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A Honeycomb Microchannel Cooling
System for Microelectronics Cooling

XIAOBING LUO,! YONGLU LIU,? and WEI LIU!

!School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan, China
“Department of Mechanical and Power Engineering, Nanchang Institute of Technology, Nanchang, China

A honeycomb porous microchannel cooling system for electronics cooling was proposed in this article. The design, fabrication,
and test system configuration of the microchannel heat sink were summarized. Preliminary experimental investigation was
conducted to understand the characteristics of heat transfer and cooling performance under steady single-phase flow. In the
experiments, a brass microchannel heat sink was attached to a test heater with 8 cm? area. The experimental results show that
the cooling system is able to remove 18.2 W/cm? of heat flux under 2.4 W pumping power, while the junction wall temperature
is 48.3°C at the room temperature of 26°C. Extensive experiments in various operation conditions and parameters for the
present cooling system were also conducted. The experimental results show that the present cooling system is able to perform

heat dissipation well.

INTRODUCTION

Recent advances in micro electromechanical devices
(MEMS), very large-scale integration (VLSI) technologies, and
the associated micro miniaturizations have led to significant
increases in the packaging densities and heat fluxes generated
within these devices. To operate electronic devices at a suitable
temperature, it is necessary to develop efficient heat removal
methods. One possible solution is to utilize microchannel heat
sinks, structures with which many microscale channels of large-
aspect ratios are built onto the back of the microchips. Working
liquid is forced through these microchannels to carry away the
heat. This approach was first introduced by Tuckerman and
Pease 28 years ago [1]. Since the original study, numerous in-
vestigations have been conducted using a variety of techniques,
as reviewed by Phillips [2].

According to Newton’s law of cooling, two conventional
strategies can be employed to improve the forced conventional
heat transfer rate under specified temperature differences. One
strategy involves extending the surface area of a heat sink. Due
to their compactness and high surface-to-volume ratio, the use
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of microchannels seems an attractive method. However, the high
packaging density in advanced electronic chips limits the infinite
extension of the surface area of the heat sink. The other strategy
is the enhancement of the heat transfer coefficient. Traditionally,
flow disturbance technologies using roughness elements, vortex,
etc., may help to increase the heat transfer coefficient in single-
phase laminar flow.

While microchannel heat exchangers generally have excel-
lent thermal performance, there is still considerable emphasis
on increasing heat transfer coefficients. The use of enhanced mi-
crochannels was proposed by Kishimoto and Sasaki [3]. They
proposed a diamond-shaped interrupted microgrooved cooling
fin to decrease junction temperature variations across the chip.
It was found that the high heat transfer coefficient could be ob-
tained by interrupting the thermal boundary layer with cooling
fins in a staggered arrangement.

Steinke and Kandlikar [4] have carried out an extensive re-
view of conventional single-phase heat transfer enhancement
techniques. Several passive and active enhancement techniques
for minichannels and microchannels were discussed. Some of
their proposed enhancement techniques included fluid additives,
secondary flows, vibrations, and flow pulsations. Kandlikar and
Upadhye [5] analyzed the enhanced offset strip-fin geometry,
with the results showing that by using water as the coolant in
a split-flow arrangement with a core pressure drop of around
35 kPa, the enhanced structures were capable of dissipating
heat fluxes extending beyond 3 MW/m?.
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Some researchers have focused on honeycomb structures for
augmenting heat transfer in compact heat exchangers. Accord-
ing to the report of Lu [6], the surface area to volume ratio of the
typical micro-cell at the size of 1-mm aluminum honeycombs
was about 3000 m%/m3, making them ideal candidates for com-
pact heat exchanger applications where high surface area density
is required.

Honeycomb structures metals are low-density materials that
combine a certain stiffness, strength, crushing energy absorp-
tion, and thermal characteristics. With a single “easy flow” di-
rection to allow internal fluid transportation, the continuous
channels of these open core structures make them particularly
interesting for use in heat sink applications. For these reasons,
all-metallic sandwich structures with honeycomb cores have
been suggested for simultaneous load bearing and active cooling
[7]. Several mechanisms contributing to heat transfer have been
identified, including a high surface contact area between the
core and the coolant, and high heat transfer between the metal
surface and the fluid coolant [§—10]. Experimental studies of
convective heat transfer in extruded metallic honeycomb struc-
tures have been performed by Hayes et al. [11] and Dempsey
et al. [12]. The test heat sinks were fabricated as sandwich pan-
els with honeycomb cores bonded to two solid face-sheets by
welding, three sides insulated, and the top or bottom surface
subjected to prescribed temperatures or heat flux, using forced
air as the coolant for the cross-flow heat exchange experiments.
Exel and Schulz-Harder [13] provided a honeycomb microchan-
nel design based on the diffusion bonding process; the system
has good cooling performance, but it is expensive because of
such a fabrication process.

