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The main objective of the present investigation is to study heat transfer in parallel micro-channels of
0.1 mm in size. Comparison of the results of this study to the ones obtained for two-phase flow in “con-
ventional” size channels provides information on the complex phenomena associated with heat transfer
in micro-channel heat sinks. Two-phase flow in parallel micro-channels, feeding from a common mani-
fold shows that different flow patterns occur simultaneously in the different micro-channels: liquid alone

Keywords: ‘ (or single-phase flow), bubbly flow, slug flow, and annular flow (gas core with a thin liquid film, and a gas
g::-tl_igi?ds er core with a thick liquid film). Although the gas core may occupy almost the entire cross-section of the

triangular channel, making the side walls partially dry, the liquid phase always remained continuous
due to the liquid, which is drawn into the triangular corners by surface tension. With increasing super-
ficial gas velocity, a gas core with a thin liquid film is observed. The visual observation showed that as the
air velocity increased, the liquid droplets entrained in the gas core disappeared such that the flow became
annular. The probability of appearance of different flow patterns should be taken into account for devel-
oping flow pattern maps. The dependence of the Nusselt number, on liquid and gas Reynolds numbers,
based on liquid and gas superficial velocity, respectively, was determined in the range of Res=4-56
and Regs = 4.7-270. It was shown that an increase in the superficial liquid velocity involves an increase
in heat transfer (Nug). This effect is reduced with increasing superficial gas velocity, in contrast to the

Micro-channel

results reported on two-phase heat transfer in “conventional size” channels.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Gas-liquid flows occur widely in both nature and industrial
applications, including energy production (e.g., oil transportation,
steam generators, cooling systems) and chemical engineering
(e.g., bubble columns, reactors, aeration systems). Two-phase flows
in micro-channels have attracted attention because their wide
applicability to such advanced fields as MEMS, electronic cooling,
medical and genetic engineering, bioengineering, etc. At present,
additional knowledge of flow and heat transfer in micro-scale flow
passages of a size less than 100 um is required. Specifically, funda-
mental knowledge of two-phase flow characteristics in small flow
passages, such as the flow pattern, void fraction, pressure drop, and
heat transfer coefficient, is crucial for engineering design purposes
as well as for evaluation of practical performance.

Papers by Ghiaasiaan and Abdel-Khalik [1], Serizawa et al. [2],
Kawahara et al. [3], Garimella and Sobhan [4], Celata [5], and
Cheng and Wu [6] extensively reviewed the literature on two-
phase flow pattern in micro-channels. However, our current
knowledge on two-phase flow characteristics and heat transfer in
parallel micro-channels is still limited and in reality the literature
sources are sparse. One of the questions is whether the two-phase
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heat transfer coefficient in micro-channels is different from that
encountered in “conventional” size channels. Most of the heat
transfer correlations are based on data obtained in flow boiling
from relatively large diameter conduits and the predictions from
these correlations show considerable variability. Effects of superfi-
cial liquid and gas velocity on heat transfer in gas-liquid flow and
its connection to flow characteristics were studied by Hetsroni
et al. [7-9], Kim et al. [10], Bao et al. [11], Ghajar et al. [12], and
Zimmerman et al. [13]. These researches were carried out for “con-
ventional size” tubes of d = 1.95-42 mm.

The main objective of the present investigation is to study the
flow pattern, pressure drop and heat transfer in parallel micro-
channels of a size about 0.1 mm. A comparison of results of this
study with ones obtained for two-phase flow in “conventional” size
channels provides information for understanding the complex phe-
nomena associated with two-phase gas-liquid flow in micro-chan-
nel heat sinks.

2. Experimental set-up and procedure
2.1. Experimental facility
The experimental facility and flow loop were described in detail

by Hetsroni et al. [14]. The loop consists of a liquid pump, piping,
test module, entrance and exit tanks. Deionized water and air were
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Nomenclature

