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Abstract- In this paper, an electromechanical in-situ measurement method is to be developed for determination of some
properties of fuel-oils. Electromechanical impedance spectroscopy (EMIS) method is to be utilized in the measurement
technique which will be developed. This method uses piezoelectric sensors that work in electromechanical principles as
resonator and dynamically determines the characteristics of a medium that the resonator interacts. EMIS method has been
mostly used to determine the dynamic changes in elastic properties of solid materials.This method utilizes the shear horizontal
piezoelectric wafer active sensor (SH-PWAS) to generate shear horizontal mode standing waves. Piezoelectric wafer active
sensors (PWAS), that are to be utilized in this study, have recently been developed as easily manufactured, small in size and

weight, and broad banded transducers to utilize in qualitative and quantitative measurement systems.
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1. Introduction

Piezoelectric wafer active sensor (PWAS) is light-
weighted, inexpensive, unobtrusive, minimally intrusive
sensor requiring low-power [1]. PWAS is made of
piezoelectric ceramic with electric field polarization across
the electrodes deposited on both surfaces. It has recently
been extensively employed in many applications for in-situ
structural inspection in fields such as nuclear plants,
structural health monitoring (SHM) and non-destructive
evaluations (NDE). The SHM methods include techniques
through guided wave generation/ transduction and
electromechanical impedance spectroscopy (EMIS). EMIS
techniques where PWAS is employed as a resonator are used
to generate standing waves in local field of a substrate
structure. EMIS method has been utilized to determine the
local dynamic characteristics of PWAS bonded on a host
structure for in-situ ultrasonic. [2]-[4], and [5] utilized the
EMIS method for high frequency local modal sensing.
Beside these authors, many rigorous modelling attempts exist
in the literature regarding different aspects of impedance and
admittance spectra of bonded piezoelectric transducers [6]-
[10] in the last decade.

Conventional PWAS is thin rectangular or circular wafer
that is poled in thickness direction, with electrodes on top
and bottom surfaces; those types of PWAS are either used in
in-plane or thickness mode [11]. In in-plane mode, applying
an electric field in thickness direction Esz causes the sensor
lateral dimensions to increase or decrease, a longitudinal
strain will occur &=d;3E; where dyz is the piezoelectric
coupling coefficient measured in [m/V]. Thickness mode is a
mode that occurs simultaneously with extension mode, but
dominates at higher frequencies in MHz, in which strain in
the thickness direction will occur & =d 33E3, where ds; is
the piezoelectric coupling coefficient in thickness direction
[12]. A different mode of oscillation can be achieved when
the applied electric field is applied perpendicular to the
poling direction; and it is referred as shear mode. For most
piezoelectric materials, the coupling coefficients associated
with shear mode have the largest value of all coefficients
[13]. The higher values of shear coupling coefficients make
SH-PWAS superior in actuation and sensing. SH waves are
also preferable because the first symmetric mode is non-
dispersive, i.e. wave speed is constant at different
frequencies. On the other hand, one of the important
disadvantages of SH-PWAS is that thicker transducers are
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needed to sustain and generate the shear actuation and due to
high density of piezo-ceramic materials (= 7600 kg/m? for
APCB850 piezo-ceramic Navy Il type); using of shear mode
piezoelectric elements increases the mass of the system
considerably.

Kanazawa and Gordon [14] proposed an analytical
definition of the resonance frequency shift by purely
mechanical analysis which coupled the standing shear wave
in the quartz to a damped propagating shear wave in
Newtonian fluid i.e.

Af == foalzﬂéanL / ﬂ-lquq (1)

and verified by the experimental results in terms of the
changes in resonance frequency of the quartz resonator
whose one surface is in contact with water that owned
varying concentration of glucose and ethanol. In the paper,
the boundary layer was identified as the characteristic length
of exponentially decaying viscous effects of the liquid on the
resonance frequency because the displacement exponentially
dies out in the liquid. The approach has been applied for
quartz crystal resonators with overlying viscous liquids, thin
elastic films and viscoelastic layers [15]-[18]. However the
theoretical method derived by Kanazawa & Gordon is only
valid for overlying viscous fluid of infinite extent therefore
the method analyzes bulk acoustic waves (BAW) which
remains the sensor sensitivity low. The sensors utilizing
surface acoustic waves (SAW) are superior to the
conventional BAW devices in liquid sensor applications
since SAW devices can operate at much higher frequencies
and more mass sensitive since SAW possesses large
attenuation and energy loss due to a mode conversion in the
liquid and dissipates due to the viscous effects [15]. Guo &
Sun [19] found that shear type SAW is a good candidate for
liquid sensing applications. Other alternative to the SAW
presented was the shear horizontal (SH) surface wave as seen
in Fig. 1.