Based on previous studies, an improved design for periodic
staggered honeycomb structure microchannel heat sinks and a
cooling system for them are presented in this article. The design,
fabrication, and test system configuration of the microchannel
heat sink are summarized. A parametric experimental study on
the cooling systems was conducted. The experimental results
show that the present cooling system is able to perform well.

HEAT SINK DESIGN

The prototypical structure of the multilayer honeycomb heat
sink is built by stacking together several flat thin rectangle metal
plates with etched honeycomb holes inside to form the staggered
fluid flow passage channels. As shown in Figure 1a and b, each
of the metal plates has the same size of L x W x H, which
is etched so that it has a number of small regular hexagonal
honeycomb cells with ex-circle diameter d and fin thickness ¢.
In order to keep the two layers tightly connected, a wide seal
region a with no honeycomb cells is left around the perimeter
of the metal plate. By rotating one plate at a 180° angle going
clockwise and then bonding with the other plate, the honey-
comb holes are divided by cell fins to form the serpentine fluid

heat transfer engineering
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Figure 1 The prototype of a single layer honeycomb plate.

flow channels in the direction of a normal layer plane, as shown
in Figure 2. The heat sink inner structure is simply created by
stacking multilayered honeycomb microchannel plates together.
For applications of indirect liquid cooling of electronic systems,
the working liquid is forced to flow through well-designed chan-
nels embedded in the cellular metal core in order to realize heat
dissipation.

The dimensions of the hexagonal honeycomb cells are con-
trolled primarily by metal etching methods, with chemical etch-
ing on the unprotected metal material. In contrast to the tra-
ditional machination process, the etching method has a short
production cycle of about several days. Chemical etching is ex-
tremely flexible, and for any applications needed, any pattern
can be copied onto the metal. This method also works well for
changing dimensions; chemical etching is able to do this more
quickly and easily than other methods. Finally, and perhaps
most importantly, the development cost is low. A sample of a
fabricated honeycomb microchannel plate is shown in Figure 3
and the multilayered sample is shown in Figure 4.

The configuration of the staggered honeycomb microchannel
heat sink is illustrated in Figure 5. The heat sink and the chan-
nels are made of brass (H62). Each heat sink is composed of
15 honeycomb layers, where each individual layer has dimen-
sions of 40 x 20 x 0.16 mm. Rows of regular hexagonal hon-
eycomb cells in the flat thin brass plate also have the same
dimensions of cell, ex-circle diameter of 2.49 mm and fin width
of 0.2 mm. As seen from Figure 2, when stacking multilayered
honeycomb microchannel plates together, each honeycomb cell
is divided into three smaller parts by the cell fins in the neighbor
layering, forming serpentine microchannels. To reduce contact

BRSSPI SIS

Figure 2 Two honeycomb plates bonded together.
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Figure 3 Fabricated sample of a single layer plate.

thermal resistance, multilayers of these honeycomb plates are
bonded together through the 14 laser welding lines in the side
region around the perimeter of the plates, as shown in Figure 4.
The thermal resistance can thus be minimized by the many con-
tact points between the metal layers. The chamber containing
the honeycomb microchannel structure is bonded with a cover
board with inlet/outlet pipes at the top of the channels using
miniature “O-rings” for fluidic sealing.

In this honeycomb microchannel heat sink design, not only
is the surface area expected to expand, but the flows are also
modified to enhance heat transfer in a cost-effective way.

SYSTEM AND EXPERIMENTAL DESCRIPTION

Figure 6 demonstrates the closed-loop honeycomb porous
microchannel cooling system for electronics cooling. It is com-
posed of four parts: a microchannel heat sink, a micropump,
a reservoir, and a small heat exchanger with a fan. When the
electronic chips need to be cooled, the system starts to work.
Water, or any other fluid in the closed system, is driven into
the heat sink device through an inlet by a micropump. The inlet
and outlet of the heat sink are located on the top of the heat
transfer device, from which the fluid is directly pushed onto the
bottom plate, which is attached to electronic chips. Since the
honeycomb porous microchannel heat sink has a very large heat
transfer coefficient, the heat created by electronic chips is easily

Figure 4 Multilayered plate bonded together.
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Figure 5 Schematics of a staggered honeycomb microchannel heat sink.

removed using the recycling fluid in the system. The fluid is
then heated, with the temperature increasing after flowing out
of the heat sink device. The heated fluid next enters the heat
exchanger with the fins and fan. The heat exchanger will cool
the fluid and the heat is dissipated into the external environment.
The cooled fluid will be delivered into the reservoir to ensure
that the fluid in the micropump is in liquid phase to keep the
micropump working properly. From the low outlet of the reser-
voir, the cooled fluid is then pumped back into the heat sink,
thus forming a closed-loop flow system. It should be noted here
that the real size of the system can be designed as one small
package, according to application requirements.

