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High heat flow density electronic components need cooling plates with strong heat
exchange capacity to maintain temperature balance. To obtain better cooling per-
formance, four different flow channel types of cooling plates are designed, includ-
ing an S-type channel, Z-type channel, mosaic channel and double-layer channel.
The maximum temperature of the cooling plate, outlet temperature and pressure
drop under different working conditions and coolant are analyzed by numerical
simulation. The simulation results show that the double-layer channel design can
effectively enhance the heat transfer effect of the cooling plate and reduce the pres-
sure drop. The maximum temperature of the cooling plate of the double-layer flow
channel is 6.88 °C lower than that of the Z-type flow channel. Moreover, increas-
ing the inlet flow rate and lowering the coolant inlet temperature can improve the
cooling performance of the cold plate, but increasing the inlet flow rate will lead
to an increase in the pressure loss of the cold plate. When the coolant of the dou-
ble-layer channel cooling plate is 20% ethylene glycol-water solution, the cooling
performance is better than the other three coolants. Other channel cooling plates
perform better with water as the coolant.

Key words: heat dissipation, cold plate, fluid-solid coupled heat transfer,
flow channel

Introduction

With the rapid development of the economy and industrialization in modern society,
environmental and ecological problems have become increasingly serious [1, 2]. To solve the
problems of global warming, electronic pollution and soil pollution, it is essential to use re-
newable resources efficiently and transform them into green and renewable products that are
competitive in the market [3-5]. As current density increases and operating frequency acceler-
ates, electronic systems generate more and more heat. The life of electronic products can be
improved through thermal management and other technical means, which can reduce electronic
pollution. For example, since the radar system is equipped with a large number of the transmit
and receive (T/R) modules with high heat flow density, the radar will generate a large amount
of heat, so it is crucial to use a reasonable thermal management solution keep the overall sys-
tem performance stable. While the active phased array T/R module requires high power, high
efficiency and low noise, its volume should be as small as possible and its weight should be as
light as possible. The demand has led to a continued move toward miniaturization and lightness
in the core modules of the radar-T/R module, which will result in elevated thermal dissipation
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of T/R modules with local heat flow densities exceeding 1000 W/cm? [6]. Therefore, it is a
challenge to provide reasonable and effective heat dissipation for these high power devices to
improve their reliability. If there is no proper heat dissipation mechanism, the internal tempera-
ture of the system will rise sharply, which may damage the electronic components and affect
the reliability of the system [7]. Existing research shows that the main reason for 55% of the
failure of electronic equipment is that a large amount of heat is generated at work, which makes
the temperature of the components and the surrounding environment too high. The urgent need
to improve the heat dissipation capacity has promoted the development of various feasible heat
dissipation technologies [8-10].

The conventional cooling system for the radar T/R module assembly is air-cooled. How-
ever, with the increase in the power of T/R modules, air cooling can no longer meet the heat
dissipation requirements, and hybrid heat dissipation emerges as the times require [11, 12]. Scott
et al. [13] introduced a cooling system with a combination of closed air circulation cooling and
liquid cooling (water/glycol as coolant) designed for cooling the Sampson MFR radar. In the
introduction of this article, the cooling system of the American AN/FPS-115 PAVE PAWS radar
is also a combination of liquid cooling and air cooling [14]. The USA radar company also uses
a combination of forced liquid cooling and forced air cooling for the heat dissipation method of
THAAD radar [15]. In addition, Nakagawa et al. [16] designed a U-shaped loop heat pipe plate
for heat dissipation because of the heat dissipation requirements of T/R modules with high heat
flux density. In view of the increasingly complex heat dissipation problem, the cooling system
using liquid as the medium has attracted much attention in recent years and is considered to be
one of the most effective methods for heat dissipation of electronic devices [17-20]. Agrawal et al.
[21] used liquid cooling technology to dissipate heat from the packaged T/R modules. Narvaez
et al. [22] proposed to use of a liquid cooling system to dissipate heat from the THAAD radar.
Liquid cooling has many benefits over air cooling, such as being able to withstand higher heat flux
density, enabling localized component cooling, and quieter systems [23, 24].

