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ABSTRACT: This paper reviews the studies on the pressure drop and the heat transfer in
microchannels. Although a lot of studies about the single-phase flow have been done until
now, conflicting results are occasionally reported about flow transition from laminar flow to
turbulent flow, friction factor, and Nusselt number. Some studies reported the early flow tran-
sition due to relatively greater wall effect like surface roughness, but the other studies showed
that the flow transition occurred at the Reynolds number of about 2300 and the early flow
transition might be due to less accurate measurement of the channel geometry. Also, there
have been arguments whether the conventional relation based upon continuum theory can be
applied to the fluid flow and the heat transfer in microchannels without modification or not.
The studies about the two-phase flow in microchannels have been mostly about investigating
the flow pattern and the pressure drop in rectangular channels using two-component, two-
phase flow like air/water mixture. Some studies proposed correlations to predict two-phase
flow pressure drop in microchannels. They were mostly based on Lockhart-Martinelli model
with modification on C -coefficient, which was dependent on channel geometry, Reynolds
number, surface tension, and so on. Others investigated the characteristics of flow boiling heat
transfer in microchannels with respect to test parameters such as mass flux, heat flux, sys-
tem pressure, and so on. The existing studies have not been fully satisfactory in providing
consistent results about the pressure drop and the heat transfer in microchannels. Therefore,
more in-depth studies should be done for understanding the fundamentals of the transport
phenomena in the microchannels and giving the basic guidelines to design the micro devices.
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1. Introduction

The maximum heat transfer rate, minimum
pumping power, and the minimum manufac-
turing cost have been the most important con-
siderations when the heat exchanger is de-
signed. In the past, the third objective has
forced thermal system design in the direction
of high-turbulence heat exchangers to take ad-
vantage of the high heat transfer coefficient
associated with turbulent flow."”

However, the great pumping power can be
unavoidable to the high-turbulence heat ex-
changers. The vibration generated by the tur-
bulence can shorten the life of the heat ex-
changer. Bejanm showed that the non-turbu-
lence and the minimum temperature difference
can give high efficiency to the heat exchangers.
The non-turbulence means the laminar flow
regime and it can lead to the low level of vi-
bration. The compact heat exchangers having
the micro-sized flow passages can be one of
the good alternatives to the conventional heat
exchangers.

A lot of attention has been paid to the
transport phenomena in the micro geometries
because they have a variety of advanced ap-
plications in the micro-electro-mechanical sys-
tems (MEMS), electronic cooling systems, bio-
engineering, and others. The application of mi-
croelectronics has created an entirely new re-
search area. The evolution of ink-jet printing
can be a good example. It showed that the
boiling heat transfer is a very important phe-
nomenon in micro head of ink-jet printer.(S) In
spite of the brilliant development of micro fab-
rication, the transport phenomenon in the micro
geometries is still one of the unexplored fields
in engineering because of the many difficulties
in the experiments and the analyses.

The studies on the pressure drop and the
heat transfer in the microchannels should be
requisites for understanding the fundamentals
of the transport phenomena in the microchan-

nels and they can give the basic guidelines to
design the micro devices. A lot of studies have
been recently done in order to investigate the
characteristics of the pressure drop and the
heat transfer in the microchannels. Therefore,
this paper has objectives to review the pre-
vious studies about pressure drop and heat
transfer in microchannels and summarize the
up-to-date research trend about them.

2. Single-phase flow in microchannels

A lot of the existing studies have addressed
the singe-phase flow in microchannels. Table 1
is the summary of the studies on the single-
phase flow pressure drop and the single-phase
flow heat transfer in the microchannels.

