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ABSTRACT

This paper researches a design process of a parallel plate-fins heatsink subjected to an impinging
airflow in a broadcast vehicle system. First, it is demonstrated theoretically that the thermal con-
ductance between the plate and the air stream can be maximized by optimizing geometric param-
eters. Next, the research studies the heat transfer theory across parallel plate-fins of the heatsink
to optimize the geometric parameters. Those parameters are used to design a three-dimensional
heatsink. In the next step, design model is used to simulate temperature under working conditions
by using computational fluid dynamics (CFD). The simulation results show that the maximum tem-
perature is smaller than the maximum permitted temperature of electronic equipment given by
the manufacturer. Then, the design model is trial manufactured for testing before moving to mass

production.

Key words: Heatsink, broadcast vehicle system, optimal geometric parameters, maximum

temperature, CFD

NOMENCLATURE
Table 1

INTRODUCTION

The broadcast vehicle system (Figure 1) consists of
16 heatsinks, in which each heatsink contains 4 elec-
tronic equipment that generates extreme heat of more
than 0.4 kW. In addition, this system continuously
operates day and night in harsh conditions; in sum-
mer, the temperature can reach over 40 0C. There-
fore, under the working conditions, the temperature
of the electric equipment may exceed the permitted
limit of the given manufacturer, which causes failure
and damage to the board itself. This reduces the ef-
ficiency, functionality, reliability, and uptime of the
whole system. Therefore, installing the heatsink to
cool the electronic equipment in the broadcast vehicle
system is necessary to release the heat into the envi-
ronment.

Literature review some of the publications of thermal
analysis related to this paper as follows. Kuy Hyung
Do et al.! recommended simplified model solutions
of velocity and temperature distributions in heatsink
subjected to a uniformly impinging jet. This paper
also presented a new method for determining the per-
meability and heat transfer coefficient analytically.?
showed a method that finds the optimal geometric pa-
rameters of fins to maximize the total heat transfer
cooled by natural or forced convection.? presented a

method and practical results for finding the geome-
tries of fixed volume plate-fins heatsink for maxi-
mizing dissipated heat flux. Beriache et al.»> devel-
oped a simple model for expecting thermal and hy-
draulic performances of a parallel fin heat sink with
impinging airflow.® focused on fin shapes effect by
numerically examining the flow and temperature dis-
tributions of a plate-fins heatsink cooled by jet im-
pingement. The article also considered three dis-
tinct shapes are rectangular, round-headed, and el-
liptic. This found that the fin shapes affect both the
heat transfer rate and pressure drop, especially in the
short fin case.” had another approach, the authors in-
vestigated the pressure drop and flow characteristics
of a plate-fin heatsink subject to an impinging flow
with the elliptic shape at the bottom. Shah, Amit et
al.® evaluated the possibility of increasing the paral-
lel plate fins heatsink performance by improving the
airflow characteristics in the vicinity of the heatsink
center. This also studied detail the effect of removing
fin material near the central region of the heatsink.

Zhipeng Duan®~!!

proposed a simple model of im-
pingement flow pressure drop based on developing
laminar flow in rectangular channels. Then the model
was experimentally measured pressure drop with var-
ious dimensions of a heatsink and flow velocities.

Although those publications fully presented many as-
pects of the thermal analysis, there are no papers that

showed a detail for a specific application and stages
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Table 1: Nomenclature

2

A Contact area, m
A, Profile area of fin, m?
A Profile area of fin, m?
a Base wall thickness, m
b Fin height, m
cp Specific heat at constant pressure, J/kg.K
G Total amount of required ventilation
h Heat transfer coefficient, W /m>K
k Thermal conductivity of Al, W /mK
Kair Thermal conductivity of air, W /mK
ks Thermal interface material
L Length of heatsink base, m
Fin parameters, m = \/m
N Number of fins
ng Number of fans for cooling
Nu Nusselt number
Nuge,  Nusselt number of the fully developed flow
Nugq Nusselt number of the developing flow
Py Perimeter of fin, m
Pr Prandtl number, v/
AP Pressure drop, Pa
Q Power of heat source, W
q Heat transfer rate, W
qv Volumetric flow rate of each fan, m3 /h
Re Reynolds number

Rj, Thermal resistance from junction to ambient,
K/W

Rje Thermal resistance from junction to case, K /W

R Thermal resistance from case to heatsink, K /W

Ry, Thermal resistance from heatsink to ambient,
K/W

t Fin thickness, m

T, The ambient air temperature, K

T Temperature at baseplate, K

Nz The temperature at its case, K

Tjmax Maximum junction temperature, K

Ty Constant wall temperature of heatsink, K

T Coolant inlet temperature, K

AT Temperature difference between outlet and inlet,
K

Uoo Stream velocity, m/s

w width of heatsink base, m

z Fin spacing, m

Greek symbols

o Thermal diffusivity, m? /s

u Dynamic viscosity of the fluid, Ns/m>

v Momentum diffusivity, m? /s

p Fluid density, kg/m?

