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Abstract A dual piezoelectric cooling jet (DCJ) is an innovative cooling device that uses piezoelectric materials
to generate high-speed vibrations, thereby causing changes in the flow field to achieve heat exchange. Despite its
high cooling efficiency, a DCJ transfers vibrations through its supporting base to its peripheral devices. To attenuate
vibrations from DClJs, this study employed constrained-layer damping (CLD)-a technique for suppressing
vibrations-to develop a base for cooling devices and to propose a C-DCJ model. ANSY'S simulation of the vibrations
of a DCJ and the C-DCJ suggested that, under the same vibration conditions and with the same levels of cooling
efficiency, the amplitude and acceleration of the base on the C-DCJ were 30%-50% lower than that on the DCJ.
Thus, the proposed C-DCJ effectively isolated vibration transfer.
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1. Introduction

As precision machinery becomes increasingly
miniaturized, numerous cooling devices such as dual
piezoelectric cooling jets (DCJs) have been developed to
replace conventional fans in such machines. A DCJ is a
thin, highly efficient cooling device that uses piezoelectric
materials to vibrate two thin metal sheets, thereby altering
the flow of air to enable heat exchange. They are suitable
to be employed in mobile phones and tablet computers.

Developed by General Electric in 2012, a DCJ has heat
transfer efficiency 10 times greater than is achieved by
natural convection and is inaudible to humans during
operation [1]. Research into this new cooling device began
in 2013, when Sufian et al. [2] investigated the airflow and
thermal distribution around a DCJ by conducting
numerical  analyses and  making  experimental
measurements; the effects of the fan on transient-
temperature distributions were identified and ABAQUS
simulations suggested that the device was 2.3-times more
efficient than a single-blade fan. The following year, Jang
and Lee [3] performed a numerical analysis of the airflow
characteristics of DCJs, altering the electric current to
cause cyclic variations in the devices and allow them to
continually produce airflow, and performed a spectral
analysis of the airflow.

Using a DCJ to cool devices through heat transfer,
however, causes additional vibrations. This limitation has
posed a challenge to those seeking to improve the
application of DCJs. Thus, this study used constrained-
layer damping (CLD)-a technique for suppressing
vibrations-to isolate vibrations from DCJs, and a C-DCJ
model was proposed. ANSYS was employed to simulate

the vibration of the C-DCJ model and a DCJ model and
compare the difference of vibration between both models.

CLD involves the use of a viscoelastic gel between two
thin metal sheets. The viscoelastic gel is restrained by the
thin metal sheets during vibration, which causes additional
shear deformation to dissipate energy; CLD can thus be
used to dampen high-frequency vibrations. Moreover, the
0.4-mm-thick complex adds little volume to DClJs.
Therefore, this study employed CLD in the vibration
isolation design of its DCJ to dampen the vibrations
caused by the DCJ.

Numerous studies have discussed the vibration
characteristics of piezoelectric materials. Callahan et al. [4]
used ultra-thin piezoelectric sheets to induce vibrations in
cylindrical shells and conducted a modal analysis of the
shells’ free vibration. Want [5] proposed a finite element
model of bimorphs and performed static and dynamic
analyses on them. Xu and Koko [6] examined the active
control of smart structures through finite element analysis;
used PZT-5H piezoelectric ceramics to control the
vibration of cantilever beams; and conducted a finite-
element-model analysis of the vibration of piezoelectric
materials when they were placed at different positions.
Furthermore, the vibration characteristics of piezoelectric
materials have been extensively studied over the past
decade. Nguyen et al. [7] attached piezoelectric sheets to
aluminum cantilever beams to cause the beams to vibrate,
simulated their vibration using ANSYS, and identified the
relationship between vibration frequency and amplitude
through harmonic analysis to determine suitable vibration
frequencies. Dong et al. [8] placed a piezoelectric sheet on
the upper and lower surfaces of a plate structure to
generate a pure bending moment to suppress vibration;
used SOLID45 to simulate metal materials and SOLID5 to
simulate piezoelectric materials in ANSYS modeling; and
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conducted a transient analysis of the relationship between
amplitude and time to investigate amplitude tapering. Sui
et al. [9] installed a self-designed piezoelectric actuator on
the support frame of an engine to counteract vibrations
generated by the engine.

