CFD Letters 15, Issue 10 (2023) 170-185

~

SEMARAK ILMU https://semarakilmu.com.my/journals/index.php/CFD_Letters/index

PUBLISHING

CFD Letters

Journal homepage:

ISSN: 2180-1363

CFD Investigation of the Effect of Vibration Direction on the Heat Transfer
Enhancement of Heat Sink

Ambagaha Hewage Dona Kalpani Rasangika®, Mohammad Shakir Nasif>*, William Pao?, Rafat Al-

Waked?

Department of Mechanical Engineering, Universiti Teknologi PETRONAS, Seri Iskandar 32610 Perak, Malaysia
2 Department of Mechanical and Maintenance Engineering, German Jordanian University, 11180 Amman, Jordan

ARTICLE INFO

ABSTRACT

Article history:

Received 17 February 2023

Received in revised form 15 March 2023
Accepted 16 April 2023

Available online 1 October 2023

Keywords:

Heat Transfer Enhancement; Vertical
Vibration; Horizontal Vibration;
Sinusoidal; Square

The application of vibration on a heated surface is found to be one of the promising
cooling methods. Previous studies found that the thermal performance of the heated
body depends on the vibrational characteristics and wave shape. However, for heat
sinks, the direction of the vibration for different vibrational wave shapes has not been
investigated, which may influence cooling. Thus, the current study conducted a
numerical investigation to study the effect of the vibration direction of sinusoidal and
square wave shaped vibration on the conventional heat sink and validated it against
experimental results with a maximum deviation of 2.4%. The study is conducted with
a range of frequencies and peak-to-peak amplitude of 0-80 Hz and 0-0.005 m under
the square and sinusoidal wave shapes. It was found that the Nusselt number increases
with higher frequencies (f>40 Hz), and amplitudes and enhancement in Nusselt values
are more dominant with square wave shapes. At the vibration frequency and peak-to-
peak amplitude of 80 Hz and 0005 m, a maximum of 9.3 % and 7.2 % enhancement in
the Nusselt number is recorded with square and sinusoidal vibration, respectively.
Moreover, the result of the current study is compared with the published work, and it
was concluded that the effect of vibration on heat transfer is superior to horizontal
vibration in comparison with vertical vibration by 7% and 3.2% under square and
sinusoidal wave shaped vibrations, respectively.

1. Introduction

The continuous development of the electronic industry and miniaturization of electronic
components has led to increased circuit packaging densities, resulting in a higher generation of heat
flux. Consequently, designing a high-power dissipation mechanism in limited space has become a
primary design effort for electronic system designers to improve the reliability and functionality of
components. Thus, several promising cooling mechanisms have been invented. Among those cooling
methods, free and forced convection are considered the most common electronic cooling method
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by serval studies [1-4]. Furthermore, as investigated by researchers, further enhancement is achieved
using extended surfaces like fins, which helps decrease the thermal resistance [5].

However, when convection occurs, as mentioned by several studies [6,7], the thermal boundary
layer is generated on either side of extended surfaces or heat sinks, and it limits cooling capacity by
hindering the heat transfer between a heated body and adjacent fluid. On the other hand, reducing
or disturbing this induced thermal boundary layer can lead to a reduction in thermal resistance, thus
enhancing convective heat transfer. Therefore, researchers invented different techniques
incorporated with a convective cooling system to disturb the thermal boundary layer formation.
Generally, these methods can be classified into passive and active.

As explained by Kannan and Kamatchi [8], passive techniques to improve heat transfer involve
changing the physical properties of the heated surface or fluid without using external energy.
Application of surface coatings at the micron scale of the heated surface, hydrodynamic cavitation,
and turbulators or mixing promoters are some of the common passive methods investigated by
several authors [9-15]. These methods are incorporated with the convection of heat sinks, used to
disturb the thermal boundary layer formulation by improving the fluid mixing. Moreover, using
nanofluid to obtain elevated thermal performance is also a popular passive cooling technology
among researchers [16-19]. However, as mentioned by several researchers [15,20], passive
techniques alone are insufficient to meet the growing heat dissipation demand of electronic systems,
making active techniques necessary. Active methods use the external power to increase the heat
transfer coefficient and disturb the thermal boundary layer by applying the magnetic or electrical
field, air jets, and spray inspired by researchers [20-25].