In the past decades, research on liquid-cooled radiators has focused on optimizing
geometric parameters, channel structure and heat source lay-out to improve cooling perfor-
mance. Esmaili e al. [25] experimentally investigated the effect of channel structure, manifold
design and heat source lay-out on the thermal performance of the flow channel. Zhang et al.
[26] proposed a cooling method using an S-shaped cold plate structure with baffles to avoid
heat concentration while increasing heat transfer. The study showed that the total resistance of
the heat sink with a truncated channel design was reduced by 37.5% and the peak temperature
difference was reduced by a maximum of 36.7% compared with the heat sink with parallel
straight channels [27-29]. Vinoth and Kumar [30] adopted inclined fins on the trapezoidal chan-
nel radiator, using coolants of water and nanofluids to improve heat transfer efficiency. Amalesh
and Narasimhan [31] compared different channel heat sinks, where zigzag and round slot chan-
nels showed excellent cooling performance. Dai et al. [32] studied the cooling performance dif-
ference between straight channels and equivalent corrugated channels, and the results showed
that although the heat transfer ability of corrugated channels was greatly improved, it caused a
larger loss of pressure drop. Chein and Chen [33] studied the effect of different inlet and outlet
arrangements on the performance of the radiator and found that the performance of the radiator
with the V-shaped inlet and outlet lay-out was the best. Several studies have shown that bifur-
cated tree-like channels have better temperature uniformity [34-36]. For cooling flow channels,
the influence of parameters such as flow channel cross-sectional shape and wavelength on
cooling performance has been studied by several authors [37-40]. At present, most of the active
phased array radar T/R modules use liquid cooling systems. The liquid cooling system is mainly



Song, H., et al.: Numerical Simulation of Thermal Performance of Cold ...
THERMAL SCIENCE: Year 2024, Vol. 28, No. 3B, pp. 2669-2681 2671

composed of connecting pipes, pumps, cold plates and other components [6]. The cold plate is
the core part of the cooling system because its flow channel will play a decisive role in the cool-
ing performance of the cooling system. A liquid cold plate is a typical indirect cooling device
[41,42]. The cold plate and the module base plate are connected by bolts. Therefore, the coolant
flows in the cold plate without direct contact with the electronic components [43-45]. The outer
surface of the cold plate is loaded with various electronic components, and the heat generated
by the electronic components during operation is taken away by the cooling medium passing
through the internal flow channel of the cold plate, thereby achieving the purpose of cooling.
With the rise of machining level, the flow channels inside the cold plate are no longer limited to
a single straight type and hollow groove type. These structures have the problems of insufficient
heat dissipation capacity and uneven air distribution [46, 47]. The common flow channel forms
of liquid cooling plates are straight channels and serpentine channels. At present, the research
on the cold plate in China and abroad mainly focuses on the optimization and improvement
of the existing channel structure, and the exploration of the new channel structure is less [48].

In this paper, the T/R module is taken as the research object, and four different flow
channel types of cooling plates are designed, including an S-type channel, Z-type channel, mo-
saic channel and double-layer channel, and the influence of fluid-flow rate, coolant temperature
and different coolants on the performance of the cooling plate is studied by simulation software.
This study is expected to provide researchers and engineers with a design method for cooling
plates for electronic components and provide technical support for thermal management for
engineering applications. Ultimately, this will help decrease electronic pollution and contribute
to environmental protection [49-51].

Structure and design

The T/R module is widely used in active phased array radar. It is mainly used to am-
plify the transmitted signal, amplify the received signal and control the amplitude and phase of
the signal. It is composed of the attenuator, phase shifter, power amplifier and other microwave
components. This reference gave a detailed introduction the T/R module [52]. According to the
relevant prediction, the heat flux of the phased array T/R module will exceed 1000 W/cm? in the
future, so it is an electronic component with high requirements for heat dissipation.