overall cross-section of micro-channels
constant of friction multiplier
diameter

area of heater

heat transfer coefficient
thermal conductivity

mass flux

electric power

u Nusselt number

heat flux

volumetric flow rate

Reynolds number
temperature

velocity

Lockhart-Martinelli parameter

XoHpOoRZZIFTTMAaN>

Greek symbols

o void fraction

a(c) void fraction for bubble core and gas core with a thick
liquid film

B homogeneous void fraction

AP pressure drop

P fluid density

] friction multiplier
T time

1 kinematic viscosity
Subscripts

ac acceleration

cal calculated

con contraction

ex experimental

G gas

GS superficial gas

h hydraulic, heated perimeter
in inlet

L liquid

LS superficial liquid
Mean mean

Mix mixture

Out outlet

TP two-phase

w wall

used in this study. The working mixture was pumped from the en-
trance tank through the inlet collector to the micro-channels in the
test module, and from the micro-channels through the outlet col-
lector to the exit tank. The two-phase flow was achieved by the
introducing water and air into a mixer as shown in Fig. 1. The
experiments were performed in an open loop, therefore the outlet
pressure was close to atmospheric. Two types of pumps were used:
peristaltic pump and mini gear pump.

The temperature of the working fluid was measured at the inlet
and outlet collectors of the test module, by 0.3 mm type-T thermo-
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Fig. 1. Experimental facility. All dimensions in [mm].

couples. The thermocouples were calibrated in 0.1 K increments.
The flow rate of the working fluid was measured by a weighting
method. Pressures were measured at the inlet and the outlet man-
ifolds of the test module by silicon pressure sensors, with sensitiv-
ity of 3.3 mV/kPa, and response time 1.0 ms. Data were collected
by a data acquisition system.

The test module is shown in Fig. 2. It was fabricated of a square-
shape silicon substrate 15 x 15 mm, 530 pum thick, covered by a
Pyrex cover, 500 um thick, which served both an insulator and a
transparent cover through which flow in the micro-channels could
be observed. The Pyrex cover was anodicaly bonded to the silicon
chip, in order to seal the channels. In the silicon substrate, parallel
micro-channels were etched, the cross-section of each channel was
an isosceles triangle. The angles at the base were 55°. We used the
test module having 21 micro-channels with hydraulic diameter of
130 pum. An electrical heater of 10 x 10 mm?, was deposited on the
back surface of the silicon, and served to simulate the heat source.
The heater was coated with a thin layer of black diffusive paint,
with emissivity ¢ ~ 0.96. The heater had a serpentine pattern and
a dimension of 0.001 mm in thickness, 0.2 mm in width and
250 mm in length. This design allowed a uniform heating of the
surface and reduces the contact resistance between the heater
and the wafer. The input voltage and current were controlled by
a power supply.

2.2. Flow and thermal visualization

A microscope with an additional camera joint was assembled to
connect a high-speed camera to the microscope. A high-speed
camera with a maximum frame rate of 10,000 fps, was used to
visualize the two-phase flow regimes in the micro-channels. To
study the temperature field of the resistor a high-speed focal plane
array radiometer containing 75 kpixels was utilized. The measure-
ment resolution was 0.03 °C with a standard measurement accu-
racy of +2 °C for the range of 0-100 °C and +2% above 100 °C. In
an isolated laboratory environment using an appropriate black
body, improved calibration and non-uniformity-correction are pos-
sible, therefore an accuracy of +1 K can be achieved. Using micro-
scopic lens and reduced array size, IR measurements can be
taken at up to 800 Hz with a 30 pum spatial resolution.
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Fig. 2. Test module. All dimensions in [mm].

2.3. Data reduction

The parameters used in the data reduction and analyses are
summarized below:

Probability of appearance of different flow patterns. In the parallel
channels having common inlet and outlet collectors, non-uniform
distribution of the working fluid occurs. We observed simulta-
neous different flow patterns in different parallel micro-channels
and also alternate flow patterns in a given micro-channel. This
point is illustrated in Figs. 3 and 4. In these figures four parallel
channels of the test module can be seen with the flow from left
to right. The field of view is 2.4 mm in the streamwise direction
and 2.2 mm in the spanwise direction. At flow conditions of the
present study, different flow patterns were observed. These can
be classified depending on the interfacial configuration: liquid
alone (or single-phase flow), L; bubbly flow, B; slug flow, S; and
semi-annular flow (gas core with a thin liquid film, A1, gas core
with a thick liquid film, A2).