In the test system for this report, water was used as the
working fluid. The heater, which was attached to the back of
the device, was wired through electric pads to the power sup-
ply. In order to minimize heat loss, the external surface of the
heating element and the heat sink were covered with a thermal
insulation material with very low thermal conductivity (about
0.032 W/m-K).

In the experiment, temperature was the main parameter for
system evaluation, and it was directly measured using T-type
thermocouples (Cu—CuNi). Calibration of the thermocouples

Te T3

S |
|
|
R

1

|
T T

T1

1. Heating system 2. Microchannel heat sink 3. Heat exchanger 4. Rotameter
5. Reservoir 6. Micropump T1-T5. T-type thermocouples

Figure 6 Schematic diagram of the experimental system.

vol. 32 nos. 7-8 2011



14:27 4 March 2011

[ Huazhong Uni versity of Science and Technol ogy] At:

Downl oaded By:

X.LUO ET AL. 619

was performed prior to the experiment by placing the device
in an oven and establishing the resistance—temperature curve
for each individual sensor. The uncertainty of the temperature
measurement of the T-type thermocouples was 0.2 K after
calibration. The temperatures of the inlet and outlet fluids were
measured by two thermocouples, one thermocouple T2 at the
inlet and another T3 at the outlet of the test heat sink. The
attached bottom wall surface temperature of the heat sink was
measured using thermocouple T1, which was mounted on the
back of the test sample. Thermocouples T4 and TS were used
to measure the temperatures of the in/out fluids of the heat
exchanger. All these output signals of the thermocouple were
recorded by a data acquisition system (Keithley 2700). The input
heating power was controlled by the heating system, which was
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 was +£2W. The electrical
voltage and current of the micropump were measured by the
voltage meter with £1 V uncertainty and the current meter with
£0.1 A uncertainty, respectively.

All measurements were performed under steady-state condi-
tions and repeated until significant data repetition was ensured.
The mass flow rate was controlled through adjusting the input
voltage of the micropump. During the measurement, the pump
and power source were set up to maintain a desired output. The
pump was set up to produce a constant flow rate at a steady state.

During the experiments, the total volumetric flow rate v was
also measured, with other parameters used to describe how the
heat transfer and fluid flow characteristics of water were re-
lated to these measured parameters. The total heat steady-state
transfer rate O removed by water and the heat flux ¢ at the
bottom wall of the microchannel heat sink removed by water,
respectively, are given by:

Q = rc, AT (1)

qg=0/A 2

where 71 is the total mass flow rate, ¢, is the specific heat of
the fluid, and AT is the temperature change. The mass flow rate
is calculated by using the fluid density at the mean temperature
and the measured volumetric flow rate. The temperature change
is determined from the measured inlet and exit temperatures. A
is the area of the bottom wall of the microchannel heat sink.

In order to evaluate the cooling system resistance, the power
consumption of the micropump is also important for understand-
ing the system. The electrical input power is determined by the
following equation:

P=VI 3)

where V is the input voltage and [ is the input current.

heat transfer engineering

Table 1 Dimensional details of the heat sinks

ID L(mm) W ((mm) H(mm) a(mm) f(mm) d(mm) D(mm) n

1 40 20 0.2 3 02 227 2 8
o 40 20 0.16 1 02 249 4 15
RESULTS AND ANALYSIS

Performance Test

Tests were conducted at various input heating power levels.
Figure 7 shows the variation of the measured heat sink tempera-
ture with time at different heat flux removed by the water at the
same flow rate of micropump. Here, the flow rate of micropump
was 463 mL/min. The electrical input voltage and current of the
micropump were DC 12 V and 0.2 A, and thus the consuming
power of the micropump was 2.4 W. The tests were initially
started at a heating power of 80 W, and then stepped up to 90
W, 100 W, and 110 W. From Figure 7, it can be seen that when
the input heating power was 80W, the inlet water fluid temper-
ature T2 was 15.3°C, outlet temperature T3 was 17.8°C, and
the bottom wall surface temperature of the heat sink T1 was
32.5°C, the total heat transfer rate Q removed by water was
75.2 W through the calculation of formula (1), and therefore,
the heat flux g at the bottom wall of the microchannel heat sink
removed by water was 9.4 W/cm? as shown in Figure 7a. When
the input heating power increases to 150 W, as shown in the
Figure 7b, the inlet water temperature T2 was 15.1°C, outlet
temperature T3 was 20°C, and the bottom wall surface tempera-
ture of the heat sink T1 rose to 48.3°C, which is safe for normal
electrical chips. In this case, the total heat transfer rate 0O was
145.6W, and the heat flux ¢ at the bottom wall of the microchan-
nel heat sink removed by water was 18.2W/cm?. From Figure
7b, it was also found that when the heating system stopped
heating, temperature T1 of the bottom wall surface decreased
rapidly.