2.1 Pressure drop

Wu and Little” tested the trapezoidal chan-
nels using nitrogen. They showed that the fric-
tion factors for glass channels were three to
five times greater than the predicted values and
flow transition occurred at Re=400. Pfahler et
al.® found that the friction factors were small-
er than predicted values and increased with in-
creasing Reynolds number. Choi et al® tested
the various circular tubes using nitrogen and
found that the friction coefficient was 53 and
the Colburn analogy was not valid for the mi-
crotubes they tested. Peng et al"™® showed that
the flow transition occurred at Re=200~700
and the transition Reynolds number decreased
with decreasing hydraulic diameter. Arkilic et
al® performed 2-D analysis with slip bound-
ary condition with helium and gave the rela-
tionship between the flow rate and the pres-
sure based on the slip flow boundary condition.
Yu et al."? tested three kinds of the silica mi-
crotubes and proposed the correlations for each
4D tested the
microchannels using the water/methanol mix-
tures. They showed that the transition oc-

flow regime. Peng and Peterson
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Table 1 Summary of the previous studies on the single-phase flow pressure drop and the single-
phase flow heat transfer in the microchannels

Investigators Geometry Dimension Fluid
Tuckerman? Rectangular channel W=50 gm, H=300 ym H0"
Wu and Little®”” | Trapezoidal channel | W=130~300 um, H=30~60 #m NP
Pfahler et al.® Rectangular channel A, =80~7200 pgm” # —propanol®
Choi et al.® Circular tube D,=3~81 um NP
Wang and Peng® | Rectangular channel W=0.2~08mm, H=07mm H,0, CH:0H™
Peng et al.™® Rectangular channel | W=02,0.3,04 mm, H=0.1,0.2,0.3 mm H,0%H
Arkilic et al.? Rectangular channel W=5225um, H=133um He®
Peng and Peterson' %% Rectangular channel W=02~08mm, H=0.7mm Hy0, CH30H(P'H)
Yu et al."? Circular tube D,=19~102 um Nz, H,0®
Peng and Peterson” Rectangular channel W=01~04mm, H=02, 0.3mm |H0, CH3OH®®
Adams et al.?” Circular tube D,=0.10~1.09 mm H0®
Harms et al.® Rectangular channel| W=25.00,0.251 mm, H=1.00,1.03 mm H.0%
Mala and Li®® Circular tube D, =50~254 pm H,0®
Faghri and Turner™ |Rectangular channel D,=4~100 gm He®H
Tu and Hrnjak"® | Rectangular channel D,=695~304.7 um R134a"
Lee and Garimella™ |Rectangular channel D, =318~903 um H,0®W
Hwang and Kim™® Circular tube D, =244~792 ym R-134a"

P: pressure drop, H: heat transfer

curred at Re=70~400 and the fully developed
turbulent heat transfer was achieved at Re=
200~700. Mala and Li™® investigated the effect
of the surface roughness on the single-phase
flow pressure drop using the microtubes made
of stainless steel and fused silica. They con-
cluded that the friction factors were greater
than those predicted by the conventional theory,
and the fused silica microtube required greater
pressure drop than the stainless steel tube.

a3 gave the experimental

Faghri and Turner
results for the gas flow in the rectangular
channels made of silicon wafers. They showed
that the friction factors agreed closely with the
theoretical values and there was no significant
effect outside the bounds of uncertainty on the
friction factors. Tu and Hrnjak(w tested the
several microchannels and concluded that when
the channel surface roughness was low, even

for the smallest channel tested, the laminar

friction factor and the critical Reynolds number
approached the conventional values. Lee and
Garimella"® showed that at Re=2000, the ex-
perimental results start to deviate from the
laminar predictions, indicating the onset of the
transition. Hwang and Kim“® tested three kinds
of microtubes with an inner diameter of 0.244
mm, 0.430 mm, and 0.792 mm, respectively. They
showed that the early flow transition was not
found in microtubes.

There have been a lot of studies on the
single-phase flow pressure drop and the single-
phase flow heat transfer, but the results are
different among them in presenting the transi-
tion Reynolds number and the friction factor.
Some studies showed that the friction factors
were greater than the values predicted by the
but others showed that
they were smaller. The others gave the result

conventional theory,

that the friction factor satisfactorily agrees with
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the conventional theory.

