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Experimental Research on a Honeycomb
Microchannel Cooling System

Yonglu Liu, Xiaobing Luo, and Wei Liu

Abstract— A honeycomb porous microchannel cooling system
for cooling electronics is proposed in this paper. The design, fab-
rication, and test system configuration of the microchannel heat
sink are presented. Experiments were conducted to determine
the heat transfer characteristics and cooling performance of this
microchannel cooling system under steady single-phase flow of
water. In the experiments, a brass microchannel heat sink was
attached to a test heater with 8 cm2 area. The heat transfer
capabilities of the cooling system with different amounts of input
heating power, different system designs, and various levels of
pumping power were evaluated. The experimental results show
that the designed cooing system performs well. For a heat sink
design using double inlets and outlets, the system is able to
remove a heat flux of 17.6 W/cm2 under 0.72 W of pumping
power, with the heater wall temperature of 61.4 °C and the
ambient temperature of 17.8 °C. When the heat flux decreases
to 9.4 W/cm2 with the other conditions remaining the same, the
heater substrate temperature is 42.4 °C. It is also clear from the
experiments that the heat source temperatures are very uniform
when cooled by the present system, which is important for many
applications requiring high thermal reliability. As the pumping
power and system flow rate increase, the heat source temperature
sharply decreases. A heat flux of 18.2 W/cm2 can be removed
under 2.4-W pumping power when the heat source temperature
is 48.3 °C and the ambient temperature is 14.9 °C.

Index Terms— Electronics cooling, honeycomb, micro channel.

NOMENCLATURE

a Seal region width around the microchannel
plate perimeter.

A Area of the bottom wall of the microchannel
heat sink.

cp Specific heat.
d Honeycomb cell excircle diameter.
D Inner diameter of heat sink pipe.
k Thermal conductivity.
H, W, L Thickness, width, and length of microchannel

plate.
ṁ Total mass flow rate.
n Number of microchannel plates.
P Input heating power.
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q Heat flux at bottom wall of microchannel heat sink
removed by liquid.

Q̇ Heat transfer rate removed by liquid.
t Honeycomb cell fin thickness.
T Temperature.
�T Temperature change.
v̇ Total volumetric flow rate.

I. INTRODUCTION

AS ELECTRONIC products are becoming faster and
incorporating more functions, they are simultaneously

shrinking in size and weight. These factors mean significant
increases in the packing densities and heat fluxes for the
electronic devices. Effective thermal management will be the
key to ensure that these devices perform well with efficiency
and reliability. The pioneering work of Tuckerman and Pease
[1], [2] first introduced microchannel heat sinks for high heat
flux applications, which have structures with many microscale
channels of large aspect ratios. The heat sink they fabricated
was able to dissipate 790 W from a 1-cm2 silicon chip with a
maximum substrate temperature rise of 71 °C and a pressure
drop of 186 kPa. Following their original work, considerable
research has been conducted on micro and mini heat sinks.
Many of these studies focus on a single-layer plate fabricated
from a highly thermally conductive solid, such as copper
or silicon, with rows of small channels fabricated on their
surfaces. A thorough review was presented by Sobhan and
Garimella [3], and certain heat sink design methodologies,
designs, and prototypical concepts were also presented in the
review by John Goodling [4].

