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High-power electronic devices with multiple heating elements often require tem-
perature uniformity and operating within their functional temperature range for
optimal performance. A multi-channel cooling experiment apparatus is developed
for studying heat removal inside an electronic device with multiple heat sources.
It mainly consists of a computer-controlled pump, a multi-channel heat sink for
multi-zone cooling, and the apparatus for measuring the temperature and pres-
sure drop. The experimental results show the system and the designed multi-
channel heat sink structure can control temperature distribution of electronic de-
vice with multiple heat sources by altering coolant flow rate.
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Introduction

Intelligence, integration and miniaturization has become the main development trend
of modern electronic equipment in the few decades [1-3]. The system-level, device-level, and
chip-level power electronic components usually have several heat elements, such as computer
cabin [4, 5]. It is important on thermal design of all the heat elements to ensure that the tem-
peratures in them are maintained within their functional temperature range [6]. Microchannel
cooling has received a great deal of attention and been used to cool heat-generating electronic
device, because of its simple structure and good cooling capacity [7, 8]. Heat transfer in rec-
tangular microchannels of different geometry parameters was investigated by Lee ef al. [9]
and Zhang et al. [10]. Some laws and correlations in ducts of large dimension are also appli-
cable to the microchannels [11].

The multi-cooling channels can be used to cool these electronic components with
different powers and temperatures [12]. Dede and Liu [13] investigated a multi-pass branch-
ing microchannel heat sink cooling one heat source. But multiple heat sources widely exist in
various mechanical and electronic equipment, and it is not easy to properly cool them and un-
even cooling will cause unexpected performance responses. For some applications, this tem-
perature uniformity can be critical to device effectiveness [14]. Thus, it is necessary to devel-
op an experimental apparatus to study thermal performance of electronic device with multiple
heat sources and design methodology for the multi-cooling channel heat sink.
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Turkakar and Okotucu-Ozyurt [15] studied dimensional optimization of silicon micro-
channel heat sinks is performed by minimizing the total thermal resistance. The study has been
performed for localized multiple heat sources. Tounsi et al. [16] proposed an adaptive multiple
cooling surfaces compact thermal model and boundary condition independent multiple heat
sources to study the thermal performance of power components. Mao et al. [17] established a
compact thermal model for microchannel with high temperature uniformity subjected to multi-
ple heat sources.

Cho et al. [18] conducted an experimental study on microchannel heat sinks about
flow distribution with non-uniform heat flux conditions. Thermal load is applied to the micro-
channel heat sinks by nine separate heaters in order to provide uniform or non-uniform heat
flux, including local heating at hotspots.

Kim et al. [19] investigated thermal management of liquid-cooled cold plates for mul-
tiple heat sources. The experimental apparatus consisted of a constant-temperature bath, a DC
power supply, a cooling water circulation pump, temperature measuring devices, and data acqui-
sition unit. Six cold plates were made for cooling multiple heat sources inside a humanoid robot.

These researches focused on improvement of thermal performance for multi-channel
heat sinks by theoretic and experimental study. The report on the development of special exper-
iment apparatus and manifold multi-channels for multiple heat sources cooling is also important
for further electronic cooling technology. In this study, an experiment system for managing and
cooling multiple heat sources is developed to study the thermal performances of the two multi-
channel heat sink structures. The cold plate with four microchannel regions made of copper for
cooling four heat sources is fabricated and connected each other by a channel circulation. The
pressure drop and thermal performance in two different multiple cold plates are compared and
analyzed in terms of flow rate and surface temperature for four microchannel regions.

Cooling system and multi-channel heat sinks

A novel experiment system is established to study thermal performances of multiple
heat-generating components with different powers. It mainly consists of a computer-
-controlled pump, a computer, a heating device with four separate heating blocks, a micro-

channel heat sink for multi-zone cooling, and
B the apparatuses for measuring the temperature
) ) ressure > -
Reservoir  Stainer transducer and pressure drop. A schematic diagram of the
experimental flow loop is shown in fig. 1.

Heating blocks

me, s locks

sample The intelligent temperature controller was

Peristaltic pump  Computer chosen to provide heat source. Four heating
Figure 1. Schematic diagram of the blocks of 30 mm * 30 mm x 30 mm are made
experimental flow loop of aluminum to simulate four heat generating

components (fig. 2). Four wire heaters installed
into the heating blocks are controlled separately by four DC power supplies. The average
temperature of each block is controlled by adjusting voltage on the power supply and dis-
played on Nixie tubes. They generate multi-heat sources and can supply different tempera-
tures for different blocks. There is no heat transfer between different blocks. But the tempera-
ture is uniform within the same block. We can set the required temperature value of each heat-
ing block. If the temperature sensor in heating-generating device notices that the aimed tem-
perature has been reached, it will make the heating coil stop heating. Heat from the heater is
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also estimated from the input voltage and current.
The micro-channel heat sink is attached to the
heating block closely. The thermal compound is
used to attach them to reduce thermal contact.
Then, the heat sink and the heating block are
carefully insulated by glass fiber and asbestos to
reduce heat loss to the ambient.

