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Abstract Two different flow channel configurations on
thermal resistances associated with the behavior of cooling
of power device were studied in this paper. ANSY'S Icepak
14.0 has been adopted as a numerical simulation tool. The
simulation results from this study showed that the shapes
of channels in cooling radiator play an important role in the
thermal management of water cooling radiation system.
The optimal channel design could improve the heat-
dissipating efficiency by 80% in water cooling radiation
system. The result also indicated that the thermal resistance
of heat sinks decreased with the volumetric flow rate and
the number of cylindrical columns in the flow channel.
Experimental results were obtained under certain channel
configurations and volume rates. Moreover, the results of
numerical simulation can be explained well by the
experimental results.
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1 Introduction

The fast-axial-flow radio frequency (RF)-excited CO, laser
is applied in current research areas like nano-particle
synthesis, generation of mono-energetic million electron
volts (MeV) photons in laser synchrotron sources, 13.5 nm
extreme ultraviolet (EUV) sources for the next generation
high volume chip manufacturing, particle acceleration, etc
[1-4]. The performance of high-power fast-axial-flow RF-
excited CO, laser is directly determined by the stable RF
gas mixtures glow discharges in the discharge tube. The
stable gas discharges is strongly influenced by the
efficiency of solid state power supply. Power metal-
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oxide-semiconductor field-effect transistor (MOSFET) as
one of core component of solid state power supply is
usually operated under severe conditions of high power
dissipation, consequently high junction temperatures may
lead to poor reliability and ultimately premature failure of
components [5]. As power density requirements grow for
power converters, thermal management design for power
devices has become an important factor [6]. Therefore,
thermal management is a crucial step in the design of high
efficiency solid state power supply. To find the most
efficient way to control temperature and remove heat at
power device for safe and reliable operation, a large
number of researchers studied the thermal management of
power device. Bar-Cohenand Iyengar [7] presented some
useful research results on air-cooling heat sinks in power
device cooling issues. In their studies, a number of fin
designs and their manufacturing technologies, as well as
performed optimization to identify the maximum heat
transfer capability within a given design domain were
considered. For the sake of studying the influence of more
parameters on air-cooling heat sinks, Ozturk and Tari [8§]
analyzed three different commercial air-cooling heat sinks
designed by using fluid dynamics software packages
Icepak. The number of fins and their distribution, the fin
material, and the base plate thickness were investigated in
their study. Especially, replacing aluminum with copper as
the heat sinks material improves the performance of whole
system. However, the volume occupied and noise
associated with the heat dissipation modules were always
encountered in air-cooling heat sinks designs compared
with liquid-cooling system. Advanced cooling techniques
involving forced liquid convection, phase change and
micro channel cooling system were drawn more attention
to current and future semiconductor devices [9]. Lee [10]
concentrated on a process of applying a computational
fluid dynamics (CFD) technique to optimize pin array
design of an integrated liquid-cooling insulated gate
bipolar transistor (IGBT) power module. By simulating
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different pin array designs, the effects of total convective
area and fluid pattern on die temperature were examined.
From Lee's studies, the two rows of rectangular pins along
with the inclined deflecting plates were the best array
design. Moores et al. [11] investigated heat dissipation
effect of cooling fin heights design on an aluminum silicon
carbide metal matrix composite base plate with integral
cooling fins by using the thermal analysis and experimental
performance. The studies showed 2mm was the best
height for cooling fin in this heat sink system. Never-
theless, the effect of the different shapes design of channel
in liquid-cooling heat dissipating plate on heat dissipation
has not been studied in Refs. [10,11]. At the system level,
in order to radiate heats from power device more
effectively, it is necessary to study the flow channel
configurations. Thus, the purpose of this paper is to
investigate the different shapes of channel and flow rates in
water cooling radiation designs by using ANSYS Icepak
14.0 and to improve them based on the results of the
analyses. In this paper, we took Mircosemi’s MOSFET
product DRF 1201 as the research objective, which is used
as power device for 13.56 MHz solid state power supply in
fast-axial-flow (FAF) laser. The investigations include
numerical simulation and experimental verification. First,
in order to obtain the better performance of heat radiation
from the model power device on water cooling radiation,
the geometric configurations of the flow channels were
simulated with two designs (the S channel and the
cylindrical channel). The nine different flow rates were
also simulated by Icepak. We found that the cylindrical
channel can improve heat dissipation effect and get lower
peak temperature. Meanwhile, the thermal resistance of
heat sinks decreases by increasing the volumetric flow rate
and the number of cylindrical columns in the flow channel.
Secondly, the water cooling radiation inlay different shapes
of channel are manufactured by computer numerical
control(CNC) machine tools. The nine different flow
rates have been measured by flow meter. The surrounding
temperature of power device on the water cooling radiation
is monitored by Fluke Ti9 infrared thermal imager. Finally,
the numerical simulation results can be explained well by
the above experimental performance and the experimental
result can verify the improved heat radiation performance.