In addition to the aforementioned active vibration
reduction mechanisms, damping materials are widely used
to reduce the vibration of structures because they store and
dissipate vibration energy. Their vibration-absorbing
capability varies depending on their coefficients and their
thickness. This study employed damping materials for
vibration reduction on the basis of the following studies.

Choi et al. [10] proposed a shunted piezoelectric
damping system to suppress multimodal vibrations.
Malgaca [11] forced the vibration of smart laminated
composites to actively control the materials and performed
ANSYS simulations of vibration suppression using
different damping materials that yielded results similar to
the experimental results. Xie et al. [12] used CLD to
suppress the vibration of rotating plates, indicating that
thickening the CLD layer increased the deformation of its
damping layer and accordingly improved its vibration
reduction performance. Hong et al. [13] adjusted the
damping of fiberglass reinforced plastic (FRP) propeller
blades through lamination angle; proposed a method for
predicting structural damping; and demonstrated that
adjusting structural damping can effectively reduce blade
vibration. Kaviani et al. [14] presented a vibration analysis
of piezoelectric micropumps and used ANSY'S to simulate
the activation of the micropumps by piezoelectric
materials under the effect of fluid damping. Zhong et al.
[15] discussed the effect of shell vibration in
microspeakers on the speaker’s output frequencies, using
numerical simulations to demonstrate that retrofitting
shells with damping materials can suppress noticeable
audio distortions.

CLD is also used to solve vibration problems in
mechanical structures. Oberst [16] used oscillatory
differential equations to estimate the loss factor of free
damping. Since Ross, Ungar, and Kerwin [17,18]
proposed the concept, CLD has been extensively
employed. Ditaranto et al. [19,20] investigated the heat-
dissipation performance of CLD. Dowell et al. [21]
derived equations governing the vibration of CLD plates
and beams. Lu et al. [22] proposed a finite element model
with damping to simulate the vibration of beams, plates,
and rings and compared simulation and experimental
results. John [23] conducted finite element analyses,
deriving damping ratios and loss factors in different
modes. Barkanov [24] used finite element analysis
software to simulate the transient response of viscoelastic
materials. Balamurugan et al. [25] elucidated the
suppression and control of vibration using smart
constrained layer damping (SCLD). Liu et al. [26]
proposed active CLD and piezoelectrically induced active
vibrations to enhance CLD performance, thereby
inhibiting the vibration of a motherboard.

Numerous studies have focused on the application of
CLD over the past 10 years. Zheng et al. [27] used a
genetic algorithm to solve optimization problems
involving a CLD structure, changing the position and
length of the CLD structure to minimize vibrations in
beams. Through finite element analysis and theoretical

derivation, Luo [28,29] examined the low-speed impact
characteristics of FRP-laminated plates employing CLD
and derived a vibration equation for the uniform impact
load sustained by the CLD plates. Granger et al. [30]
studied the transient vibration behavior on the millisecond
timescale of beams partially employing CLD and
discovered that the CLD attachment length exerted
significant mitigating effects on the initial transient
displacements of the beams, whereas the thickness of the
viscoelastic layer had limited mitigating effects. Kumar et
al. [31] used active/passive CLD to optimize the vibration
performance of beams, suggesting that increasing the
thickness and coverage area of a CLD structure can
improve its damping performance. Lepoittevin et al. [32]
segmented a CLD structure to enhance its damping
performance, revealing that CLD segmentation may
change the vibration mode and loss factor and doing so
properly may improve its vibration reduction efficiency.

2. DCJ model

2.1. DCJ structure

The DCJ discussed in this study was characterized by
two circular sheets of PZT (a widely used ceramic
material) paste on two parallel 40 x 40 mm? and 0.11-
mm-thin metal sheets (made of nickel iron alloy). Three of
the edges of the metal sheets were sealed using 1 x 1
mm? applications of viscoelastic gel, with the remaining
edge unsealed to enable heat exchange.