According to Newton’s law of cooling, two conventional
strategies can be employed to improve forced heat transfer
rates under specified temperature difference for single-phase
flow. One strategy involves extending the surface area of
the heat sink. The use of microchannels here is attractive
because of their compactness and high surface-to-volume ratio.
However, the high packaging density in advanced electronic
chips limits infinite extension of the heat sink surface area.
In order to have high-aspect-ratio microchannel devices in
a limited compact space, stacking or creating multiple lay-
ers of channels can be an alternative method in reducing
the difficulties in fabrication. Vafai and Zhu [5] proposed a
two-layer microchannel heat sink with a countercurrent flow
arrangement. They found that the temperature increases and
pressure drops along the two-layer microchannel structure
were reduced compared to an equivalent single-layer heat sink.
Wei and Joshi [6]–[8] analyzed a stacked microchannel heat
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sink that integrated many layers of liquid-cooled microchan-
nels. Several layers of microchannels fabricated with silicon
micromachining techniques were bonded into a stack. Because
the stacked microchannels provided a larger heat transfer
area, a significantly smaller amount of pumping power was
required to remove heat at a certain rate than a single-layered
microchannel. Patterson et al. [9] presented experimental and
numerical work to investigate the characterization of one and
two-layered Si microchannel heat sinks in parallel and coun-
terflow configurations. They concluded that the counterflow
configuration resulted in a more uniform surface temperature
while the parallel flow configuration had a lower maximum
surface temperature. Bower et al. [10] performed experimental
studies on the heat transfer and pressure drop characteristics
of single and multilayer silicon carbide heat sinks. They
found that, despite its lower thermal conductivity, the heat
sink performance compared favorably with that of single-
layered copper heat sinks. Skandakumaran et al. [11] also
proposed a multilayered microchannel heat sink by using an
extrusion freeform fabrication technique. It was found that
multilayer heat sinks had both lower thermal resistance and
pumping power compared to single-layer samples, and their
performance improved with the thermal conductivity of the
heat sink material.

The other strategy to improve the forced conventional
heat transfer rate is to enhance the heat transfer coefficient.
While microchannel heat exchangers generally have excellent
thermal performance, there is already considerable emphasis
on increasing the heat transfer coefficients. For the long
parallel fluid flow microchannels arrangement, the rise in
coolant temperature is a result of the heat input along the flow
direction. At the same time, because of the growing boundary
layer, the heat transfer coefficients decrease along the flow
direction. The use of enhanced microchannels was presented
by Kishimoto and Sasaki [12]. They proposed a diamond-
shaped interrupted microgrooved cooling fin to decrease the
junction temperature variation across the chip. The high heat
transfer coefficient was obtained by interrupting the thermal
boundary layer with the staggered cooling fins. Steinke and
Kandlikar [13] carried out an extensive review of conventional
single-phase heat transfer enhancement techniques. Several
passive and active enhancement techniques for mini channels
and microchannels were discussed. Some of their proposed
enhancement techniques include fluid additives, secondary
flows, vibrations, and flow pulsations. Kandlikar and Upadhye
[14] analyzed the enhanced offset strip-fin geometry. Their
results showed that the enhanced structures were capable of
dissipating heat fluxes extending beyond 3 MW/m2 using
water as the coolant in a split-flow arrangement with a core
pressure drop of around 35 kPa. Jeung et al. [15] investigated
the flow-induced vibration of a microfin array for heat transfer
enhancement in laminar flow. Vibrating actuators had been
introduced for active hydrodynamic mixing. The experimental
results showed that the thermal resistance of the microfin array
heat sink decreased by 11.5% compared to that of a plain-wall
heat sink at an inlet air flow velocity of 5.5 m/s.

Recently, some researchers focused on honeycomb struc-
tures in augmenting heat transfer in compact heat exchangers.

According to Lu [16], the surface area to volume ratio of
the typical microcell aluminum honeycombs on the order of
1 mm was about 3000 m2/m3, making them ideal candidates
for compact heat exchanger applications where high surface
area density is required. Honeycomb structured metals are
low-density materials that combine stiffness, strength, crushing
energy absorption, and thermal characteristics. The continuous
channels of these open-core structures with a single “easy
flow” direction allows internal fluid transportation, which
makes them particularly interesting for heat sink applications.
For such reasons, all-metallic sandwich structures with honey-
comb cores have been suggested for simultaneous load bearing
and active cooling [17]. Several mechanisms contributing to
heat transfer have been identified, including high surface area
contact between the core and the coolant and high heat transfer
between the metal surface and the fluid coolant [18]–[20].
Experimental studies of convective heat transfer in extruded
metallic honeycomb structures have been performed by Hayes
et al. [21] and Dempsey et al. [22]. The test heat sinks were
fabricated as sandwich panels with honeycomb cores bonded
by welding to two solid face-sheets, three sides insulated, and
the top or bottom surfaces subjected to prescribed temperatures
or heat fluxes using forced air as the coolant for the cross-flow
heat exchange experiments.

