameter
of 1–4 mm. Although Lee and Lee [12] correlation and
Moriyama et al. [17] correlation were developed for rectan-
gular microchannels having smaller hydraulic diameter
than Mishima and Hibiki [18] correlation, they poorly pre-
dict the two-phase frictional multipliers. It means that the
two-phase flow patterns in microcircular tubes are different
from those in rectangular microchannels and the difference
in flow patterns has an influence on the two-phase pressure
drop. Fig. 5 shows the possible liquid film distribution in a
circular microtube and a rectangular microchannel, respec-
tively. Although they have the same hydraulic diameter,
the perimeter of the microchannel is greater than that of
the microtube. If the fluid in the same quality is flowing
at the same velocity, the liquid film thickness should be dif-
ferent because the perimeter is different. The difference in
liquid film distribution can affect two-phase flow pressure
drop as well as two-phase flow heat transfer. Lee and Lee
[12] correlation and Moriyama et al. [17] correlation were
developed for the rectangular microchannels with the low
est tube B (Di = 0.430 mm) Test tube C (Di = 0.792 mm)

2.7 59.0
9.7 136.6
3.0 23.8
6.5 52.4
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aspect ratio of 0.02–0.2 and 0.00023–0.00326, respectively.
It is known that the rectangular channel with the low
aspect ratio less than about 0.45 is subject to higher pres-
sure drop than the circular tube having the same hydraulic
diameter. Therefore, Lee and Lee [12] correlation and Mor-
iyama et al. [17] correlation are likely to overpredict two-
phase flow pressure drop in circular tubes and rectangular
channels with high aspect ratio because they were devel-
oped with rectangular channels having low aspect ratio
of less than 0.2. They fail to predict the two-phase fric-
tional multiplier for the two-phase flow in circular micro-
tubes even if the hydraulic diameter is used in their
correlation.

Although the Mishima and Hibiki [18] correlation pre-
dicts the experimental data better than the others, it has
a specific tendency to underpredict the experimental data
at small Martinelli parameters. As shown in Fig. 6, the
deviation, which is defined in Eq. (11), is greater than
+20% or less than �20% for 46% of the experimental
two-phase frictional multipliers.

d ¼
/2

f ;pred;k � /2
f ;meas;k

/2
f;meas;k

 !
� 100ð%Þ ð11Þ

This means that Mishima and Hibiki [18] correlation also
fails to predict the two-phase frictional multipliers for the
two-phase flow in circular microtubes.

3.3. Two-phase flow pressure drop correlation

Empirical correlations based upon experimental data
are requisites for designing the heat exchangers such as
evaporators and condensers. This cannot be applied only
to heat exchangers, but also to whole thermodynamic sys-
tems. Few correlations which can predict the two-phase
pressure drop in microtubes have been developed until
now. In this study, an experiment-based correlation for
the two-phase flow pressure drop in microtubes is
proposed.
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Fig. 6. The average deviation between the experimental two-phase
frictional multiplier and the two-phase frictional multiplier calculated
with Mishima and Hibiki [18] correlation with the respect to the variation
of the Martinelli parameter.
Several correlations to predict two-phase flow pressure
drop have been developed since Lockhart and Martinelli
[16] first correlated the two-phase frictional multipliers,
/2

f , /2
g, as a function of the parameter X. Some researchers

considered two-phase multipliers independent of mass flux,
and others used two-phase multipliers dependent on mass
flux.

Lockhart and Martinelli [16] showed that the parame-
ters, /2

f , /2
g, can be correlated to the parameter, X, by the

form depicted in Eqs. (12) and (13). The coefficient C in
Eqs. (12) and (13) is determined based on the flows of
liquid phase and vapor phase.

/2
f ¼ 1þ C

X
þ 1

X 2
ð12Þ

/2
g ¼ 1þ C � X þ X 2 ð13Þ

Many correlations have been developed in the form of
Lockhart–Martinelli correlation that related the two-phase
multipliers to Lockhart–Martinelli parameter, X. It is
because the Lockhart–Martinelli type correlation is easier
to develop and use than others.

� dp
dz

� �
tp

¼ � dp
dz

� �
f

þ C �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� dp

dz

� �
f

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� dp

dz

� �
g

s
� dp

dz

� �
g

ð14Þ

As expressed in Eq. (14), Lockhart and Martinelli consid-
ered that the two-phase pressure drop consists of three
terms. The first term on the right-handed side is the pres-
sure drop of the liquid phase. The second is the term that
represents the interaction between the liquid phase and
the vapor phase. The last term is the pressure drop of vapor
phase. Eq. (14) becomes Eq. (12) when it is divided by
–(dp/dz)f.

