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Nowadays, almost everything was run by electronic-based devices regardless of its size and applications, func-
tioning for kids to adults and operating throughout the days and nights. It is critical to manage the electronic
thermal management to sustain the electronic device for longer period. This paper enhances the design of
multiple piezoelectric magnetic fans (MPMF) to achieve maximum thermal efficiency. Some geometric param-
eters were investigated such as the magnet location, x, distance between magnets, d, and the orientation, 0 of the
fans. Response Surface Method (RSM) was used as optimization tool. Therefore, this paper presents a mathe-
matical model of MPMF to predict the maximum fan deflection by optimizing the value of x,d, and 6. The
experimental results showed that the optimal value of x was 44 mm from the origin, the range of d value was in
the range of 14.5 mm to 15.6 mm and in overall, fan deflection of radial piezoelectric magnetic fans (RPMF) was
better than array piezoelectric magnetic fans (APMF). The most consistent average fan deflection was 11.6 mm at
d = 14.5 mm and resonant frequency, f, = 42.66 Hz. The Reynolds number, Re for RPMF has increased from 437
to 577 (improved by 32 %) compared to APMF. The heat convection coefficient, h, for RPMF has improved 8.07
% from 32.96 to 35.62 and the thermal resistance reduced by 7.6 % from 1.58 to 1.46 which led to 5 % increment
of overall thermal efficiency, 63 %. This clearly shows that the thermal efficiency has been improved by opti-
mizing the x, d and 6 values of the MPMF.

1. Introduction

Nowadays, almost everything was run by electronic-based devices
regardless of its size and applications, functioning for kids to adults and
operating throughout the days and nights. The devices could be used
nonstop by the users and if the heat dissipation system is not able to
sustain the high temperature, this will harm the devices and cause
failure due to overheating [1]. The allowable temperature for electronic
components is in range of 50-60 °C [2], and 60-100 °C for computer
chips [3]. If devices operate beyond the allowable temperature, the
devices might overheat. As the medium, air was preferred due to its high
reliability and environmentally favorable [4]. Implementation of

intelligent material piezoelectric in electronics thermal management has
attracted many ideas on how to overcome the drawbacks from existing
cooling fan into an intelligent cooler that is able to meet the requirement
in both cooling and power reduction. The piezoelectric material acts as
an actuator to convert electrical energy into mechanical energy in terms
of vibration. The vibration is considered huge which able to disturb the
surrounding air-flow. The level of disturbance will determine the effi-
ciency of piezoelectric actuator in cooling system. The piezoelectric
actuator can be integrated with other cooling method such as piezo-
electric droplet generator [5], synthetic jet [6], dual plate piezoelectric
cooling jet [7], micro-blower [8] and piezoelectric fan [9].

The piezoelectric fan has several advantages compared to

Abbreviations: V, Voltage (Volt); F, Force (N); d3;, Piezoelectric constant (C/N); Epiczo, Modulus elasticity of piezoelectric (Pa); Epyiar, Modulus elasticity of Mylar
(Pa); f;, Resonant frequency (Hz); t, Thickness (mm); [, Total Length (mm); I, Moment of inertia (kg.mz); H, Thickness of piezoelectric actuator (mm); L, Length of
Piezoelectric actuator (mm); w, Width (mm); 6, Fan orientation (°); S;, Length in horizontal axis (mm); Sy, Length in vertical axis (mm); @, Phase angle (degree); x,
Location of magnet (mm); d, Distance between magnets; r, Radius (mm); Re, Reynold Number; k., Thermal conductivity (W/(m.K); mey, Effective mass (g); mp, Mass
of beam (g); Myqg, Mass of magnet (g); k, Magnetic stiffness (N/m.
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conventional fans such as low power consumption [10], low noise [11]
and light in weight [12]. It is found that the heat removal by piezo-
electric fan depends on the velocity and dispersion of air streams [13]
and the air velocity is influenced by the running frequency and the fan
deflection [14]. Other influencing factors including the orientation of
the piezoelectric fan with respect to the heat source [15], the material of
the flexible blade [16,17,18], fan dimension [19] and fan tip gap to the
heat source [20,21].

The performance of the piezoelectric fan could be enhanced with
additional piezoelectric fan to gain greater fan deflection either using
same piezoelectric fans [22] or passive fans [23]. A multiple piezo-
electric magnetic fans (MPMF) was introduced by Ma et al. [24]. The fan
blades oscillated due to magnets that attached on each fan. The magnets
were glued on the flexible blades in such a way that the repulsive
magnetic force was generated from the piezoelectric fan and transferred
the energy to the adjacent fans [25-27] so that all the blades deflected
together. Similar to what has been done with the single piezoelectric fan,
further research should be conducted to understand the structural and
dynamic features of MPMF and the flow fields generated around them.
The distance between magnets needs to be precisely measured as it
determines the amount of fan deflection that further affect the perfor-
mance of heat removal [28]. The mechanism of MPMF deals mainly with
magnetic force, then all the parameters that relate to the magnetic force
would be significant and become contributing parameters to the MPMF.
The MPMF should be located near to the heat source and close to the exit
so that the air is not circulating around the heating area that affect the
thermal efficiency [29].