Combining the characteristics of the multilayer channels
structure with offset fins, we have designed a honeycomb
microchannel heat sink in a cost-effective manner, as described
in this paper. Multilayered metal plates each with rows of
etched honeycomb cells were stacked to form staggered
microchannels in the heat sink. Improved cooling perfor-
mance was obtained based on the fluid hydrodynamic mixing
improvements for periodic breakup of the thermal boundary
layer. At the same time, the stacking structure design was eas-
ily implementable to obtain a higher surface-to-volume ratio in
a limited space. It was expected that not only the surface area
would expand, but the flow passage would also be modified to
enhance the heat transfer efficiency. The design, fabrication,
and test system configuration of the novel periodic staggered
honeycomb microchannel heat sink are given in this paper.
Experimental investigations were conducted to determine the
heat transfer characteristics and cooling performance of the
honeycomb microchannel cooling system. The system heat
transfer performance was evaluated under various operational
situations, including different microchannel heat sink parame-
ters, test system configurations, and varied pumping power.
The influence of the working flow rate and the test system on
the cooling performance was also analyzed experimentally.

II. PROTOTYPE OF THE MICROCHANNEL HEAT SINK

The prototype of the stacked microchannel heat sink is com-
prised of an inner cellular metal core and an outer Container.
The top view of one piece of the individual microchannel plate
used in the heat sink inner core is shown in Fig. 1(a). The flat
thin rectangular plate with length L, width W , and thickness
H is etched to have a number of small regular hexagonal
honeycombs holes as seen in the figure. The seal region around
the perimeter of the plate with no honeycombs is left for
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Fig. 1. Top view of one piece of the microchannel plates with regular
hexagonal honeycombs. (a) Single layer. (b) One honeycomb hole.

(a) (b) (c)

Fig. 2. Schematic view of the cellular metal core formation. (a) Layer 1.
(b) Layer 2. (c) Bonded together.

welding, its width is a. Each regular hexagonal honeycomb
cell in the plate is described by the cell excircle diameter d
and the fin thickness t as shown in Fig. 1(b).

Fig. 2 is a close-up view of one section of the individual
honeycomb plate. Both layer 1 and layer 2 are completely
of the same dimensions and have the same hexagonal hon-
eycomb arrangement. Layer 2 is simply obtained by rotat-
ing layer 1 by 180 °C clockwise. As seen from Fig. 2,
when stacking two layers of such honeycomb microchannel
plates together, each honeycomb cell in layer 1 is divided
into three smaller parts to form the offset-fin microchannels
structure in layer 2. As multiple layers of such plates are
bonded face to face with each other, the staggered array of
honeycomb cells are created in the direction of the normal
layer plane to form the heat sink inner cellular core. The
heat sink Container is a concave chamber with the same
dimensions as the inner cellular core and it is created using
a high thermal conductivity metal material that facilitates
heat flow from the bottom heat source into the sink. As
shown in Fig. 3, when the cooling fluid enters and comes
out from the cover board into the inner stacked plates with
staggered honeycomb cells, a higher heat transfer coefficient
and more uniform substrate surface temperature are obtained
by the well-designed flow disturbance. Here, the heat sink
substrate also has the same dimension of L × W as the inner
microchannel plate.