With the increasing demand for market development of electronic systems, modern electronic
devices move towards miniaturization, thinness, and lightness. Therefore, the challenging tasks of
electronic cooling methods are not only being highly efficient in heat dissipation but also coherent
with the trend of miniaturization in modern electronic systems. Thus, disturbing the thermal
boundary layer through external vibration to obtain enhanced heat dissipation has been a promising
electronic cooling method since this efficient cooling effect can be utilized to the miniature of the
cooling system.

Above two decades, most researchers focused on heat transfer enhancement of oscillating
cylinders, such as horizontal oscillations by Shalaby et al., [26], vertical oscillation by Pottebaum and
Gharib [27], Seenivasan and Ramachandran [28], Gau et al., [29] and Dawood et al., [30]. It is
noteworthy to mention that those studies found notable heat transfer enhancement by the
application of external vibration. Karanth et al., [31] investigated heat transfer with horizontal and
vertical oscillating cylinders and observed a significant enhancement in thermal performance.
However, the authors did not comprehensively discuss the vibration direction effect on the thermal
performance of oscillating cylinders. In their numerical studies, Shokouhmand et al., [32,33]
investigated the vertically and horizontally oscillating 2D cylinders. These studies indicate that
horizontal vibration can potentially increase heat transfer further compared to vertical vibration.

With the increasing power generation and miniaturization trend of electronic systems,
researchers have been interested in applying vibration on fins and heat sinks within the last two
decades. Gururatana and Li [34] and Rahman and Tafti [35] investigated the horizontal and vertical
vibration of 2D fin, respectively, and observed the higher heat transfer enhancement and highest
vibrational characteristics. Furthermore, Najim et al, [36] investigated the heat transfer
enhancement of a vertically oscillating heat sink, and a significant enhancement in heat transfer was
observed with higher frequencies.

Although all the above studies have only focused on the thermal performance of an oscillating
heated body under the influence of sinusoidal vibration, Rasangika et al.,, [37] investigated the
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thermal efficiency of the horizontally oscillating heat sink under sinusoidal and square wave shapes,
and they observed a maximum of 25% higher heat transfer enhancement with square wave shaped
vibration. Moreover, it was revealed that square wave-shaped vibration has a prominent effect on
heat transfer enhancement over sinusoidal vibration at each vibration level. However, the study only
focused on horizontal vibration. The vibration of the heated body induces a turbulence effect in the
fluid flow, which helps to disturb the thermal boundary layer, thus enhancing the convective heat
transfer. However, as mentioned in studies [32,33], this turbulence effect is not only associated with
vibrational characteristics and wave shape; it may also be influenced by the direction of the external
vibration. Thus, for heat sinks, it is essential to compare the impact of both horizontal and vertical
vibration on the thermal efficiency of a conventional heat sink with both sinusoidal and square wave
shapes. Therefore, the present study aims to investigate the influence of vibration direction on the
forced convective heat transfer of a conventional heat sink that vibrates with square and sinusoidal
vibrations over a range of vibration frequencies and amplitudes. Moreover, this paper compares the
thermal performance of a vertically vibrating heat sink with the results of Rasangika et al., [37] under
a horizontally vibrating heat sink. Therefore, the three-dimensional numerical model, similar to the
study of Rasangika et al., [37], simulated using ANSYS/ FLUENT to obtain the heat transfer
enhancement under vertical vibration and validate against the experimental results.

2. Experimental Method

The experimental setup is designed to obtain the vertical vibration of the heat sink. The schematic
diagram of the experimental set-up is shown in Figure 1.