Bubbly flow is characterized by the appearance of distinct non-
spherical bubbles, generally elongated in the streamwise direction
of the triangular channel. This flow pattern was also observed by
Triplett et al. [15] in the 1.097 mm diameter circular tube, and
by Zhao and Bi [16] in the triangular channel of d}, = 0.866 mm.
This flow, referred to by Zhao and Bi [16] as “capillary bubbly
flow”, has the following characteristics (as seen from Fig. 3): the
gas bubbles are regularly distributed in the liquid phase, repre-
sented by a train of bubbles, essentially ellipsoidal in shape, span-
ning almost the entire cross-section with their centers located
along the center line of the channel. The flow with elongated cylin-
drical bubbles may be referred to “slug” flow, Fig. 4a. It is seen from
this figure that a liquid film is formed on the side walls of the chan-
nel with a continuous gas core, which contains some liquid drop-
lets. The flow with a continuous gas core that occupies almost
the entire cross-section was referred to the gas core with a thin li-
quid film. In this case the high-speed core gas entrains the liquid
phase, such flow pattern was also observed by Serizawa et al. [2].
No stratified flow occurred in micro-channels as reported in previ-
ous studies of two-phase flow patterns in channels with a diameter
close to 1 mm (Triplett et al. [15]; Zhao and Bi [16]; Damianides
and Westwater [17]; Fukano and Kariyasaki [18]). It should be
noted that although the gas core may occupy almost the entire
cross-section of the triangular channel, making the side walls par-
tially dry, the liquid phase always remained continuous due to the
fact that the liquid is drawn into the triangular corners by surface
tension.

In developing a two-phase flow pattern map it became clear
that flow patterns need to be defined as to fully describe the flow
characteristics, due to simultaneous occurrence of different flow
patterns in the channel under any given flow conditions. Thus,
the time fractions of different flow patterns were obtained for each
two-phase flow condition. The number of images containing each

Q8 O07-28-0

Fig. 3. Flow patterns at different time. Ugs = 15 m/s, Us = 0.15 m/s. (a) 7 = 0.7320 s,
(b) T=0.7770s, (c) T = 0.7940 s. L, single-phase liquid; B, bubbly flow; A1, gas core
with thin liquid film; A2, gas core with thick liquid film.
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Fig. 4. Flow patterns at different time. Ugs=0.49 m/s, Uis=0.061 m/s. (a)
7=1.084s, (b) T=1.540s, (c) T=5.078 s. L, single-phase liquid; S, slug flow; A1,
gas core with thin liquid film; A2, gas core with thick liquid film.

flow pattern was then counted and the probability of appearance
was computed for a given flow condition. Based on these probabil-
ities the time-averaged void fraction for each flow condition was
defined.

Void fraction. The method is based on analyzing the images of
gas-liquid interfaces recorded in the observation window of the
channel (Triplett et al. [19]; Serizawa et al. [2]; Kawahara et al.
[3]). Void fraction in the present study was estimated by the meth-
od suggested by Kawahara et al. [3]): analyzing the images of
gas-liquid interfaces recorded in the observation window of the
channel. Each image covered a distance of about 1 mm in the flow
direction.

For the flow pattern, L, that contains liquid alone, the void frac-
tion, was assumed to be zero, o = 0. For gas core with a thin liquid

film, A1, the void fraction was estimated as o = 1. For bubbly flow,
B; slug flow, S; and gas core with a thick liquid film, A2, the void
fraction was assumed to be between zero and unity, 0 <o(c)< 1,
and was estimated by the regarding the gas core as a cylinder of
a smaller diameter, d(c), than the channel hydraulic diameter, dj,
i.e.,, a(c)=d(c)/dy. By counting the number of images containing
each flow type, the probability of appearance of different flow pat-
terns was taken into account. Then, the void fraction was
determined:

%= (N(A1)+Za(c)>/N, 1)

where N(A1) is the number of images with a thin liquid film, «(c)
was summed for all the images containing bubbly flow, slug flow,
and gas core with a thick liquid film, N is the total number of images
counted.

Pressure drop. The overall pressure drop measured in horizontal
two-phase flow is given by

AP = AP1p + AP¢on + APy, (2)

where APrp is the pressure drop due to wall friction, APy, is the
pressure loss due to contractions from the inlet manifold to the mi-
cro-channels and from the micro-channels to the outlet manifold,
AP, is the pressure change due to acceleration. AP, and AP,
were estimated from relations recommended in some references
(e.g., Kawahara et al. [3]).

Heat flux. In order to determine the heat flux from the heater to
the working fluid, the heat losses due to conduction, convection
and radiation were taken into account. There are several heat
transfer surface areas that may be used in the calculations. The first
is the plate area of the heater F=1 x 1 cm?. The second, Fy, can be
defined relative to the mean heat flux along the heated perimeter.
In this study F= F,, and the heat transferred to the fluid was de-
fined as

q = ¢N/Fy, 3)

where ¢ is the ratio of the heat transferred to the working fluid to
the local heat generation, and N is the electric power applied to
the heater. The values of ¢ were in the range of 0.8-0.9 depending
on flow rate and heat flux.