Wu and Little” carried out an experimental
study with nitrogen in the trapezoidal micro-
channels made of silicon and glass and pres—
ented the result that flow transition occurrs at
Re=400. Peng et al” showed in their study
that the transition from laminar flow to tur-
bulent flow occurs at Re=700 for D, >267 um.
They explained that the intensity of the veloc—
ity fluctuation due to the inertial force and
viscosity required to initiate the turbulence is
smaller than that for the normal flow in large
or macro ducts, and any wall effect would
easily and quickly penetrate into the main
stream fluid zone and influence the entire flow.
Mala and Li*® performed an experimental in-
vestigation on flow characteristics with water
in the circular microtubes made of silica and
stainless steel. They gave the results that the
experimental data showed a significant depar—
ture regarding the flow characteristics from the
predictions of the conventional theory for micro—
tubes with smaller diameters 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 velocity profile and decreased the
transitional Reynolds number.

However, Lee and Lee"” did not find the
early transition in the single-phase flow pres—
sure drop test with the microchannels with a
hydraulic diameter of 0.784 mm. Lee and Gari-
mella® showed that the flow transition was
not so early as in Wu and Little,“” Peng et
al.,m and Mala and Li"? Obot™ concluded
that there is hardly any evidence 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”?

700 in Peng et al.” can be ascribed to possible
a8

and
experimental errors. Hwang and Kim also
could not find the early flow transition at Re<
1000. They showed that the flow transition at
least down to the diameter of 0.244 mm occurs
at Re=2000 or less like the conventional tubes.

There have been controversial results about
whether the conventional theory can predict
friction factors in microtubes. Wu and Little”
showed that the friction factors for glass chan-
nels were 3 to 5 times larger than smooth-
pipe prediction. Pfahler et al.® concluded that
the product of friction factor and Reynolds
number ranges from 73% to 105% of theo-
retical values for isopropanol and silicon oil
and from 81% to 98% for nitrogen and helium.
Choi et al.® showed that friction factors were

Table 2 The conflicting results between the existing studies about the friction factor of the single-

phase flow

Investigator

f >ftheory

fgftheory f <ftheory

Wu and Little” v
Pfahler et al.®
Choi et al.®
Peng et al?
Yu et al"?
Peng and Peterson
Mala and Li"?
Faghri and Turner

Tu and Hmjak(w
(15)

an

(13)

b UL U N

Lee and Garimelia
Hwang and Kim"®
Lee and Lee™

V4

LA

LN L
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smaller than those from the conventional fluid
theory and the product of friction factor and
Reynolds number was 53, instead 64. Peng et
al” also gave the result that friction factors
were greater than the predicted values but the
product of friction factor and Reynolds number
was not constant with increasing Reynolds
number. Mala and Li"? showed that measured
friction factors were greater than the values
from the classical theory. They mentioned that
the relative surface roughness might mainly
cause larger friction factors of microtubes.

However, Faghri and Turner'™ found through
their experimental results that there was a close
agreement between the measured friction fac-
tors and the theoretical values and the friction
factors of gas flow were dependent on Mach
number and Knusden number as well as Rey-
nolds number. They gave a different result that
for the range of relative surface roughness
0.001< e/H <0.06, there was no significant ef-
fect outside the bounds of uncertainty on the
friction factor for laminar flow. Hwang and
Kim"® showed in their experimental tests that
the conventional theory can expect the friction
factors well within an absolute average devia-
tion of 8.1%. They concluded that the conflic-
ting results about the friction factors are likely
to be due to the less accurate measurement of
the geometries of the microchannels and ex-
perimental errors. Although many studies have
been done as explained, there still exist con-
flicting results.

2.2 Heat transfer

The studies until the mid-1990s showed that
the classical theory can not predict the heat
transfer coefficients in micro geometries, but
the many recent studies had the different con-
clusion that it can reasonably predict the heat
transfer coefficients in micro geometries. It is
true that there are conflicting results among
the researchers.