The strength of the piezoelectric actuator is the key performance of
the whole system besides the repulsive magnetic force from the magnets.
Less driving force leads to poor air distraction thus, it is important to
ensure an optimized dimension of piezoelectric fan and magnet
[14,24,30] are selected with optimized location so that it deflects at
widest amplitude with significant frequency.

Another factor to be considered is the orientation of the blades in the
MPMF which influence the performance of MPMF. However, there is no
comprehensive equation of deflection shows the relationship among the
magnet location, x, distance between magnets, d, and the orientation,
of the fans. There is also no comparison between array piezoelectric
magnetic fans (APMF) and radial piezoelectric magnetic fans (RPMF)
that gives better performance of cooling. The RPMF [31] showed
increasing performance compared to single fan yet no comparison with
other MPMF. Besides number of fans and width of the blades [31], the
performance of the MPMF could also be improved based on the location
of magnets [32], the distance between magnets and the orientation of
the MPMF; by using Response Surface Method (RSM) in Design Expert
(DE) in finding the optimal response for RPMF design so that the device
functions at its maximum performance. DE is a statistical software
package that combine a few methods of Design of Experiment (DOE) to
propose the primary effect of each factor and their interaction besides
having perfect tool for design, screening and optimization of experi-
ment. DE proposes the number of test runs needed to determine the ideal
values for each of the factors in the experiment. By adjusting the values
of all elements simultaneously as well as the value of responses, the
software calculates the major effects of each factor along with the in-
teractions between factors. The optimal operating parameters for a
process can be determined using the optimization feature.

The fundamental of RSM [33] has suggested a second-degree poly-
nomial model for solving the multi-objective optimization problems.
The approach gives results in approximated values, yet effective because
the model is easy to estimate and apply. RSM also quantifies relation-
ships among one or more output responses and the significant input
factors. The justification of using the RSM in this study is that the MPMF
require multiple responses from the experiments to find the optimal
design of MPMF so that the cooling efficiency driven by MPMF can be
reached proficiently. In RSM, Central Composite Design (CCD) is a
common augment from the two-level factorial design selected to run the
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experiments.

Therefore, this paper is proposing an enhancement of parameters in
RPMF using RSM to satisfy the high heat flux in the confined spaces of
electronic devices in thermal management.

2. Design and fabrication of MPMF

A diagram of MPMF both in array and radial is shown in Fig. 1. The
MPMF consisted of 5 parts: a round shape magnet, a piezoelectric
actuator attached with mylar blade (fan No. 1), passive fans (fan No.
2,3,4 and 5) consisted of carbon fiber and mylar blade, mounting for
each fan and the casing made from acrylic with thickness 3 mm. A
dummy heat source was placed at the tip of the fans for thermal analysis.
The heat source was made of ceramic plate and attached to aluminum
heat sink (30 x 100 x 10) mm for better heat distribution (Fig. 2)

The piezoelectric actuator was bought from piezo systems website'
with identification number of RFN1-005. The piezo fan consumes very
small power; 30 mW and very light in weight for about 2.8 g. The fan is
running with 115 VAC which is not equivalent with standard voltage
used in this country (240 VAC). Thus, a custom-made step-down
transformer was constructed. A function generator was utilized to acti-
vate the piezoelectric fan while adjusting the frequency of the fan. The
frequency of the fan is commonly regulated to get its resonant
frequency.

The fans need to have a mounting to hold the fan for safety and to
avoid energy loss through vibration. The mounting was designed in such
a way that it is stable and consumed less space. The fan was screwed to
the mounting and the mounting was screwed to the casing. Screws are
preferred to prevent misalignment which can affect the deflection of the
fans. The mounting was screwed to the casing in a slot so that the
mounting is easily can be dragged back and forth or to a certain distance
between the fans. As for RPMF orientation, the fans were allocated in
radial orientation,  with angle of 60° as to investigate which orientation
is optimum for MPMF.

The MPMF also equipped with casing which has inlet and outlet for
air flow to get better result for thermal analysis. The casing was designed
with dimension of (100 x 120 x 30) mm.

