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INTRODUCTION

ABSTRACT

In this paper, heat transfer in electronic equipment was studied numerically and experimen-
tally, by investing in the flexible printed circuit board and changing the board’s orientation,
which is the substrate of the electronic equipment from a vertical to a horizontal position.
ANSYS Fluent software has been used to solve the continuity, momentum, and energy equa-
tions with the three-dimensional, unsteady, laminar and incompressible flow. In this study, the
oscillatory motion equation was used as a boundary condition to represent the motion of the
flexible board. In the experimental aspect of this study, a simulation of an ASUS motherboard
(X399-A) with dimensions (30 x 25) cm and a Core 19 CPU with a fully working power of
130W was used to study the enhancement of heat transfer in the electronic devices by test rig
specially made for this study. The results show that the flexible board’s enhancement in the
heat transfer was (7%) vertically and (7.6%) horizontally compared with the rigid board for
the same working conditions. The horizontal position is better than the vertical of the two
types of rigid and flexible board, with improved heat transfer rates of (2.7%) and (3%); correla-
tion Equations of the Nusselt number from experimental results are presented.

Cite this article as: Emad M, Aljabair S, Imran AA. Heat transfer enhancement of electronic
devices by using flexible printed circuit boards. ] Ther Eng 2023;9(6):1531-1547.

electronic component preparations [1]. It was shown that
increasing the Ra number increases heat transmission

Thermodynamic control is now an important con-
sideration. Component downsizing and thermal system
management have become more important as the elec-
tronic industry progresses. The majority of electronic
equipment follows the same basic design, which consid-
ers the PCB board to be the electronic equipment’s basis.
Several researchers have explored heat transfer analysis in
PCB. The efficiency of cooling electronic apparatuses was
evaluated numerically by stressing the effects of various
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greatly. The effect of varying processor power dissipation,
fan speed, ambient air temperature, and air intake area on
the (CPU) case temperature was investigated by [2]. Within
the desktop computer equipment enclosure, the pattern of
airflow and the optimum working temperature of different
constituents were also identified.

Injection cooling studied directly a ball grid array as a
source of heat generation [3]. It is proved through a case
study that this integrative approach is an effective
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methodology that leads to innovative design. A novel,
enhanced, and highly integrated cooling technique is given
for electronic packaging for a variety of steady-state operat-
ing conditions. Heat dissipation paths, both active and pas-
sive are being studied by [4]. A novel component layout
integrating passive pathways and leveraging the backside of
the liquid crystal display screen was presented as a result of
the findings and a simple correlation-based thermal analysis
of the proposed system. Heat dissipation rate from heat
sources was investigated by placing them at the bottom of the
PCB and comparing all heat source cooling techniques. It
was determined that mixed convection is a better way for
cooling discrete heating elements than free convection [5]. A
design approach investigated of deflection, and stress in flex-
ible printed circuit boards. To find out how the newly pro-
posed FPC motherboard behaves under fan flow
circumstances in a PC case, the intake and the systems of the
two propellers had a considerable influence on the amount of
deflection and stress, according to the findings of this study
[6]. Numerical study of the wall temperature of an internally
finned tube by solving Navier-Stokes equations using fluent
software for a steady-state and laminar flow of fluid inside a
tube under mixed flow conditions [7]. The study found that
triangular-shaped fins had the lowest wall temperature com-
pared to rectangular and T-shaped fins. CFD tool used to
calculate the effects of different parameters and variation in
heat flux distribution of the elements on the average Nusselt
number and heat transfer coefficient in two-dimensional
ribbed channels [8]. Numerical study of natural convection
inside a two-dimensional rectangular cavity with a triangular
ceiling and an adiabatic solid strip added in the cavity’s cen-
ter presented by [9]. The study was done using the finite vol-
ume method. This research aims to take a look at the fluid
flow pattern and heat transport phenomena that occur when
a solid strip is inside a rectangular hollow. Level electronic
packaging of apparatus in the thermal design were investi-
gated and confirmed by [10]. The application of CED to the
thermal design of complex electronics regimes yielded sig-
nificant results. Unsteady analysis of a heated inclined fin-
plate investigated at a 45° angle by using ANSYS FLUENT
[11]. The findings of this study are utilized to look into heat
transmission from the finned plate to the environment.
Airflow rate and heat effects presented on an FPCB with an
attached ball grid array (BGA) package [12]. The results
revealed that the Reynold numbers and heat have a substan-
tial impact on the deflection and stress of the FPCB. As a
result, when dealing with the FPCB underflow scenario, it
was critical to consider the temperature effect. It was discov-
ered that the Nusselt number has a strong relationship
between the geometric factors and the flow velocity. Ata con-
stant heat flow of 1000 Wm™? and atmospheric natural con-
vection conditions, the cooling of a plate (1 m in height and
1 m in width) is oriented vertically, as well as 20° and 45°
inclined from the vertical (downward-facing surface) was
investigated by [13]. The findings show that the surface tem-
perature values of the plate with an inclination angle of 45°