Tuckerman™ first introduced a microchannel
heat sink. He tested the rectangular channels
using water as a test fluid and showed that
the electronic devices can be effectively cooled
with the water flow in the microchannels fab-
ricated on themselves. Wu and Little® did a
heat transfer test and gave a correlation for
Nusselt number in the turbulent regime. Choi
et al® measured the Nusselt numbers of the
nitrogen gas flow in the microtubes of which
inner diameters are less than 80 gm. They found
that the measured heat transfer coefficients in
laminar flow were smaller than the theoretical-
ly predicted heat transfer coefficients and were

L7 Wang and Peng(zn

proportional to the Re
tested the multi-microchannels with the width
of 0.2mm to 0.8 mm and the height of 0.7 mm.
They found that the heat transfer in laminar
flow was highly affected by the liquid velocity,
liquid temperature, and the microchannel size
and the turbulent convection started at Re=
1000~1500. Peng et al® tested the rectangular
microchannels having the hydraulic diameters
of 0.133mm to 0.367 mm. They showed that
measured Nusselt numbers of water flow were
smaller than the predicted Nusselt numbers and
were proportional to Re™®. Also, they found
that the laminar heat transfer ceased at the
Reynolds number of 400 to 1500. Peng and
Peterson‘® investigated the effect of the ther-
mophysical properties and the geometry on the
heat transfer. They found that the flow tran-
sition and the heat transfer were influenced by
the liquid temperature, liquid velocity, Reynolds
number, and the channel dimension. Peng and
Peterson™ carried out a test on the single-
phase flow heat transfer and proposed the cor-
relations for the microchannels. Adams et al.*"
studied on the turbulent, single-phase flow heat
transfer with the circular tubes. Their experi-
mental results showed that the Nusselt num-
bers for the microchannels were greater than
those predicted with the theoretical correlation.
They also proposed the correlation to predict
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the turbulent heat transfer.

Some of the recent studies gave the different
results about the heat transfer in microchan-
nels. Harms et al® investigated the single-
phase heat transfer of the deionized water in
deep rectangular microchannels. They found that
the experimentally obtained local Nusselt num-
bers agree reasonably well with classical theory.
Sobhan and Garimella®
study on the existing studies and reached a

did a comparative

conclusion that there is no evidence that con-
tinuum assumptions are violated for the micro-
channels. They added that the discrepancies
between the existing studies may be due to
entrance and exit effects, nonuniformity of the
channel dimensions, and the uncertainties and
the errors in the instruments. Lee and Gari-
19 tested the five microchannels with the
hydraulic diameters ranging 0.318 to 0.903 mm.
They found that the heat transfer in the mi-
crochannels is satisfactorily predicted with a

mella

classical continuum approach.

- The literature review of the pressure drop
and the heat transfer of single-phase flow
shows that the existing studies could not give
consistent results. Therefore, it is strongly re-
commended that in-depth studies should be
done to understand the fundamental phenomena
in microchannels.

3. Two—-phase flow in microchannels

Most of the existing studies have mainly fo-
cused on the single-phase flow. There have
been only a few studies on two-phase flow
pressure drop and heat transfer in microchan-
nels. Table 3 is the summary of the previous
studies addressing the two-phase flow pressure
drop and the two-phase flow heat transfer in
microchannels and microtubes.

3.1 Pressure drop

1.(27)

Moriyama et al performed an experimental

study on the two-phase flow pressure drop in
microchannels with the height of 5 to 100 um
with N2~R113 mixture flow, and found that the
two~phase multipliers were smaller for the mi-
crochannels. They showed that Lockhart and
Martinelli'® equation with the coefficient C=0
gave a good agreement with the experimental
values. Mishima and Hibiki® tested various
circular tubes with an inner diameter ranging
from 1mm to 4mm using air/water mixture,
and proposed the correlation to predict the two-
phase flow pressure drop and showed that C-
coefficient was dependent on the hydraulic di-
ameter only. Lee and Lee™
perimental study on the two-phase flow pres—
sure drop in the horizontal rectangular chan-
nels of which height ranged from 0.4 to 4 mm
while the channel width was fixed at 20 mm.
They proposed the Lockhart-Martinelli type cor-

relation with the modification on parameter C.