3. Experimental setup and procedure

In this research, two measurements were performed to synthetically
investigate the performance of the MPMF, the driving performance of
MPMF without a thermal load (including the average deflection of the
MPMF with variation of location of magnet, distance between magnets
both for APMF and RPMF, and the thermal management performance
(including the temperature rising and thermal resistance measure-
ments). The schematic diagram is shown in Fig. 3. The dimension of the
fan was same like the driving fan. The power drive parts include an
arbitrary waveform generator (INSTEK Model GFG-8020H) and a step-
down transformer to change the running voltage of the piezoelectric
fan from 115 VAC to 240 VAC. As the performance of MPMF depends on
the average deflection of blades, which is affected by several parame-
ters, the maximum average fan deflection was obtained by conducting
RSM to run the experiments. By using RSM, the number of experiments
was reduced yet still gain high reliability in the results. The experiments
to determine the performance of MPMF without a thermal load were
conducted based on factors and responses that have been decided earlier
and constructed in matrix table (see Table 1). For Case 1, the factors
(input) are the frequency offset and magnet location; the responses are
fan deflection and air velocity whereas for Case 2, the factors are the
frequency offset, fan orientation and distance between magnets. The
responses are same with Case 1.

The matrix table in the DE was developed by generalizing the magnet

! https://www.piezo.com (Accessed on 1 June 2017).



F. Abdul Razak et al. Thermal Science and Engineering Progress 39 (2023) 101689

Heat sink

4[&
-

Fan base

I

Heat source
Mylar blade

Fan mounting
Piezo actuator Carbon fibre

Fig. 1. Schematic diagram of RPMF.
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Fig. 3. Schematic diagram for deflection, velocity measurement and thermal management test of MPMF.

location as the ratio to the total length of the fan (69 mm) (later known (refer Fig. 1). There are three pitches have been investigated which were
as pitch) so that the mechanism could be applied for different size of fan. 38 mm (55.1 %), 44 mm (63.8 %) and 50 mm (72.5 %). The distance
The measurement of the pitch was started from the mounting of the fan between the magnets was measured from the centre of magnets. All the
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Table 1

Factors and responses of the experiments.
Level of value High level  Low level
Frequency offset (%) -5 +5
Location of magnet (%) 55.1 72.5
Distance between magnets (mm)  14.9 26.9

*The values were taken from previous work carried out by the authors published in
[9] which demonstrate significant fan deflection.
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Fig. 4. Dummy heat source with thermocouples.

initial values were referred to [34] as this study is the continuation of the
research paper.

A diagram of thermal management performance test part is com-
bined in Fig. 3. The dummy heat source was controlled by an automatic
temperature regulation system at certain maximum temperature so that
the cooling operation would dominantly done by the MPMF. The
dummy heat source is made up from ceramic (thermal conductivity of <
5.077 W/mK) with 45 W power consumption and is attached to an
aluminium heat sink (10 x 30 x 100) mm in dimension. The cooling was
further enhanced by the MPMF. The MPMF has a closed casing that only
has inlet and outlet for air flow.

The experiment was continued by varying the input power of the
heat source and its equilibrium temperature was also recorded. The
MPMF always running at its optimal design parameters. As for the
temperature controller, it started to activate the heat source if the
temperature of the heat source is below the equilibrium temperature. As
the heat source was in steady state condition, MPMF cooling system was
activated while the heat source was kept powered on. The condition
remained until it reached equilibrium state again.

In the data acquisition part, ten thermocouples were employed to
observe the performance of MPMF. Ten type-K thermocouples were put
on the heat sink to monitor temperatures in the experiments. Of these,
seven were mounted and the average reading on the exposed surface of
the heat sink (Fig. 4) to calculate the average surface temperature. Two
thermocouples were suspended in air near to the heat sink. Remaining
thermocouple was used to monitor the ambient air temperature. The
thermocouples were connected to NI DAQ for data collection. The
thermocouples were located randomly in such a way that the perfor-
mance of each of the fan can be diagnosed based on the temperature
recording.

3.1. Data reduction

3.1.1. Theoretical fan deflection

The deflection of fans in MPMF imitates the mechanism of pendulum
and a beam with certain modifications. The deflection has produced a
flow of air dispersion with certain velocity which improves the heat
removal from hot spot area. At resonant frequency, the fan deflection
will be at maximum [35] and less noise is generated [36]. Therefore, it is
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Table 2
Some Constant Values Related to The Development of Mathe-
matical Model.

Item Magnitude

Epieso€ 6.70 x 10'°N/m?
Emylar 2.7 x 10°N/m?
Dyiezo 1.70699 x 107 m*
Lnylar 4.33574 x 10" m*
ds; 1.90 x 10710

By (magnet N38) 1.26 Tesla

Lo 1.26 x 10°N/A?

required to derive the MPMF related equation as a function of frequency
for better control during the experiment. There are some constant values
related to the development of mathematical model as stated in Table 2.