are higher than those of the plate in its upright state and
those of the plate with an inclination angle of 20° angle.
Nadooshan et al. Numerical simulation of a three-dimen-
sional incompressible laminar flow heated array of circular
perforated fins studied by [14]. The SIMPLE algorithm was
used to solve Navier-Stokes and energy equations using a
finite volume technique. Calculations were carried out for Re
numbers ranging from 100 to 350. The thermal performance,
effectiveness of perforated, solid fins and their friction coef-
ficient are determined. The results reveal that when the Re
numbers and the number of holes increase, the average coef-
ficient of friction decreases. The rate of H.T increases as the
porosity and Reynold numbers increase. Mathew et al. [15]
studied the (IC) chips provided with various heat fluxes sub-
jected to the laminar forced convection. The goal is to cool
the (IC) chips by choosing the best location, inclination
angle, and size. Thermal and structural mechanics investi-
gated by [16]. Where the study provides future PCB optimal
design recommendations and a heat dissipation mode option
in circuit board simulation. Salah et al. [17] studied the influ-
ence of heat flux, Re numbers, and baffle layout on H.T and
flow behavior inside the enclosure. The results reveal that
increasing the baftle width has no discernible effect on H.T,
and that partially cut baffles provide a 30 per cent improve-
ment over the plain heating block. At Re = 0 and q = 240 w/
m?, the baffle cases reduce the block surface temperature by
roughly 11 per cent compared to the plain case. Numerical
investigation performed on laminar forced convection air
cooling of high thermal conductivity printed circuit boards
with Single and multilayer copper sheets, which are used as
substrate materials [18]. The heat transmission rate from the
multi-layered copper-covered board is encouraging com-
pared to a single-layer equivalent. Mehta et al. [19] investi-
gated various operational aspects (charge ratio, orientation,
and heat load) and the geometrical characteristics of a closed-
loop flat-plate oscillating heat pipe, using acetone as the
working fluid. Operational and geometrical features were
shown to impact the thermal resistance measured signifi-
cantly. heat transmission in a computer studied by [20]. They
discovered that altering the airflow rate boosted heat transfer
and helped satisfy the required cooling environment for the
safe operation of electronic components. A development
model investigated that defines a printed circuit board’s
power dissipation procedure [21]. It was built on well-known
physical relationships and the finite difference method
(FDM). According to the findings, the developed model can
be used to precisely analyze the thermal regime of electronic
equipment. Bilawane et al. [22] investigated natural convec-
tion by determining the heat transfer coefficient on plain,
semi-roughed, and roughed plates. From a plain to a semi-
roughed plate, the heat transfer coefficient increased by 6.63
per cent, 3.87 per cent from a semi-roughed to a roughed
plate, and 10.75 per cent from a plain to a roughed plate at
the ultimate heat input. Intensive study on heat transport in
electronic circuits, a categorization of existing cooling tech-
nologies, and an investigation into the use of the FPCB in
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electronic equipment presented by [23]. Dash et al. [24] con-
ducted an extensive study to improve the microchannel’s
thermal efficiency. In this work, the available investigations
and results have been thoroughly examined in order to pro-
vide a clear roadmap for future study into channel geometry
selection. The use of a flexible board to replace a rigid board
was investigated to take advantage of the board’s oscillation
feature to enhance heat transfer straight through the board.