carried out an ex-

3.2 Flow visualization

Triplett et al.®® visualized the flow pat-
terns in the microtubes and the microchannels.
They found that the bubbly, churn, slug, slug-
annular, and the annular flow patterns were
observed, and the existing models overpredict—
ed the void fraction and the pressure drop.
Coleman and Garimella®™ also did a visualiza-
tion test for the microchannels. The surface
tension, hydraulic diameter, and the aspect ra-
tio affected the flow patterns of the two-phase
flow in the microchannels. Kawahara et al.®®
investigated the flow pattern, void fraction, and
pressure drop in the circular tube. They found
that the bubbly flow and the churn flow were
not observed and void fraction remained low
even at high gas flow rates. Serizawa et al®
visualized the two-phase flows in the circular
tubes using a microscope and showed the sev-
eral distinctive flow patterns.
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Table 3 Summary of the previous studies on the two-phase flow pressure drop and the two-

phase flow heat transfer in the microchannels

Investigators Geometry Dimension Fluid Test ranges
. Rectangular W=30 mm ® Ug:01~70m/s
M t 2l @ _11nP
oriyama et a channel H=7~98 ym Nz/R-113 U, - 0.002~0.43 m/s
(35) Rectangular W=0.6 mm ) AT - 40~70C
Peng and Wang channel H=0.7 mm H:0 v 15~40m/s
Bowers and . _ 1 1a0D ¢ :0~200 W/em?®
Mudawar® Circular tube D,=2450, 510 um R-113 Q: 0~95 ml/min
Mishima and . 1 . @ | Ug:0.089%6~79.3m/s
Hibiki® Circular tube Dy=1~4mm Air/H,0 U, :00116~167 m/s
. . Rectangular W=270 gm a g’ :0~70 W/em®
Ra rurajan®" R-124
vigurira) channel H=1000 ¢2m Q: 35~300 ml/min
X (3031) Circular tube/ Dh = 11, 1.45 mm . ®) UG :0.02~80.0 I'II/S
Triplett et al. triangular channel | D,=109, 149 mm | 27/H0 U, :0.02~80 m/s
Coleman and Circular tube/ —1a_ . ® Ug:0.1~100.0 m/s
Garimella® rectangular channel Dy=13~55mm | Air/H:0 U :0.01~100m/s
Air/water™ Ug:0.05~18:7m/s
Lee and Lee™ Rectangular W=20 mm U:0.03~239m/s
channel H=04~4mm R-113® G 50~200 kg/m’s
¢’ :0~15kW/m’
U;:01~60.0
Kawahara et al.*® Circular tube D,=100 ym Ny/H,0® Uji 0.02~40 ://:
Ug:0.0012~2953 m/s
. (30 : = : (P) G
. Circul D;,=20~100
Serizawa et al ircular tube b pm | Air/H:0 U, :0.003~17.52 m/s
. - 2
Hwang and Kim® Circular tube D,=244~792 pm | R-134a"% G'”l40 90 kg/mzs
g’ :5~40kW/m

P: pressure drop, H: heat transfer

3.3 Heat transfer

Peng and Wang(35) tested the single-phase

flow heat transfer and the boiling heat trans-
fer, and concluded that the heat flux for the
microchannels was greater than that for the
conventional-sized tubes and the nucleate boil-
ing was intensified. Bowers and Mudawar®®
tested the multitubes and showed that micro-
channel ( D, =510 #um) had greater CHF than
the minichannel ( D, =2450 yum) by 28% at the
flow rate of 64 ml/min. 8D tested
the parallel pattern microchannel and the dia-
mond pattern microchannel. He found that the

Ravigururajan

mass quality, mass flux, and the heat flux af-
fected the flow boiling heat transfer of R-124.
Also, he showed that the heat transfer coeffi-
cient decreased from a value of 12kW/m’K to
9kW/m’K at 80T when the wall superheat is
increased from 10 to 80°C.

Lee and Lee™ studied the two-phase flow
heat transfer for the rectangular channels using
R-113. They found that the effect of the heat
flux on the heat transfer appeared to be minor
and proposed the new heat transfer correlation.

39) .
¢ performed an experimental

Hwang and Kim
study on the flow boiling heat transfer in sin-

gle microtubes with an inner diameter of 0.244,
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0.430, and 0.792 mm, respectively. They showed
that the existing correlations like Gungor and
Winterton, “” Jung et al.,(‘m Kandlikar,“m Kew
and Cornwell,(43) Shah,(m and Tran et al®
failed to predict the two-phase flow heat trans—
fer coefficients in microtubes because the ex-
isting correlations did not consider the laminar
heat transfer of the liquid-phase flow and in-
creasing surface tension effect in micro ge-
ometries. They proposed a new correlation to
predict two-phase flow heat transfer coeffi-
cients in microtubes in the form of the en-
hancement model.

