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Abstract: The flow and heat transfer characteristics of a closed-loop cooling system with a mini-channel
heat sink for thermal management of electronics is studied experimentally. The heat sink is designed
with corrugated fins to improve its heat dissipation capability. The experiments are performed
using variable coolant volumetric flow rates and input heating powers. The experimental results
show a high and reliable thermal performance using the heat sink with corrugated fins. The heat
transfer capability is improved up to 30 W/cm? when the base temperature is kept at a stable and
acceptable level. Besides the heat transfer capability enhancement, the capability of the system to
transfer heat for a long distance is also studied and a fast thermal response time to reach steady
state is observed once the input heating power or the volume flow rate are varied. Under different
input heat source powers and volumetric flow rates, our results suggest potential applications of the
designed mini-channel heat sink in cooling microelectronics.
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1. Introduction

With ever increasing integration density in microelectronic chips, thermal management has
become a main challenge in the design of integrated circuits [1-5]. Though the high electronic
integration requires more power supply and therefore poses a big challenge for thermal management,
the temperature of each device is constrained by the reliability limits to obtain a satisfactory system
performance for electronic equipment due to the fact that the devices show degraded performance or
can even be damaged if the generated heat cannot be dissipated effectively. To increase heat dissipation
in microelectronics, the traditional solution is to increase the available heat transfer area, for example,
by the use of different kinds of fins in heat exchangers. This solution, however, requires a larger heat
exchange system and shows a limited enhancement in cooling devices with high heat flux and thus is
undesirable. An alternate solution is to use mini- and micro-channels that can provide an effective
way of cooling small surfaces through convection.

The first mini- or micro-channel heat sink described by Tuckerman and Pease [6] in 1981
could dissipate heat flux up to 790 W/cm? when the substrate temperature was below 71 °C.
Following their pioneering work, different kinds of mini or micro-channel heat sink have been
extensively investigated [7-17]. Vafai et al. [7] proposed a two-layer heat sink with counter flow
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arrangement and their result showed that such design substantially improved the cooling performance
over conventional one-layer micro-channel heat sinks. Peng et al. [9] experimentally analyzed the effect
of heat sink structural parameters on the flow and heat transfer characteristics. Kandlikar et al. [10]
presented several complex heat sink structures with fabrication technology and observed some
performance enhancement. Steinke ef al. [11] reviewed several heat transfer enhancement techniques
for single-phase flow in mini- and micro-channels such as the flow transition, boundary layer breakup,
entrance region, vibration, electric fields, swirl flow, secondary flow and mixers. For the liquid flow
friction factor in heat sink, Steinke et al. [12] suggested that entrance/exit pressure loss be considered
when results were compared with the conventional theory. Liu et al. [15] developed a longitudinal
vortex generator (LVG) in a rectangular channel heat sink and found that laminar-to-turbulent
transition occurred at Reynolds numbers of 600-720. Bower ef al. [16] designed a SiC heat sink
and showed favorable overall heat transfer coefficient for a single row SiC heat exchanger compared
with a validation heat exchanger fabricated from copper. However, the heat transfer coefficient in
multiple row heat sinks did not agree well with the laminar flow theory. Using both experimental and
numerical approaches, Qu and Mudawar [18,19] investigated the heat transfer and pressure drop in
the heat sink. Their results indicated that the conventional Navier—Stokes and energy equations could
adequately predict the heat transfer and flow characteristics in micro-channel heat sink. Morini [20]
intensively reviewed the single phase convective heat transfer in micro-channels and analyzed some
main results, such as friction factor, laminar-to-turbulent transition, and the Nusselt number.

Among the vast majority of applications of micro-channel heat sink, NASA designed a micro-channel
heat exchanger that was used in the model X-38 re-entry vehicle and could dissipate 3.1 kW heat energy
when the inlet mixture of ethylene glycol and water was at 4.4 °C [21]. JPL manufactured a silicon heat
sink which could remove up to 25 W/ cm? heat flux when the volume flow rate was 20 mL/min [22].
Stanford [23] made a heat exchanger which could remove 25 W/ cm? heat flux when the volume
flow rate was 70 mL/min and the exchanger temperature remained below 80 °C. Bintoro ef al. [24]
presented a closed-loop electronics cooling system by implementing single phase impinging jet and
mini-channels heat exchanger and their system could remove 200 W heat when the chip temperature
was below 95 °C and the ambient temperature was about 30 °C.