The equation of deflection for a piezoelectric actuator was taken
from [37] which also has been implemented in MATLAB coding to
calculate the deflection of piezoelectric actuator as shown in Equation
.

_ *3d31 VL2

d 8H?

(€]
where ds; is piezoelectric strain coefficient, V is voltage supplied, L is
length of the piezoelectric material and H is the height of each individual
uniform layer of the piezoelectric fan. Since bimorph piezoelectric fan is
used throughout this study, the value of H is half of the total height or
thickness. In a single piezoelectric fan, the net force acting on the fan is
coming from the strength of the piezo itself. The air velocity is influ-
enced by the running frequency and the fan deflection (wavelength) as
indicated by Equation (2). The total distance traveled from initial point
and back to the same point is defined as wavelength (Equation (3)).
Therefore, the velocity of air generated at the tip of the fan can be
calculated as;

Uperr = (frequency)(wavelength) = f,A 2
A =4 x Amplitude = 4A = 25 3)

where A is amplitude and measured from maximum swing position to
the vertical line (centre) whereas 8 is the displacement from peak-to-
peak of the fan tip. This definition was supported by [38,39]. The fan
deflection with a magnet attached on it is derived from the principle of a
beam exerted force at a point. The findings of optimum location of
magnet for MPMF has been discussed in detail in [32]. As revision, the
equation of deflection by considering the location of magnet can be
defined using Equation (4).

0.3131 (%)
iezo T — 7 |8 x2(31 —x)

Bnere = f( freg,x) = Bl @

F

P

The deflection becomes the function of total force applied to the fan
(F), the total length of the fan (), the Young Modulus of the blade made
of (E) moment of inertia (I) and location of magnet (x).

The MPMF cooling system is activated by transferring the repulsive
magnetic force between the magnets located on the fan blade. The
magnetic force, Fnqg, differs with different fan since it depends on the
amount of force acting on each fan. Basically, a piezoelectric fan
attached with a magnet is affected by the direct adjacent fan only as
approved by [29].

Fpiezo + Finag| (31 — x
5/1('11. array — [ P 65; ( ) (5)

The deflection of MPMF (§) was also influenced by the orientation of
the MPMF and this study focused on the array and radial orientations.
The radial orientation has advantage on its net force since this type of
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orientation can generate a centrifugal force (F,) which improves the
deflection of the fans. The optimization of MPMF parameters involves
multiple interactions between factors such as the location of magnet, x, ,
the distance between magnets, d and the orientation of the MPMF, 6 thus
the Equation (4) and Equation (5) need to be revised so that the fan
deflection become the function of x, d and 6.

[Fpiz’zo + Fmag + Fﬁ]x2(3l — x)
6EI

(6)

Onert, radial =

Based on Equation (6), the fan deflection was influenced by the force
F, =™ where the
centripetal force, F, has added up the exerting force to increase the
deflection of the MPMF in radial orientation (RPMF). v is the velocity of
the fan and r is the radius of the RPMF design. By comparing the
Equations 5 and 6, it shows that RPMF has extra force to drive the MPMF
in greater velocity thus help to remove the heat better compared to
APMF.

The magnetic force, Fpq for each fan (APMF and RPMF) was
assumed to be disseminated evenly to the adjacent fans [29]. The
piezoelectric fan (driving fan) was affected by magnetic force from its
adjacent fans whereas the last fan was only affected by magnetic force of
single fan. The interaction of magnets in MPMF was thoroughly
explained in [40]. Equation (7) describes the magnetic force that applied
on the piezoelectric fan.

exerted due to the radial orientation. Therefore, Fy =

-1
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2
o k, o kpiezo + Kk
wpie:u - znfr 2” & pee s
my,
off

2r Mingg + 0.24mpiezn

(10)

Additional parameter for MPMF is the magnetic stiffness whose fan is
integrated from the force generated by the piezoelectric fan. Therefore,
the magnetic stiffness for fan (1) is

L s (@) + ki (d)) an

Knusa (@) =5

The resonant frequency of the piezoelectric fan was taken at its first
mode shape (¢ = 1.875) since none or less noise was produced at this
mode shape. The deflection of vibrating plate was affected by the length
of the vibrating plate, [, the location of magnet, x and total force exerted
to the plate (Mylar), F,,. In this study, the length of the vibrating plate is
made constant. As the magnet located nearer to the end of the beam, the
deflection becomes greater, but the frequency of the piezoelectric fan
become smaller. The significance of the magnet can be realized when
MPMF were applied. For every single piezoelectric fan equipped with
passive fan at the right and left side, total force exerted to the piezo-
electric fan is accumulated from piezoelectric force, F,, and magnetic
force, Fnq from the passive fans. Therefore, the final equation of
deflection for fan (1) in array orientation (APMF) is shown in Equation
(12) and radial orientation (RPMF) in Equation (13).