A liquid cooling plate’s ability to transmit heat is influenced by a number of compet-
ing parameters, including the heat transfer area, flow rate, volume, and weight of the plate. In
general, the complex flow channel structure serves to increase the bypass, which facilitates the
heat transfer between the liquid and the cold plate wall. However, this also leads to an increased
pressure drop in the flow path. The structure of the flow channel or even the cold plate will be
harmed if the pressure in the flow channel is too high and the wall of the cold plate is too thin.
For practical engineering applications, designing a flow channel cold plate structure that can
boost heat transfer while pre-venting an excessive pressure drop is crucial.

The design is based on the principle of minimum volume and mass, with the T/R mod-
ules (heat sources) symmetrically distributed on the front and back of the cold plate. As shown

T/Rmodule (heat source)  Cold plate’ in fig. 1, the liquid cooling plate involved in this
e paper is mainly used to cool 16 T/R modules (
‘ 25 mmx25 mmx1 mm) mounted symmetri-
cally on the front and rear sides of the cooling
e plate. The surface of the heat source cannot ex-
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—_— ceed 70 °C, with a maximum temperature dif-
Figure 1. The 3-D model of liquid cooling plate ference of 5 °C between adjacent components.
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In this paper, aluminum is selected as the cold plate material. To ensure the temperature rise and
temperature uniformity of the cold plate, a parallel flow channel structure is used in this thermal
design to reduce the pressure resistance. Under the condition of ensuring the temperature rise
and temperature uniformity of the cold plate, four new flow channel structures are designed as
shown in fig. 2. The cold plate length, height and thickness are 500 mm, 200 mm, and 10 mm,
respectively.

NN | | CICITC)

(c) N (d)

Figure 2. (a) S-type flow channel, (b) Z-shaped flow channel, (¢) mosaic flow channel,
and (d) double flow channel (enlarged view of flow channel)

Numerical model
Model assumptions

In the study, a geometric model is designed and the rounded corners on the cold plate
were corrected to reduce the influencing factors. Pressure-velocity coupling is achieved using
a coupled algorithm. After updating the properties of the solid and the fluid, the coupled algo-
rithm first solves the coupling equation consisting of the momentum equation and the continu-
ity equation. Then, use the current value of the solution variable to solve the energy equation.
These solution steps are iterated until the convergence criteria are satisfied.

To reduce the complexity of numerical simulations, the following assumptions need
to be made when numerical methods are used for simulation analysis:

— The fluid is an incompressible Newtonian fluid.

— The material of the cooling plate is uniform and the heat transfer coefficient is constant.

— The relative velocity between solid surface and fluid is zero, which satisfies the velocity
boundary condition without slip.

— The heat generated in the T/R module is uniform.

— The effects of gravity and other forms of external forces are ignored.

Conservation equations

The following equation can be obtained according to the physical conservation law

followed by the coolant. The continuity equation can be expressed:
op
—+pVu=0 1
o P (M
where ¢ is the time, u — the fluid velocity vector, and p — the fluid density.

The momentum equation of the flow field:
p[g—t; + V(uu)} =-Vp+uV'u 2)

where p is the pressure and u — the fluid dynamic viscosity.
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The energy equation for the fluid:
oT
pe, [5 +V(uT€)} =k, V°T, (3)

where T is the temperature of the coolant liquid, £, — the thermal conductivity of the coolant
liquid, and ¢, — the fluid-specific heat capacity.

Due to the fluid-solid coupled heat transfer problem, the conservation of energy in
solid media needs to satisfy:
or _
ot
where p; is the solid density, ¢, — the solid specific heat capacity, and &, — the solid thermal
conductivity.