Power supply

w7
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o test rig assembly \
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\ Controller
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Heat sink \
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Computer
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Fig. 1. Schematic diagram of the experimental setup

The heat sink is made of Aluminium (Alloy 6061), and the dimensions of the heat sink are shown
in Figure 3(a). As illustrated in Figure 1, the heat sink is mounted using the wooden holder consisting
of a groove with dimensions of 0.016m wide, 0.095m long, and 0.005m deep. The Rockwool
insulation sheet is placed on the base of the groove to minimize heat loss. The variable capacity digital
heater is attached to the base of the heat sink and placed in the groove over the insulation sheet.
The test rig is tightly held within the wooden holder and is covered by the wooden holder cup using
tight bolts on the wooden holder. The wooden holder is mounted to the horizontal frame. The conical
air passage, which works as a guide to supply the uniform air stream to the heat sink and variable
speed fan, was vertically installed at one end of the frame. The frame is mounted vertically on the
vibration shaker platform, which receives its vertical sinusoidal vibration from the vibration shaker
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(MO60-CE; IMV). The required sinusoidal frequency and acceleration are given to the controller of
the shaker, and the accelerometer connected to the shaker platform is used to obtain the feedback
for the closed-loop system. In order to measure the temperature of the channel wall, the K-type of
eight thermocouples is embedded beneath the channel wall in two fins at equal distance locations
along fin length. A temperature data logger (AT4524; Applent) was used to record the temperature
data obtained by the thermocouples. An uncertainty analysis has been performed to obtain the
experimental error.

0.095m

(a) (b)
Fig. 2. (a) Geometry of heat sink with dimensions (b) Computational
domain with mesh

Certain parameters are defined to determine the enhancement of the thermal performance of
the heat sink with and without vibration conditions. The heat generated by the Digital heater is
transferred to the heat sink by conduction, and it dissipates to surrounded air by convection. It is
assumed the heat dissipated by radiation and heat loss to the surrounding are negligible. Thus, the
convection heat transfer coefficient (h) can be specified as follows:

Q
- ¢ 1
Af(Tf=Tin) (1)

Here Q, As, Tr, and Tin represent the heat transfer rate, heat transfer surface area, and the average
temperature recorded by the thermocouples and inlet flow temperature, respectively. The
temperature measurements were obtained when its reading remained constant within + 0.1°c over
3 minutes. For the calculations of other parameters, the fluid properties are determined at the
average air temperature of the inlet and outlet. The heat transfer enhancement of the vibrating heat
sink is evaluated by using the Nusselt number, which is denoted by:

4

Nu = > (2)

Here W represents the width of the channel area between two fins, and k¢ is the thermal
conductivity of air. The air velocity is measured using a digital anemometer (ST730; SENTRY) just after
leaving the wooden cap. Based on averaged velocity (U), the Reynolds number is calculated, which is
given by:
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Re = PUW
€= (3)

Here p and p are the density and dynamic viscosity of the fluid.

3. Simulation Method
3.1 Geometry, Boundary Conditions and Governing Equations

The simulation domain of the current study is shown in Figure 3. The bottom surface of the heat
sink is assigned as a heat source with a constant heat flux of 6250 W/m?2. A consistent inlet velocity
in the x-direction is used, with a Reynolds number of 1000 at a temperature of 25°C. The vibration is
applied in the Z direction of the heat sink. In order to obtain the vibration in ANSYS/FLUENT software,
UDF codes are developed for each vibration type using the displacement functions, which are given
by Eq. (4) and Eq. (5).

Z (t) = Asin(2nft) (4)
44 OV 1
=22 Zsin(2
Z (t) - zn=1,3,5.."sm( nnft) (5)

Here Z(t) represents the heat sink vertical displacement at any time, and f, A and t represent the
vibrational frequency, amplitude, and time, respectively.

In the current study, the governing equations are based on the conservation laws of Mass,
Momentum, and Energy. It is assumed that the flow is a laminar, incompressible, ideal gas with
constant thermophysical characteristics. The body forces are assumed to be negligible, and no-slip
conditions are subjected to the interface between solid and fluid. Thus, based on the study of
Rasangika et al., [38], the governing equations of the study can be presented below :

Continuity equation:

ovi
6xi

=0 (6)

Momentum equations:

20 p 2] - 2y 2 (2 7)

oat 6x]- 0x; ax]' axj
Energy conservation equation for fluid domain:

0| g, )y 2 ()
Plo e T PG ax; _kfaxj ax; (8)

Energy conservation equation for solid domain:

0 aT 10T
3w (5) = 2% ©)
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Here vi represents the velocity components in it directions. P, t, and T represent the pressure,
time, and temperature, respectively. The cp and a represent the fluid-specific heat and thermal
diffusivity of heat sink material.