2 Model building

In this study, the water cooling radiation system is shown
in Fig. 1. Heat dissipation by the power MOSFET is
derived from various flow channels embedded in the heat
radiator. In this study, the power generated by the power
MOSFET was simulated by heating block as shown in Fig.
2. The four heating blocks with different power level were
used to simulate four different MOSFETs. The heat
generated by heating block was transferred to the heat
radiator through conduction heat transfer. The water which

is flowing in heat radiator can take away heat. The loop of
water-cooling was completed by pumps which keep the
water temperature constant in inlet. Therefore, a typical
water cooling radiation system consists of heat spreader,
coolant, pump, water tank, and so on [12].
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Fig. 1 Schematic diagram of water cooling radiation system

Fig. 2 Photographs of the heating block

To improve the effectiveness of heat radiation for the
power MOSFET, two different flow channel designs for
the water cooling radiator were used in this study, one is S
flow channel design(see Fig. 3), the other is cylindrical
columns flow channel design (see Fig. 4). Figure 5 is the
photograph of the modules described above. The geo-
metric configurations of water cooling radiator for the
testing pieces were done by Solidworks 2012. HMC50
CNC machine tools were used to manufacture the testing
pieces.

3 Governing equations

In this study, the basic assumptions for numerical
simulation are described as follows: 1) Cooling pure
water is incompressible normal properties fluid; 2) The
relative velocity between a fluid and a solid is zero that
means non-slip condition; 3) Only the forced convection
effect is accounted for, the buoyancy effect is ignored,
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4) The viscous dissipation is accounted for; 5) The regime
of cooling pure water is steady-state.

Some nomenclatures were used in governing equations
is listed in Table 1.
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Table 1 Nomenclatures were used in governing equations

parameter description unit
Re Reynolds number of channel -
Ry, effective thermal resistance —
E total energy J
105 £ 0.50 u velocity m-s!
k turbulence kinetic energy m>-s 2
) . ) ) p pressure Pa

g::flgi ’ tl]f:ilnnift:e;illr;ge It?g:?f ;ﬁleat spreader with S flow channel i heat transfer coefficient Wom 2.k
H channel height m
(0] heat transfer capacity w
T temperature K
p density Kg-m?
A thermal conductivity Wem k!
u fluid viscosity Kgm'-s'
€ turbulent energy dissipation rate m?'s?
a inverse effective Prandtl numbers -
A difference -

The three dimensional thermal and flow fields is
simulated by the commercial code fluent. Equations (1)—
(3) represent the energy equation, the continuity equation
and the momentum equations. The energy equation is
employed to solve the temperature field. The governing
Fig. 4 Engineering drawing of heat spreader with cylindrical equations for the fluid flow are the following continuity
columns flow channel design, the unit dimension is mm equation, momentum equations in three directions (x, ,
and z), and energy equation. In this study, as the heat
spreader with S flow channel design, the flow is observed
as laminar. Due to the presence of the cylindrical columns
in the improved circular flow channel designs, the flow
with those channel designs is turbulent. Thus, renormali-
zation group (RNQG) k-¢ turbulence model is used in this
numerical simulation. The following closure Eqgs. (4) and
(5) [13] have been adopted to assess the turbulent viscosity
and energy dissipation rate.

0 0 oT
ﬁ_xj [u;(pE + P)] = @(Aeffa—%), (1)
0
a—(ﬂui) =0, )

Fig. 5 Photograph of water-cooling heat spreader with different Ox
flow channel designs
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where Gy is the generation of turbulence kinetic energy due
to the mean velocity gradients.

For the RNG £-¢ turbulence model, the expressions or
values of parameters in Egs. (4) and (5) are summarized

below:
Cls = Cls_ o

, 6
1+ By ©
1k
n= (2Ei/"Ezj)ZEa (7
1/0u; Ou;
E,=—(—+—- 8
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where the value of constants are , = 4.377, f = 0.012,
Cie =142, C)p = 1.68, o = a, = 1.39.
To present the simulation results, the following
parameters can be defined as
_ punt

Re X ©)
1

T, max Tin
0
where u,, is the mean velocity in the channel inlet, Ty,ay 1S

the contact temperature between the heat spreader and the
heating block, and T;, is the coolant inlet temperature.

Ry, = (10)

4 Calculation and analysis

The above system of governing equations was numerically
solved using finite volume method. A finite volume
method converted governing equations to algebraic
equations using an “upwind” scheme [14]. The simple
algorithm was used to enforce mass conservation and to
solve the problem of velocity-pressure coupling to obtain
the pressure field [15,16]. The convergence criteria used to
control the numerical solution for momentum and energy
equations were 10 and 107" respectively. The numerical
simulations were finished after about 2000 steps iteration
and converge.