\

Reduce the temperature in

This means using advanced heat transfer technologies to
reduce the temperature of electrical equipment and reduce
energy consumption for cooling electronic devices is envi-
ronmentally friendly by being a recyclable material as show
in Figure 1. In the current study, the heat transmission of a
model of the motherboard (ASUS X399-A) was investigated
numerically and experimentally. A numerical study includes
solving the continuity, momentum, and energy equations by

—

electronic devices by using

advanced methods to

enhancement heat transfer

reduce the power
consumption to cooling the
electronic devices and
environment friendly

Problem

Statement

Current Stu‘\

studying the possibility of replacing rigid
printed circuit board RPCB with flexible

circuits board FPCB and find anew empirical
correlation in heat transfer force convection

Figure 1. Problem statement of the current case study.
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Figure 2. Main steps of the present study.
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using analysis software when it was under laminar sin-
gle-phase incompressible flow with various Reynold num-
bers (7000-40000). In experimental work, the ASUS X399-A
motherboard with Core i9 CPU at the power of 130 W was
simulated using both a flexible and rigid board, as shown in
figure 2. Then, the numerical results are analyzed and com-
pared with the experimental results.

NUMERICAL METHOD

Physical Domain

CFD was used to investigate the flow and temperature
field distribution on the motherboard computer mounted
in the test section to analyze the motherboard’s thermal and
hydraulic properties. A three-dimensional solid-fluid cou-
pled model was employed with a finite volume CFD-based
technique and a saleable solver to estimate the behavior
of flow as well as heat transmission. The schematic moth-
erboard dimensions are (30x25) cmx1 mm thickness as
shown in Figure 3 (A) and the test section length is 800
mm, as illustrated in Figure 3 (B) for a rectangular channel
with a square cross-section of 400 mmx400 mm.

Governing Equations and Formulation

The present study considers air flow that is laminar, sin-
gle-phase, and incompressible, as well as an unsteady-state
process for flexible printed circuit boards and a steady-state
procedure for rigid boards. Also included are the three-di-
mensional continuity, momentum, and energy equations.
With the above-mentioned assumptions, the governing
equations for this conjugated heat transport problem are as
follows [25, 26]:

Continuity equation

v  ow

ou
E‘F@‘l‘g—o (1)

Ram slut

CPU

PCB

Video card

USB

(a)

Momentum equation

ou ou ou ou 1 dp o%2u  9%u | 9%u
—tu—+v—tw—=—-—"—"—+v(S5+—+-—
at + dx + dy + dz p ox + (sz + dy? + 622) (2)
6_17+ ﬂ+va_v+wa_”—_£0_p+vaz_v az_v_|_&)
at ax ay 9z pay ox2 ' oy? | 9z (3)
ow ow ow ow _ 1dp *w | 3*w | d*w
6t+uax+vay+waz_ paz+vax2 ay? = 9z? (4)

Where p, p and v are the density, pressure drop and
kinematic viscosity of the coolant, respectively.
The fluid’s energy equation is:

2T a’T

ar ar ar aT acr
pCp(E+ug+U£+Wa)——k(m+m+ﬁ) (5)

Boundary Conditions

The model gets its inputs from the boundary conditions
defined in the processor. Figure 3 b depicts the fluid and
solid domains and also boundary conditions. The following
boundary conditions are given for the computing zone:

- Test suction inlet

Velocity of the uniform flow is assumed U, = (0.5 >2.5)
m/s

Air temperature Tin = 30°C

- Test section outlet p,,, = atmosphere pressure.

- All channel walls have no-slip wall U=V =W =0.

- The CPU wall surface is exposed to a constant heat
flux of 37142 W/m? [2, 27] and the other walls are adiabatic.

In this case study, transient flexible board motion is
used in numerical simulation situations to reduce calcu-
lation instability. The flexible board moves at a constant
speed in each case, and the location varies in each time step

(b)

Figure 3. a) Schematic Asus motherboard (X399-A) for current case study b) Fluid domain.
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Figure 4. Fluctuation movement of the flexible motherboard and CPU for 10 second.

Figure 5. Mesh generation for motherboard and test section.

dependent on the board’s position in the domain, as shown
in figure 4. The UDF source file is compiled and built in a
shared library for the created objects [28].

- Flexible motherboard and CPU fluctuation movement
= UFPCB= 0.25 xsin (tx1/0.06x22/7).