PCps kV°T, (4)

Boundary conditions

Heat transfer is a complex process, and there are too many factors that affect its per-
formance, it is difficult to evaluate the cooling effect of coolant through a single standard.
This paper analyzes the heat dissipation performance of the cold plate under certain working
conditions. The T/R module is placed on the surface of the cold plate and a thermally conduc-
tive silicone grease with a thermal resistance of 0.3 °C/W is used, evenly distributed above the
runners to better transfer heat. The power of a single heat source module is 10 W, and the total
power is 160 W. If the working module is directly placed in the air without a cold plate to cool
down and dissipate heat, its temperature can rise above 100 °C. The coolant inlet temperature
is 25 °C, the inlet flow velocity is 1 m/s, and the allowable inlet and outlet pressure difference
of the circulating water pump is 0.3 MPa.

Grid independence verification

The use of SOLIDWORKS to save the liquid-cooled plate and T/R module as IGS
format output and import into ICEPAK. ICEPAK uses the FLUENT CFD solution engine,
which applies the finite volume method for fast solution of both structured and unstructured
meshes. The effect of the number of grids on the numerical results of this model was analyzed
by testing the independence of the grids. Figure 3(a) shows the relationship between the number
of grids and the maximum temperature of the cold plate at the same flow rate. In this paper, or-
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Figure 3. Independent test; (a) grid number and (b) time step
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tho-hexahedral meshing is used. It can be found that the maximum temperature of the cold plate
increases by 0.01% for grid 3015689 compared to grid 1767479, and the error is small enough
to consider that the grid does not affect the results. Therefore, the number of grids chosen for
all numerical analyses is 1767479. In addition, independent tests of time steps were conducted,
and in this paper, a time step of 1s was chosen considering the computational cost, as shown
in fig. 3(b). In the process of iteration, the residual values of each physical quantity reach the
convergence criteria and the computation will be judged to be converged.

Results and discussion
Model verification

To verify the simulation results, the fluid-flow and heat transfer in the cooling plate of
the T/R module were numerically simulated. At the same operating conditions, the simulation
results were compared with the results of Baek ef al. [53]. The simulation results are compared
with the reference data, as shown in fig. 4. It can be seen that the results of the present simu-
lation are in good agreement with the numerical simulation results in the literature [53]. The
maximum difference between results is less than 5%.
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Figure 4. Model verification; (a) maximum temperature difference at different flow rate
and (b) pressure drop at different flow rate

Performance comparison
Temperature distribution

The temperature distribution of the cold plate under the same working conditions in
the four flow channels is shown in fig. 5. It can be shown in the figure that the highest tem-
perature area of the S-type flow channel cold plate is distributed near the outlet and the lowest
temperature area is distributed near the inlet. On the contrary, the highest temperature of the
mosaic flow channel is distributed at the inlet and the lowest temperature is distributed at the
outlet. The temperature distributions of the Z-type and double-layer flow channels are similar,
with the highest temperatures occurring in the middle area of the cold plate. The difference in
temperature distribution is related to the four flow channel structures. The fluid-flow in the
S-shaped flow channel is constant, and the cold fluid-flows into the flow channel, which con-
tinuously absorbs the heat emitted by the heat source during the flow process, so that the tem-
perature of the fluid continues to rise. When the fluid enters the mosaic flow channel, initially
due to the excessive flow velocity, the flow distribution at the inlet is uneven, resulting in less
coolant flowing through the heat source and poor heat dissipation. Although the structure of the
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Z-type flow channel and the S-type flow channel are similar, the amount of heat dissipation is
also different due to the difference in the time that the coolant flows through the heat source.
In terms of heat dissipation, the double-layer flow channel cold plate is more effective than the
other three flow channel cold plates.
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Figure 5. Temperature clouds of cold plate with different flow channels;
(a) S-type flow channel, (b) Z-shaped flow channel, (¢c) mosaic flow channel,
and (d) double flow channel