The present heat sink design is different from the many
usual sandwich structured honeycomb heat sinks mentioned
above in that its inner cellular core is built by stacking mul-
tilayered honeycomb plates together and elaborately shaped
by the honeycombs’ regular intersection array. The fluid also
flows in and out of the heat sink in the direction of the
counterflow of the heat flux direction, which is different from
the cross-flow direction in conventional honeycomb heat sinks.

The shapes of the hexagonal honeycomb plates are con-
trolled well by a photochemical metal etching method. This

Outlet

Cover board

Heat sink
container

Heat sink substrate

Honeycomb
microchannels

Inlet

Fig. 3. Schematic of staggered honeycomb micro channel heat sink.

Fig. 4. Top view image of the interior of a honeycomb microchannel heat
sink.

is a method combining photochemical reactions with chem-
ical corrosion. Initially, the metallic substrate is cleaned as
well as possible to promote adhesion of the mask and retard
undercutting during etching, then a strongly adhering etch-
resistant mask is applied for the photoprocessing step of
the coated metal. With CAD/CAM technology, processing
figures are produced on the positive and negative mask plates.
The protected metal part figures are formed on two sides
of the positive and negative metal material through the pho-
tochemical reaction. Finally, the metal parts are produced
through chemical etching of the unprotected metal material.
The advantages of photochemical etching are the following:
there are no burrs on the edges of the parts; the substrate is
not subjected to heat or physical deformation; extremely small
features can be obtained; the dimensions can be accurately
controlled; and 2-D or 3-D parts can be etched. Modifications
to the stencil can be done rapidly and relatively inexpensively,
which results in a short time lapse between prototyping
and production, and thus the cost of fabrication is also
controlled.

In the present experimental work, the fabricated sample
plate made of brass is 20 × 40 × 0.16 mm in size
and there is a 1-mm wide seal region around the perimeter
with no honeycomb cells. The cell excircle diameter of the
regular hexagonal honeycomb cell in the plate is 2.49 mm
and its fin thickness is 0.2 mm, as indicated in Fig. 1(b).
Such multilayered plates are stacked together to form the
interior section of the heat sink. Although good metal bonding
can minimize the contact heat resistance between two pieces
of brass plates, in this paper, 15 pieces of the plates were
joined together using laser welding on the side. The heat sink
Container that houses the honeycomb microchannel structure
is also made of brass, and the fluidic seals use miniature
O-rings or laser welding. This honeycomb microchannel heat
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Fig. 5. Schematic of the honeycomb microchannel cooling system.

sink design combines the expectations that not only the surface
area is expanded, but the improved flows are modified to
enhance heat transfer in a cost-effective way. The top view
of the inside fabricated sample is shown in Fig. 4. Heat is
added to the bottom of the heat sink, and the working fluid
flows in and out at the top surface.

III. SYSTEM DESCRIPTION AND EXPERIMENTAL SETUP

Fig. 5 shows the closed-loop honeycomb porous microchan-
nel cooling test system. It is composed of four parts: a
microchannel heat sink, a micropump, a reservoir, and a mini
heat exchanger with fans. When electronic chips need to be
cooled, the system starts to operate. Water in the closed system
is driven into the heat sink device through the inlet located on
the top surface of the heat sink by a micropump. The flow rate
is controlled by adjusting the input voltage of the micropump.
The water volumetric flow rate is monitored by a flow meter,
which is calibrated using the standard weighing method, as
follows. The liquid exiting the flow meter is collected in a
glass beaker. A balance with an accuracy of ±1 g is used
to weigh the accumulated liquid. The volume of the liquid is
calculated by dividing the weight by the liquid’s density.

In the system, the fluid is heated and its temperature
increases after flowing out of the heat sink device. T-type
thermocouples are located at the inlet and outlet of the test
heat sink to measure the fluid temperatures at these locations.
Through a 6-mm dia. tube, the heated fluid then enters the
mini heat exchanger with fans. The mini heat exchanger will
cool the fluid and the heat will be dissipated to the external
environment. The cooled fluid will be delivered to the reservoir
to ensure that the fluid entering the micropump is in the liquid
phase and the micropump is working properly. From the low
outlet of the reservoir, the cooled fluid is then pumped back
into the heat sink, thus forming a closed-loop flow system. It
should be noted that the real size of the system can be designed
on the basis of the application requirements.