DClJs drive airflow through the vibration of the PZT
sheets, and this achieves heat exchange. The DCJ used in
this study was suspended on its three sealed sides by
viscoelastic gel on a base to prevent the transfer of
vibrations from the PZT sheets to the base. The base
comprised  1-mm-thick  polyethylene  (PE). The
viscoelastic gel used to attach the base to the DCJ was 8
mm in length, 6 mm in width, and 1 mm in thickness.
Figure 1 illustrates the structure of the DCJ.

Figure 1. DCJ structure

2.2. Constrained-layer Damping

CLD was employed through a sandwich-type structure
constructed by attaching viscoelastic gel and thin metal
sheets to the base. The middle layer uses viscoelastic gel
for damping and the outermost layers, or the restraint
layers, are made of thin metal sheets to restrict the
deformation of the gel. When a force is applied to the
CLD sandwich, the gel undergoes shear deformation
because of the restraint from the outermost layer, thereby
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dissipating the vibration energy. Figure 2 depicts the use
of CLD.

shear deformation

Damper

Figure 2. Constrained-layer damping

On the basis of [28], this study used Eq. (1) to describe
the relationship between the shear stress and strain on the
viscoelastic gel when it undergoes shear deformation. In
this equation, 7 is the loss factor and w is the natural

vibration frequency.
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The characteristics of viscoelastic gel are typically
assessed by applying an exciting force, assuming that the
system exhibits simple harmonic motion (SHM), and
measuring the shear strain induced by vibration. In this
case, the relationship between the shear stress and strain of
the vibration can be expressed by Eq. (2), where ¢ is the

phase difference due to the effect of damping on the
vibration.

T=1qCOS(wt+
0 Cos(@ t+¢) @
y=ypCoswt
Eqg. (2) can be substituted into Eq. (1) to derive the
shear stress—strain relationship when the viscoelastic gel is
vibrated, as expressed by Eq. (3):

19C0s(wt+¢)=Gyg coswt+ﬁ(—a))sina)t
[4)
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This equation was simplified using 1 =Gy0\/1—772 ,
and the loss factor could be defined as 7 =tan¢, where
n is related to the phase difference of the shear vibration.
This phase difference is caused by the damping of the
viscoelastic material; 7 thus represents the damping of
the material.

2.3. Finite Element Model

To elucidate the transfer of vibration from the DCJ and
to develop a way to isolate it, this study performed
numerical simulations using ANSYS and used solid
elements to develop a finite element DCJ model in
accordance with the actual characteristics and size of the
DCJ displayed in Figure 1. In the model (Figure 3), the

simulated thin metal sheets, viscoelastic gel, and base
were based on SOLID45, whereas the simulated PZT was
based on SOLID5.

PLT

Foundation

Thin metal

Viscoelastic Glue

Figure 3. DCJ finite element model

An additional thin aluminum sheet was attached to the
viscoelastic gel to restrict the deformation of the gel,
completing the formation of a CLD structure needed to
isolate the transfer of vibration from the DCJ model to the
base. Figure 4 displays the DCJ model attached to the
CLD structure, which was named C-DCJ in this study.

CLD

Aluminum

.'_ Viscoelastic Glue

||||||||||||||||||||||

Foundation

Figure 4. C-DCJ finite element model

2.4. Material parameters

The viscoelastic gel used in the simulations was ISD-
112 (3M). In the DCJ model, the two thin metal sheets
were made of nickel iron alloy and the base material was
PE. Table 1 lists the material parameters of the gel, base,
and thin metal sheets. PZT-5H, 25 mm in diameter and
0.11 mm in thickness, was used as the PZT material.
During ANSYS analysis of piezoelectric materials, the
stiffness, stress, and dielectric matrices of the materials
were calculated. Table 2 presents the material parameters
of PZT-5H.