Grid Generation

Structured meshes were used in the inlet and exit, as well
as the channel, in the test section. To appropriately anticipate
temperature and velocity gradients, the meshing was directed
around the motherboard into the boundary layer region. The
mesh creation for the test portion is shown in Figure 5. The
number of nodes, in this case, was 3934547, while the num-
ber of elements was 2896726. A calculator with an Intel(R)
Core (TM) i7-9750H CPU running at 2.60GHz and 2.59
GHz and 16.0 GB of RAM was used for this project.

Grid Independency
As demonstrated in figure 6, the phrase “grid indepen-
dence” refers to improving efficiency by doing computations

with lower cell sizes to arrive at the proper answer, resulting
in a smaller mesh. Starting with a coarse mesh and gradu-
ally developing it until the changes in the data observed are
less than a pre-determined suitable error is the typical CFD
procedure.

EXPERIMENTAL PROCEDURE

Figure 7 shows the main steps in this work, which
include manufacturing the device, calibrating the measur-
ing equipment, preparing a model of the rigid and flexi-
ble board, operating the system to reach a stable state, and
then recording the results. Figures 8 and 9 show the main
components of the device. The test section was built from
a box made of an iron frame with a thickness of 2 mm,
covered with transparent plastic glass with a thickness of
6 mm. RPCB and FPCB are used to simulate a real ASUS
X399-A motherboard. During the experiment, a gate valve
was used to control the flow volume in order to regulate the
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Figure 6. Grid Independency test for current case study.

Figure 7. Diagram for experimental project steps.

Figure 8. Photograph of the experimental rig.
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Figure 9. Schematic diagram for experimental rig.

flow velocity. An orifice plate was used to measure the flow
volume in order to control the flow velocity in the range of
0.5 to 2.5 m?/sec. An electric heater with thermal power of
130 W [2, 27] in the 35 cm? range was used to determine
the CPU as a heat source in the motherboard. A multime-
ter was used to determine electrical energy by measuring
electric current and voltage. To reach the intended power,
power regulation was achieved by modulating the voltage
source. Four K-type thermocouples were placed equally
spaced in the CPU, and one at the input and output of the
test area, as shown in Figure 10. The thermocouples were
connected to the Arduino Mega 2560, and the data was sent
to a computer for display and recording. The thermal heat
transfer coefficient, Reynolds number, and Nusselt number
are calculated as shown below. If the inlet air temperature is
the same as the ambient temperature, it is used as the refer-
ence temperature.

Table 1. Experimental data reduction

Variables Equations
heat flux on the CPU outer surface Q=1V
A heat transf flicient havg = ¢
erage heat transfer coefficien = —=
v WO AT = Ty)
To+Ti
The mean bulk fluid temperature T= O+2 =
4A
characteristic length lc = 7
havg lc
The average Nusselt number Nugyg = .
p XUy Xlc
Reynold Number Re= TZ
L _ 2 ApD
Friction Factor f 1 pU?,

Reader&
* Computer

Motherboard
(PCB)
» Test
suction
Tin Ts1 Ts2 Ts3 Ts4 Tout

Temperature
sensor(Ts )

*—

—+ Pressure sensor (Ps)

Figure 10. Sensor’s locations.

UNCERTAINTY ANALYSIS

Because of measurement instrument error, the quanti-
ties used to determine the Nusselt number are subject to
some uncertainty [29]. The experiment’s uncertainties were
assessed using the independent parameters measured in the
experiments: voltage, current, and (inlet, outlet, and CPU)
temperatures, as shown in Figurell.

The Nusselt Number

The result R is generally calculated in some way from
the Xi data.

R= R(X1, X2...... Xi)

SRXi =28 % sxi
oXi

1

SR = [Eé”il (55 SXi)z]z
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Figure 11. Measuring system diagram for experimental
study.