Fig. 6 shows a schematic cross-sectional view of the
microchannel heat sink packaging. The test module is mounted
at the center between two 8-mm thick thermally insulated
cover plates. Heat was supplied using two 80-W cartridge
heaters. The voltage input to the cartridge heaters is controlled
by an ac power supply. Two small holes of 1-mm dia. are
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7

Fig. 6. Cross-section view of the microchannel heat sink package. 1-Top
cover plate. 2-Microchannel heat sink. 3-TIM. 4-One thermocouple position.
5-Heater. 6-Thermal insulation board. 7-Bottom cover plate.

Micropump

Heat sink package Heat exchanger

Reservoir

Fig. 7. Photograph of the experimental setup.

drilled to install two copper–constantan (T-type) thermocou-
ples. Because of the good thermal conductivity of the copper
material, the temperatures of the heat sink substrate are nearly
equal to the measured ones. A thermal interface material
(TIM) is used between the copper block heater surface and
microchannel heat sink to minimize the contact heat resistance.
In order to minimize heat loss, the external surface of the
heater and the heat sink are all tightly covered with glass
wool of a very low thermal conductivity (k ∼0.032 W/mK
at 25 °C).

In the experiment, temperature is the main parameter for
system evaluation, and it is directly measured using T-type
thermocouples (Cu–CuNi). Calibration of the thermocouples is
carried out before the experiment. The uncertainty of tempera-
ture measurement of the T-type thermocouples is ±0.2 K after
calibration. All thermocouple output signals are recorded by
a data acquisition system (Keithley 2700), which is connected
to the PC via an RS232 port. The input heating power is
controlled by the heating system, which is connected to a
power supply with an adjustable ac voltage to provide power to
the device. The uncertainty of the heating power measurement
of the power meter is ±2 W. The electrical voltage and current
of the micropump are respectively measured with a volt meter
of ± 1V uncertainty and a current meter of ±0.1 A uncertainty.

For each test, the system was allowed to reach steady state
before measuring and recording the liquid flow rate, liquid and
heat sink substrate temperatures, as well as input voltage and
current. All measured parameters were analyzed under steady-
state conditions of the experiment. Two types of experimental
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TABLE I

DIMENSIONS OF TEST HEAT SINKS

Heat
sink

L
(mm)

W
(mm)

H
(mm)

a
(mm)

t
(mm)

d
(mm)

D
(mm)

n Inlet Outlet

| 40 20 0.2 3 0.2 2.27 2 8 Single Single

|| 40 20 0.16 1 0.2 2.49 4 15 Single Single

||| 40 20 0.16 1 0.2 2.49 4 15 Double Double

System pipe

Micro pump Micro reservoirHeat sink
package

Remote exchanger

Fig. 8. Photograph of the remote micro-sized cooling system.

rig were set up as shown as in Figs. 7 and 8. Fig. 7 shows the
practical cooling system described in Fig. 5. Fig. 8 shows the
remote micro-sized heat transfer application cooling system,
which includes a 2.3-m long stainless steel tube with only
2 mm inner diameter.

IV. ANALYSIS AND DISCUSSION

During the experiments, the steady heat transfer rate Q̇
removed by water and the corresponding heat flux q at the
substrate of the microchannel heat sink are given by

Q̇ = ṁcp�T (1)

q = Q̇

A
(2)

where ṁ is the total mass flow rate, cp is the specific heat of
the fluid, and �T is the temperature change. The mass flow
rate is calculated using the standard weighing method. The
temperature change is determined from the measured inlet and
outlet temperatures. A is the substrate area of the microchannel
heat sink. In this case, the substrate area is 8 cm2.

