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Abstract—Experiments were conducted to investigate the single-phase forced-flow convection and boiling
characteristics of subcooled liquid flowing through microchannels with a cross-section of 0.6 x 0.7 mm,
machined on the stainless steel plate 2 mm thick. The influences of liquid velocity and subcooling on the
boiling curve were experimentally inspected. It was observed that a steep increase of ¢" emerged on the
single-phase convection ¢” — T, curve. The experiments indicated that the single-phase convection and flow
boiling characteristics are quite different from those in normally sized tubes, and their heat transfer was
intensified. No apparent partial nucleate boiling exists for subcooled flow boiling, i.e. fully-developed
boiling was induced much earlier in microchannels.

1. INTRODUCTION

MICROFABRICATION or nanotechnology emerged from
the technology developed for integrated circuits and
expanded rapidly into such fields as bioengineering
and biotechnology, aerospace, mini heaters and mini
heat exchangers, electronics and microelectronics,
material processing and thin film deposition tech-
nologies, etc. But it may also provide new tools for
examining physical phenomena, and supply new
possibilities to experimentally study and measure the
thermal phenomena that are difficult to measure in
the usual manner.

The analyses of heat transfer phenomena in the
aforementioned applications offer new and unique
areas of research. For example, due to the urgent
needs for cooling electronic components and devices,
microscale heat transfer technologies such as mini
heat exchangers with flow channels having dimensions
ranging from the order of several hundred to 0.1 um
have been developed. These microchannels and mini
heat exchangers have found their application in reac-
tors for modification and separation of biological
cells, selective membranes and liquid/gas chro-
matographies. As pointed out by Yang and Zhang
[1], the last decade of the twentieth century may wit-
ness rapid progress in the research of micro- and nano-
scale transport phenomena, which has important
applications in technologies such as microelectronics
and thermal control for spacecraft. Microscale heat
transfer and transport phenomena are expected to be
quite different from that in ordinary situations, and it
is of absolute necessity to understand these phenom-
ena so as to develop related new high technologies.
These mean that exciting possibilities still exist for
exploiting new active fields—microscale heat transfer
and creating innovative new applications, and tremen-

dous challenges and opportunities also exist to con-
duct theoretical and experimental research on the
fundamentals of heat transfer at the microscale
level.

Tuckermann and Pease [2, 3] demonstrated that the
electronic chip can be effectively cooled by means of
water flow in microchannels fabricated on the circuit
board on which the chips are mounted. Their results
also indicated that the heat transfer coefficient of lami-
nar flow through microchannels might be higher than
that of turbulent flow through normally sized
channels. Wu and Little [4], Pfahler er al. [5], and
Choi et al. [6] noted that the flow and heat transfer
characteristics of fluid through microchannels or mic-
rotubes departs from the thermofiuid experimental
results for conventional sized channels. These inves-
tigations provided substantial experimental data and
considerable insight into some behaviors of the heat
transfer and fluid flow in microchannels or microtubes
without phase change. The studies conducted for the
microscale heat transfer with phase changes are lim-
ited only for micro heat pipes, micro convection and
evaporation in sessile drops and augmentation of boil-
ing heat transfer on composite surfaces. To the present
authors” knowledge, there are few investigations of
the flow boiling of liquid through microchannels or
microtubes reported in the literatures until now.

It is certain that some new behaviors will emerge
from flow boiling in microchannels. This is of critical
importance in several practical cases where boiling
or phase change occurs, such as the design of high-
capacity micro heat pipes for spacecraft thermal con-
trol, the cooling of electronic chips and devices, and
the development of mini heat exchangers. In this
paper, attempts were made to investigate exper-
imentally the boiling heat transfer characteristics for
subcooled liquid flow through microchannels.
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NOMENCLATURE

A, area of the sides of the Re Reynolds number
microchannel T temperature

A, area of the bottom of the U voltage
microchannel u flow velocity.

d, equivalent diameter

I current Greek symbol

L length of microchannel u dynamic viscosity.

Nu  Nusselt number

Pr Prandtl number Subscripts

Q total applied power f tiquid

q" heat flux w wall.

Qo
%Liquid pool
o—ﬂ

Cooling water

AC transformation

Test section

Fi1G. 1. Test facility.