Kamal et-al. [13] developed a one dimensional analytical
model for EMIS of SH-PWAS (Fig. 2) under stress-free
boundary condition using the resonator theory with constant
electric field assumption as seen in Eq. (2) that defines the
E/M admittance of free SH-PWAS. They verified the

analytical model by finite element simulation and
experimental EMIS measurement as seen in Fig. 3.
P , 1 T
Y===i0C|l-xy—— )
\Y gcotg
where k. is the shear horizontal electromechanical

coupling coefficient and can be defined as

Ky = ds (3)
* 3;355'55

¢ is the product of the half of the wave number and the

characteristic length of PWAS i.e. ¢=y1/2 and C is the
capacitance of PWAS.
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Fig. 1 Schematic of the propagation of a Shear horizontal
(SH) wave along the interface between a piezoelectric
substrate and a liquid layer

In this paper, we present one-dimensional analytical
model for EMIS of SH-PWAS in contact with different
liquids in different density and viscosity. The EMIS of SH-
PWAS with different fuels are also simulated by using 3-D
coupled field finite element models in ANSYS. The material
properties of fuels were published in the paper by Schaschke
et-al. [20]. The published fuel material properties at room
temperature (25°C) and at the atmospheric pressure (1 atm)
are used in the simulations in order to obtain some
preliminary results before the experimental studies. The
trends of the E/M impedance and admittance simulation
results are discussed by comparing the fuels with different
viscosity and density. The experimental results will not be
presented in this paper.
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Fig. 2 Schema of shear horizontal piezoelectric wafer
active sensor under stress-free boundary condition

Impedance of free SH-PWAS 15x15x1 mm APC 850
1000

e
=]
=]

const E

8  experimental
&
ag - —FEM
ool
2 = analytical
o B
i

real(Z) [Ohm]

=
o

T T T |
0 500 1000 1500 2000
frequency [kHz]

Fig. 3 Real part of impedance for APC850 type free SH-
PWAS in sizes of 15mmx15mmx1mm [13]
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2. Analytical modelling of SH-PWAS in contact with a » (ﬂﬂ] . (Xryz] _¢S [u]
fuel layer u(x)=10] e ) e )| g by ) | Yisa (5)
¢SH
s Where,
~ [ﬂ,a)hpe_%” — &, ;(]
Yy, [ #5:& + Aoy |
Liquid layer ~r2#4 E
\ 2 3 oF,; . A= Sghl 7,
AN R + dx, \\ 5 — _e—2¢5H +1 ©)
’P,WAS P pZ['C55 'dX; —2¢sn
E, 7= e*¢SH -1
¢SH = U/hp
Fig. 4 Schematic of piezo-wafer resonator deformed in and the induced displacement is introduced as
shear horizontal d,; mode by induced T, =T,, shear stress .
Usa = d35 E3hp (7)

Table 1 Properties of APC 850 piezoelectric ceramic [22]

P Ay dy O3 (S P 353

P t kg/m?®
roperty mv mv VmiN VmiN meiN (a) Particle velocity of water at resonance frequency
1000.01
APC 850 7700 400x10™ 175x10 26x10” 12.4x10° 17.3 &
A o
1000.005 b
E T v X 1,332 m—
S Emle K Kss K3 Y: 1000 —
Property m/N 1000 —m ;
(0] 500 1000
Particle velocity, um/s
ot 1750 063 072 036 035 = PWAS patrticle velocity at resonance frequency
.1 =%
APC 850  x10 v 1000 - . = —m :

<§t X 1332
a Y: 1000
s 500 -

In this section, the response of a piezo-resonator coupled 3 \
with liquid layer (Fig. 4) is presented in terms of E/M =2 o 5 : 5 I 5
- - - _E = - =
impedance and admittance spectra. The shear horizontal S Particle velocity, um/s