In order to evaluate the cooling system, the power consump-
tion of the micropump is also important. The electrical input
power is determined by the expression

P = V I (3)

where V is the input voltage and I is the input current.
The uncertainties of the experimental measurements were

analyzed. The primary contribution for the margin of error of
the total heat steady-state transfer rate Q̇ was found to come
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Fig. 9. Different heat sink cover configurations. (a) Single in/outlet.
(b) Double in/outlet.

TABLE II

SPECIFICATIONS OF THE MICROPUMPS

Micropump
Input
voltage

(V)

Current
draw
(A)

Power
usage
(W)

Pressure
head
(m)

Pipe size (inner
diameter) (mm)

• 12 2 24 3.1 12

|| 12 0.4 4.8 1.5 6

||| 3 0.28 0.84 1.1 3.2

from the temperature measurement. For the T-type thermo-
couples, the margin of error is about ±0.2 K after calibration,
while the maximum margin of error for Q̇ is 8.43%.

Extensive experiments and analysis on the microchan-
nel heat sinks integrated with cooling system configuration
were conducted to examine how various operating conditions
affected the thermal performance. Three test heat sinks were
fabricated with different sizes, as listed in Table I. Heat sink
||| had the same dimension as the heat sink ||, but it had a
double in/outlets cover arrangement. The detailed heat sink
cover configurations are presented in Fig. 9. Because the heat
sink Container was fabricated by milling, the cover edges were
cut and formed with little filleted radius. Heat sink || also has
single in/outlet cover arrangement, as shown in Fig. 9(a), but
the diameter of the drilled holes was only 2 mm. Water was
used as the coolant in single-phase experiments. Tests were
conducted using various micropump types and pumping pow-
ers. The heat transfer capabilities of the cooling system with
different pipe diameters and different input heating powers
were also evaluated. The influence of working flow rate and
test system configuration on the cooling performance was also
analyzed experimentally.

When used as a compact cooling system for electronic
chips, the pumping power of the micropump was required
to be maintained at a low level. The nominal specifications
of different micropumps used in the experiments are listed in
Table II.
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Fig. 10. Heat sink substrate temperature variation with different flow rates
under 80-W heating power (heat sink | + micropump |).

Fig. 10. shows the relationship between heat sink substrate
temperatures and volumetric flow rates under the same amount
of heating power input with heat sink | and micropump |. The
heat sink inlet water temperature was maintained at 21.2 °C
in all tests. It can be seen that, as the flow rate increased,
the substrate temperature decreased. When the system flow
rate of the micropump was 885 ml/min, the substrate tem-
perature was nearly 39.2 °C. However, when the flow rate
decreased to 52 ml/min, the substrate temperature increased
to about 80 °C. It is easy to explain this phenomenon.
When the pumped flow rate increases, the average tempera-
ture of the coolant will decrease according to (1). The heat
transfer coefficient of the porous honeycomb microchannel
heat sink will also increase, thus the heat will be removed
more efficiently. However, it should be noted that, as the
pump flow rate increases, the micropump will also consume
more power, which will increase the operational cost. In the
present experiments, when the flow rate increases from 310
to 885 ml/min, the pumping power rises from 10 to 18 W.
In actual practice, there should be some tradeoff in design
between the heat transfer efficiency and the pump power
consumption.

Another point that should be noted is the large difference
in the connection pipe size between micropump | and the
heat sink |. Micropump | has 12-mm inner diameter inlet and
outlet pipes, but the heat sink | has 2-mm inner diameter
inlet and outlet connection pipes. This means that when a
sudden flow contraction or expansion appears at these places,
significant hydrodynamic head losses will occur. Thus, a
micropump with a small pipe is needed to fit the system
pipe size, and the amount of pumping power also needs
to be restricted to maintain a low level for microcooling
applications. The micropump || with 6-mm inner diameter
inlet and outlet pipes and 4.8-W nominal pumping power was
introduced in the cooling system for evaluating the system
performance.