Table 1. Material parameters

Loss Factor

. Young’s Poisson Density ~
Material — \iodulus (Wim?)  Ratio (kg/m®) (1202515,3)0”2'
Nickel-iron 2x10" 0.29 7850
Polyethylene
(PE) 14 04 1400
3M ISD-112 5.51x10" 0.45 980 0.9
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Table 2. Material parameters of piezoelectric ceramics PZT-5H

Density(kg/m®) 7500
[126 79.5 84.1 0 0 0 1
0 126 84.1 0 0 0
Stiffness matrix [c] _I 0 0 117 0 0 0 I
(GPa) ex6=lo 0 0 233 0 0
0 0 0 0 23.3 0
lo o 0 0 0 233
[ 0 0 —6.5]
0 0 -65
Stress matrix _ | 0 0 233 I
(c/m?) lelos={o 17 "o
17 0 0
|- 0 0 0 J
e
Dielectric matrix 1.503 x 1078 [ ]?oxs 0
(F/m) = [ 0 1.503 x 1078 0 ]
0 0 1.503 x 1078

3. Discussion

3.1. Vibration perception

CLD was used to isolate the transfer of vibrations from
the DCJ model to the base, and whether these vibrations
could be perceived by humans was measured.

The amount of vibration perceived by humans was
calculated in accordance with 1SO 2631-1 [33], wherein
the root mean square (RMS) of the vibration acceleration
was used to quantify the perceived comfort of vibrations,
as expressed by Eq. (4):

1
. 1
ay = l% gawz (t)dtr (4)

Where T is the measurement duration and a,(t) is the
time-dependent acceleration function, which can be
specified as translational or rotational. Translational RMS
acceleration was adopted because this study investigated
perceptible vibrations transferred from the DCJ model to

the base. Calculating the amplitude (a) and frequency

(w) of vibration allow a,(t) to be determined, as
expressed by Eq. (5):

a, (t) = —aw? -sin(awt) (5)

A numerical simulation revealed the amplitude and
frequency of vibration transferred to the base as a function
of time, which were then substituted into Eq. (5) to derive
a, (t) , subsequently differentiated in Eq. (4) to yield the
RMS acceleration of vibration.

According to 1SO 2631-1 statistics, approximately half
of adults can perceive vibrations of a, = 0.015 m/s’.
Although vibration perceptibility varies from person to
person, the average range of perceptible vibrations is
0.01-0.02 m/s?. Accordingly, this study defined an RMS
acceleration of 0.02 m/s” as the threshold above which
vibrations can be perceived.

3.2. Simulation Results

ANSYS was used to perform transient analyses
simulating the vibration behavior of the DCJ model, with

the frequency of vibration set to 150 Hz and the maximum
amplitude of vibration in the middle of thin metal sheets
set to less than 0.5 mm to prevent their collision during
vibration. Regarding the specification of boundary
conditions, the four holes on the base were assumed to be
fixed and the amount of vibration at four measurement
points (respectively labeled A, B, C, and D in Figure 5)
was measured. Measure point A represented the amplitude
of opening of two meatal sheets. Measurement Point B
represented the amplitude of vibration of the PZT in the
middle of the DCJ model, and Measurement Points C and
D denoted the amplitude of vibration at two points on the
base.

Fixed

Figure 5. Boundary conditions of DCJ

The damping of the viscoelastic materials was
characterized through Rayleigh damping, in which ag is

the damping generated by motion in the damping
environment at each mass point and is related to mass;
additionally, pr is the damping of the viscoelastic

materials. Given that ag =0, S can be derived through
the loss factor () and frequency of amplitude (@ ); as

such, Sr =n/w,. The loss factor of 1ISD-112 (the gel

used) is 0.9 at a frequency of vibration of 150 Hz.

Figure 6 illustrates the mode of vibration of the DCJ
model. The maximum amplitude of vibration occurred in
the middle of and at the free boundary of the two thin
metal sheets. Thus, the mode of vibration of the DCJ
model was normal actuation. Under such vibration
conditions, the amplitudes at the four measurement points
were compared and the vibration-isolating performance of
the CLD structure was determined.