Mass flux. The mass flux, m, at the inlet of the test section for air
and water was calculated as

m=Qp/A, (4)

where A is the overall cross-section of the micro-channels, Q is the
volumetric flow rate, and p is the fluid density, for air and water,
respectively.

Heat transfer coefficient. The heat transfer coefficient in the boil-
ing regime, assuming thermal equilibrium, is given by:

h= Q/(Tw‘mean - Tmix,mean)7 (5)

where h is the heat transfer coefficient, Ty mean iS the average
temperature at the channel wall where saturated boiling occurs,
Trmix-mean 1S the average mixture temperature calculated as:

Tw,mean =05 (Tmix‘in + Tmix,out)7 (6)

where Tixin and Tiixout are the temperatures of the air-water mix-
ture measured at the inlet and the outlet manifolds of the test
module.

2.4. Experimental uncertainty

An estimation of an error measurement of wall temperature
was obtained according to the standard 1995 Guide to the Expres-
sion of Uncertainty of the Measurements [20]. The details of calcu-
lation are presented by Hetsroni et al. [21]. The error in
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determining the heat transfer coefficient was calculated from an
estimation of the errors that affect the measurements of the fol-
lowing quantities: heat flux and the average temperature differ-
ence between the heater and the saturation temperature.

The error in determining the power generated by Joule heating
is due to errors of measurements of both the electric current and
the electric resistance. The error in estimation of the heat losses
is due to correlations for calculation of natural convection and radi-
ation heat transfer. The experimental runs were repeated and the
average values obtained from the measurements are discussed be-
low. The uncertainties in determining various parameters in this
study are given in Table 1.

3. Results
3.1. Void fraction

In Fig. 5 the void fraction, «, is plotted versus the homogeneous
void fraction, B. The open symbols represent adiabatic flow, the
closed symbols represent two-phase flow in the range of heat flux
q =4.5-14.4 W/cm?. The majority experiments were conducted at
of the. « > 0.8. The solid line shows the correlation obtained by
Kawahara et al. [3].

0.5
o= _0.0357 o5 - (7)
1-0.978

The data and best-fit curve are highly non-linear indicating strong
deviations from linear relations for a homogeneous flow. For the lat-
ter, Ali et al. [22] have reported that the void fraction in narrow
channels with dy, ~1 mm can be approximately given by an Ar-
mand-type [23] correlation, o = 0.88, which is shown by a dashed
line in Fig. 5. On the other hand, in the study by Serizawa et al.
[2] the cross-sectional averaged void fraction was correlated with
the Armand [23] correlation.

Disagreement between the results of void fraction in micro-
channels obtained by different investigators, was discussed by
Ide et al. [24]. They addressed the differences in gas-liquid two-
phase flow characteristics that occur in conventional size channels
and micro-channels by examining the two-phase flow pattern,
interfacial wave, void fraction and friction pressure drop data ob-
tained in circular and rectangular channels with a hydraulic diam-
eter ranging from 50 um to 6.0 mm. Two different inlet sections
were covered in micro-channel experiments, a gradually reducing
section and a T-junction. The void fraction data obtained in micro-
channels and conventional size channels showed significant differ-
ences depending on the channel cross-section and inlet geometry.
For the micro-channel with a diameter of 100 pm, the effects of the
inlet geometry and gas-liquid mixing method on the void fraction
were seen to be quite strong, while the conventional size channels
have shown a much smaller effect of inlet geometry on the void
fraction.

Table 1
Experimental uncertainty.

No. Source of uncertainty Symbol Uncertainty (%)
1 Hydraulic diameter dp, 2
2 Heat flux q 4-6
3 Superficial liquid velocity Uis 2-3
4 Superficial gas velocity Ucs 4-12
5 Void faction o 8-20
6 Pressure drop AP 4-7
7 Heat transfer coefficient h 14-16
8 Nusselt number Nuy. 16-18
9 Reynolds number of water Rer 4-6
10 Reynolds number of air Reg 5-14
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Fig. 5. Void fraction: e, adiabatic flow; o, diabatic flow; —, Kawahara et al. [3];
- - Armand [23].