Fig. 11 shows the variation of heat sink substrate tem-
peratures with input heating power at different inlet water
temperatures using heat sink | and micropump ||. Here, tests
were conducted at two different inlet water temperatures using
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Fig. 11. Heat sink substrate temperature variation with input heating power
at different inlet temperatures (heat sink | + micropump ||).

the same amount of pumping power. The average flow rates
were 298 ml/min under 21.2 °C inlet water and 322 ml/min
under 18.1 °C. Because the density of water changes with
temperature, the flow rate is slightly lower with a higher
inlet fluid temperature. In the tests, the substrate temperatures
increased with the rise of the input heating power. Under
conditions of 21.2 °C inlet temperature and 288 ml/min flow
rate, the substrate temperature was about 50.4 °C under 110 W,
and increased to 61.1 °C as the heating power rose to 140 W.
In this case, 129 W of heating power was effectively removed
by the water flow according to (1). When the inlet temperature
was 18.1 °C and the flow rate was 321 ml/min, the substrate
temperature was about 47.4 °C under 110 W and increased to
57.4 °C as the heating power rose to 140 W. From Fig. 11, it
can be seen that improved cooling capabilities of the system
were achieved with lower inlet water temperatures under
constant pumping power.

Although a large flow rate and low working fluid tempera-
ture can improve the system’s cooling performance, in many
electronic heat removal applications the micropump’s working
parameters are always maintained constant. That means that, in
order to obtain larger flow rate for better cooling performance,
the only way is to decrease the system flow resistance. Heat
sink | was designed to reduce flow hydrodynamic head losses.
Compared to heat sink |, it had a larger honeycomb cell and a
smaller seal region. Most significantly, the inner diameter of
the in/outlet pipes of heat sink | was 4 mm, which is 2 mm
larger than that of heat sink |.

More details of the two types of heat sinks can be seen in
Table I. The effect of these two different heat sink designs on
the substrate temperature under the same amount of pumping
power is shown in Fig. 12. Using the same micropump || and
constant 2.4 W (dc 12 V, 0.2 A) pumping power, two types of
heat sinks were tested under 16.2 °C inlet water temperature. It
is clear from Fig. 10 that the flow rate of heat sink || was much
higher than that of heat sink |, which shows that this design
results in lower flow resistance because of the larger honey-
comb cell size and in/outlet pipe diameter. For the cooling
system, the substrate temperature was 47.2 °C with heat sink
| and 110 W input heating power, which is 5 °C higher than
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Fig. 12. Heat sink substrate temperature variation with input heating power
at different heat sink designs.
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Fig. 13. Temperature variation with time at different heating powers (heat
sink || + micropump ||).

that with heat sink ||. When the heating power rose to 130 W,
the substrate temperature of heat sink | increased to 52.8 °C,
i.e., 7 °C higher than that with heat sink || as shown in Fig. 12.

Detailed tests were conducted with heat sink || and microp-
ump || at various input heating power levels. Fig. 13 shows the
heat sink temperature variations with time at different heat
fluxes in steady flow rate. Here, the average flow rate was
463 ml/min and the ambient temperature was 14.9 °C. The
input voltage and current to the pump were kept at dc 12 V
and 0.2 A, respectively, thus the pump power consumption
was 2.4 W. The tests were initially started using 80 W of
heating power, and then stepped up to 90, 100, 110, 120,
140, and finally, 150 W. From Fig. 13, it can be seen that,
when the input heating power was 80 W, the inlet water fluid
temperature was 15.3 °C, the outlet temperature was 17.8 °C,
and the substrate temperature of the heat sink was 32.5 °C.
Thus the total heat transfer rate Q̇ removed by water calculated
using (1) was 75.2 W, and the heat flux q at the substrate of
the microchannel heat sink removed by water was 9.4 W/cm2

based on (2), as shown in the right y-axis of Fig. 13. When
the input heating power was increased to 150 W, the inlet
water fluid temperature was 15.1 °C, the outlet temperature
was 20 °C, and the substrate temperature of the heat sink
rose to 48.3 °C, which was safe enough for normal electronic
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Fig. 14. Temperature variation with time at different input heating power
(heat sink || + micropump ||).