The uncertainty interval (S) in the result can be given
as:

Sr=[(Rx15x1)* + (Rx25x2)* + --- (Rxi Sxi) 2]°°

In dimensionless form:

SR _ (—aR sx1+ Roxa 4Ry i
R |\ax1 X2 "X l)
)
RXi= aXi
_n
Nu= p

At Reynold = 7778, AT=44, I (amp) = 0.6A, V (volt) =
220V

Nu = %

aNu _ VI _ 220%0.05 1287
81  AATk  0.075x44x0.02588

aNu _ Il 0.6X0.05 — 035

vV  AATk  0.075x44x0.02588

ONu

O0AT

i 0.6X220x0.05

= =1.75
AAT?k  0.075%x442x0.02588

The uncertainty Nusselt Number will be as in this
equation:-

aNu \? dONu 2
s (s + (koo

si=22 0 16
0.6
£0.1 45x%x107*
=——=45%
V=920
SAT = 22251 1x 1073
220

Svi-[(128.7 x 0.16)? + (0.35 x 4.5 x 1074)?
+ (1.1 x 1073 x 1.75)2]%° = 420.6%

) SNu  0.206
Relative error =—— —

=0.003
Nu 70

RESULTS AND DISCUSSION

Flow Effect on Heat Transfer in Printed Circuit Board

Rigid printed circuit board

Since the motherboard is cooled by forced convection,
the flow speed has an important effect on heat transfer. The
average Nusselt numbers will rise and the motherboard
temperature will decrease. Figure 12 shows the relation-
ship between the average Nusselt numbers and the various
Reynold numbers (7000 - 40000), an increase in the air
velocity over the motherboard will increase the heat trans-
fer coefficient because of an increase in a temperature dif-
ference (AT) between the air and motherboard [2, 10, 30].
The results of the numerical study showed good agreement
with the experimental study with the error rate in the ver-
tical position (2.8%), and in the horizontal position (2.7) %
respectively.

Flexible printed circuit board

In the flexible board, the heat transfer is studied in the
same conditions as the previous work. The results show in
Figure 13 that the procedure correspond to an increase in
the average Nusselt number at ten-second with increas-
ing the Reynold number in the horizontal and vertical
positions with differences between the numerical and
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Figure 12. Comparison results between Experimental and numerical rigid printed circuit board with a variation of average
Nusselt number numbers with Reynolds numbers at a different orientation.

experimental solution (3.4%) vertically and (2.6%) hor-
izontally. The heat transfer of the flexible board is bet-
ter than the heat transfer of the rigid board as shown in
Figures 13 and 14 the percentage of improvement in aver-
age Nusselt number numbers is (7.6%) in the horizontal
position and (7%) in the vertical position. The rise in air
velocity causes an increase in vibration frequency, which
causes a rapid change in the thickness of both hydro-
dynamic and thermal boundaries, as well as acting as a
quick slack breaker layer. As a result, heat transmission
between the turbulent bulk flow and the boundary layers

is extremely efficient, resulting in a considerable increase
in the heat transfer coefficient. [31, 32].

Orientation Effect on Heat Transfer in Printed Circuit
Board

The average Nusselt number in the vertical position of
the rigid and flexible printed circuit board is smaller than
that for the horizontal counterpart as shown in Figures 14
and 15 because the buoyant force acts to generate secondary
currents that are formed and moved in an upward perpen-
dicular direction to the direction of flow in the vertical rigid
and flexible printed circuit board, and there is recirculation

160
140 et ]
3 el L]
E 120 ,;ff
Z Pl
% 100 o
3 P
Z 80 ’45
g” |
£ 60
- Num. H. FPCB
40 A Exp.H.FPCB
ol e Num. V. FPCB
W Exp.V.FPCB
0
0 10000 20000 30000 40000 50000

Reynolds number

Figure 13. Comparison results between Experimental and Numerical flexible printed circuit board with a variation of
average Nusselt numbers with Reynolds numbers at a different orientation.



1540 J Ther Eng, Vol. 9, No. 6, pp. 1531-1547, November, 2023
160
140 seem oo
5 120 et ieT
£ 252"
Z 100 _3%%"
= "“
2 s®
2 80 o?
Z [
& 60
g
S0l === Num. H. FPCB
< ! aaaa. Num. V. FPCB
2 aaaa. Num. H. RPCB
o 00 === Num. V. RPCB
0 10000 20000 30000 40000 50000

Reynolds numbers

Figure 14. Comparison results between numerical FPCB and RPCB at a different orientation
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Figure 15. Comparison between experimental FPCB and RPCB at a different orientation

of air on the top surface of the board which forms eddies. It
reduces the effect of forced convection. This behavior was
determined by [33].