Effect Investigations of Different Parameters on Cooling
Performance

Extensive experiments under various operation conditions
on the present cooling system were also conducted. Two test
heat sinks were fabricated with different microchannel plate
sizes and pipe diameters. The detailed dimensions of the fabri-
cated test pieces are shown in Table 1. Both water and ethanol
were used as the coolants in the single-phase experiments. Var-
ious micropumps and power levels were tested in the experi-
ments. The different micropumps used in the experiments are
listed in the Table 2. The heat transfer capabilities of the cool-
ing system with different pipe diameters and working medi-
ums were also evaluated. The influence of the pumping flow
rate and test system on the cooling performance was analyzed
experimentally.

vol. 32 nos. 7-8 2011
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Table 2 Specifications of the micropumps

Pipe inner
Input Current Power Pressure diameter
ID voltage (V) draw (A) usage (W) head (m) (mm)
I 8-24 1.9 3-33 3.1 12
I 12 0.4 4.8 1.5 6
I 345 0.28-0.42 1.89 1.1 32

Figure 8 shows the relation between heat sink substrate tem-
peratures and volumetric flow rates under the same input heating
power for heat sink I and micropump I. Here, the input power
was 80 W. The temperature of the inlet water into the heat sink
was kept at 21.2°C in all tests. It can be seen that the sub-
strate temperature decreases as the flow rate increases. When
the flow rate of the micropump was 885 mL/min, the substrate

—»— Thermocouple T1
—24— Thermocouple T3
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Time (Min)
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Figure 7 Temperature variation with time at different heating power.
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Figure 8 Variation of heat sink substrate temperatures with time at different
flow rates under 80 W heating power.

temperature 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 pump
flow rate increases, the heat transfer coefficient in the mi-
crochannel heat sink increases as well, and thus the heat from
the heater is more efficiently removed. However, it should
be noticed that as the pump flow rate increases, the micro-
pump will consume more power, which increases the opera-
tion cost. Under actual operation, there will be some trade-off
in design between the efficiency of heat transfer and power
consumption.

Figure 9 shows the variation of heat sink substrate temper-
atures with input heating power at different inlet water tem-
peratures of heat sink I and micropump II. Here, tests were
conducted at two different inlet water temperatures with aver-
age flow rates of 298 mL/min and 322 mL/min. The substrate
temperatures increased with the rise of the input heating power.
When the inlet temperature was 21.2°C and the flow rate 288
mL/min, the substrate temperature was about 50.4°C under 110
W input heating power, and increased to 61.1°C as the heating
power rose to 140 W and 129 W. When the inlet temperature
was 18.1°C and the flow rate was 321 mL/min, the substrate
temperature was about 47.4°C at 110 W of input heating power
and increased to 57.4°C as the heating power rose to 140 W and
136 W.

The influence of different heat sink design on the substrate
temperature with the input heating power under the same pump-
ing power is shown in Figure 10. Heat sink II had a larger hon-
eycomb cell ex-circle diameter of 2.49 mm and a smaller seal
region of 1 mm than 2.27 mm and 3 mm of the heat sink I. The
inner diameters of inlet and outlet pipe of the heat sink II were
4 mm, also larger than 2 mm of the heat sink I. More details
of the two types of heat sinks are shown in Table 1. Using the
same micropump II and pumping power of 2.4 W (12 V, 0.2 A),
two types of heat sinks were tested under the same inlet water
temperature of 16.2°C and the input heating power. It is very

vol. 32 nos. 7-8 2011
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Figure 9 Variation of heat sink substrate temperatures with input heating
power at different inlet temperatures.

clear from Figure 10 that the flow rate of heat sink II was much
greater than that of heat sink I, shown in the decreased flow re-
sistance present in heat sink II because of the larger honeycomb
cells and the diameters of the in/out pipes. When the diameters
of the heat sink’s inlet and outlet pipes were less than the ones
of micropump, the capability of the liquid to flow through was
decreased because the pipe diameters of heat sink I and mi-
cropump II did not match. For the cooling system, the substrate
temperature was 47.2°C for heat sink I at 110 W input heating
power, 5°C higher than the substrate temperature for heat sink
II. When the heating power rises to 130 W, the substrate tem-
perature of heat sink I increases to 52.8°C, 7°C higher than that
of heat sink II, as shown in Figure 10.