chips. In this case, the total heat transfer rate Q̇ was 145.6 W,
and the heat flux q at the substrate of the microchannel heat
sink removed by water was 18.2 W/cm2. Actually, a higher
amount of heat could be removed by the cooling system, but
in this experimental system the design had a restriction with
a maximum of 160 W input power, which limited further
experiments. It was also found that, when the heating system
stopped heating, the substrate temperature decreased rapidly
to the ambient temperature.

For remote micro-sized heat transfer applications, the sys-
tem will need to further minimize its configuration dimensions
to fit into the limited space. As shown in Fig. 7, the 2.4-m
long stainless steel tubes with only 2-mm inner diameter were
used as the system fluid pipes to transfer the heat generated by
the electronics through a distance of 1.2 m. Thus great flow
resistance will be generated in these tiny long pipes, which
would limit the system flow rate to a very low level. On the
other side, as system components are miniature, there is also
a need to restrict the micropump’s size, which means that a
smaller micropump is required with lower power consumption.
It should further reduce the heat sink flow resistance for
applications in such conditions. Compared to heat sink ||, heat
sink ||| had double in/outlet pipes arrangement, with the benefit
of multiple passes with shorter flow lengths to reduce the flow
resistance. Micropump ||| with a small pipe size of 3.2 mm
inner diameter and low working voltage of 3 V was used to
push water through the cooling system.

Fig. 14 shows the variations of the heat sink temperature
with time at different input heating powers at steady flow rate.
During the experiments, the flow rate of the micropump was
105 ml/min and the ambient temperature was 13.9 °C. The
consumed power of the micropump ||| was 0.72 W (dc 3 V,
0.24 A). The input power increased from 80 to 140 W, in 10 W
per stage. When the input power was 80 W, the corresponding
heat flux was 9.4 W/cm2 and the substrate temperature of the
heat source was 42.5 °C. It can also be found that the two
measured substrate temperatures were nearly the same, which
indicated the uniformity of temperature distribution in the heat
sink substrate. This is very important for those applications
that need low thermal stress and high reliability.
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sink ||| + micropump |||).

Fig. 15 shows the measured temperature variation with time
at 150 W input heating power. In this case, the flow rate was
115 ml/min, the power consumption was 0.72 W (dc 3 V,
0.24 A), the ambient temperature was 17.8 °C, the inlet water
fluid temperature was 18.9 °C, outlet temperature was 36.6 °C,
and the substrate temperature of the heat sink rose to 61.4 °C
and 61.2 °C. According to (1) and (2), the total heat transfer
rate Q̇ was 142 W, and the heat flux q at the substrate of the
microchannel heat sink was 17.7 W/cm2.

V. CONCLUSION

A practical implementation of a single-phase brass hon-
eycomb porous microchannel cooling system was developed
for cooling electronic chips. Metal etching was used for the
fabrication, in which the cooling fluid entered in and out from
the top side of the cascaded plates with staggered honey-
comb cells. Good heat transfer was obtained by an improved
design for flow disturbance. Experimental investigations were
conducted to determine the heat transfer characteristics and
cooling performance under steady single-phase flow. Different
heat sink designs and micropumps with various operation
parameters were tested. The experimental results showed that
the cooling system could remove a heat flux of 18.2 W/cm2

under 2.4 W of pumping power, when the heat source temper-
ature was 48.3 °C and the ambient temperature was 14.9 °C.
This heat sink design provides an excellent choice for cooling
electronic chips.
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