As described before, most previous work mainly focused on the investigation of heat transfer
and flow characteristics of mini- or micro-channel. Generally, a larger heat flux can be achieved with
smaller area of heat source surface. However, the micro-channel leads to high pressure drop and
power consumption if it is applied in cooling the macro-scale heat source. Mini-channel can adequately
work in such a condition with a moderate volume flow rate and pressure drop. An open-loop cooling
system is often used as the experimental apparatus in the study of micro- or mini-channel performance.
However, few study was reported on closed-loop cooling system. In this work, we design a compact
and integrated cooling system with a novel mini-channel heat sink that comes with corrugated.
We focus not only on the flow and heat transfer characteristics of the heat sink, but also on the stability
and the performance of the whole cooling system, such as the transportation distance, response time,
and system pressure drop.

2. Experimental Apparatus

2.1. Experimental System

The flow diagram of our closed-loop cooling system is shown in Figure 1. The system comprises
of four main components, including the heat sink, the radiator, the reservoir, and the pump. As the
key component, the heat sink is characterized for closed-loop with distilled water as working fluid
to remove the heat from a heat source. The working fluid is pumped into the heat sink to reject the
heat generated by the heat source. The heated working fluid is cooled in the radiator along the flow
direction and then returns to the reservoir to continue the next cycle driven by a gear pump through
a rotameter flow meter that measures the volumetric flow rate.
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Figure 1. Schematic of the experimental system.

The mini-channel heat sink with corrugated fins and the radiator plate are made of brass and
aluminum, respectively. The reservoir and the transportation pipes are made of stainless steel.
The radiator is the heat rejecter to remove the heat to the environment. Some bubbles may appear
after the cooling system operates for a long time. The bubbles, if existing, are blocked in the reservoir.
The originally contained air in the system is discharged to reach a vacuum condition before the working
fluid is filled in the reservoir.

2.2. Design of the Mini-Channel Heat Sink

The design of the mini-channel heat sink aims at removing the heat generated from the heat
source with a moderate flow rate to ensure a reasonable pressure drop and power consumption of
the entire loop. The mini-channel heat sink consists of some corrugated fins based on the notion that
the heat transfer performance of heat sink can be enhanced due to much more turbulence generated
by the fins. Considering that the maldistribution effect of working fluid in the heat sink may lead to
serious non-uniform temperature profile [25], two inlets/outlets are designed in our system. The heat
sink is integrated with three components: top plate with fins, bottom plate with fins, and outer frame.
Two plates are designed separately with staggered fins arrangement, because of the difficulty in
manufacturing a corrugated channel in a single plate. Welding is utilized to combine these three parts,
as well as to connect the heat sink and system pipes.

Figure 2 shows the schematic of the heat sink. The outer frame’s dimension is 46 mm (L) x 26 mm (W).
The thickness of the frame is 2 mm. All the fins on the plate have the same dimension, of which
length L, is 5 mm and width W,y is 0.5 mm. The height of fins and fluid channel is 1.5 mm, and
the parallel spacing between fins W is 1.5 mm. The fins are designed by a staggered arrangement,
i.e., 27 fins are designed at the top plate and the staggered 24 fins are designed at the bottom plate.
The angle « between the fin and outer frame side is 27.65°. The inlet and outlet pipes pattern are
3 mm x 0.5 mm circular tube, and the main system’s transportation pipes pattern is 6 mm x 1 mm
circular tube. In order to make the heat sink and the heat source compact, a substrate attached to
the heat sink with a dimension of 40 mm x 20 mm x 0.5 mm is designed as the interface with the
heat source.
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Figure 2. Schematic of heat sink. (a) Separate component schematic; (b) Compact schematic of heat sink.

2.3. Design of Radiator

We originally focus on the cooling system adaptable to the space environment. Due to the
limitation of experimental condition, the fin-tube radiator is designed to be utilized on land to simulate
the environment in space with additional cooling pipes integrated. As shown in Figure 3, the main plate
is manufactured with a single aluminum plate, which has a dimension of 1092 mm x 552 mm x 2 mm.
Since the design of our radiator follows reference [26], the details will not be discussed here. The front
view shows that the main system pipes are parallel arranged to make the radiator more compact and
light. The unit of the radiator is shown in Figure 3b. The heat from the main system pipes can be
conducted to the other side of the main plate effectively and is finally removed by the cooling water
with a cooling system that is not shown here.