Microchannel heat sink

Microchannel should be designed with re-
spect to a major design target, which may be the
less pumping power or the uqiform diStI’ibl:ltiOI’l Figure 2. Heat-generating device with four
of temperature [16]. The designed two miCro- peating blocks
channel cold plates and its major dimension is
shown in fig. 3 and made of copper material. The interconnected four microchannel regions
are attached to four heating blocks, respectively. The designed cooling capacity of the four
microchannel regions is different because their channel numbers and distance between two
adjacent channels are not same. Each channel region is 37.5 mm x 40.0 mm area. The depth
of all channels is 1 mm. The cover part of total test region is 200 mm x 200 mm area with 1.0
mm in height and the inlet/outlet tubes of 5.0 mm in outer diameter. The thickness of heat
sink base which is contacted to the heating block is 1 mm. To prevent the leakage of the cool-
ing water, the cover and the base are adhered using epoxy adhesive. The total heights of heat
sinks are 3.2 mm. The microchannel cold plates fabricated by laser engraving are shown in
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Figure 3. Designed structure and dimension of two microchannel heat sinks [mm]
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Figure 4. Fabricated microchannel cold plates and measuring locations in cold plate cover;
(a) 3-port, (b) 5-port, and (c) measuring locations
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figs. 4(a) and (b). To obtain the temperatures related to multichannels and heat blocks, the
four channel regions in the heat sink are divided into 16 subregions. The total subregions are
64 in the measuring surface, as shown in fig. 4(c). Each small square is a measurement point.

Measure device

The temperature acquisition is Fluke type infrared thermometer (IRT) that is suitable
for non-contact temperature measurement. This optical device can measure radiation energy,
reflect energy and transmitted energy on the detector, and covert the signal to a digital readout
on the display. Its measuring range is from 0 °C to 450 °C. The accuracy and display resolu-
tion are £0.5 °C and 0.1 °C, respectively, which can satisfy the test requirements document.
The system calibration is conducted by comparing its measurements with the values by a
T-type thermocouple to reduce error from surface emissivity. We can get the surface tempera-
ture distribution of the heat sink. Differential pressure transducer (JYD-KO-BAD) is used to
measure pressure drop in microchannel heat sink. The CH6 CONTRONIX digital display in-
strument is selected as the pressure drop collector, whose model number is CH6/A-HRTBI.
The measurement error of the pressure transducers is 0. 25%.

Pump and computer

In this system, the selected cooling water circulation pump is BT/L series of intelli-
gent peristaltic pump BT300L, which is controlled by the computer. The pump speed is con-
trolled by a computer programmed digital speed controller. The water flow rate supplied to
the system can be regulated by software developed in our lab in the computer and is used as
feedback to the computer with an interface to the digital speed controller. The flow rate is also
shown in digital display instrument of the pump. The range of rotate speed is 0.1-350 rounds
per minute. The outer and inner diameters of tube used in it are 5 mm and 3 mm, respectively.
The largest measurement uncertainty of the pump transducers is approximately 0.5%. The er-
ror of volumetric flow rate is less than 0.5%.

Experimental procedure

The microchannel cold plate including subdomain number is attached on four heat
sources. The flow circulation is composed as shown in fig. 1. Experimental conditions are
shown in tab. 1. A cartridge heater embedded into an aluminum block generates uniform heat
and is controlled by DC power supply. The heating of block is controlled by adjusting voltage

on the power supply and can provide 500 W

Table 1. Fluid flow and heat transfer maximum power. The error of each surface
parameters in the experiment temperature is controlled to keep within 1 °C.
T, [°C] T, [°C] 0 [ml per minute] A cold plate with the circulation pump is used

to supply constant-temperature cooling water to
cold plates. The flow rates of cooling water are
400, 500, 600, 700, 800, and 900 ml per mi-
nute, respectively, and are controlled by adjusting voltage or the software in the computer.
The inlet temperature of cooling water is 20 °C. The working fluid flows successively through
the tube and connector, filter, and microchannel heat sink and finally is collected to a contain-
er. The measuring locations on the cover surface by IRT are shown in fig. 4(c).

20 80, 75, 70, 60 400-900
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Numerical simulation

A numerical simulation is used to verify the experimental results. The numerical
simulation is performed using FLUENT 13.0 based on the finite volume method to compare
with the experimental results. The conservation equations of mass, momentum, and energy
are solved. The parameters is same with that in the experiment. The solid region of the heat
sink is copper with the thermal conductivity of &, = 387 W/mK. The coolant is water, with
density 1000 kg/m’, dynamic viscosity 8.55-10"* kg/ms, specific heat 4179 J/kgK, and ther-
mal conductivity 0.613 W/mK.