3.2 Computational Details

In ANSYS/FLUENT software, the discretization of the governing equation is obtained by the finite
volume method. The second-order upwind scheme is used for spatial discretization of the energy and
momentum equation. The pressure velocity coupling is obtained by using the SIMPLE algorithm. The
scale residuals of equations are employed at 107°.

While the heat sink is moving, the mesh of the fluid near the heat sink must be regenerated. Thus,
the layering technique has been employed in the dynamic mesh setup. In order to ensure the results
of the numerical study are independent of the occupied number of cells and the considered time
step, a mesh independency, and time independency test are established. Figure 3 (a) shows the eight
levels of girds, such as 234 556, 324 568, 435 892, 498 460, 522 764, 580 356, 784 322, 985 662, are
tested. The percentage difference of time-averaged Nusselt number with the number of cells of 522
764 compared to 580 356 cells is less than 1%. As shown in Figure 3 (b), three-time steps are
considered (t/8, t/16, and t/32). The percentage difference of peak-to-peak area-averaged Nusselt
number with a time step of t/16 compared to /32 is within 1%. Therefore, the mesh with the number
of cells of 522,764 and a time step of t/16 is selected as the optimum mesh and time step on which
all results are presented.
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Fig. 3. (a) Variation of area-averaged Nusselt number with different mesh levels (b)
with different time steps

As shown in Figure 4, the present numerical findings are validated with experimental results
under sinusoidal vibration with a Reynolds number of 520 and supplied heat of 2666 W/m?. As
mentioned by Siriwardana et al., [39], this supplied heat follows the generated heat load of tape
storage data servers. It is to be noted that the experiment was performed under low supplied heat
and Reynolds number conditions due to limited resources; hence, the experiment is used merely for
validation. However, as noted in the studies of [40,41], the current study conducted the numerical
investigation under actual supplied heat and Reynolds number conditions of data servers. As seen in
Figure 4, the experimental results are close to CFD modelling, with a maximum variation of 2.4%

175



CFD Letters
Volume 15, Issue 10 (2023) 170-185

6.0

== Experimental Results
=== Simulation Results

5.8 1

5.6

Nusselt Number

5.4

5.2 T T T
0 20 40 60

Frequency (Hz)
Fig. 4. Nusselt number validation with experimental
results

4. Results and Discussion

Initially, the numerical analysis was performed under non-vibrating conditions at Re = 1000. Then,
the comparative analysis of heat transfer enhancement of the vertically and horizontally vibrating
heat sink was performed under the range of vibrational frequency and peak-to-peak amplitude of 0-
80 Hz and 0- 0.005 m, respectively. The vibrating directions are mentioned in Figure 5 using black
arrows in the cross-section view of the heat sink.

Fin 1 Fin 2

a7

[l Z
Vertical vibrationI . [

+—>
Horizontal vibration

Fig. 5. Cross-section of the heat
sink

Thermal boundary layer development on the heat sink surfaces is expected to disrupt by the
influence of vertical and horizontal vibration under sinusoidal and square wave shapes of the heat
sink by setting the fluid in motion. Therefore, a comparison of velocity vectors under non-vibration,
vertical and horizontal vibration at each vibration wave shape at different stages of cycle time is
needed. Thus, velocity profiles of no-vibration conditions induced by vertical and horizontal vibration
at each cycle time are discussed below.

Figure 6 shows the planar representation of transient velocity vectors going through a cross-
section of the heat sink at non-vibrating and vertically vibrating conditions at the frequency and peak-
to-peak amplitude of 80 Hz and 0.003 m. As shown in Figure 6 (a), when the heat sink is at static
condition, flow streamlines move from inlet to outlet without any perturbation. When the heat sink
begins the first quartile of the sinusoidal vibration (Figure 6 (b)), the heat sink starts to move upward
and flow within the channel area moved upwards and circulate over the lateral surfaces of both fins.
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When the heat sink moved upward further to the beginning of the second quarter of the sinusoidal
motion (Figure 6 (c)), perturbations within the flow regime were found to be very small. At the
beginning of the third quarter of the sinusoidal motion (Figure 6 (d), the heat sink moved downward,
and fluid outside the fins started to circulate over the lateral surfaces of both fins. Moreover, flow
within the channel area moved downward, hitting the base of the channel area. When the heat sinks
further moved downward toward the beginning of the fourth quarter (Figure 6 (e), the flow profile is
similar to Figure 6 (b)).