0, Temperature excess, 6, = T, — To., K

Subscripts/superscripts
a ambient

f fin

of the heatsink design process. Especially, there have
been few studies on impinging flow for cooling the
heatsink. 2312-1> mainly focused on the optimization
of the spacing between parallel plate-fins of heatsink
without considering other geometric parameters such
as the height, thickness, and base wall thickness of the
heatsink. Thus, the objective of this study is to de-
termine the optimal geometric parameters for maxi-
mizing heat transfer from a package of parallel plate-
fins that are cooled by forced convection. Those pa-
rameters are utilized for designing the heatsink. This
model is then analyzed by thermal simulation in CFD.
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If the maximum temperature at the contact area (case
to heatsink) is smaller than the value that is given by
the manufacturer, the model is trial manufactured for
testing before moving to the mass production period.
The rest of this paper is organized as follows: Section
2 determines the optimal geometric design parame-
ters and the number of fans. The results of the three-
dimensional design and the thermal analysis are fully
presented and discussed in Section 3. Finally, conclu-
sions are made, and future researches are proposed in
Section 4.
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Figure 1: The three-dimensional model of the broadcast vehicle system

MATERIALS AND METHODS

To see clearly the steps of the proposed approach,
the paper’s research methodology is shown in Fig-
ure 2. With some the restricting geometrical limits
and given parameters, determining the optimal ge-
ometric parameters of the heatsink and the number
of fans. Then those parameters are used to design
the heatsink before simulating the temperature. If
the maximum temperature does not exceed the Tyqe,
which the manufacturer gives, the model is manufac-
tured.

In the initial stage of the design process, based on the
size of the electronic equipment mounted on the base
of the heatsink, the sizes and locations of 16 heatsinks
in the overall layout of the broadcast vehicle system,
the designer’s intentions, manufacturing constraints,
and for other factors, then the width W and length L
of the heatsink are preselected 0.400x0.477 m, respec-
tively. Thus, with known power dissipation of elec-
tronic equipment Q, the maximum permitted tem-
perature of electronic equipment Ty, this part of the
paper is going to figure out the optimal geometric de-
sign parameters as the base wall thickness a, the fin
heightb, the fin thickness t, the fin spacing z, the num-
ber of plates N, and the number of fans for cooling.
Each heatsink consists of 4 heat sources attached at its
base, sizes and power are shown in Table 2.

Table 2: The sizes and power of electric equipment

No. Length (m) x Width (m) Power (W)
i 0.137x0.058 30

pEd 0.385x0.050 5

3rd 0.385x0.112 328

4 0.385x0.090 40

The geometry of the heatsink subject to an impinge-
ment flow is shown schematically in Figure 3. The
flow enters at the middle top and exits out the sides.
Fluid uniformly impinges on the heatsink along the
z-axis, then flows parallels to the x-axis. The follow-
ing assumptions are made to the model of the heatsink
and fluid flow:

o Steady-state;

o The fluid is incompressible;

o Laminar flow;

o Constant fluid and solid properties;

« Negligible viscous dissipation and radiation heat

transfer.
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input:
-L,W,Q, T=40°C

- Geometric constraints
- Intents of designer

- Optimize geometric parameters a,b,t,z,N
- Select fans

Design 3D of heatsink

Thermal simulation
if Tinax < Tcasc:85oc

No
Yes

Trial manufacture

Measure the maximum
temperature in heatsink
in working condition

No

Mass production

Figure 2: Flowchart of the research process of the
heatsink

¢
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WY ] /

Figure 3: Model of the heatsink
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The number of fins

Based on Figure 3 the number of parallel plate-fins is
determined as follows:
W4z

N= t+z W

Optimize spacing of parallel plate-fins

The research analyses forced convection cooling by
fans that set up above the heatsink, the physical basis
of the existence of an optimal spacing between parallel
plate-fins z for maximum heat transfer as follows. On
the one hand, the heat transfer decreases when z — 0
because the fluid ceases to penetrate through the fins.
On the other hand, when z — oo the heat transfer also
declines because the fins surfaces disappear. There-
fore, there exists an optimal z, that is 7, for which the
heat transfer is maximum. The optimal parallel plate-
fins z,p; can be determined by the interesting the to-
tal heat transfer rate of the heatsink’s small and large
channel spacing.

Consider the first case of the channel has small spac-
ing; when the spacing between parallel plate-fins
small enough, the flow is fully developed all along
with L. The total heat transfer rate removed is given
by!2:

2
7“ AP
= —Tw 2
q p(lz”L)bWCp(Th T..) (2)

Eq. (2) presents that the total cooling rate reduces as
7. This tendency is showed as curve (red line) in Fig-
ure 4.