Although some studies about the two-phase
flow in microchannels have been done wuntil
now, they are mostly about the pressure drop
of two-phase flow for two-component mixture.
More studies should be done to investigate the
fundamentals of pressure drop and heat trans-
fer mechanism of two-phase flow which ex-
periences phase-change.

4. Conclusions

Micro fabrication enables us to manufacture
the micro thermal systems as well as the flow
channels ranging from a few micro meters to
a few hundred micro meters. A lot of studies
have been done for the fundamental under—
standing about the transport phenomena in mi-
cro geometries. However, they are not so suc-
cessful in providing consistent results about the
pressure drop and the heat transfer in micro-
channels: Does the flow transition occur earlier
in microchannels? Can the conventional theory
be applied to get the friction factor and the
Nusselt number of the fluid flow in micro-
channel? The studies about the two-phase flow
in microchannels are mostly about the flow
patterns and the pressure drop in rectangular
channels using two-component, two-phase flow
like air/water mixture. They proposed correla-
tions to predict two-phase flow pressure drop
in microchannels. A few studies have inves-

tigated the characteristics of flow-boiling in mi-
crochannels in spite of the inherent experimen-
tal difficulties. Therefore, more studies should be
done in the future to understand the transport
phenomena In microchannels and to give the
basic guidelines in designing the micro devices.

Acknowledgement

This work was supported by the Micro Ther-
mal System Research Center of Seoul National
University.

References

1. Doty, F.D., Hosford, G., Spitzmesser, J.B,,
and Jones, J.D., 1991, The microtube strip
heat exchanger, Heat Transfer Engineering,
Vol. 12, No. 3, pp. 31-41.

2. Bejan, A., 1982, Second-law analysis in heat
transfer and thermal design, Advances in
Heat Transfer, Vol. 15, pp. 1-58.

3. Kandlikar, S.G., 2002, Fundamental issues
related to flow boiling in minichannels and
microchannels, Experimental Thermal and
Fluid Science, Vol. 26, pp. 389-407.

4. Wu, P. and Little, W. A., 1983, Measurement
of friction factors for the flow of gases in
very fine channels used for microminiature
Joule-Thomson refrigerators, Cryogenics, Vol.
23, pp. 273-277.

5. Pfahler, J., Harley, ., Bau, H.H. and Zemel,
J., 1990, Liquid transport in micron and
submicron channels, J. Sensors and Actua-
tors, Vol. 21, pp. 431-434.

6. Choi, S.B., Barron, R.F. and Warrington, R.
0., 1991, Fluid flow and heat transfer in
microtubes, Micromechanical Sensors, Actua-
tors, and Systems, DSC-Vol. 32, pp. 123-134.

7. Peng, X.F., Peterson, G.P. and Wang, B.X,,
1994, Frictional flow characteristics of water
flowing through rectangular microchannels,
Experimental Heat Trans., Vol. 7, pp. 249-264.

8. Peng, X.F., Peterson, G.P. and Wang, B. X,



The Review of Studies on Pressure Drop and Heat Transfer in Microchannels 59

1994, Heat transfer characteristics of water
flowing through microchannels, Experimental
Heat Transfer, Vol. 7, pp. 265-283.

9. Arkilic, E.B., Breuer, K. S. and Schmidt, M.
A. 1994, Gaseous flow in microchannels,
Application of Microfabrication to Fluid Me-
chanics, ASME FED-Vol. 197, pp. 57-64.

10. Yu, D., Warrington, R., Barron, R. and Ameel,
T., 1995, An experimental and theoretical
investigation of fluid flow and heat transfer
in microtubes, ASME/JSME Thermal Eng.
Conf., Vol. 1, pp. 523-530.

11. Peng, X.F. and Peterson, G.P., 1996, Forced
convection heat transfer of single-phase bi-
nary mixtures through microchannels, Ex-
perimental Thermal and Fluid Science, Vol
12, pp. 98-104.