The void fraction data obtained with a T-junction inlet showed a
linear relationship between the void fraction and volumetric qual-
ity, in agreement with the homogeneous flow model predictions. In
contrast, the void fraction data from the reducing section inlet
experiments by Kawahara et al. [3] showed a non-linear void frac-
tion-to-volumetric quality relationship. This trend implies a strong
departure from homogeneous flow and indicates a large slip be-
tween the liquid and gas phases. Kawahara et al. [3] observed
mainly long gas core flows surrounded by thin, thick and wavy li-
quid films, which likely moved with a much slower velocity due to
a large viscous effect near the channel wall. They observed few
plug flows with short gas plugs for the same micro-channel con-
nected to a reducer inlet. Our results agree with observations re-
ported by Kawahara et al. [3]. From these data, it is clear that the
void fraction in a micro-channel strongly depends on the inlet
geometry and gas-liquid mixing method due to the significantly
different flow patterns that occur in the micro-channel. Thus, sim-
ilar void fraction data can be obtained in micro-channels and con-
ventional size channels, but the micro-channel void fraction is
sensitive to the inlet geometry and deviates significantly from
the Armand [23] correlation.

3.2. Flow regime map

Experimental data on flow patterns and the transition bound-
aries are usually mapped on a two-dimensional plot. Two basic
types of coordinates may be used for the flow regime maps -
one that uses dimensional coordinates such as superficial veloci-
ties, and another that uses some kind of dimensionless group.
Dimensionless analysis is the straightforward approach to select
the proper dimensionless coordinates. The flow pattern transition
boundaries should be a function of all these variables. Maps based
on dimensionless coordinates are more general, for example, they
should be independent of fluid properties and channel size. Unfor-
tunately, determining the correct dimensionless coordinates for
flow pattern is not at all trivial. Moreover, there is no guarantee
that two dimensionless coordinates are sufficient in the majority
of cases. The maps obtained for a given geometry and channel size
are usually based on superficial liquid and gas velocities. The usual
experimental approach is to apply these variables to all transitions
in all channels, assuming that entrance effects, channel geometry
and size, roughness, solid-liquid-gas contact wetting angle, etc.,
have no influence on flow pattern. The chance of this approach
being correct, outside the specific range of operating conditions
that has been used to correlate the data, is very slim.

The range of superficial liquid and gas velocities covered in the
present study is shown in Figs. 6 and 7 as shaded rectangular area.
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Fig. 6. Flow pattern map for air-water flow in 20 um tube. (Reprinted from
Serizawa et al. [2] with permission) The shaded rectangular area shows parameters
of the present study.

Fig. 6 shows a flow pattern map obtained for air-water two-phase
flow in a 20 um silica tube by Serizawa et al. [2] at nearly atmo-
spheric pressure. The two-phase flow patterns are different from
those observed by Serizawa et al. [2]. We did not observe stratified
and wavy flow.

Fig. 7 shows the overall two-phase flow regime map developed
for micro-channels by Kawahara et al. [3]. The lines represent the
boundaries at which flow regime transition occurred among the
four flow patterns, i.e., slug-ring, ring—slug, multiple and semi-
annular flows. According to the classification given by Kawahara
et al. (2002) semi-annular flow is the one in which the flow alter-
nates mostly between A1 and A2 regime and the time-averaged
void fraction is greater than 0.8. The present experiments were car-
ried out under this condition.

3.3. Frictional pressure drop
The results are presented in Table 2.

Homogeneous model. The homogeneous mixture model is the
simplest method for calculating the frictional two-phase pressure

drop.
The two-phase frictional pressure gradient is obtained from:
(), (%),
dz ) dz),
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Fig. 7. Two-phase flow pattern map for air-water flow in 100 pm micro-channel.
(Reprinted from Kawahara et al. [3] with permission) The shaded rectangular area
shows parameters of the present study.

Table 2

Pressure drop data.