Velocity

5.128
i
3.663
2.930 %
A
2.198 T [
b
1.465 (b)
0.733
0.000
[m s*-1]
Temperature (c)

l 328.672
327.432

326.192
i 324.952
323.711

322.471

l 321.231
319.991

(d 4
(e
Fig. 6. Planar representation of transient velocity vectors going through the cross-section of the vertically
vibrating heat sink at various cycle stages at the frequency (80 Hz), peak to peak amplitude (0.003m), and
Reynolds number (1000) (a) static (b) sinusoidal at 1st quartile of the cycle (c) sinusoidal at 2nd quartile of
the cycle (d) sinusoidal at 3rd quartile of the cycle (e) sinusoidal at 4th quartile of the cycle (f) square at 1st

quartile of the cycle (g) square at 2nd quartile of the cycle (h) square at 3rd quartile of the cycle (i) square at
4th quartile of the cycle

(i)

When the square wave-shaped vibration is utilized, the heat sink suddenly starts to move upward
to its maximum positive amplitude. Thus, at the beginning of the first quarter of the vibration, flow
within the channel area moved upwards, and strong flow circulation occurred at the tip of both fins,
as shown in Figure 6 (f). However, after reaching its maximum positive amplitude, the heat sink
remains at maximum deflection till the end of the first vibration quartile. Thus, the flow profile
remained similar to no-vibration conditions at the start of the second vibration quartile, as shown in
Figure 6 (g). However, at the beginning of the third vibration quartile, the heat sinks instantly moved
downward, which induced strong flow recirculation over the tip of the fins and hit the base of the
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channel area, as shown in Figure 6 (h). Finally, when the heat sink is at the beginning of the fourth
quarter of the vibration (Figure 6 (i), the flow profile is similar to Figure 6 (g)).

Figure 7 shows the planar representation of transient velocity vectors going through the cross-
section of the heat sink at horizontal vibration at the frequency and peak-to-peak amplitude of 80 Hz
and 0.003 m. When the heat sink is at the beginning of the first quarter of the horizontal sinusoidal
vibration (Figure 7 (a)), the heat sink starts to move right side, and it induces the counterclockwise
airflow circulations over both fins and hits the outer surface of the fin 1. Moreover, the flow within
the channel area follows the displacement direction and hits the surface of fin 2. When the heat sink
moved to the right side further to the beginning of the second quarter of the sinusoidal motion
(Figure 7(b)), airflow circulations shed into two counterclockwise recirculation zones near the tip of
the fins. At the beginning of the third quarter of the sinusoidal motion, the heat sink moved left side,
and fluid outside the heat sink started to recirculate over both fins and hit the outer surface of fin 2,
as shown in Figure 7 (c). Moreover, flow within the channel area moved left side, hitting the surface
of finl. When the heat sinks further moved left side toward the beginning of the fourth quarter
(Figure 7 (d), the flow profile is opposite to Figure 7 (b)).

Flow circulations

“—

Flow circulations {\ (\

Velocity
5128

4.395
3.663
2.930
2.198
1.465
0.733

0.000
[m s*-1]

(f)
Temperature
328.672
327.432

f 326.192
324.952
323.711 (g)
322.471

321.231

319.991
K

(d) (h)
Fig. 7. Planar representation of transient velocity vectors going through the cross-section of the horizontally
vibrating heat sink at various cycle stages at the frequency (80 Hz), peak to peak amplitude (0.003m), and
Reynolds number (1000) (a) static (b) sinusoidal at 1st quartile of the cycle (c) sinusoidal at 2nd quartile of
the cycle (d) sinusoidal at 3rd quartile of the cycle (e) sinusoidal at 4th quartile of the cycle (f) square at 1st
quartile of the cycle (g) square at 2nd quartile of the cycle (h) square at 3rd quartile of the cycle (i) square at
4th quartile of the cycle