The local Reynolds numbers of fluid in the channels, Re = pVD/u (where p is the
water density, V' — the flow speed, D — the hydrodynamic diameter, and i — the dynamic vis-
cosity), are different when the flow rates of cooling water are from 400 to 900 ml per minute.
The maximum of local Reynolds number occurs at the inlet of heat sink where the flow ve-
locity is highest. The different volumetric flow corresponding to inlet Reynolds numbers is
2200-5000 in 3-port heat sink. But in 5-port heat sink, it is 1100-2500. When the Reynolds
number is larger than 1800, the turbulent model is used. Otherwise the model of laminar flow
is used. The following assumptions are made in modeling the heat transfer in microchannel
heat sink to simplify the analysis: (1) steady-state, (2) incompressible fluid, (3) constant
coolant properties (20-65 °C), and (4) negligible viscous dissipation.

Non-uniform temperatures are applied to the four microchannel bottom surfaces of
the heat sink to generate initial heat flux. Computational girds for both solid and fluid regions
are generated using orthogonal hex-map scheme. The model is meshed by an adaptive grid-
ding meshing method. A total of 704626 grid points are assigned to the entire computational
domain. Fine grids are located at the fluid flow region. A mesh sensitivity study is performed
by changing the number of the grid cells to validate the accuracy of the simulation results.
When the total number of grid points used increases from 704626 to 1401255, and 2122325,
the change of the maximum temperature is less than 1.8%. Then, the problems are solved with
the minimum reduction in normalized residuals for each variable at less than 1.0-10".

Results and discussion

The designed system supplies multi-heat sources and different flow rates con-
trolled by computer. The multi-channel network can cool the heat generating components
with different initial temperatures. The multi-channel heat sink contains four regions with
different channel number and distance between two adjacent channels. The flow resistance
is different while the coolant flows through the four regions. It is small in the region where
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Figure 5. Velocity distribution among the microchannels at 800 ml flow rate in 3-port (a) and 5-port (b)
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Figure 6. Experimental and numerical hough the inlet velocity of 3-port is almost twice

pressure drops in 3-port and 5-port of S-port, the 5-port heat sink has a more uni-
multichannel configuration at different inlet  form velocity and flow rate distribution than the
Reynolds numbers 3-port heat sink in the four sub-regions.

The pressure drop characteristics are as important as the thermodynamic performance in
the selection of a viable compact heat exchanger. The comparison of the pressure drops ob-
tained experimentally with those obtained numerically for the two multi-channel heat sinks at
different inlet Reynolds numbers is shown in fig. 6. The repeatability of the approach is vali-
dated by retesting some experimental conditions and the error bars are plotted. The numerical
results follow the same patterns and agree well with the experimental data. In the two heat
sinks, the pressure drop becomes higher as the inlet Reynolds number increases. The pressure
drops in 5-port microchannel configuration are smaller than in 3-port microchannel at the
same inlet flow rate due to lower flow velocity in the individual channel and reduced average
coolant path resulting in maximal mass flow.

Figures 7 and 8 show the surface temperature distribution of the experiment and
simulation in the two heat sinks at the flow rate of 800 ml per minute. The temperature values
of measured locations in the multi-channel heat sink are shown in fig. 4(c). The maximum and
local temperatures are different in 3-port and 5-port channel networks including four cooling
regions. The measured maximum, minimum, and average temperatures in 3-port structure are
approximately 56.0 °C, 44.5 °C, and 51.0 °C, respectively, which is 20% higher than that in
the 5-port structure. So the temperature difference is about 9 °C between them. Figures 7 and
8 also show that the temperature distributions in the four heating regions are more uniform for
the different cooling channel number and space. The difference of average temperature in the
four channel regions is about 3-8 °C although the initial temperature difference supplied by
four heat sources is 15 °C. The wall temperatures of the two heat sinks attached to four heat
sources are in the range of 38~55 °C at the flow rate of 800 ml per minute. We can obtain ex-

Figure 7. Temperature distribution of the upper wall by experiment (a) 3-port multichannel,
(b) 5-port multichannel
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pected temperature distribution by altering the local structure configuration of the microchan-
nel network according to thermal design requirement of multiple heat source devices.

The average temperatures decrease sharply in the four cooling regions of the micro-
channel heat sink. For the region in which initial temperature is highest, the maximum and
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Figure 8. Temperature distribution of the upper wall by simulation (a) 3-port multichannel,
(b) 5-port multichannel

average temperatures are slightly higher than other regions. The temperature distribution in
the whole multichannel heat sink is more uniform than the initial non-uniform temperature
condition generated by the four heat blocks. Junction temperature deviation of the heat
sources is approximately 7 °C. In fig. 9, the average temperatures for each hot region condi-
tion in the two heat sinks are compared.