waves and the corresponding piezoelectric constitutive

equations were taken into account to derive the EMIS (b) Particke velocity of water at resonance frequency
response of a SH-PWAS resonator in contact with liquid 1000.1 : :
layer [21].
. . . 1000.05 , -
The 1-D analytical SH-PWAS EMIS model including 5 9ars
the liquid layer effects was derived. The particle velocity of 1000 —m e |
SH-PWAS along its thickness in contact with water can be 0 500 1000
seen in Fig. 5(a). The particle velocity at the interface is £ _Particle velocity, pm/s
1.332 um/sec at electric field amplitude of 20 kV/m and SH- % 1OOOPWAS part'CIE Ve'?c'ty atresonance fre.quirlcy
PWAS sizes are 15mmx15mmx1mm. The particle velocity § e QR
of SH-PWAS along its thickness in contact with water and b 500 Y: 1000
ethylene glycol can be seen in Fig. 5(b), the particle velocity ;
at the interface between PWAS and ethylene glycol is 0.4702 2 0 : : :
um/sec. This shows that the velocity continuity at the S -4 -3 -2 -1 0 1
interface was satisfied. Piezoelectric material properties - Particke velocity, um/s
given in Table 2 are used for the calculations.
The liquid particle velocity can be defined by Fig. 5 Liquid particle velocity change in the vicinity of
PWAS-liquid interface at the first resonance frequency of
V. = ia){ﬁl// e }u'iein(xryz) A 850.4kHz (a) for water with the density of 1000kg/m*® and
- ) the dynamic viscosity of 8.9x10™ Pa.s (b) for ethylene glycol

SH

PWAS particle displacement is with the density of 1113kg/m® and the dynamic viscosity of

0.01 Pa.s. PWAS sizes 15mmx15mmx1lmm
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Table 2 Material properties of fuels used in analytical

simulations
Fuel Type Density kg/m®  Viscosity
x10° Pa.s
Fuel 1 725 2
Fuel 2 725 5
Fuel 3 925 2

Y =iaC, 1_K§5+L325 H(emmphdj+e H[Xah"yz]]—em{xzhpw} (g—zeim) (8)

SH

In the analytical simulation, first EMIS of SH-PWAS
under stress-free boundary condition was simulated. Then
two liquids with different density and viscosity are used as a
layer on top of SH-PWAS such as water and fuel oil as seen
in the model (Fig. 4) and derived as shown in Eq.(8).

(a) Admittance of PWAS in contact with liquid
T T T T T T
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Fig. 6 Analytical simulation results for real and
imaginary parts of E/M impedance and admittance of SH-
PWAS interacting with fuels (a) in different viscosity and (b)
in different density

The density and the viscosity of fuels are listed in Table
2. The analytical simulation results at the first shear
horizontal mode of SH-PWAS are presented in Fig. 6(a) in
terms of real part of E/M impedance and admittance of SH-
PWAS and SH-PWAS coupled with fuel 1 and fuel 2 . The
fuels 1 and 2 have the same density but different viscosity.
The results presented in Fig. 6(b) are also EMIS of SH-
PWAS and SH-PWAS coupled with fuel 1 and fuel 3. The
fuels have the same viscosity but different density. In the
E/M impedance results, one can observe that the amplitude
shifts down whereas the anti-resonance frequency shifts up
as the fuel viscosity increases; however as the density of the
fuel layer is increased from 725 kg/m® to 925 kg/m®, the
amplitude of impedance peak slightly decreases. Admittance
results do not hold promise for good indication of parameters
changes because only the amplitude of the real part of the
admittance decreases when the liquid layer existed and as the
viscosity was increased but the frequency did not noticeably
change. Also, as the density of fuel was increased, we
observed very little change in the amplitude of the
admittance.

2. Coupled Field FEA Modelling of SH-PWAS in
contact with a fuel layer

2.1. Free SH-PWAS

-115921 12399
RESONANCE NATURAL FREQUENCY OF SH

Fig. 7 (a) The first shear horizontal mode shape of SH-
PWAS at the resonance frequency of 869 kHz. (b) The
second shear horizontal mode shape of SH-PWAS at the
resonance frequency of 2.91 MHz. The counter plots show
T,, shear stress distribution
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SH-PWAS

Liquid layer

Fig. 8 Coupled field FEA model of SH-PWAS with liquid
layer vibrating in the first shear horizontal mode

We first modelled three dimensional (3-D)
15mmx15mmx1mm SH-PWAS under traction-free boundary
conditions in ANSYS®™ without introducing the liquid layer;
we used APC 850 ceramic piezoelectric material properties
that were presented in Table 2. ANSYS multi-physics
software with the implicit solver was used to perform EMIS
computation in frequency domain. To perform the coupled
stress and electric field analysis of PWAS transducers,
coupled field piezoelectric elements were used. These
coupled field finite elements consist of both mechanical and
electrical fields. The elements that represent piezoelectric
effects in our analysis are the 3-D coupled field solid
elements i.e. SOLID5. The electrical charge Q is the
electrical reaction corresponding to the voltage DOF. The
charge Q is then used to calculate the admittance and
impedance data. The admittance Y is calculated as 1/V ,
where | is the current in ampere and V is the applied
potential voltage in volts. The current comes from the charge

accumulated on the PWAS surface electrodes and is
calculated as

I = ia)Z:Qi ©)

with @ being the operating frequency, i is the complex

number, and ZQi is the summed nodal charge.