Temperature contours and velocity vectors in the fluid
domain

This study was conducted using CFD simulation soft-
ware, and the results showed good agreement with the
experimental result. Through this study, it is possible to
deduce three-dimensional diagrams of temperature and
velocity, as shown in Figures (16), (17), (18) and (19) that
illustrate the formation of the boundary layer and the effect
of oscillation on heat transfer.

Figures 16 and 17 show the contours of the temperature
distribution on the axis (YZ) on the CPU, with the effect

of flow velocity on the shape of the boundary layer and the
gradient of the temperature distribution. The difference
between FPCB and RPCB can be seen in terms of the oscil-
lation in the movement of the flexible board and the effect
of this oscillation on the boundary layer that improves heat
transfer. The effect of the buoyancy force generated on the
CPU can be seen in Figure 17 in the vertical position as a
result of the heat emitted from the source and the presence
of obstacles in the path of the main current flow around
the CPU, where the secondary currents reduce heat trans-
fer from the vertical position compared to the horizontal
position, velocity vectors and the influence of velocity on
heat transmission can be shown in Figures 18 and 19. The
difference between flexible and rigid boards can be noticed,
with the flexible board behaving like a rigid board at a low
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Figure 16. Temperature contours for horizontal FPCB and RPCB respectively at different inlet flow velocities
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Figure 17. Temperature contours for vertical FPCB and RPCB respectively at different inlet flow velocities.



1542 J Ther Eng, Vol. 9, No. 6, pp. 1531-1547, November, 2023

Velocity [m s”~-1]

0.5m/s

Velocity [m s~-1]

ey B

Po P % %o To To T Te To T e

2.5m/s

Figure 19. Velocity vectors for horizontal FPCB and RPCB respectively at different inlet flow velocities.
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Figure 18. Velocity vectors for horizontal FPCB and RPCB respectively at different inlet flow velocities..
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Figure 20. Variation of Nusselt number with time at different velocities.

speed of 0.5 m/s, with little interference and no effect on the
boundary layer. However, as the airflow speed increases,
heat transfer improves due to increased board fluctuation,
resulting in a greater fracture in the boundary layers and

increased heat transfer to the outside environment.

Variations of Nusselt number with time

The unstable distribution of the Nusselt number is
shown in Figure 20. The figure shows the effect of fluctu-
ation in the Nusselt number between high and low values,
where the Nusselt number rise occurs for the boundary
layer destroyed as a result of board fluctuation, and the

Friction factor (10%)
w
’

0 10000 20000 30000 40000

Reynolds number

50000

(2)

average Nusselt number value decreases due to the tem-
perature difference between the surface and the bulk fluid
temperate.

Friction Factor Effect on Printed Circuit Board

The relationship between Reynold numbers and the
friction factor can be seen in the figures (20 a and b), where
it can be observed that friction decreases when Reynold
numbers increase, and this is due to an increase in distur-
bances within the boundary layer. Figure 21 (a) shows the
relationship between the friction factor and Reynold num-
ber in the flexible board, where it can be noted that the fric-
tion decreases when the Reynold numbers increases and
the horizontal position is more than the vertical position

Friction factor (10%)
w
,

0 10000 20000 30000

Reynolds number

40000 50000

(b)

Figure 21. a) FPCB variation of numerical friction factor with Reynolds numbers at different orientations b) RPCB varia-
tion of numerical friction factor with Reynolds numbers at different orientations.
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Figure 22. Comparison results between the RPCB and FPCB at the variation of friction factor with Reynolds number.

because of the acceleration in the flow near the wall under
the influence of gravity.

The cohesive structure that exists in the turbulent
boundary layer is primarily responsible for the friction
force. Active interference of the turbulent boundary lay-
er’s coherent structure can effectively reduce friction force.
Figure 22 reveals the comparison of friction factors in the
rigid board and flexible board, where it can be seen that the
friction in the flexible board is less than that in the rigid
board as a result of the deflection on the board. The wall
deforms and may interact with the turbulent boundary
layer in order to reduce the friction factors added to the
rapid changes in speed. Within the boundaries of the ther-
mal boundary layers, as a result, vibration has a high abil-
ity to break the thermal boundary layers and hence reduce
the friction. In general, an increase in inclination leads to
an increase in the acceleration of the flow near the wall
under the influence of gravity, and therefore higher friction
occurs. The difference between the two horizontal posi-
tions and the vertical position can be observed. The reason
for the difference is that the friction at low speed and in the
horizontal position is more than that in the vertical posi-
tion. This was also mentioned by [34, 35].