<+ Front View: Main System Pipes ——| «—— Back View: Cooling Pipes —.’

Main System Pipes

Cooling Pipes

(a) (b)

Figure 3. Schematic of radiator. (a) Schematic of the overall radiator; (b) Schematic of one unit cell of
the radiator.

2.4. Design of the Heat Source

As shown in Figure 4, the heat source provides the power up to 320 W with a uniform heat flux at
the interface, which has a dimension of 40 mm x 20 mm. Two holes with diameter of 6.5 mm are drilled
into the bottom part of the heat source to locate two cartridge heaters (each of 160 W). Measured and
adjusted by a wattmeter, the cartridge heaters are connected in parallel and powered by a 0-220 V AC
power supply. As illustrated in Figure 5, the heat sink and the heat source are tightly pressed with
epoxy resin plate. Thermal grease (~1 Wm~!-K~1) is used to reduce the thermal resistance between
the heat sink and the heat source.
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Figure 4. Schematic of the heat source (1~8: thermocouples locations).

* 5

Figure 5. The compact of heat sink (1-the epoxy resin plate, 2-mini-channel heat sink, 3-thermal grease,
4-thermocouples, 5-heat source, 6-insulation plate, 7-bottom epoxy resin plate).

2.5. Temperature and Pressure Testing

The entire heat sink is hermetically sealed with insulation material to minimize the heat loss to
the ambient. The pump in the system that forces the coolant to pass through the heat sink is adjusted
by a wattmeter. Additional testing transducers are added to measure the temperatures and pressures
at the inlet/outlet of the heat sink during the test.

As shown in Figure 4, below the top surface of heat source are eight micro holes with a diameter
of 1 mm that are drilled into the side wall of the heat sink. Eight thermocouples are inserted into these
holes to measure the temperature distribution at the surface of the heat source. At the inlet/outlet of
the heat sink, thermocouples are stuck to the outer of the stainless pipes to measure the inlet/outlet
fluid temperature. Other thermocouples are located at the inlet and outlet of the radiator and in the air
to measure the radiator inlet, outlet and room temperature, respectively. Shown as dashed lines in
Figure 1, all the thermocouples with calibration in the system are T-type.

In Figure 6, a stainless conjunction is designed to converge/allocate the flow at inlet/outlet of
the heat sink. A micro-hole is drilled at the other side of the conjunction and pressure transducer is
connected to measure the pressure drop between the inlet and exit of the heat sink. The pressure drop
between in inlet and outlet of heat sink as well as the inlet and outlet of pump are obtained, respectively,
to analyze the flow characteristics of the heat sink and the whole cooling system. As mentioned before
and shown in Figure 6, the two inlets and outlets pipes pattern is 3 mm x 0.5 mm circular tubes, and
the main system transportation pipes pattern is 6 mm x 1 mm circular tube.

All the temperature and pressure data are collected and sent to the PC system and automatically
recorded through a data acquisition system. Experiments are conducted with various volume flow
rates ranging from 100 to 400 mL/min.
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Figure 6. Schematic of the inlet/outlet conjunction.

2.6. Data Reduction

The heat transfer coefficient (HTC) of the heat sink is expressed as follows:

_ 1
h‘m—n M)

where g is the heat flux at the substrate surface generated by the heat source; Ty, and T are the average
temperature of the base of heat sink and the liquid, respectively, expressed as follows:

T;
Tpy="=1 n=38 )

n

~in = st ©)

where T; is the temperature of thermal couple inserted to measure the temperature distribution at
the surface of heat source as shown in Figure 4; T; ;, and Ts ot represent the inlet and outlet liquid
temperature of the heat sink, respectively.