Ul Ui @? AP (Pa)

(m/s) (m/s) C=0.66 =024 C=0.66 C=024 APeyp
0.49 0.031 1.497 1.170 359.5 280.8 270
0.49 0.061 1.370 1.190 679.1 590.2 630
0.49 0.12 1.292 1.209 1328.1 1242.9 1300
0.49 0.24 1.254 1.225 25789 25189 2600
14 0.015 2.148 1.114 241.4 1253 140
14 0.031 1.793 1.138 430.5 2733 300
14 0.061 1.564 1.161 775.7 575.7 550
14 0.12 1.412 1.183 1451.5 1215.7 1300
14 0.24 1.320 1.201 27141 2469.6 2500
2.4 0.015 2.440 1.100 2743 123.7 120
2.4 0.031 1.991 1.124 478.0 269.8 260
2.4 0.061 1.699 1.147 842.2 568.6 640
24 0.12 1.500 1.169 1542.1 1202.0 1350
2.4 0.24 1.376 1.189 2828.7 24447 1400
5.4 0.015 3.307 1.073 371.8 120.7 130
54 0.031 2.581 1.094 619.8 262.8 310
5.4 0.061 2.105 1117 1043.7 553.7 590
5.4 0.12 1.775 1.140 1824.9 1171.7 1100
5.4 0.24 1.561 1.162 3208.3 2388.1 2300
29 0.015 6.381 1.038 717.4 116.7 120
29 0.031 4.682 1.052 11243 252.5 250
29 0.061 3.564 1.068 1766.9 529.5 570
29 0.12 2.783 1.087 2860.3 1117.8 1240
29 0.24 2.264 1.108 4654.6 2278.2 2460

where (—dP/dz), represents the frictional pressure gradient when
all fluid is assumed to be liquid. The Lockhart and Martinelli [25]
correlation uses a two-phase friction multiplier, defined by Eq.
(8). The friction multiplier has been correlated in terms of the
Lockhart-Martinelli [25] parameter, X, given by

(AP/Az),

X = (ap/ar). ®)

where (AP/Az) is the frictional pressure drop when the gas is as-
sumed to flow alone in the channel. A widely used correlation to
calculate the friction multiplier is that proposed by Chisholm [26]
for conventional size channels

) c 1
P =1+ xt e (10)
where C, is a constant. The value of C = 0.66 was given by Mishima
and Hibiki [27]. We found that C = 0.24 was best fit the two-phase
pressure drop measured by Kawahara et al. [3] in a circular tube
of d =100 pm.

A comparison of the two-phase frictional pressure gradient data
with the predictions of the Lockhart-Martinelli correlation using
different C-values is shown in Fig. 8a,b, including C=0.24 and
C=0.66. A good agreement (within £10%) was obtained with the
use of the value of C = 0.24. As can be seen (Fig. 8b) agreement with
he use of the value of C=0.66 is not good.

3.4. Heat transfer

Results are presented in Table 3. Fig. 9 shows the dependence of
the Nusselt number, Nu;, based on liquid thermal conductivity and
Reynolds number, Regs, based on superficial gas velocity and kine-
matic gas viscosity. As shown in Fig. 9 an increase in superficial
liquid velocity involves an increase in heat transfer (Nuy). This
effect falls off with increasing superficial gas velocity in the range
Regs =4.7-270.

Fig. 10a-e illustrates the effect of Regs on heat transfer depend-
ing on Reys. In the range of Re s = 4-56 heat transfer decreases with
increasing Recs.
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Fig. 8. Comparison of the experimental two-phase frictional pressure gradient data
with predictions of the Lockhart-Martinelli correlation. (a) A, C=0.24; (b) O,
C=0.66.

The Nusselt number may be calculated as:

Nup = 0.044Re)°Re 0 "®  for Regs = 4.7 — 270,Reis = 4.0 — 8.0

(11)

Nup = 0.13Re’®Re;2*® for Regs = 4.7 —270,Reis = 8.0 — 56,
(12)

Table 3

Heat transfer in two-phase flow.

ReGS ReLS Nutp,exp Nutp,cal Nutp/NuL,exp

4.7 8 0.20 0.25 0.91

4.7 15 1.20 0.94 0.86

4.7 28 1.70 1.70 0.89

4.7 56 3.00 3.30 0.97

14 4 0.08 0.10 0.8

14 8 0.18 0.20 0.82

14 15 0.61 0.61 0.43

14 28 1.20 1.10 0.75

14 56 2.30 2.20 0.79

26 4 0.10 0.09 1

26 8 0.20 0.18 0.91

26 15 0.51 0.41 0.36

26 28 0.90 0.86 0.47

26 56 1.50 1.70 0.52

51 4 0.10 0.08 1

51 8 0.18 0.16 0.82

51 15 0.33 0.37 0.24

51 28 0.62 0.66 033

51 56 1.30 1.30 0.45

270 4 0.05 0.06 0.5

270 8 0.11 0.12 0.5

270 15 0.18 0.19 0.13

270 28 0.33 0.35 0.17

270 56 0.58 0.68 0.2
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Fig. 9. Effect of superficial liquid velocity on heat transfer in parallel triangular
micro-channels of d = 130 um.