Heat transfer rate (q)

Fin spacing (z)

Figure 4: The optimal z,,, value

Consider the second case of the channel has large
spacing. In this case, each boundary layer is isolated,
the flow is developing. Hence, the total heat transfer
rate released !2:

PraPLN '3
g =1,208Wbky;, (;72) BT, T (3)
1%
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Eq. (3) presents that the total cooling rate reduces as
273, This tendency is shown as a curve (blue line) in
Figure 4. To optimize the spacing between the fins, the
red and blue line curves intersect z,,;. This parameter
is expressed by:

1 1

Zopt =3,24LRe 2Pr 4 (4)

Optimize the thickness and height of paral-
lel plate-fins

Figure 5: Heat transfers through fins

Heat transfer from a fin with the adiabatic tip is de-

scribed in 1&17;

qf = \/hPrkA. Oytanh mb (5)

Assuming that L 7, Py~ 2L, Ac = Lt, Ay, = bt

and mb = \/hPs/kA:b, then (5) becomes g5 =
Vh2LkLt Oytanh+/h2L/kLtb. This is rewritten:

g5 = (2hk) 2 Loy tanho; (6)

herein, @ = mb = \/2h/ktb
Considering heat transfer rate at the base wall be-
tween two fins

gw = hLz6), (7)
The total heat transfer rate is given by:

q=4qf+qw

=NLG, [(zhk)l/ 211 2tanha +hz} ®)

To find out the maximum total heat transfer with re-
spect to t, one sets the derivative equal to zero:

d
Y _9

dt ©)

Thus, the optimal thickness of fins is received:

Z

lot = S W—2)L6, —1 (10)

The convection coefficient is taken from the model
proposed by P. Teerstral”. It is given by:

_ Nu.kgir
Z

h (11)

In parallel plate-fins the flux is found developing con-
ditions, fully developed conditions or combination of
both conditions. '® proposed a composite solution:

1
Nu= | (Nugey) ™+ (Nu fd)*”] “n (12)

The Nusselt number of the fully developed flow
asymptote can be written:

1
Nugg = EiRePr (13)

The Nusselt number of the developing flow asymptote
is defined by:

Nuge, =
0.5

3.65

0.5
(2%)

where, n is combination parameter that depends on

05 14
0,664(§Re> P3| 14 (14)

the model, in the model that proposed by 7, n has the
value of 3.
Therefore, the optimal height of fin is calculated by:

1
kt\ 2
b= (33)

Determine the base thickness

(15)

The thermal resistance from the case to ambient is de-

termined by !°:
Rja:ch+Rcs + Ryq (16)

The total thermal resistance of the heatsink from junc-
tion to ambient is given:

ch = (ijax - T“) /Q

The thermal resistance from the case to the heatsink:

17)

RCSZLI/ka (18)

The thermal resistance from the heatsink to ambient:

Ryq = (Tsza)/Q (19)
From Egs. (16) - (19), one gets:
a=ksA(Rjs— (Rjc+Rsa)) (20)
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Ambient (air)

I

Rsa

R,

Heatsink

Res

case

“_junction

\_thermal interface material

Figure 6: Thermal resistance of the heatsink

Determine the number of fans

Fan selection plays an important role in cooling the
system. The required volume flow rate G depends
on heat dissipation Q, the temperature difference be-
tween inlet and outlet of the heatsink AT = Ty,,r — Tin»
fluid density p, and specific heat cp- Therefore, the

total amount of required ventilation for cooling is de-

termined by2:
G =0/ (p-cp(Tou —Tin)) 1)
The number of fans that needs to be installed:
ng=G/q, (22)

Based on the cooling requirements and the designer’s
intentions, the 8314HU axial fan is selected. The
maximum volumetric flow rate of this fan is ¢, =
47.1 (CFM) ~ 79.85 (m3/h). The number of fans
is determined from Eqgs. (21) and (22) is ny ~ 2.98.

Thus, the number of fans is 3.

RESULTS AND DISCUSSION

Design three-dimensional of the heatsink

Initial values for determining the optimal geometric
design parameters are listed in Table 3.

From Egs. (4), (10), (15), and (20) it is easy to de-
termine the optimal geometric parameters, which are
listed in Table 3.