This fluid mechanics model is three-dimension steady

incompressible viscous flow. The fluid control equations
described in Section 3 were involved in the numerical
computation process. After the numerical simulation, the
residual of each variable has been reduced to 0.001, in
accordance with the criteria. Figures 6-9 present results
obtained from experimental and numerical studies on the
thermal resistances of two different heat spreader flow
channel designs, various volumetric flow rates, and two
different power levels. The experiment results became
lower than the simulation results as the flow velocity
increases. A possible explanation is that in the experiment
condition, the heating block exchange heat not only with
heat spreader but also with the surrounding air. The heat
exchange efficiency in the experiment condition was lower
compared with numerical simulation condition. Generally,
the error between simulation result and experiment result
was less than 20% [17]. This indicates that simulation
results of this study are reasonable.

It was also found that the higher the flow velocity is, the
smaller the thermal resistance is. As the flow rates are
greater than 11 mL/s, the decreasing of the thermal
resistance is unconspicuous. Therefore, it may be con-
cluded the optimal coolant flow velocity is nearby 11 mL/s
for the heat spreader. Moreover, Figs. 6— 9 indicate that the
thermal resistance with the cylindrical columns flow
channel design is smaller than that with the S flow channel
design during the same power level. For the heat spreader
with S flow channel design, the flow regime is observed as
laminar, rather than turbulent, which was observed as the
heat spreader with cylindrical columns channel design. In
the same heat dissipation power, turbulence model can take
more heat than laminar model. That means the cylindrical
columns flow channel design has better heat dissipation
effect.

The pressure drops for the two types of heat spreader
under different flow rates are shown in Figs. 10 and 11. It
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Fig. 6 Thermal resistances at various flow rates for heat spreader
(@300 W) with S channel design
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Fig. 7 Thermal resistances at various flow rates for heat spreader
(@300 W) with cylindrical columns design
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Fig. 8 Thermal resistances at various flow rates for heat spreader
(@200 W) with S channel design
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Fig. 9 Thermal resistances at various flow rates for heat spreader
(@200 W) with cylindrical columns design
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Fig. 10 Pressure drop at various flow rates for heat spreader
(@300 W) with S channel design

1750

—=— simulation results
—e— experiment results
1400

T

1050

700

pressure drop/Pa

350 -

3 6 9 12 15 18
volumetric rate/(mL-s ')

Fig. 11 Pressure drop at various flow rates for heat spreader
(@300 W) with cylindrical columns design

can be seen that the pressure drop of cylindrical columns
flow channel design was higher than that of S channel
design under the condition of equal flow rates. The
pressure drop is directly proportional to the pumping
power required to move the cooling material through the
heat sink [11]. The better dissipation effect was obtained
by the cylindrical columns flow channel design. Mean-
while, the cylindrical columns flow channel design
dissipated more pumping power than that of S channel
design. For some engineering fields, such as heating,
ventilation, air conditioning, and refrigeration systems,
those designs are more sensitive to the changes of pumping
power. However, for this study, the range of pressure drop
is acceptable.

Figure 12 shows the contact temperature between the
heat spreader and the heating block under different powers,
which are generated by the heating block during coolant
flow rate of 11 mL/s. Here, the environmental temperature
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Fig. 12 Temperatures on the surface of heating block vs.
pumping powers

is 25.2°C. From Fig. 12, we can see that the result of
numerical simulation is slightly larger than experimental
values. This is probably because the heating block does
heat exchange with the surrounding air in the experimental
condition, and the measurement error of measuring
equipment also need to concern. Moreover, for the S
channel design at power levels of 150 and 200 W, the
temperature on the surface of heating block is lower than
82°C. The MOSFET can work normally. Here, the heating
block was used to simulate MOSFET DRF1201. Because
82°C 1is considered as the high-temperature limit for the
MOSFET [18]. However, for the S channel design at
power level of 300 W, the temperature on the surface of
heating block was 71.2°C. If the environmental tempera-
ture continues to rise, the MOSFET will be destroyed.
Compared with the S channel design heat spreader, the
cylindrical columns channel design heat spreader has
better performance. The temperature on the surface of
MOSFET was lower than 55°C at the power level of 300 W
that means the cylindrical columns channel design heat
spreader can adapt to more hostile environmental tem-
perature.

5 Conclusions

This paper presents the heating performance of the heating
powers of MOSFET based on different coolant flow rates
and configuration of flow channels. Furthermore, numer-
ical simulation and experimental validation were used to
evaluate the heat dissipation capabilities of water cooling
system. The following is a summary of the main results
obtained in this investigation.

1) The heat transfer enhancement due to raising the
coolant flow rates is more significant when the coolant
flow rates are lower than 11 mL/s. In this study, the
reduction of the thermal resistance was no more than

0.015°C/W when the flow rates were higher than 11 mL/s.
Thus, the optimal coolant flow rate was 11 mL/s for the
heat spreader system under this investigation.

2) Numerical simulation and experimental results
showed that the flow channel design of heat spreader
with turbulence flow leads to a reduction of thermal
resistance more efficiently than the conventional S flow
channel design with laminar flow.

3) The heat transfer enhancement of cylindrical columns
channel design was considerable improvement compared
with S flow channel design.
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