The Lockhart and Martinelli [16] correlation has a con-
stant C-coefficient which is independent of the flow geom-
etry. It predicts well the two-phase frictional multipliers in
larger-sized tubes. However, the Martinelli correlation did
not consider the interaction factor between the liquid and
the vapor phase. So, it gives satisfactory results about
two the phase pressure drop in many engineering problems,
but may fail in the flow through the microchannels like in
this study. However, the Martinelli correlation method
gives a very good guideline for developing a new correla-
tion for the two-phase pressure drop. Moriyama et al.
[17] correlation showed that Lockhart–Martinelli type cor-
relation with C = 0 fitted well with their experimental data
and considered the liquid Reynolds number in their corre-
lation. Mishima and Hibiki [18] correlation considers the
effect of hydraulic diameter only on C-coefficient and
neglects the flow velocity or surface tension which is known
to be a dominant parameter in microgeometries. However,
it predicts the experimental data in this study better than
the other correlations because it was developed for circular
tubes. Lee and Lee [12] developed the correlation that con-
siders the flow velocity, surface tension, and channel



Table 5
C0, C1, C2, and C3 of C-coefficient in Eq. (17)

Parameter Value

C0 0.227
C1 0.452
C2 �0.320
C3 �0.820
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Fig. 8. The comparison of the calculated two-phase frictional multipliers
with the experimental two-phase frictional multipliers.
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geometry. Although it considers nearly all parameters that
influence the two-phase pressure drop, it predicts the exper-
imental data well for rectangular channels, not for circular
tubes. Their smallest test channel is 0.4 mm in height and
4–20 mm in width, where its smallest hydraulic diameter
is 0.784 mm.

It is better that a new correlation will consider reason-
able number of parameters related to the two-phase flow
pressure drop in microgeometries. The first parameter con-
sidered is surface tension. The surface tension effect is dom-
inant in small or microchannels when the Laplace constant
(LC, Eq. (15)) is greater than the hydraulic diameter. The
diameters of the microtubes adopted in this study are
greater than the Laplace constant. Therefore, the confine-
ment number (Nconf, Eq. (16)), which was first defined by
Kew and Cornwell [19], is included in a newly-developed
correlation.

LC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqf � qgÞ

r
ð15Þ

N conf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqf � qgÞ

r ,
Di ð16Þ

It can consider increasing surface tension effect in micro-
geometries and the change of the tube diameter for the
two-phase flow pressure drop.

The second parameter is the Reynolds number. Fig. 7
shows the dependence of the liquid-only Reynolds number,
which is denoted by ReLo, on two-phase frictional multipli-
ers. C in the ordinate axis is the value which makes the cor-
relation satisfy the experimental results in Eq. (12), and X

in the abscissa is the Martinelli parameter. Fig. 7 shows
that C-coefficient is not constant but changes with respect
to the variation of ReLo and X. Therefore, ReLo and X

should be included in the new correlation.
C-coefficient is newly defined in the form of Eq. (17). It

considers the dominant parameters of ReLo, X, and Nconf.

C ¼ C0 � ðReLoÞC1 � X C2 � ðN confÞC3 ð17Þ
The constants of C0, C1, C2, and C3 were calculated using
the least error square method and are listed in Table 5. As
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Fig. 7. The coefficient C versus Martinelli parameter for the test tubes in
this study.
shown in Fig. 8, the newly developed correlation predicts
the experimental data quite well within an absolute average
deviation of 8.1%.

4. Conclusions

In this study, the characteristics about the pressure drop
of the single-phase flow and the two-phase flow in the
microtubes with the diameter from 0.244 mm to
0.792 mm have been investigated and the findings are as
follows.

(1) Early flow transition which has been reported in sev-
eral previous studies is not found in this study. The
onset of flow transition occurs at the Reynolds num-
ber of slightly less than 2000. Although there has
been a controversy about whether the conventional
theory about friction factor underpredicts the experi-
mental data or overpredicts the experimental data, it
generally predicts well the experimental data in this
study.

(2) The two-phase flow pressure drop increases with
increasing quality, increasing mass flux, and decreas-
ing inner diameter. However, the existing correlations
predict poorly the experimental data because the sur-
face tension effect is not normally considered, which
is truly dominant in microtubes unlike conventional
tubes. The previous correlations developed with the
microchannels predict poorly the experimental data
measured with the microtubes even though hydraulic
diameter is used.
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(3) A new correlation to predict the two-phase flow fric-
tional pressure drop is developed in the form of the
Lockhart–Martinelli correlation. The parameters
influencing on the two-phase flow frictional pressure
drop in microtubes are included in the newly-deve-
loped correlation, which are the liquid-only Reynolds
number, Martinelli parameter, and the confinement
number. The new correlation predicts the experimen-
tal data within an absolute average deviation of 8.1%.
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