2.7. Uncertainty in Experimental Data

The test range and accuracy of measurements are given in Table 1. The uncertainties of the
experimental data are calculated following Reference [27]. It involves calculating variable derivatives
with respect to each experimental parameter and applies the already-known uncertainties that are
calculated as follows:

4)

where R = f (x7, x2, ..., xy) represents a desired variable; x;, x3, ..., x, are the variables that
influence R, and their absolute uncertainties are expressed by U,;, Uy, ..., U, respectively.
After calculation, the uncertainties for temperature, pressure drop and the heat transfer coefficient are
0.62%-2.34%, 0.24%—4.10%, and 1.41%—-8.22%, respectively, when the volume flow rate ranges from
100 to 400 mL/min as shown in Table 2.
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Table 1. Test range and accuracy of instruments.

Instruments Range Accuracy
T-type thermocouples —40 to 100 °C 0.5°C
Pressure drop transducer for heat sink 7500 Pa 25Pa
Pressure drop transducer for total system 130,000 Pa 100 Pa

Table 2. Experiment uncertainties.

Objects

Uncertainty

Temperature
Pressure drop
Heat transfer coefficient

+ (0.62%-2.34%)
+ (0.24%4.10%)
+ (1.41%-8.22%)

3. Results and Discussions

3.1. Heat Sink Performance

7 of 13

During the test, the inlet volume flow rate varies from 100 mL/min to 400 mL/min with
a sequential 50 mL/min augmentation. The heat source power varies from 0 to 240 W with an increase
of 20 W each step. Figure 7 illustrates the temperature response with different inlet volume flow rate
and heat source power. Liquid temperature reaches the peak at the exit of the heat sink. The fluid
absorbs much more heat and the liquid temperature at the outlet of the heat sink increases with
more heat source power input. The heated liquid water is cooled in the radiator and its temperature
decreases to room temperature level. Finally, the cooled water is forced to pass through the heat sink

to continue the next cycle.
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Figure 7. Temperature response with different volume flow rate. (a) 400 mL/min; (b) 300 mL/min;
(c) 200 mL/min; (d) 100 mL/min.
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The main objective of the cooling system is to minimize the base temperature as well as the
heat source temperature and to remain at a stable and acceptable level. The distribution of the base
temperature is consistent and the average temperature is 74 °C when the heat source power is 240 W
and volume flow rate is 400 mL/min. When the base temperature is 77.3 °C and the heat source power
is 240 W (corresponding to a heat flux of 30 W/cm?), the volume flow rate can be controlled as low as
300 mL/min. As the room temperature almost remains around 23 °C, the liquid temperature at the
exit of the radiator remains at the same level, and the temperature difference between inlet and outlet
of the heat sink decreases with increasing inlet volume flow rate.

Figure 8 shows the heat transfer coefficient (HTC) and pressure drop in heat sink as a function
of volume flow rate. With the increase of volume flow rate, the convection heat transfer is improved
and thus the overall HTC increases rapidly. When the input heating power is 180 W, the HTC of heat
sink is 4554.98 W/m?- K at a volume flow rate of 100 mL/min, and the HTC is 6361.80 W/m?- K when
the volume flow rate reaches 400 mL/min. Obviously the pressure drop increases as the volume flow
rate increases as shown in Figure 8b. Meanwhile, the slope of the pressure drop also increases with
an increase in volume flow rate. Two reasons may explain the change of the slope in the pressure drop
characteristics. One is that the increase of volume flow rate lowers the average liquid temperature and
thus increases water intrinsic viscosity, resulting in a larger pressure drop. This effect can be proved
with the result that the pressure drop increases with the augmentation of input heating power when
the volume flow rate is at 350 mL/min and 400 mL/min. The other is that inlet and outlet pressure
losses are proportional to the velocity squared [18], therefore increasing volume flow rate can lead to
a more pronounced increase in pressure penalty. When the heat source power is 240 W and volume
flow rate is 400 mL/min, the pressure drop is 6473.95 Pa.

- 6000
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: ) G 5000F o Py=60W )
6000 - . 4500 | P=100W
4 =
g 4000F v P =140W
5600 F <« 3
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Figure 8. Heat sink performance. (a) HTC as the function of volume flow rate; (b) pressure drop as the
function of volume flow rate.

The performance of the heat sink in the cooling system is compared with [28] and [29] on HTC
and temperature response with different heat source power. The calculation of Reynolds numbers is
based on the properties of distilled water under 40 °C. As shown in Figure 9, HTC (P, equal to 240 W)
is around 1.5 times than literature data even with loaded nano-particle. The average base temperature
(volume flow rate equal to 400 mL/min) is also much lower than literature data under variable heat
flux, as shown in Figure 10.
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Figure 10. Comparison on base temperature as the function of unit heat source power.