where Nup = hdh/kL,ReLs = U]_sdh/V]_7R€(;5 = chdh/VG, h is the heat
transfer coefficient, k; is the liquid thermal conductivity, Uis and
Ugs are the liquid and gas superficial velocities, respectively, and
v, and v¢ are the liquid and gas kinematic viscosity, respectively.
Fig. 11 shows the comparison of experimental Nusselt numbers to
predictions by Egs. (11) and (12).

Flow patterns and heat transfer were investigated by Ghajar
et al. [12] in slug and annular flow in a 25 mm horizontal tube.
The results presented clearly show that two-phase mean heat
transfer coefficients are strongly influenced by the liquid superfi-
cial Reynolds number (Reis), and the heat transfer coefficient
increases nearly proportionally as Re;s increases. These observa-
tions are in agreement with our results obtained in micro-channels
with hydraulic diameter of 130 pm.

Ghajar et al. [12] also reported that the effect of superficial gas
velocity on heat transfer depended on flow pattern and showed its
own distinguished trend. In the range of Regs=800-1800 heat
transfer coefficient increases with increasing Recs. Bao et al. [11]
also reported that the measured heat transfer coefficients for the
air-water system are always higher than would be expected for
the corresponding single-phase liquid flow, so that the addition
of air can be considered to have an enhancing effect. This paper re-
ports an experimental study of non-boiling air-water flows in a
narrow horizontal tube (diameter 1.95 mm). Results are presented
for pressure drop characteristics and for local heat transfer coeffi-
cients over a wide range of gas superficial velocity (0.1-50 m/s),
liquid superficial velocity (0.08-0.5m/s) and wall heat flux
(3-58 kW/m?). From Eqgs. (11) and (12) one may conclude that
for micro-channels of dy, = 130 pm in the range of Re;s = 4-56 and
Regs =4.7-270 an increase in Regs leads to a decrease in the heat
transfer coefficient as opposed to results [11,12] reported for the
channels of 1.95-25 mm.

4. Conclusions

In large tubes, as well as in tubes of a few millimeters in diam-
eter, two-phase flow patterns are, in general, dominated by gravity
with minor surface tension effects. In micro-channels with
diameters on the order of a few microns to a few hundred microns,
two-phase flow is influenced mainly by surface tension, visco’s and
inertia forces. The stratified flow patterns commonly encountered
in single macro-channels were not observed in single micro-
channels.

The micro-channels are sensitive not only to inlet geometry but
also to the method of gas-liquid injection.

Two-phase flow in parallel micro-channels, feeding from a
common manifold, shows that different flow patterns occur
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Fig. 10. Effect of superficial gas velocity on heat transfer in parallel triangular
micro-channels of d, = 130 um: (a) Re;s =4, (b) Re;s =8, (c) Re;s =15, (d) Reis =28,
(e) Reis = 56.

simultaneously in different micro-channels. The probability of

appearance of different flow patterns should be taken into account
for developing flow pattern maps.
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Fig. 11. Comparison of experimental Nusselt numbers to predictions by Eqgs. (11)
and (12).

Similar void fraction data can be obtained in micro-channels
and conventional size channels, but the micro-channel void frac-
tion can be sensitive to the inlet geometry and deviate significantly
from the homogeneous flow model. The Lockhart-Martinelli model
can correlate the data obtained from pressure drop measurements
in gas-liquid flow in parallel micro-channels with hydraulic diam-
eter of 130 um, the data could be fit by a single value of C=0.24.

Only a few experimental investigations deal with heat transfer
of gas-liquid flow in conventional size channels. There is a signif-
icant discrepancy between experimental results on heat transfer
presented for channels of d;, = 1-100 mm. No data is available in
the literature on gas-liquid heat transfer in micro-channels. Heat
transfer in the test section that contains 21 parallel triangular mi-
cro-channel of dj =130 um was studied experimentally in the
range of superficial velocities Uis=0.015-0.244 m/s, Ugs = 0.50-
28.6 m/s. It was shown that the heat transfer coefficient increases
with increasing liquid velocity and decreases with increasing air
velocity.
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