Heat transfer tests of the cooling system using heat sink II
were also conducted at low inlet temperatures and small liquid

T T T T T
—#— Heatsink I, flow rate 296ml/min
—@— Heatsink II, flow rate 442ml/min
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Figure 10 Variation of heat sink substrate temperatures with input heating
power at different heat sink design under same pumping power.
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Figure 11 Variation of heat sink temperatures with time under 110 W heating
power (micropump III, water).

flow rates. Here, the heat exchanger in system was a cold plate
attached to the chilling water unit, with the design being similar
to that of a radiator in space applications. The present radiator
was created using an aluminum alloy plate of 350 x 255 x 7
mm. A stainless-steel pipe with an inner diameter of 2 mm and
length of 2 m was embedded into this cold plate. Another 2-m
length of the same stainless-steel pipe was used to connect the
heat sink and the radiator. Working fluids such as water and
ethanol were driven by micropump to transfer the input heating
power to the radiator. Figure 11 shows the temperature varia-
tion of heat sink II with time at 110W heating power. In this
test, water was used as the working liquid, driven by Micro-
pump III, which consumed 1.12 W pumping power. The inlet
and outlet temperatures were 12.6°C and 32.3°C. The substrate

—&— Heatsink outlet temperature
| —@— Heatsink inlet temperature
.| —&— Heatsink substrate temperature

»
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Figure 12 Heat sink temperature variation with time under 80 W heating
power (two sets of micropump III in series, ethanol).
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temperature was about 57.8°C. When ethanol was used in the
cooling system as a working fluid, two sets of micropump III
were connected in the series to provide higher pumping capa-
bility, with a total of 2.24 W pumping power consumed to push
the working fluid. Figure 12 shows the temperature variation
of heat sink II with time at 80 W heating power. Here we can
see that the substrate temperature increased very quickly when
heating was begun. As the inlet temperature rose from 6.7°C to
the stable temperature of 13°C, the outlet and substrate temper-
atures were kept at 31.8°C and 58.2°C. Comparing Figure 11
with Figure 12, it was found that the water system had a better
cooling performance compared to the ethanol ones. According
to Eq. (1), under the conditions of the same mass flow rate m
and temperature change AT, the total heat transfer rate Q by
fluid has a linear relation to the specific heat of the fluid c,,. The
specific heat of water is 4.183 kJ/kg-K, which is much higher
than the specific heat of ethanol at 2.382 kJ/kg-K. This shows
that fluids with a high specific heat and low viscosity ratio are
more suitable for use in the present cooling system.

CONCLUSIONS

A practical implementation of a single-phase brass honey-
comb porous microchannel cooling system was developed for
cooling electronic chips. Metal etching was used for the fab-
rication, and cooling fluid flows in and out from the top of
the cascaded plates with staggered honeycomb cells. Prelimi-
nary experimental investigation was conducted to understand
the characteristics of heat transfer and cooling performance un-
der steady single-phase flow. The heat transfer capabilities of the
cooling system using different pipe diameters, different work-
ing media, and various pumping powers were also evaluated.
The influence of working flow rates and test systems on the
cooling performance was also analyzed experimentally. The ex-
perimental results show that the cooling system can effectively
and efficiently remove the heat flux of 18.2 W/cm? at 2.4 W of
pumping power. The heat sink design provides a good option
for cooling electronic chips. Improved cooling capabilities of
the system rely not only on increasing the pump power, but also
on matching the pump diameters and system pipe sizes. The
physical properties of the working fluid and its mass flow rate
are also important to system performance. Further experimental
and theoretical investigations are necessary to understand the
present system.

NOMENCLATURE

a  seal region width around the microchannel plate perimeter,
m

area of the bottom wall of the microchannel heat sink, m?
specific heat, kJ/kg-K

honeycomb cell ex-circle diameter, m

inner diameter of heat sink pipe, m

SESGI
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microchannel plate thickness, m
electronic current, A
microchannel plate length, m
total mass flow rate, kg/s
number of microchannel plates
input power, W
heat flux at the bottom wall of the microchannel heat sink
removed by water, W/m?
heat transfer rate removed by water, W
honeycomb cell thickness, m
temperature, K
T change in temperature, K
voltage, V
total volumetric flow rate, m3/s
microchannel plate width, m
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