At the start of the first quartile of square wave-shaped horizontal vibration (Figure 7(e)), the heat
sink suddenly starts to move to the right side to its maximum positive amplitude. It induces strong
airflow circulations around both fins compared to the sinusoidal vibration and circulated flow hitting
the outer surface of fin 1. Also, the flow within the channel area follows the movement direction of
the heat sink and hits the surface of fin 2. At the start of the second quartile, the heat sink remains
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at maximum deflection until the end of the first quarter. Thus, strong airflow recirculation gradually
diminishes into perturbations around the tips of both fins, as shown in Figure 7(f). At the start of the
third quartile (Figure 7(g)), the heat sinks instantly started to move to its maximum negative
amplitude, which led to a strong airflow circulation over the tip of the fins and hitting the outer
surface of fin 2. Moreover, fluid within the channel area hits the surface of fin 1. When the heat sink
is at the start of the fourth quartile (Figure 6 (h)), the flow profile is found to be similar to Figure 6
(f).

As shown in Figure 6 and Figure 7, vertical and horizontal vibrations induce the recirculation zones
within the flow field. However, the horizontal vibration of the heat sink under both wave shapes
creates strong flow recirculation over the fins compared to vertical vibration, resulting in an intensive
mixing effect. Moreover, horizontal vibration induces secondary flows, which hit the large area of
lateral surfaces of fins, while vertical vibration leads to the mixing of air particles, which only hits the
base of the channel area of the heat sink. Thus, horizontal vibration induces more disturbance on the
thermal boundary layer near the heated surfaces of fins than vertical vibration, leading to higher
thermal performance. Furthermore, as shown in the velocity profiles, strong recirculation zones are
induced with square wave-shaped vibration compared to the sinusoidal wave shape at each
vibrational direction owing to impulsive motion, resulting in higher disturbance to the thermal
boundary layer, thereby enhancing the heat transfer further.

Figure 8 shows the effect of vibration on temperature contours on the planes passing through
the cross-section and tip of the heat sink under no vibration and different vibration conditions. It is
seen in Figure 6 (a) the fluid flow is streamlined under non-vibrating conditions. Thus, the thermal
boundary layer of the non-vibrating heat sink has a high-temperature gradient near the heat sink
surfaces, thereby restricting the heat transfer, as observed in Figure 8 (a).

However, when the heat is subjected to vibration, the continuous formation of flow recirculation
disrupts the thermal boundary layer and enhances heat transfer. Figure 8 (b-c) shows the effect of
vertical vibrational frequency on the thermal boundary layer. Applying vertical vibration leads to a
low-temperature region near the fins, and thermal wakes behind the fins lead to spread, leading to
higher heat transfer in both fins. When square wave-shaped vibration is used (Figure 8 (c)), the
thickness of the thermal boundary layer is reduced, and the disturbance to the thermal wake behind
the finsis widely spread, thereby disseminating higher heat from the heat sink to the air, thus a higher
cooling effect. As shown in Figure 8 (d-e), when the vibrational peak-to-peak amplitude increases,
the air temperature around the fins decreases further, thereby decreasing the temperature of the
fins. However, the air temperature surrounding the fins is lower with square wave-shaped vibration,
thus having a higher cooling effect on the fins.

When the horizontal vibration is applied, the airflow recirculates and hits the heated fins. Thus,
As shown in Figure 8 (f-g), the heat started to widely disseminate over the fluid domain, leading to
an air temperature decrease adjacent to the fin surfaces, resulting in a higher cooling effect.
However, increased frequency under square wave-shaped vibration further decreases air
temperature near the fin surfaces due to stronger secondary flows, leading to a higher cooling effect,
as seen in Figure 8 (g). Figure 8 (h-i) shows the effect of increasing horizontal vibration amplitude on
the thermal boundary layer under both wave shapes. It can be observed that with increasing peak-
to-peak amplitude from 0.003 m to 0.005 m, air temperature adjacent to the fins further decreases
due to the strong flow disturbances induced by higher amplitude and application of square wave-
shaped vibration shows the lowest air temperature profile near the fins, resulting higher heat transfer
of the fins.
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Fig. 8. Planar representation of temperature contours going through the cross-section and
tip of the heat sink at various vibrating conditions (a) static (b) vertical sinusoidal oscillation
at f=80 Hz, Amp = 0.003 m) (c) vertical square oscillation f =80 Hz, Amp = 0.003 m (d) vertical
sinusoidal oscillation at f = 80 Hz, Amp = 0.005 m (e) vertical square oscillation f = 80 Hz, Amp
=0.003 m (f) horizontal sinusoidal oscillation at f =80 Hz, Amp = 0.003 m (g) horizontal square
oscillation f = 80 Hz, Amp = 0.003 m (h) horizontal sinusoidal oscillation at f = 80 Hz, Amp =
0.005 m (i) horizontal square oscillation f = 80 Hz, Amp = 0.003 m