Pressure distribution

Figure 6 shows the pressure distribution of the four flow channel cold plates. It can
be seen that the S-type flow channel cooling plate has the largest pressure drop. Conversely, the
mosaic flow channel cooling plate has the smallest pressure drop. Therefore, the mosaic flow
channel has lower internal energy loss. The pressure drop of the S-type flow channel cooling
plate is 51.1%, 282.7%, and 203.6% larger than that of the Z-type flow channel cooling plate,
the mosaic flow channel cooling plate, and the double-layer flow channel cooling plate, re-
spectively. There is a strong correlation between pressure distribution and velocity distribution,
and this relationship conforms to Bernoulli law [54]. In the comparison of this index, the mo-
saic-type cooling plate performs the best, and conversely the S-type flow channel cooling plate
performs the worst. The S-type flow channel cooling plate blocks the coolant to a greater extent,
while the mosaic flow channel effectively reduces the blockage of the coolant and reduces the
energy loss.
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Figure 6. Pressure cloud diagram of the cold plate with different flow channels:
(a) S-type flow channel, (b) Z-shaped flow channel, (¢) mosaic flow channel, and
(d) double flow channel
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Influence of working conditions
Influence of fluid inlet velocity

Figure 7 shows the relationship between the maximum temperature of the cold plate at
different inlet flows, the outlet temperature and the pressure loss of the cold plate in each flow
field. From figs. 7(a) and 7(b), it can be seen that when the inlet temperature is constant, the
maximum temperature of the cold plate and the outlet temperature of the cold plate decrease
with the increase of the flow velocity. At the flow velocity of 0.6 m/s, the maximum tem-
perature and outlet temperature of the double-layer flow channel cold plate were 9.19 °C and
5.97 °C lower than those of the Z-type cold plate. As the flow velocity increases, the advantage
in heat removal weakens, and the difference between the four flow channels decreases. There-
fore, increasing the flow rate of coolant can improve the heat transfer capacity of the cooling
plate, but it is better to choose the appropriate flow velocity.
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It can be seen from fig. 7(c) that when the flow velocity changes from 0.6-2.0 m/s,
the resistance loss of the S-type flow channel cold plate is relatively large, and the growth
trend is very obvious, and the maximum change value of the pressure drop is 15623.23 Pa.
The Z-shaped flow channel growth trend is also apparent. The pressure loss of the mosaic flow
channel and the double-layer flow channel has a small change, and the trend is relatively gentle.
By increasing the fluid-flow rate, the convection heat transfer coefficient of the flow channel
wall will increase, the coolant can take away more heat, and the temperature will decrease, but
at the same time, the pressure loss will increase. The S-type flow channel cold plate consumes
more energy, while the mosaic flow channel and double-layer flow channel consume less en-
ergy, so their cost is also smaller, especially at higher flow rates. It can be seen that the greater
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the inlet velocity of fluid is not the better, and the cooling efficiency and pressure loss should
be taken into account to select an optimal value.

Influence of fluid inlet temperature

As shown in fig. 8, the effect of fluid inlet temperature on the performance of the
cold plate was studied. When the inlet temperature is 20 °C, the maximum temperatures of
S-type flow channel, Z-type flow channel, mosaic flow channel and double layer flow channel
cold plate are 44.7 °C, 51.3 °C, 46.7 °C, and 44.2 °C, respectively. As can be seen from fig. 8,
when the flow velocity is kept constant, the maximum temperature of the cold plate and the
outlet temperature of the cold plate both increase gradually with the increase of the fluid inlet
temperature. The comparison results of the four flow channels show that although the changing
trend is the same, the S-type flow channel and double-layer flow channel have better heat dis-
sipation performance, the mosaic flow channel is the second and the Z-type flow channel is the
worst. At an inlet temperature of 30 °C, the outlet temperature of the double-layer flow channel
is 34.8% lower than that of the Z-type flow channel. Figure 8(c) shows that a change in fluid
inlet temperature has little effect on the pressure drop of the cold plate. The fluid-flows in the
cold plate, generating a pressure loss along the way.