1 2
- - +
dg—] (dZ—l + 2tmag)2 (d2—1 + tmag)2:|

1 BiAS e (e 7o) | 1
Fag1(d) == (Faoi(d) + F5_1(d) ) = A = )
2 ol 2 ~1 1 2
+|—- +
i, (d371 + 2tmag)3 (d371 + tmag)3
On the other hand, Equation (8) shows the last fan was influenced by . _
a single fan only. —9dy VEI | B Amag( mag +r mug)
1 SHZL ”MO mag
Fou =_(F.
e3(@) =5 (sl { -1 1 2 ]
- +
2 2 2
| B g + o) s ) | 1] =1 1 1] [ (i +2a)”  (dot + )
Tl 2\ B (door + 2t0)’ 2 i . 5
+|—- +
N ® 5 L 4, (ds-1 +21mag)3 (ds-i +lmag)3 4 X*(3l—x)
7_ 1, array =
(do 1 + tog) 6EI 6E1 a2
The location of magnet is very important as it determines the
maximum deflection of MPMF. A first mode resonant frequency is put ody VEI |BA (2 17 ) -
into consideration since least noise is formed at this mode. The optimal g 312 ; mag '”“" mag
location of magnet is the point that produced the highest velocity at the HL T, mag
tip of the fan. The optimal location magnet also can determine the value | | )
of the stiffness of the fan (Equation (9)). The resonant frequency of {_2— 5+ 2}
single fan and multiple fans is different due to dissimilar acting net force 1 Ay (dor+2n0g)” (dao1+tag) m_l/2
on each system. Acting force for a single piezoelectric fan is due to the 2 4 1 2 r
conversion energy from electrical energy to mechanical energy only. As + L]z—— 7 5 31 7 3] R
for the MPMF, the acting force is also contributed by the magnetic force. 871, radial = - 1 (dso1+2tag)”  (dso1 ) - xX}(31-x)
The maximum deflection would occur at resonant frequency of the 6Ll 6?{ 3)

system. The resonant frequency of MPMF, @y, is mainly influenced by
mode shape, o, total magnetic stiffness, k,rand total mass, m.s applied
on the fan (Equation (10))

6EI Etw?

Kpiczo = 2BI—x) 22(31—x) ©)

The velocity of air at the tip of the fan determined the value of
Reynolds number, Re which define the type of air flow due to the fan
(Equation 14).
oLy J+OL¢
Vo Va

Re = a4
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where is Ly characteristic length of the fan and v, is the kinematic
viscosity of the ambient air. The characteristic length of the piezoelectric
fan is

46W,

L=l
T 7206+ W,)

1s)
where, A is the amplitude of the fan and W,, is the width of the Mylar
plate. For MPMF, the Re is calculated as in [24]:

N
(f’ALf )MPMF _ Yinf ALy
Uy Ny,

Reypyr =

(16)

The effect of air flow generated by multiple piezoelectric magnetic
fans is considered small thus suit to cool a small or moderate power of
electronic devices. The deflection of each fan might differ due to
different magnetic force that transferred to the fan. Therefore, the
Reynolds number for MPMF system is the average reading calculated
using Equation (16). The range of Reynolds number determines the type
of the air flow.

e Laminar Re < 2300
e Transient 2300 < Re < 4000
e Turbulent Re > 4000

Based on [41], the air flow generated by single piezoelectric fan is
laminar flow with the range of 680 < Re < 940. Multiple fans in dual side
array orientation had been done by [42] which recorded 0 < Re < 308. A
radial orientation of multiple fans has recorded 0 < Re < 301 that has
been done by [31]. Nusselt number, Nu is the ratio of convection to
conduction. The importance of Nu in thermal analysis is we get to know
the type of fluid motion whether it is laminar, transient or turbulent. Nu
= 1 represents heat transfer by pure conduction. A value between 1 and
10 is characteristic of slug flow or laminar flow.

_hL,
ke

Nu a7)

where h is heat convection coefficient, Ly, is length of heat source, k. is
thermal conductivity. Another dimensionless number is Prandtl number,
Pr; which indicates a dimensionless ratio between momentum diffusivity
(v) and thermal diffusivity, a.