The experimental and numerical results of the temperature drops in the two multi-
channel heat sinks at different inlet Reynolds numbers are shown in fig. 10. Similar to the
change of the pressure drop, the temperature decreases monotonically with the increase of the
inlet Reynolds number. The total temperature drops are approximately 19 °C and 36 °C with
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Figure 9. Average temperatures in four Figure 10. Experimental and numerical
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3-port and 5-port heat transfer structures which corresponds to a 400 ml per minute volumet-
ric flow rate. When the flow rate is higher, the two heat sinks have a better thermal perfor-
mance and a more uniform distribution of temperature. In general, the temperature differences
in 5-port microchannel structure are from 14 °C to 40 °C, while they are from 6 °C to 26 °C in
3-port structure at coolant flow rate of 400~900 ml per minute. It also suggests the different
heat dissipation efficiencies of the two heat sinks at a given volume flow rate of water. The
S-port structure has a higher efficiency than the 3-port, which is attributed to the heat en-
hancement of working fluid flowing through the channel system.

The heat flux distributions in the two mi-

g 220 mm 3-port multichannel crochannel heat sinks are also obtained. The av-
1 3 5-port multichannel . .
§ 200 erage heat flux in location approached the heat-
% 1804 ing surface by simulation is shown in the fig. 11.
e While heat flux is the independent variable in
8 1607 the study, the same initial heat flux through two
> 140 samples with different microchannels will lead
o to different temperature rise within the micro-
< 1201 ﬂ channels and different heat flux distribution on
100+ 5 X the samples. The initial heat fluxes applied in the
Hot region number four regions are 242 W/cmz, 195 W/cmz, 172
Figure 11. Average heat flux in the location W/ sz’ and 145 W/ sz, respectively. When the
applied four heat resources sample is cooled by 3-port and 5-port multi-
_ channels, all the heat fluxes in the two samples
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g g_zi_ «\\ AR 3bort samples are respectively . 223 W/em”~  and
=500t NN syl 212 W/em” and the average in the four surfaces
r 0229 & p . 2 .
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0.18] \\\::: flow rate of 800 ml per minute. The correspond-
0.16] ~~ ing fluid temperature differences between the in-
0.14 let and outlet of the 3-port and 5-port networks
0.124 are approximately 25 °C and 35 °C, respectively.
0.101 The heat transfer performance of micro-
0.08 400 500 600 700 800 900 channel heat sink is characterized by the ther-
Q [ml per minute] mal resistance. It is defined by:
Figure 12. Local thermal resistance and R _ T heater — 7? (1)
volumetric flow rate for the two heat sinks total —

q

where Theater 1S the maximum temperature of wall, T;, — the bulk temperature of inlet fluid, and
q — the heat flux of heat source.

The relationship between the local thermal resistance and volumetric flow rate for
the two heat sinks is shown in fig. 12. Ry, R,, Rz, and R4 are the location thermal resistances
for each channel region of heat sink, respectively. For each heat sink, the thermal resistance
decreases with the increase of flow rate, from 0.27 to 0.14 Kem*/W and 0.18 to 0.09 Kcmz/W,
respectively. The thermal resistance of 3-port heat sink is generally higher than that of 5-port
heat sink. In the four regions, the increase of the flow rate reduces all local thermal resistanc-
es. For the two heat sinks, further increasing the flow rate to 800 ml per minute, the overall
thermal resistance begins a slow decline.
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Conclusions

The intelligent control cooling system and the thermal characteristics of two multi-
channel cold plates to cool multiple heat sources are studied as well as local temperature pres-
sure drop, and thermal resistance in the four temperature regions. The designed system is an
effective cooling apparatus for the power component with multiple heat sources and an exper-
imental instrument for studying the non-uniform heat flux condition and structure design of
microchannel heat sink.

A major design target for microchannel is the less pumping power and the uniform
distribution of temperature as well as a low peak temperature, especially for a non-uniform in-
itial heat flux or temperature condition. This study supplies the microchannel design and per-
formance assessment and tries extending them to take into account the most general cases in-
cluding multiple heat sources and multi-channel cooling conditions.
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Nomenclature

ks — thermal conductivity, [Wm’lK’l] Theater — Maximum temperature of wall, [°C]
0O —flow rate, [mlminz’l] T; — inlet temperature, [°C]

q — heat flux, [Wem™]

Re —Reynolds number Greek symbols

R — thermal resistance, [Kem®W '] u — dynamic viscosity, [kgm 's ']

To  —heating source temperature, [°C] p — water density, [kgm ]
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