Influence of changing the coolant

Different coolants have different physical parameters, so they have different effects
on the cooling effect. When T/R modules operate below 0 °C, water as a coolant is prone to
freezing, which affects the cooling effect, so it is necessary to study new coolants to dissipate
heat for T/R modules in low temperature environments.
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The physical properties of different coolants are also different, and the thermal con-
ductivity of the coolant directly affects the cooling effect. At the same time, the kinematic
viscosity of different coolants is also different, which makes the flow state in the flow chan-
nel different, resulting in the change of the convective heat transfer coefficient, and the heat
taken away when passing through the same area is also different, so the heat dissipation per-
formance is different. As shown in fig. 9, when the coolant is water, there is little difference
in the thermal performance of the four flow channels. When the cooling liquid is an ethylene
glycol-aqueous solution, with the increase of ethylene glycol concentration, the difference in
heat dissipation performance of the four flow channels becomes larger and larger. The reason
for this phenomenon is the large difference in heat dissipation between the cold plates of
different flow channels. When the coolant in the double-layer flow channel is the 20% gly-
col-water solution, the maximum temperature of the cold plate is 2.13% lower than when the
coolant is water. Figure 9(c) shows that the effect of the cooling liquid on the pressure drop
of the cold plate is very large and the trend is very obvious, which is due to the difference in
the cooling liquid density. The higher the density of coolant, the higher the pressure drop of
the cold plate.
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Conclusions

To reduce the maximum temperature and local temperature difference of high heat
flux electronics, four novel flow channel cooling plates were designed in this study. This paper
takes the T/R module as the research object and compares the temperature and pressure distri-
bution of four cold plates through numerical simulation. Furthermore, the comprehensive per-
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formance of four cold plates was compared and discussed under varying inlet velocities, fluid

temperatures, and coolants. The conclusions are as follows.

e VWith the same thermal management requirements, the flow channel structure has a signifi-
cant effect on the cooling effect of the cold plate. The average temperature of the cold plate
using the double-layer flow channel is the lowest, and the average temperature of the cold
plate using the Z-type flow channel is the highest. The results show that the maximum tem-
perature of the cold plate of the double-layer flow channel is 6.88 °C lower than that of the
Z-type flow channel. The mosaic flow channel cold plate pressure drop is the lowest, and the
pressure drop of the mosaic flow channel design is 1.396 kPa, which is 73.87% lower than
that of the Z-type flow channel design.

® Increasing the flow velocity improved the cooling performance of the four flow channels
cold plate most significantly. When the flow velocity increased from 0.6-1.2 m/s, the maxi-
mum temperature drop of the cold plate was 11.15% of that of the Z-type flow channel cold
plate. However, this increased the pressure drop of the Z-type flow channel cooling plate.
Lowering the coolant inlet temperature can improve the cooling performance of the cold
plate.

® The cooling effect of the double layer flow channel cold plate is the best when the coolant
is 20% ethylene glycol — water solution, which is 1.05 °C lower than the maximum tem-
perature of the cold plate when the coolant is water, and the cooling effect is best when the
coolant of the remaining three flow channel cold plates is water. Due to cost constraints in
practical applications, the cooling liquid should be selected comprehensively considering
the heat dissipation performance and cost.

In summary, the double-layer flow channel cold plate mechanism has uniform tempera-
ture distribution, the best cooling performance and the greatest potential. The simulation results will
provide a reference for the design of thermal management systems for high heat flux electronics.
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Nomenclature
¢, —fluid-specific heat capacity, [Jkg 'K ] t —time, [second]
¢, — solid specific heat capacity, [Jkg K] u — fluid velocity vector, [ms™]
ky — thermal conductivity of the
coolant liquid, [Wm™"K"'] Greek letters
k, — thermal conductivity of the solid, [Wm'K™] i — viscosity, [kgm's™]
p —pressure, [Pa] p —density, [kgm]

T — temperature, [K]
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