Figure 9 shows the variation of time-averaged Nusselt numbers with vibrational characteristics
under sinusoidal and square wave-shaped vibration. The current study obtains Nusselt numbers of
the vertically vibrating heat sink, while the Nusselt numbers of the horizontally vibrating heat sink
are obtained by the previous study performed by Rasangika et al., [37]. As shown in Figure 9 (a),
enhancement of the Nusselt number with vertical vibration is found to be insignificant up to 40 Hz
frequency. This is because the vibrational frequencies below 40 Hz are insufficient to induce flow
perturbation to disrupt the thermal boundary layer. However, Rasangika et al., [37] found that the
enhancement of the Nusselt number is insignificant up to 30 Hz with horizontal vibration. This lower
threshold frequency could be attributed to the higher mixing effect of the flow induced by the
horizontal vibration compared to the vertical vibration. When the applied frequency of vertical
vibration is higher than this threshold frequency (40 Hz), the Nusselt number exponentially increases
with an increase in frequency. Moreover, the utilization of vibration withs square wave shape
provides a greater enhancement in Nusselt number compared to the sinusoidal vibration at every
frequency level. The impulsive up-and-down motion of the heat sink under square wave-shaped
vibration induces strong flow circulations around the lateral surfaces of the heat sink, resulting in
higher heat transfer. Based on the study of the Rasangika et al., [37], the higher enhancement in
Nusselt value can be achieved by applying the horizontal vibration in comparison with vertical
vibration at every frequency level under both wave shapes. It is noteworthy to mention that a higher
Nusselt number value could be achieved with horizontal sinusoidal motion compared to vertical
square wave-shaped vibration at similar frequency values. Compared to the non-vibrating heat sink,
the Nusselt number isincreased up to 7.1% and 6% with vertical vibration at the vibrational frequency
and amplitude of 80 Hz and 0.003 m with square and sinusoidal vibration, respectively. However,
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Rasangika et al., [37] obtained Nusselt number enhancement up to 13.7% and 8.2% with horizontal
vibration at similar vibration conditions with square and sinusoidal vibrations, respectively.

Figure 9 (b) represents the Nusselt number variation with respect to peak-peak amplitude. A rise
in peak-to-peak amplitude leads to an enhancement in the Nusselt number for both sinusoidal and
square wave shapes. Increased vibration amplitude induces strong flow circulation around the heat
sink, resulting in a higher heat transfer rate. However, the enhancement is dominant with square
wave-shaped vibration at each vibrational amplitude condition. This can be attributed to the stronger
flow circulations caused by the square wave-shaped vibration due to its sudden upward and
downward motion. However, Rasangika et al., [37] recorded a greater enhancement in the Nusselt
number by utilizing the horizontal vibration at each peak-to-peak amplitude level under both wave
shapes. Utilization of vertical vibration with square and sinusoidal vibration at f = 80 Hz and Amp =
0.005 m leads to an 8.6 % and 7.2% enhancement in Nusselt numbers, while enhancement with
horizontal vibration is recorded as 15.3% and 10.4%, respectively.
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Fig. 9. Time averaged Nusselt number variation at Re = 1000 (a) vibrational frequency at the peak-to-peak
amplitude of 0.003 m (b) vibrational peak-peak amplitude at frequency of 80 Hz

. Nusselt number with vibration
Nusselt ratio = (10)