12.Mala, G.M. and Li, D., 1999, Flow char-
acteristics of water in microtubes, Int. J.
Heat and Fluid Flow, Vol. 20, pp. 142-148.

13. Faghri, M. and Turner, S.E,, 2003, Gas flow
and heat transfer in microchannels, Proc. of
SAREK Summer Annual Conference, June
2-4, Muju, Korea, pp. 542-550.

14. Tu, X. and Hrnjak, P., 2003, Experimental
investigation of single-phase flow pressure
drop through rectangular microchannels, Ist
International Conference on Microchannels
and Minichannels, April 24-25, 2003, Ro-
chester, New York, USA.

15.Lee, P.-S. and Garimella, S.V., 2003, Ex-
perimental investigation of heat transfer in
microchannels, Proc. of HT2003 ASME Sum-
mer Heat Transfer Conference, July 21-23,
2003, Las Vegas, Nevada, USA, Paper No.
HT2003-47293.

16. Hwang, Y. W. and Kim, M. S., 2004, A study
on the pressure drop characteristics in mi-
crotubes, Proceedings of SAREK Summer
Annual Conference, June 23-25, Pyeong-
chang, Korea, Vol. 1, pp. 42-47.

17.1ee, H.]. and Lee, S.Y., 2001, Pressure drop
correlations for two-phase flow within hori-
zontal rectangular channels with small heights,

Int. J. Multiphase Flow, Vol. 27, pp. 783-79.

18. Obot, N.T., 2002, Toward a better under-
standing of friction and heat/mass transfer
in microchannels; A literature review, Mi-
croscale Thermophysical Engineering, Vol. 6,
pp. 155-173.

19. Tuckerman, D. B., 1984, Heat transfer micro-
structures for integrated circuits, Ph. D. dis-
sertation, Department of Electrical Engineer-
ing, Stanford Unversity, Stanford, CA, USA.

20. Wu, P. and Little, W. A., 1984, Measurement
of the heat transfer characteristics of gas
flow in fine channel heat exchangers used
of microminiature refrigerators, Cryogenics,
Vol. 24, pp. 415-420.

21. Wang, B.X. and Peng, X.F, 1994, Experi-
mental investigation on liquid forced convec-
tion heat transfer through microchannels, Int.
J. Heat Mass Transfer, Vol. 37, pp. 73-82.

22.Peng, X.F. and Peterson, G.P., 1995, The
effect of thermofluid and geometrical pa-
rameters on convection of liquids through
rectangular microchannels, Int. J. Heat Mass
Transfer, Vol. 38, pp. 755-758.

23. Peng, X. F. and Peterson, G. P., 1996, Convec-
tive heat transfer and flow friction for wa-
ter flow in microchannel structures, Int. J.
Heat Mass Transfer, Vol. 39, pp. 2599-2608.

24. Adams, T.M., Abdel-khalik, S.1., Jeter, S. M.
and Qureshi, Z.H., 1998, An experimental
investigation of single-phase forced convec-
tion in microchannels, Int. J. Heat Mass
Transfer, Vol. 41, pp. 851-857.

25. Harms, T. M., Kamierczak, M. ]J. and Gerner,
F. M, 1999, Developing convective heat trans—
fer in deep rectangular microchannels, Int. J.
Heat and Fluid Flow, Vol. 20, pp. 149-157.

26. Sobhan, C.B. and Garimella, S.V., 2001, A
comparative analysis of studies on heat trans-
fer and fluid flow in microchannels, Micro-
scale Thermophysical Engineering, Vol. 5, pp.
293-311.

27. Moriyama, K., Inoue, A. and Ohira, H., 1992,
The thermohydraulic characteristics of two-



60 Yun Wook Hwang, Min Soo Kim

phase flow in extremely narrow channels (the
frictional pressure drop and voidfraction of
adiabatic two-component two-phase flow),
Trans. JSME (Ser. B), Vol. 58, pp. 401-407.

28. Lockhart, R. W. and Martinelli, R.C., 1949,
Proposed correlation of data for isothermal
two-phase two-component flow in pipes,
Chem. Eng. Prog., Vol. 45, p. 39.