2, TEST FACILITY AND EXPERIMENTAL
DESCRIPTION

The test facility was set up as shown schematically
in Fig. 1. It consists of a liquid pool, liquid pump, test
section and the control valves for adjusting flow rate.
The liquid temperature in the pool was kept constant
by different valves for heating or cooling. Liquid was
pumped into the circuit line. It flowed partly through
the test section and returned back to the pool, and
partly through the by-pass tube line back to the pool.
An open-loop system was chosen for this investigation
and the flow rate was determined by the weighing
method. The measurement indicated that the flow rate
might be determined within +0.1%.

The microchannels to be tested were machined on
stainless steel plate 15 mm wide, 60 mm long and 2 mm
thick. There are three identically sized microchannels
uniformly distributed on the plate, as shown in Fig.
2. The cross-section of the channels was rectangular,
0.6 mm wide and 0.7 mm high. The test section was
mounted on a frame structure. Microchannels were
machined into the top surface of the stainless steel

heating plate, with thermal and electrical insulating
materials between the heating plate and frame.
Thermocouples for measuring liquid temperatures
were located at the inlet and outlet of the test section.
Six thermocouples were mounted on the back of the
microchannel plate, two for each microchannel, one
located at the upstream end and another one at the
downstream end. The stainless steel plate on which the
three microchannels were machined, was electrically
heated by use of an electrical current transformer
matched with an SCR voltage regulator to provide
low voltage and high electric current, hence, higher
heat flux along the test section. The input voltage and
current were adjusted to control the applied heat flux.

FiG. 2. Microchannel distribution.



Liquid flowing through microchannels

Deionized water was employed as the working fluid.
The water temperature was varied from 30 to 60°C,
i.e. the liquid subcooling varied from 40 to 70°C at
ambient pressure, and liquid velocity varied from 1.5
to 4.0 m s~'. The test procedure was first to adjust
the heat flux applied to the test section, and then to
obtain the specified liquid velocity and subcooling
condition. For each test, the system was allowed to
reach its steady state, and the corresponding liquid
flow rate, the temperature of the liquid and the plate
wall, and the voltage and current were measured and
recorded, respectively.

3. EXPERIMENTAL OBSERVATIONS AND
DATA PROCESSING

Since the cover, as shown in Fig. 3, was made of
Pyrex, the flow could be observed while the experiment
was ongoing. The liquid flowed steadily through the
microchannels and it seemed to be laminar flow, even
for highest flow rate in the tested range. This situation
did not change as the applied heat flux increased.
When the plate was heated with its temperature rising
up to higher than the saturation temperature at ambi-
ent conditions, approximately 104°C, vapor bubbles
were observed on the end of the plate adjacent to the
liquid mixing chambers near both the inlet and outlet
of the test section, A and B. Yet no bubbles existed in
all three microchannels. Three strings of small bubbles
were observed in the mixing chamber at the outlet as
the heated liquid flowed out of the microchannels.
This phenomenon was greatly intensified by increas-
ing the applied heat flux or plate surface temperature.
However, there were still no bubbles observed in the
microchannels throughout the experiment, even at
the highest surface temperature of this investigation.
There did not exist any observable difference between
the three strings of small bubbles, which implied that
the heat transfer and flow characteristics of three
microchannels were about the same. Analyses of the
measured data in detail and experimental boiling
curves indicated that the experiment was actually
carried out in the fully developed nucleate boiling
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regime when the plate surface temperature was a
little bit over 100°C. As a result, we may conclude
that no bubbles grow for flow boiling of liquid flow-
ing through microchannels.

Experimental observations and analysis implied
that bubble growth in liquid might be concerned with
the scale of liquid bulk. If the scale of liquid bulk
is large enough, bubbles could grow, otherwise, no
bubbles grow and exist in liquid. Apparently, there is
a critical scale for liquid bulk to determine whether
bubbles can grow in liquid. This critical scale, we refer
to as ‘evaporating scale or space’, is the minimum
liquid bulk size at which bubbles can grow in liquid.
If liquid bulk size is smaller than this evaporating
scale, bubbles cannot exist in liquid. This concept may
explain why no bubbles were observed in the micro-
channels, i.e. the scale of microchannels was smaller
than the necessary evaporating space. However, more
experiments are still needed to approve this new
idea.