Nusselt number without vibration

As shown in Figure 9, an increase in vibration characteristics leads to enhancement in the Nusselt
number under both wave shapes, while horizontal vibration shows a prominent effect on the
enhancement of the Nusselt number. In order to perform a comparative analysis and estimate the
enhancement of the Nusselt number under both vibrational directions, the Nusselt ratio is calculated
using Eq. (10). Figure 10 shows the variation of the Nusselt ratio with vibrational frequency and peak-
to-peak amplitude obtained by the study of Rasangika et al., [37] and the current study. As shown in
Figure 10 (a), an increase in frequency leads to an increase in the Nusselt ratio, while square wave-
shaped vibration provides a greater enhancement in the Nusselt ratio at every frequency value.
However, Rasangika et al., [37] obtained higher Nusselt ratios with a lower threshold frequency value
than vertical vibration under both wave shapes at each vibrational frequency. In comparison with
non-vibrating conditions, vertical vibration showed a maximum Nusselt ratio enhancement of 7.1%
and 6% with square and sinusoidal wave shapes, respectively. On the other hand, Rasangika et al.,
[37] obtained 13.7 % and 8.2 % enhancement of the Nusselt ratio with square and sinusoidal wave
shapes under similar vibration frequencies. Furthermore, it is interesting to note that the similar
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thermal performance of a vertically vibrating heat sink could be obtained by applying horizontal
vibration at a lower frequency level. For instance, the Nusselt ratio (1.071) obtained with vertical
vibration at 80 Hz could be achieved with horizontal vibration at a frequency of approximately 58 Hz.
These results revealed that the application of horizontal vibration on the cooling system is more
efficient and economical than vertical vibration.

As shown in Figure 10 (b), the Nusselt ratio increases with increasing peak-peak amplitude of
vertical vibration, and the relative enhancement of the Nusselt ratio is dominant with square wave-
shaped vibration. However, Rasangika et al., [37] obtained higher Nusselt ratio values than vertical
vibration at each vibrational peak-to-peak amplitude under both wave shapes. As compared to the
non-vibrating heat sink, vertical vibration showed maximum Nusselt ratio enhancement of 8.6 % and
7.2 % with square and sinusoidal wave shapes, respectively. However, Rasangika et al., [37] obtained
a 15.3% and 10.4% enhancement of the Nusselt ratio with square and sinusoidal wave shapes under
similar vibration peak-to-peak amplitudes. As discussed above, a similar Nusselt ratio of a vertically
vibrating heat sink could be achieved by utilizing horizontal vibration at a lower amplitude level. As
highlighted in Figure 10 (b), the Nusselt ratio (1.086) obtained with vertical vibration at the peak-to-
peak amplitude of 0.005m could be achieved with horizontal vibration at the peak-to-peak amplitude
of approximately 0.0015 m.
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Fig. 10. Variation of Nusselt ratio at Re = 1000 (a) vibrational frequency at the peak-peak amplitude of
0.003m (b) vibrational peak-peak amplitude at frequency of 80 Hz

5. Conclusion

The thermal efficiency of vertically vibrating conventional heat sink has been investigated under
sinusoidal and square wave shapes. The study has been performed for vibrational frequency and
amplitude range of 0-80 Hz and 0-0.005 m, respectively. The numerical results are validated against
experimental results with a 2.4 % deviation. It was found that the application of vertical vibration
improves the Nusselt number at higher vibrational frequencies (f>40 Hz) and amplitudes by inducing
the flow circulations adjacent to the heat sink. Due to the impulsive up-and-down motion of the heat
sink under square wave-shaped vibration, a higher enhancement in the Nusselt value is obtained as
compared to the sinusoidal vibration at every level of vibrational characteristics. A maximum of 8.6%
enhancement in Nusselt %mber was obtained with square wave—shapfﬁ vibration, while 7.2%
enhancement was recorded with sinusoidal vibrations at f = 80Hz and amplitude of 0.005m.
Therefore, the application of vibration in the electronic cooling system is beneficial to the
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enhancement of heat transfer, and this enhanced cooling effect can be utilized to miniature the
electronic cooling system. Moreover, the result of the current study is compared with the previous
study, and it was concluded that the heat transfer enhancing effect of vibration is dominant with
horizontal vibration compared to vertical vibration. Therefore, the application of horizontal vibration
leads to a similar thermal performance of the vertical vibrating cooling system under lower vibration
conditions and thereby saving the cost of the cooling system as compared to the vertical vibration.
Regardless of promising features, this mechanism may cause device reliability and stability issues in
the cooling system due to the formation of fatigue stress on the vibrating surface. Thus, special
consideration is required to evaluate the reliability of the vibrating cooling system.
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