The optimal geometric parameters from Table 4 are
utilized to design the three-dimensional model of the

heatsink as shown in Figure 7.
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Table 3: The initial values of some design parameters

No. Denotation Value Unit

1 L 0.477 m

2 w 0.400 m

3 u 4.6 m/s

4 v 1.702x10-5  m?/s

5 Re=uL/v 128920

6 Pr (40 °C) 0.7255

7 Kair 0.02662 W/m.K
8 k 205 W/m.K
9 - 2252 oc

Table 4: The optimal geometric parameters of the
heatsink

No. Denotation Value Unit
1 a 10x1073 m

2 b 60x10~3 m

3 t 2.1x1073 m

4 z 45x1073 m

5 N 60

6 ng 3

Results of thermal analysis

In order to evaluate the thermal response of the three-
dimensional heatsink under working conditions. The
thermal analysis aims to allow the designer to quickly

evaluate whether the theoretical calculation results
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Figure 7: Three-dimensional of the heatsink

are reasonable or not. In addition, the thermal simu-
lation also shows the distribution and maximum tem-
perature under working conditions of the heatsink so
that the designer can quickly adjust the design pa-
rameters to meet the given requirements. Besides, the
designer can predict the critical positions quite accu-
rately, thus helping them make some important deci-
sions in the initial design process.

The three-dimensional heatsink as shown in Fig-
ure 7 is simply modified for thermal simulation. The
boundary conditions for the thermal analysis are as
follows: the heatsink is made from 6061 aluminum.
The input temperature of the simulation process is
equal to the ambient temperature at Tp, = 40 OC.
There are three 8314HU axial fans set up above the
heatsink. The electronic equipment is BLS9G2731L-
400 LDMOS S-band radar power transistor, 4 heat
sources located at different positions as illustrated
in Figure 8. The electronic equipment integrates at
the bottom of the heatsink, in which dimensions and
power dissipation are listed in Table 2.

Thermal analysis was conducted by Solidworks sim-
ulation tool. The figures below show the temperature
distribution results in the heatsink and velocity trajec-
tory of the airflow.

Discussions

Table 4 and Figure 7 show the optimal geometric
parameters and the three-dimensional design of the
heatsink, respectively. The values of the design pa-
rameters in Table 4 are rounded off to satisfy manu-
facturing constraints. These values are used to design
the heatsink as shown in Figure 7 that consists of 4
heat sources, 3 fans set up above the heatsink, a plate
to cover the heatsink and mount the fans, 4 support
brackets to mount the heatsink into the frame of the
broadcast vehicle system.

In Figure 9 and Figure 10, numerical simulations
for the temperature and velocity distribution are ob-
tained by using a tool in Solidworks simulation. Over-
all, the high-temperature field distributes in the area
where the electronic equipment is attached to the
heatsink. Figure 9a and Figure 9b are the side view
and bottom view of the heatsink; these figures clearly
show the maximum temperature appears at the bot-
tom where the third electronic components directly
integrate with the heatsink; the highest temperature
is approximately 55.7 °C. On the contrary, the low-
est temperature is equal to ambient occurs near the
input flow of fans, which is roughly 43 °C. Figure 9¢
shows the temperature field of the cross section view,
the simulation in fins illustrates that the temperature
gradually decreases from the bottom to the top. Also,
the temperature and the trajectory velocity of airflow
are nearly symmetric through the plane of symmetry
of the heatsink. As can be seen from Figure 10, the ve-
locity of air flow where sets up the fans is maximum,
but the flow stagnates near the center of the heatsink
and the under surface of the cover plate. This results
in slowing down the heat transfer rate at the center
of the heatsink. The results of the simulation process
show that the maximum temperature in working con-
ditions is smaller than the given maximum tempera-
ture of the manufacturer Tuys = 85 °C2L. Therefore,
the model design is manufactured. Some of the im-
ages of the trial manufacture process are as follows:

CONCLUSIONS

The main conclusions from the research results of the
current work can be drawn as follows. Thermal analy-
sis was studied to figure out the optimal geometric de-
sign parameters of the heatsink. The heatsink was de-
signed based on these parameters, by using the Solid-
works simulation tool to simulate the maximum tem-
perature under working conditions. The simulation
results show that the maximum temperature of the
model design is smaller than the upper limit of the
electronic equipment. The design model is then pro-
duced for testing the maximum temperature in the
laboratory before moving on to the mass production
process. The products were installed on the broadcast
vehicle system to meet the given requirements of the
whole system.

The height, spacing, and thickness of parallel plate-
fins are roughly 60 mm, 4.5 mm, and 2.1 mm, respec-
tively. Thus, it is necessary to fully study the effect
of process parameters in the high-speed machining
of thin walls in the future. Moreover, it is necessary
to research other main factors that affect productivity
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8314HU axial fan (80 m*/h,

4 heatsource

Istheat source

2nd heatsource

3rd heatsource

Figure 8: The boundary conditions for thermal simulation

and quality of machining processes (surface rough-
ness) such as tools, machines, tool wears, force cut-
ting, and tool life.
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Figure 9: The temperature distribution in the heatsink
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Figure 10: The velocity trajectory of the heatsink
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Figure 11: Trial manufacture of the heatsink
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