_GH_V 18)

P
4 k. a

For laminar flow, the Nusselt number can be expressed in terms of Re
and Pr

hx
Nu, = TX = 0.332Re!2Pr'3 (0.6 < Pr < 50] (19)
The total thermal resistance for MPMF is summation of thermal

resistance due to conduction and convection heat transfer.

L 1

Rios = Rt. cond + Ri, comw =
kAcona  hAcon

(20)

The thermal resistance can also be described as a function of heat
source power input

Tsurgace — Tambient 1)

Q-0

A good cooling system is a system that has small value of thermal
resistance which indicate such cooling system approaching maximum
efficiency. The thermal efficiency of MPMF can be measured by
comparing the thermal resistance between natural convection and
forced convection.

RI, conv —

x 100% (22)

R37R11
n =

n
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where, R, is thermal resistance of forced convection and R, is thermal
resistance of natural convection. A dimensionless heat convection
number introduced by [42] shows the ratio of heat convection coeffi-
cient under MPMF cooling system (hypyr ) to the heat convection co-
efficient under natural convection (hg.

Mg = 2700 @3
h()

The value of Mypyr indicated the performance of MPMF. MPMF is
more than zero indicated the system has a better heat transfer compared
to natural convection. The performance of piezoelectric fan also depends
on the velocity generated at the fan tip.

3.1.2. Uncertainties

The dimensional error during cutting passive fans were estimated to
be + 0.1 mm. The accuracy of the temperature measurement by K-type
thermocouples was + 0.2 K; the uncertainties of power input was + 1 W.
The standard error of design (predicted mean) for such matrix table was
between 0.378 and 0.8. The smaller the standard error, the more reliable
the estimation. The standard error has provided a rough idea about the
relative quality of predicted response values in various locations in the
design region [33]. Radiation heat transfer sometimes can be neglected
depends on the material used which is aluminium alloy. By calculation,
the radiation heat transfer from the heat sink is very small in the range of
0.05 W to 1.93 W. Therefore, the heat loss through radiation in this
study can be ignored.

4. Results and discussion

The significance of magnet can only be realized if more passive fans
were added to the cooling system. The magnets were arranged facing the
same poles (N—N or S—S) which generated repulsive magnetic forces
between the magnets. The force was always in positive force [40] so that
it is continuously enhancing the cumulative forces acting on the fan
blades. The optimum value of distance between magnets can be ob-
tained based on the deflection and velocity of air at the tip of the MPMF.

4.1. Design optimization

For multiple fans, the resonant frequency might be restricted by the
distance between magnets that cause the fans cannot be operating at its
resonance frequency. Therefore, the best frequency was selected based
on the average deflection generated by each of the fans. Varying the
distance in between gave different overall deflection that might
complicate the optimization process. Less magnetic stiffness had caused
the driving fan to deflect with higher amplitude but smaller frequency.
Thus, the adjacent fans received lesser magnetic force and not able to
have higher vibration to distract the air flow to improve the heat
transfer.

The optimal value of d was nominated based on maximum average
deflection and maximum average velocity. Using RSM in Design Expert
software (DE), a quadratic model was suggested with p-value < 0.0001.
The significance of the model was evaluated by the correlation coeffi-
cient or coefficient of multiple determination, R? for the variables in
charge; velocity of air and fan deflection.

The CCD has suggested 31 runs to complete the matrix table. The fit
summary for both responses were combined together in Table 3. For
both responses, the suggested model is quadratic and a new adjusted R?
was recommended.

Fig. 5 shows the actual deflection and frequency at different distance
between magnets and orientation. The purpose of selecting the optimum
value of distance between magnets and location of magnet is to obtain
the highest velocity of air generated at the tip of the fans. Each fan might
have different velocity at the tip, depends on the deflection of the fan.
The running frequency for passive fans is assumed to be the same as the
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Table 3
Fit summary for responses deflection and average velocity.
Source Model p- value Adjusted R? Predicted R?
Design Model < 0.0001 0.9808 Recommended
Linear 0.4913 —0.0178 —0.5581
Deflection 2FI 0.2393 0.0361 —2.5457
Quadratic < 0.0001 0.9729 0.8438 Suggested
Cubic 1.0000 Aliased
Design Model < 0.0001 0.9762 Recommended
Linear 0.6151 —0.0407 —0.5476
Average velocity 2FI 0.7350 -0.1114 -3.1773
Quadratic < 0.0001 0.9547 0.7089 Suggested
Cubic 1.0000 Aljased

Fig. 5. Maximum deflection with optimum distance between magnets to
length ratio.

driving fan.