(97 49 49 0 0 0]
49 97 4 0 0 O
49 49 84 0 0 O
[c,]= GPa (10)
0 0 0280 0
0 00 0 22 0
0 0 00 0 22

947 0 0

[6,]=| 0 605 0 |x10° F/im (11)
0 0 97
0O 0 0 0 128 0

[e,]s| 0 o o 1284 o ojcm (12

-8.02 -8.02 1831 O 0 0

where [Cp} is the stiffness matrix, [gp] is the dielectric

matrix, and [ep] is the piezoelectric matrix. The density of
the PWAS material is assumed to be p = 7700 kg/m?®.

The first and second shear horizontal mode shapes are
shown in Fig. 7(a) and (b) respectively. We also retained the
electromechanical impedance and admittance results from
the free SH-PWAS simulation.

2.2. SH-PWAS in contact with compressible and inviscid
fluid

We introduced the liquid layer in the same geometric
shape and sizes by using the FLUID30 element type for 3-D
liquid layer modelling merged with the SH-PWAS elements
(Fig. 8). One restriction that this fluid element has is that the
dissipative effect due to the fluid viscosity was neglected.
However, the sound absorption at the interface was taken
into account by generating a damping matrix using the
surface area and boundary admittance at the interface. The
boundary admittance (MU) can be input as material property
between 0 and 1. The reference pressure (PREF) was used to
calculate the sound pressure level of element (defaults to

20x107° N/m?). The speed of sound

c=ﬁ\/k/,o0 (13)

in the fluid can be input by SONC where Kis the bulk
modulus of the fluid and p, is the mean fluid density (input
as DENS) [23].

In order to show the effect of the existence of a liquid
layer on EMIS of SH-PWAS, we illustrate the preliminary
results in terms of a wide band impedance spectra by CF-
FEA analysis including in-plane modes between 100kHz and
800kHz; thickness modes in relatively high frequency range
of MHz; as well as three shear horizontal modes that appear
at anti-resonance frequency of around 1MHz, 3MHz, and
4.5MHz (Fig. 9). It can be clearly observed that amplitude
and frequency shift due to the presence of the water layer
was accomplished in the FEA simulations. As seen in the
analytical simulations in the preceding section, only
amplitude shift occurs in admittance spectra due to the water
layer existence but not frequency shift. In FEA, we adopted
the fuel material properties from Reference [24] as provided
in Table 2.
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Fig. 9 Electromechanical impedance (left) and
admittance (right) spectra of 15mmx15mmx1mm SH-PWAS
and SH-PWAS coupled with a 1mm thick layer of water
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Fig. 10 Electromechanical impedance spectra of
15mmx15mmx1mm SH-PWAS; SH-PWAS coupled with a
1mm thick layer of water; and SH-PWAS coupled with a
1mm thick layer of fuel-oil

The CF-FEA simulations also proves that E/M
impedance spectrum is better indicator of presence of liquid
layer and the changes in the liquid layer in comparison to the
admittance spectrum. From this point of view, we focus on
E/M impedance simulation results in our FEA analyses. The
next results were found to be a good indicator of the liquid
density effects on EMI spectrum. Since the fuel 1 is less
dense (825 kg/m®) than the water (1000 kg/m?), the amplitude
of impedance peak of SH-PWAS coupled with the fuel 1 is
higher than that of the SH-PWAS with water.

3. Summary and Conclusion

In this paper, we presented the E/M impedance
spectroscopy of piezoelectric wafer active resonator capable
of being excited in shear horizontal modes (SH-PWAS) with
relatively high electromechanical coupling coefficient. We
developed and simulated one-dimensional analytical model
and three dimensional coupled field finite element models for
SH-PWAS coupled with liquid layer as well as SH-PWAS
under stress-free boundary condition. We analysed the results
from both analytical and CF-FEA simulations for both free
SH-PWAS and SH-PWAS interacting with different liquids
and fuel-oils. We aimed at developing new methodology for
measuring the fuel-oil material properties such as viscosity
and density by measuring the E/M impedance and admittance
of SH-PWAS in contact with different liquids with different
viscosity and density. The results from both simulations
showed that E/M impedance is a good indicator to develop
the new measurement technique. This paper presents
preliminary study results and needs further developments and
investigations to develop the complete methodology of fuel-
oil parameter measurement.
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