For the data processing, the plate surface tem-
perature was corrected from the measured tem-
perature on the back of the plate to the inner surface
temperature of the microchannel. The flow rate and
velocity through the microchannels were the average
as calculated from the measured mass flow of all three
microchannels. It was much more complicated to
determine the actual heat flux from the side surfaces
of the microchannel to the liquid flow, because all
these three microchannels were machined on the heat-
ing plate, so that the thickness of the heating plate
was not uniform. This resulted in heterogeneous heat
generation of the heating plate. Consequently, the
applied heat fluxes from the three sides of the channel,
as shown in Fig. 4, were not uniform. Considering
this heterogeneity, great care was taken to design the
distribution of the three microchannels on the plate as
shown in Fig. 2 and to manufacture them accordingly.
The test inspection and corresponding analysis indi-
cated that this distribution ensured that the applied
heat flux from the microchannel sides was reasonably
uniform. Hence, the applied surface heat flux can be
calculated from total input power as

Scal
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F1G. 3. Test section.
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FiG. 4. Analytical model for heat flux.

’ Q

7304, +4) W

where 4, and 4, are the area of the side and the
bottom of the channel, respectively. The total applied
power, @, was measured or determined from the mea-
sured current, 7, and the voltage, U, i.e.

Q=1U. @)

The measurement of the plate surface temperature
and the experimental observations showed that there
exists no observable difference between the fluid flow
and heat transfer characteristics in the three micro-
channels. This implies that the method of data pro-
cessing employed is reasonably acceptable. We will,
therefore, focus our discussions on the measured
results of the intermediate microchannel.

4. EXPERIMENTAL RESULTS AND
DISCUSSION

Figure § illustrates the typical flow boiling curves
measured experimentally. Very clearly, when the tem-
perature of the plate was a little higher than the satu-
ration temperature of water at ambient conditions,
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the flow boiling had reached fully developed nucleate
boiling, and no apparent partial nucleate regime
existed, although the liquid subcooling was sufficiently
high. This is quite different from that of the well-
known subcooled flow boiling in conventional sized
tubes. These results also show that, for all test runs,
these nucleate boiling data were distributed very close
to an average boiling curve, i.e. the liquid velocity
and subcooling do not influence the fully developed
nucleate boiling, which is expected with the normal
flow boiling.

For the single-phase liquid convection regime on
the boiling curves, there exist two different cases in
Fig. 5: (i) run | and run 4; (ii) run 2, run 3, run 5
and run 6. During the single-phase liquid convection
region for run 2, run 3, run 5 and run 6, there existed
a steep increase in the plate temperature, and then,
similar to the normal flow boiling curve, the heat flux
increased slowly with the temperature. However, the
single-phase convection region for run 1 and run 4
shows the same tendency as the normal flow boiling
curve. Figure 5 shows the distinct effects of liquid
velocity and subcooling on the single-phase liquid
convection region of ¢” — T, curves, especially on the
steep increase of ¢”. This shows that the decrease in
liquid subcooling and/or increase in flow velocity may
induce the steep increase of ¢” on the ¢"— T, curve.
Comparing the experimental results of run 1 and run
6in Fig. 5, a steep increase of ¢” emerges on the single-
phase convection ¢” — T, curve of run 6, only because
of a somewhat lower liquid subcooling and a little
higher flow velocity. Run 1 and run 2 have only 0.1°C
difference in liquid subcooling, so the steep increase
of ¢” is obviously induced by the increased liquid
velocity of run 2. The steep increase of ¢” still exists
for run S, but its flow velocity is not higher than that
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F1G. 5. Typical experimental results.
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of run 1 and its liquid subcooling is not smaller than
that of run 1. As a consequence, the steep increase of
¢" may be affected by other factors besides flow vel-
ocity and liquid subcooling, and therefore further
study is needed to clarify which parameters cause such
variation.

Wu and Little [4] suggested a heat transfer cor-
relation for single-phase liquid flow through micro-
channels with the range of Re > 3000 as

Nu = 0.00222Re " Pr®9, (3)

The well-known heat transfer correlations of normally
sized channels are given for laminar flow as [7]

d N\ \0.14
Nur = 1.86 Re! ‘Pr}"‘(f) (ﬁ) (4)

and for transition flow

AL 014
Ny = 0.116[Re}* — 125] P "“[H(/) M:j) '

(5)

The experimental results obtained here are compared
with equations (4) and (5) plotted in Fig. 6, with the
symbols *3” and ‘T’ noting the data prior to and after
the steep increase of ¢”, respectively. The heat transfer
for microchannels is obviously higher than that for a
normally sized channel when the steep increase of ¢”
occurs, and becomes lower prior to the steep increase
in ¢". This result may imply that there exists a tran-
sition of fluid flow and heat transfer regime from prior
to after the steep increase in ¢”. From the comparisons
shown in Fig. 6, the fluid flow and heat transfer per-
formance for the cases that the steep increase in ¢”
has or has not occurred are different from those of
conventional sized channels or tubes, perhaps due
to the specific behavior of microchannel flow. The

2 | 1 | J
5 10% 2 s 104
Re

F1G. 6. Comparison of experimental data with the ordinary
correlation—equations (4) and (5).
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reasons promoting the transitions and the behaviors
are not recognized or understood. The experiments of
Wu and Little [4] indicated that the heat transfer was
lower than that of a normally sized tube for the flow
with Re < 1000. And generally speaking, the heat
transfer performance in microchannels was better
than in smooth tube for Re > 1000. The phenomenon
for steep increase in ¢” was not found in their
investigation.