29. Mishima, K. and Hibiki, T., 1996, Some
characteristics of air-water two-phase flow
in small diameter vertical tubes, Int. J.
Multiphase Flow, Vol. 22, No. 4, pp. 703-712.

30. Triplett, K. A., Ghiaasiaan, S.M., Abdel-
Khalik, S.I. and Sadowski, D.L., 1999, Gas -
liquid two-phase flow in microchannels, Part
I. Two-phase flow patterns, Int. J. Multi-
phase Flow, Vol. 25, No. 3, pp. 377-394.

31. Triplett, K. A., Ghiaasiaan, S.M. Abdel-
Khalik, S.I, LeMouel, A. and McCord, B. N,
1999, Gas - liquid two-phase flow in micro-
channels, Part II: Void fraction and pressure
drop, Int. J. Multiphase Flow, Vol. 25, No. 3,
pp. 395-410.

32. Coleman, J. W. and Garimella, S., 1999, Char-
acterization of two-phase flow patterns in
small diameter round and rectangulg{ tubes,
Int. J. Heat Mass Transfer, Vol. 42, p}i 2869~
2881.

33. Kawahara, A., Chung, P. M. and Kawaji, M.,
2002, Investigation of two-phase flow pat-
tern and pressure drop in a microchannel,
Int. J. Multiphase Flow, Vol 28, pp. 1411-
1435.

34. Serizawa, A., Feng, Z. and Kawara, Z., 2002,
Two-phase flow in microchannels, Experi-
mental Thermal and Fluid Science, Vol. 26,
pp. 703-714.

35.Peng, X.F. and Wang, B.X, 1993, Forced
convection and flow boiling heat transfer for
liquid flowing through microchannels, Int. J.
Heat Mass Transfer, Vol. 36, No. 14, pp. 3421-
3427.

36. Mudawar, 1. and Bowers, M. B., 1994, High
flux boiling in low flow rate, low pressure

drop mini-channel and micro-channel heat
sinks, Int. J. Heat Mass Transfer, Vol. 37,
No. 2, pp. 321-332.

37. Ravigururajan, T.S., 1998, Impact of channel
geometry on two-phase flow heat transfer
characteristics of refrigerants in microchan—
nel heat exchangers, J. Heat Transfer, Vol.
120, pp. 485-491.

38.Lee, H.J. and Lee, S.Y., 2001, Heat transfer
correlation for boiling flows in small rec-
tangular horizontal channels with low aspect
ratios, Int. J. Multiphase Flow, Vol 27, pp.
2043-2062.

39.Hwang, Y. W. and Kim, M. S., 2004, Two-
phase flow heat transfer in microtubes, In-
ternational Symposium on Micro/Nanoscale
Energy Conversion & Transport 2004, Seoul,
Korea, Vol. 1, pp. 178-179.

40. Gungor, K. E. and Winterton, R.H. S., 1987,
Simplified general correlation for saturated
flow boiling and comparisons of correlations
with data, Chem. Eng. Res. Des., Vol. 65, pp.
148-156.

4]1. Jung, D.S., McLinden, M., Radermacher, R.
and Didion, D., 1989, Horizontal flow boiling
heat transfer experiments with a mixture of
R22/114, Int. J. Heat Mass Transfer, Vol. 32,
No. 1, pp. 131-145.

42. Kandlikar, S.G., 1990, A general correlation
for saturated two-phase flow boiling heat
transfer inside horizontal and vertical tubes,
J. Heat Transfer, Vol. 112, pp. 219-228.

43.Kew, P. A. and Cornwel], K., 1997, Correla-
tions for the prediction of boiling heat trans-
fer in small-diameter channels, Applied ther-
mal Engineering, Vol. 17, No. 8, pp. 705-715.

44, Shah, M. M., 1976, A new correlation for heat
transfer during boiling flow through pipes,
ASHRAE Trans.,, Vol.88, Part 1, No. 2673,
pp. 185-196.

45, Tran, T.N., Wambsganss, M. W. and France,
D. M., 1996, Small circular- and rectangular-
channel boiling with two refrigerants, Int. J.
Multiphase Flow, Vol. 22, No. 3, pp. 485-498.