Nusselt number correlation

To find a relationship between Nu, Re, and Pe, cor-
relation equations have been developed to study the heat
transfer in RPCB and FPCB at the horizontal and vertical
positions based on the results of the experiment.

A basic equation as follows relates to Nu, Re, and Pr. [36]

Nu= c Re™ Pr"(6)

In this study, Pr = 0.7 was fixed throughout the research,
to get the values for ¢, m, and n, the values of the Reynold
numbers and the Nusselt number were replaced into. Table
2 shows the values of ¢ and the Exponent’s m, n for each
case.

Table 2. Constants of empirical equations

Case study c m n

V. RPCB 2.6 0.34 0.3
H. RPCB 2.1 0.407 0.3
V. FPCB 1.45 0.446 0.3
H. FPCB 1.3 0.459 0.3
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Figure 23. a) Vertical Logarithmic (Nu/Pr"?) versus logarithmic Reynolds numbers for RPCB b) Horizontal Logarithmic

(Nu/Pr°?) versus logarithmic Reynold numbers for RPCB.
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Figure 24. a) Vertical Logarithmic (Nu/Pr"?) versus logarithmic Reynold numbers for FPCB b) Horizontal Logarithmic

(Nu/Pr®?) versus logarithmic Reynold numbers for FPCB.

Because the empirical correlation equations accurately
captured the trend of the experimental results for each
FPCB and RPCB, they had a low percentage of error of 1.76
percent. The current study’s empirical equations are valid
for (7000>Re>40000), as shown in Figures 23 and 24 [37].

CONCLUSION

The improvement of heat transfer in electronic circuits
with PCB investment has been studied numerically and
experimentally. This enhancement is achieved by changing
the direction of the board and studying the replacement of
the rigid board with a flexible board to invest its properties
in improving heat transfer. The result shows that after the
comparison between the flexible board and rigid board, the
heat transfer improvement rate of flexible board was 7.6%

in the horizontal position and 7% in the vertical position.
And the effect of motherboard orientation found that the
Nusselt number in the horizontal position had better heat
transfer performance than in the vertical position. The
effect of friction on a flexible board vs a rigid board was
investigated. Because of the deflection of the flexible board,
the rigid board has around 38% higher friction than the
flexible board in the horizontal position and 40% more in
the vertical position. And the friction effect of the flexible
board in the horizontal position is 18% more than in the
vertical position, and the friction in the horizontal posi-
tion of the rigid board is 17% from the vertical p.osition.
General correlations of average Nusselt number for RPCB
and FPCB in vertical and horizontal orientations as a func-
tion of Reynold and Prandtl numbers have been devel-
oped. In future studies, investigate the influence of board



1546

J Ther Eng, Vol. 9, No. 6, pp. 1531-1547, November, 2023

geometry and electronic part distribution on the flexible
board to obtain the optimal fluctuation to optimize heat
transfer through the board.

NOMENCLATURE

A Surface area m*

D Diameterm

hape Average heat transfer coefficient W/m>.K
I Current A

Vv Voltage volt

k Thermal conductivity W/m.K
1 Length m

I characteristic length m

m Mass flow rate kg/s

Nu,,, Average Nusselt number ....
Pr Prandtl number ....

Q Total heat power of heater W

Re Reynold number ....

T Temperature °C

Ty Bulk temperature °C

R Result

S uncertainty

X variable data

T Air temperature at inlet °C
Tyt Air temperature at outlet °C
t Time sec

Ap Pressure drop Pa

u, v, w Velocity component in Cartesian coordinate /s
¢ Specific heat J/kg.K
Abbreviation

FPCB Flexible printed circuit board
RPCB Rigid printed circuit board
H.T  Heat transfer

B.L Boundary layer

FVM  Finite Volume Method

BGA  Ball grid array

CFD  Computational fluid dynamics
H Horizontal position

\% Vertical position

Exp.  Experimental result

Num. Numerical result

CPU  Central Processing Unit

IC Integrated Circuit

3D three-dimensional

Greek Symbols

f Friction factor ....

i Dynamic viscosity kg/m.s

K Turbulent kinetic energy m?/s?
p Density kg/m?
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