The experimental data obtained herc are also com-
pared with equation (3), as shown in Fig. 7. The
experimental rcsults here are smaller than the result
predicted by equation (3), however, they give a good
agrecment in tendency when Re > 3000. The differ-
ence between the experimental and predicted results
may result from the size of microchannels and hcating
way. The microchannels used here are bigger than
those tested in Wu and Little’s experiments from
which equation (3) was correlated. The empirical cor-
relation of equation (3) was really suggested for a
channel heated from one side:; however, the exper-
tmental data obtained here are those of microchannels
heated from three sides, as shown in Fig. 4. The results
for Re < 3000 give a deviation from the trend pre-
dicted by equation (3) and show the Reynolds number
as not very important. It seems recasonable to expect
that the thermocapillary flow or so-called Marangoni
effect will play a significant role in this range, owing
to the very small size of microchannels and increase
the importance in capillary force with the decreasing
importance of Reynolds number.

The test results for water flow through horizontal
microchannels are compared with that of flow boiling
through horizontal circular tubes with 9 mm inside
diameter [7] in Figs. 8 and 9. For the microchannel
results quoted in Fig. 8, prior to the steep increase of
¢" in the single-phase liquid convection region, the

102 —
S -
3
2 2
102 |
s i ] ! i
103 2 5 10* 2

Re

F1G. 7. Comparison of experimental data with the micro-
channels correlation—equation (3).
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FiG. 8. Comparison of results from different experiments.

heat flux, ¢”, along the microchannel is smaller than
that of the ordinary tube ; and afier the steep increase
in ¢”, the heat flux for the microchannel is higher than
that for the normally sized tube. In Fig. 9, all boiling
curves are similar to each other, even with no steep
increase in ¢” even for the microchannel. The con-
vection heat flux, ¢”, of the microchannel is smaller
than that of the normally sized tube. However, the
Reynolds number for all microchannel flow ranged
from 1600-6000, while those for the tube flow [8] were
reported as 5090 and 9160, respectively. These indicate
that the laminar or transition liquid convection heat
transfer in microchannels may reach or exceed the
level of turbulent heat transfer in normally sized tubes.

Very clearly, the microchannels can effectively

intensify the nucleate boiling heat transfer as shown
in Figs. 8 and 9. No apparent partial nucleate boiling
may exist in microchannels as mentioned above, and
the plate surface superheat is much smaller than that
of nucleate boiling curves measured for the ordinary
tube [8].

5. CONCLUSION

The flow boiling characteristics of subcooled water
flowing through microchannels with rectangular
cross-section 0.6 x 0.7 mm were experimentally inves-
tigated. The results provide significant data and con-
siderable insight into the behavior of the flow boiling
and single-phase liquid convection heat transfer in
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F1G. 9. Comparison of results from different experiments.
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microchannels. It shows that the flow boiling and
single-phase liquid convection characteristics are
quite different from that of the conventional cases and
can be summarized as the following :

(1) For single-phase liquid convection, a steep
increasc of ¢” was observed. The liquid subcooling
and flow velocity may affect the single-phase con-
vection and the steep increase of ¢". The single-phase
convective heat transfer for microchannels would be
smaller than that for normally sized channels prior to
the steep increase of ¢”, and becomes higher than that
of ordinary cases after the steep increase of ¢”.

(2) The nucleate boiling is greatly intensified, and
the wall surface superheat for flow boiling may be
much smaller than that of the normal case for the
same wall heat flux. The velocity and liquid subcooling
appear to have no obvious cffect on the flow nucleate
boiling.

(3) No partial nucleate boiling of subcooled water
through microchannels has been observed or
inspected for the transition from single-phase liquid
convection to nucleate boiling. For this ‘nucleate boil-
ing’ region, no bubbles were observed throughout the
investigation. This is a very strange phenomenon.
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