Figure 6. Vibration mode of DCJ

Additionally, the analysis revealed complete
consistency in the amplitude and frequency of vibrations
at Measurement Points A and B between the DCJ and C-
DCJ models, indicating that the cooling efficiency of the



Journal of Mechanical Design and Vibration 25

DCJ model was not decreased by the use of CLD. Figure
7 and Figure 8 plot the amplitude of vibration as a
function of time. At Measurement Point A, both models
had a maximum initial amplitude of vibration of 0.34 mm
and exhibited stable vibrations of amplitude 0.19 mm. At
Measurement Point B, the models had a maximum initial
amplitude of vibration of 0.45 mm and exhibited stable
vibrations of amplitude 0.24 mm. The amplitude of
vibration at both points was less than 0.5 mm, satisfying
the requirement of initial amplitude of vibration. This
avoided collision of the metal sheets.

Figure 9 depicts the amplitude of vibration at
Measurement Point C versus time. The initial vibrations in
the C-DCJ and DCJ models at Measurement Point C
exhibited phase differences because of the CLD, but the

models vibrated stably and in phase after this initial period.

In particular, after the vibrations had become stable in the
C-DCJ model, the amplitude of vibration was only 1.1 x
10* mm, compared with 1.6 x 10* mm in the DCJ
model. This suggested that CLD adequately isolated
vibrations, damping 31.25% of the vibration at
Measurement Point C.

The most substantial vibration isolation occurred at
Measurement Point D (Figure 10). The maximum
amplitude of vibration in the C-DCJ model at
Measurement Point D was 4.4 x 10 * mm, far lower than
that discovered in the DCJ model (8.9 x 10™* mm). Thus,
the vibration isolation efficiency of the C-DCJ model was
50.56%. CLD thus significantly reduced the vibration of
the DCJ. Table 3 summarizes the data of the stable
vibrations at all measurement points.
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Table 3. Measured points amplitude of DCJ / C-DCJ

DCJ C-DCJ

+0.19 mm +0.19 mm
+0.24 mm +0.24 mm
+1.6x10* mm +1.1x10* mm
+8.9x10* mm +4.4x10* mm

OO0 w >

In summary, the transfer of vibrations from the C-DCJ
to the base was effectively isolated without decreasing the
DCJ’s cooling efficiency. This study also determined
whether the estimated vibrations could be perceived by
humans in accordance with ISO 2631-1.

The minimum RMS acceleration that can be perceived
by humans was set as 0.02 m/s>. The frequency and
amplitude of vibrations at Measurement Points C and D
were estimated according to ISO 2631-1 and the RMS
acceleration at both points was determined, as summarized
in Table 4. The RMS acceleration at these points in the
DCJ model was greater than 0.02 m/s? and thus could be
perceived by humans. The RMS acceleration at
Measurement Point C in the C-DCJ model had the critical
value where vibration could not be perceived by
everybody, whereas that at Measurement Point D was
within the perceptible range and approximately 50% lower

time (s)

Figure 8. Amplitude of measure point B D

than at the same point in the DCJ model, indicating a
noticeable reduction in vibration.
v Table 4. RMS of measured points
DCJ c-DCJ
c 0.03 m/s? 0.02 m/s?
0.24 m/s* 0.12 m/s?
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4. Conclusion

This study proposed a design solution to isolating the
transfer of vibrations from DCJs to their base. The DCJ
model used in this study had its thin metal sheets attached
by viscoelastic gel to the base. An ultra-thin aluminum
sheet was attached to the gel to form a CLD structure in
which vibrations induced shear deformation in the gel,
causing its vibration and the dissipation of energy, thereby
effectively isolating the transfer of vibration from the thin
metal sheets to the base without compromising the
operational efficiency of the DCJ model.

The results of numerical simulations suggested that the
C-DCJ model isolated the transfer of its vibration
effectively, reduced the maximum amplitude of vibration
following isolation and the RMS velocities associated
with vibration by 30%-50%, and decreased the
acceleration of vibration in some regions of the base such
that it would be imperceptible. These findings on the
remarkable ability of CLD to isolate vibrations may

inform the design of DCJ vibration reduction and isolation.
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