The achievement of R? is very good since it is closed to 1 both for
deflection and average velocity. Adjusted R? indicates the suggested
equation was developed with significant variables or terms in the model
equation. R helped to avoid unnecessary variables to be included in the
model equation. The predicted R? for deflection is in reasonable agree-
ment with the adjusted R? since the difference is<0.2. On the other side,
ANOVA analysis in Table 4 has suggested a significant model based on
the F-value and p-value. From the analysis, P-value<0.0500 indicates
the model terms are significant to be listed in the equation.

The final coded equation of deflection and velocity for each orien-

tation; array and radial are recorded for validation later. A is for fre-
quency offset and B is for location of magnet.

Ad() =—16.89039 — 0.505100A + 1.209458 — 0.055172AB

24
+ 0.006942A% —0.118335B @9
Ad(y =11.1043 —0.239242A4 + 1.04945B — 0.055172AB 25)
+ 0.006942A% —0.1183358°
Avel, = —3.64062 +0.423301A + 0.105447B — 0.005259AB 26)
— 0.009044A% —0.013507 B*
Avel, = —4.06038 4 0.44538A + 0.106947B — 0.005259AB @n

— 0.009044A4% — 0.013507B>

The interaction between frequency offset and deflection with dis-
tance between magnet and the velocity profile as the response for fre-
quency offset and d can be viewed in Fig. 6. At fixed d value, the
maximum deflection always occurred at frequency offset equals 0 %.
The deflection decreases as d is larger.

The curve is converged compared to deflection profile but still hav-
ing similar interpretation. At fixed d value, the maximum velocity is at
maximum at 0 % of frequency offset. The optimization tool in RSM has
helped to suggest the optimum d value with the influence of responses
deflection and average velocity. According to Fig. 7, the optimal d value
is 22.70 % which was 15.66 mm.

The determination of upper and lower limit of d value is based on
initial results. The result is more accurate for smaller range between the
upper and lower limit. The initial results were selected based on the
desired average fan deflection of MPMF. The d value is selected in such a
way that each of the fans are deflecting at more or less similar deflection
so that the air velocity at the tip of the fan also in average reading. The

deflection (mm)

#2609

23.19

B: freq offset (%)

-5 2029

21.74 p distance to length (%)I

average velacity (mys)

(a)

(b)

Fig. 6. (a) Average deflection and (b) average velocity with variation of distance between magnets.
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Fig. 7. Optimization of responses average velocity and deflection.

Table 4
Upper limit and lower limit for factor distance between magnets to length ratio.

Test Lower limit, mm Upper limit, mm
I 12 18
I 12 16
I 12 15
v 12 14
Table 5
Frequency for APMF and RPMF.
d, mm Frequency, Hz
APMF RPMF
12 40.22 42.66
14 37 40.25
16 35.1 36.5
18 34.5 34.6

similar steps in RSM were repeated at different upper and lower limit as
shown in Table 4.

In conclusion, as the range of the distance between magnet becomes
smaller, higher accuracy was achieved. Therefore, the optimized d value
using RSM is 21.01 % equivalent to 14.5 mm. The deflection of fans on
different orientation at different heat power input is shown in Table 5.

As the gap between fans is closer, the frequency became higher. At
the same distance between magnets, the RPMF had consistently ach-
ieved higher frequency compared to APMF due to RPMF obtained extra
force from its orientation known as centrifugal force. Therefore, instead
of enlarging the cooling coverage area, RPMF also has increased the
frequency of the RPMF at same distance between magnets in APMF.

Therefore, the optimization of distance between magnets to fan
length ratio, d is defined as the potential design parameter that directly
influence the performance of MPMF. The selection of the optimum

distance between magnets was based on the widest average deflection
can be made by the multiple fans at highest running frequency to gain
the largest average velocity of air that could be generated by the fans.
The optimization was done using Response Surface Method (RSM). The
test was based on deflection and average air velocity. All the fan blades
need to have more or less same deflection to generate a consistent air
velocity at the tip of the fan so that the hot air continuously flowing out
from the operating device [43]. The frequency of RPMF is consistently
larger than APMF provided the d value is same. High frequency gener-
ates larger air velocity thus, RPMF is perceived faster than linear motion
[44].

4.2. Thermal performance of MPMF

The innovation of MPMF has enlarged the cooling coverage area
compared to single fan (762 mmz), where APMF and RPMF covered
2475 mm? and 3405 mm? respectively. In thermal analysis, the MPMF is
always running at its best condition by applying the optimal values of
selected parameters. The optimal location of magnet is x = 44 mm and
the distance between magnets to length ratio is 14.5 mm. Such orien-
tation generated air flow with different Reynolds number depending on
the resonant frequency, the average wavelength of the MPMF and the
viscosity of air. The viscosity of air increase with the increment of
temperature and the temperature increment is proportional to the input
power increment. Therefore, as the heat power input increase, the
Reynolds number decreased, provided there is no adjustment on the
performance of the MPMF.