3.2. The Closed-Loop System Performance

As the heat source, such as electronic devices, may be located far away from the heat rejecter, such
as a radiator, the heat transportation capability with a long distance must be considered. The system
performance and stability must be analyzed. The presented closed-loop system aims to remove the
heat of the heat source in a long transportation distance of more than 5 m and the whole system
pipe length is more than 11 m, excluding the system pipes in the radiator. The overall mass of this
closed-loop integrated mini-channel heat sink cooling system is less than 10 kg, including the heat
sink, radiator, reservoir, pump, and system pipes.

Figure 11 illustrates the temperature response when the heat source power increases from 80 W
to 100 W at the volume flow rate of 100 mL/min. We can see that the liquid temperature at the exit of
heat sink and inlet of the radiator almost remains the same order of magnitude, with similar behavior
observed at the exit of radiator and inlet of the heat sink. Therefore, it indicates, to some extent, that
the heat loss from the system pipes to the ambient is negligible and heat transfer mainly occurs at
the radiator and heat sink. It can be clearly seen that the base temperature and outlet temperature
of the heat sink increase prior to the temperature rise of the radiator inlet liquid. This process is
mainly affected by the relative position of these components in the system and heat transfer in such
a long distance system should have a finite response time. The whole system reaches a steady state
in 2 min after the input heating power is changed. Therefore, this closed-loop cooling system has
a swift response to the input heating power variation, and it can be operated well under steady state
operation without temperature fluctuation.
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Figure 11. System response (flow rate = 100 mL/min, heat source power = 100 W).

When the heat source power is fixed at 160 W (corresponding to a heat flux of 20 W/cm?), the
temperature response under different volume flow rates is shown in Figure 12. It indicates that the
cooling system can be operated well and the base temperature stays below 75 °C when the heat source
power is less than 160 W. Figure 13 illustrates the whole system pressure drop when the heat source
power is 160 W and this response is similar to the pressure drop between the inlet and outlet of the
heat sink. The pressure drop increases extraordinarily with increasing volume flow rate. When the
system flow rate is 100 and 400 mL/min, the system pressure drop is 6.24 and 41.31 kPa, respectively.
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Figure 12. Temperature response at 20 W/cm?.
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Figure 13. System pressure drop as a function of volume flow rate.
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4. Conclusions

This work presents an experimental study of single phase flow and heat transfer characteristics
in a compact closed-loop cooling system with integrated mini-channel heat sink. The whole cooling
system shows a stable and reliable performance with approximately 2 min response time to achieve
steady state once the input heating power or system volume flow rate are changed. The main
conclusions are as follows:

(@)  The system has a transportation distance of more than 5 m with the system pressure drop about
41.31 kPa when the system volume flow rate is 400 mL/min.

(b)  The system has a cooling capability of 240 W when the base temperature is below 80 °C.
(b)  When the base temperature is 77.3 °C and the heat source power is 240 W (corresponding to
a heat flux of 30 W/cm?), the volume flow rate can be controlled as low as 300 mL/min.
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Abbreviations

The following abbreviations are used in this manuscript:

h heat transfer coefficient (W/m?. K)

L length of the outer frame (mm)

Lq distance between inlet and outlet (mm)

Ly distance between two outlets (or inlets) (mm))

Lw length of the fins (mm)

Apgink pressure drop between inlet and outlet of the heat sink (Pa)
APiotal pressure drop in whole system pipes (Pa)

Py input heating power (W)

q heat flux at the substrate (W/cm?)

Qo volume flow rate (mL/min)

t time (min)

T temperature (°C)

T, ambient temperature (°C)

T average liquid temperature (°C)

T in temperature at the inlet of the radiator (°C)

Trout temperature at the outlet of the radiator (°C)

Tsin temperature at the inlet of the heat sink (°C)

Ts,out temperature at the outlet of the heat sink (°C)

Tw base temperature (°C)

w width of the outer frame (mm)

We distance between two fins, the width of the channel (mm)
Ww width of the fins (mm)

Greek Symbol

i the arrangement angel between fins and heat sink side (°)
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