As for the Prandtl number, since it is the ratio of momentum to the
thermal diffusivities, the value can be obtained from the thermo-
physical properties table. The value reduced if there is increment in
temperature. Fig. 8 summarized the changes of Nusselt number and
Reynolds number as the input power increased. The MPMF is operating
at its maximum performance while the temperature of the heat source
increased. Therefore, the Nu and Re decreased as the input power
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Fig. 9. Comparison of thermal resistance between natural convection, APMF.

increased due to the MPMF cooling system is fixed and noted that the
thermal properties of RPMF is consistently higher than APMF. As the Nu
and Re correspond to a more active convection heat transfer, higher Nu
and Re is desired for a better cooling system. At 25 W, the APMF Nu and
RPMF Nu are improved by 13 % and 30 % respectively compared to
natural convection. The RPMF has improved Nu by 130 % compared
APMF. The RPMF Re has improved the APMF Re by 32 %.

The heat transfer is associated with thermal resistance and in this
case, only thermal resistance due to convection is considered. Higher
thermal resistance means the heat is difficult to be removed. At constant
power input, the thermal resistance could be reduced by increasing the

surface area of the heat source and the heat convection coefficient which
proportional with the Nusselt number. The improvement of Nusselt
number of RPMF is very significant as it shows almost double increment
compared to APMF. In conclusion, as the Nusselt number improved for
the RPMF, the proposed orientation also has reduced the thermal
resistance for the heat to be transferred out. Fig. 9 displayed the thermal
resistance for each orientation and large reduction compared to the
natural convection. The RPMF has reduced the thermal resistance by 7.6
% compared to APMF. Besides having advantages to cover a larger
cooling area, RPMF also has improved the cooling performance while
maintaining the power consumption of 30 mW.
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The reduction in thermal resistance can also denoted as the overall
efficiency of the MPMF system as indicated in Fig. 10. The RPMF is 5 %
more efficient than APMF in cooling the heat source. However, in
overall, the efficiency reduced as the power input increased which
means that the MPMF is limited to small scale of electronic device.

Fig. 11 shows the RPMF is constantly getting higher h value
compared to APMF. The enhancement of heat convection coefficient is
due to the average velocity developed at the fan tip. At same distance
between magnets, the RPMF able to generate higher resonant frequency
and slightly wider deflection compared to APMF. The frequency is
higher due to additional centrifugal force due to radial orientation. The
centrifugal force also contributes to increase the magnetic stiffness be-
tween the fans. By changing the orientation, it helps to increase the heat
convection coefficient by 3 W/m?K which is equivalent to 9.1 %. The
advantage of MPMF is it able to distribute the moving air in a wider area
compared to single fan. The Reynolds number for single fan is larger
than MPMF due to higher resonant frequency thus led to greater ve-
locity. MPMF produced lower frequency because of additional load
consisted of passive fan and magnets but the performance of MPMF can
be enhanced by changing the driving piezoelectric fan to a higher fre-
quency so that the heat transfer rate can be improved.

The improvement of convective heat transfer can be represented by
the dimensionless heat convection number, Myppr as shown in Fig. 12.
The Mypumr is decreased when the heat size increased. This indicates that
as the input power become larger, it reduces the performance of MPMF
cooling system until there is no more cooling effect due to MPMF and the
natural convection will take over.

5. Conclusion

An equation of total force applied on each fan equipped with magnet
has been derived. The equation of magnetic force between the magnet is
applicable at any situation, array and radial orientation. During exper-
imental data collection, the frequency of RPMF is always greater than
APMF,; provided the distance between magnets for both orientations is
the same. This is due to the difference on the centrifugal and centripetal
force existed for RPMF that cause the magnetic stiffness for RPMF is a bit
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24
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Fig. 12. Comparison of dimensionless coefficient between AMPF and RPMF.
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stronger than APMF. As for MPMF in general, the optimal magnet
location was applied to all the fans. The optimization of distance be-
tween magnets is achieved when the fans deflect almost at the same
magnitude so that the average velocity of air could be transferred effi-
ciently to the area covered by each fan. The optimal result produced by

DE

isd = 14.5 mm- 16.5 mm. At d = 14.5 mm, the frequency for RPMF

and APMF are 42.66 Hz and 40.25 Hz respectively. Average fan
deflection for both orientations is 10.2 mm and 9.8 mm respectively.
The determination of the best orientation of MPMF was conducted using

DE

and the result agrees with the outcome from the previous test. The

optimized MPMF could be implemented on a projectors or drones that
have limited space for cooling system and require minimum noise level
during the operation.
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