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Abstract 
In this work, the potentiality of lead free ultrasound (US) materials towards crude oil emulsion demulsification was 
assessed. The assessment is crucial because of the detrimental environmental and health impacts of lead zirconate titanate, 
which is widely used for US coalescence presently. The production or utilization of lead zirconate titanate (PZT) results 
in the release of vaporized hazardous lead oxide (PbO) at elevated temperature or dissolution of poisonous lead into 
aqueous medium. Hence, the analysis of the effect of different piezoelectric material type (PZT, polyvinylidene fluoride 
(PVDF) and lithium niobate (LiNbO3)) on domain acoustic pressure distribution and the subsequent coalescence of binary 
droplets under batch conditions was conducted. The lead-free piezoelectric materials (PVDF and LiNbO3) were assessed 
with the PZT in order to determine their viability for droplet coalescence. The piezoelectric materials were subjected to 
mechanical oscillation under resonance in order to allow for optimum performance. Moreover, the US coalescence was 
examined under continuous flow conditions to determine coalescence behavior and performance during online emulsion 
treatment. The eigen-frequency analysis provided the resonance frequencies of 19.61, 26.04 and 57.80 kHz for PVDF, 
PZT and Lithium niobate, respectively. Moreover, the acoustic pressure in the emulsion domain varied in magnitude and 
distribution. The order of the coalescence time for the binary droplets followed the order PZT<PVDF<LiNbO3. 
Furthermore, increasing the flow velocities resulted in slight reduction in the coalescence time and energy consumed for 
the different piezoelectric materials evaluated. 
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1. Introduction 

Due to the health and environmental concerns associated with 

the utilization of lead zirconate titanate (PZT), there has been 

stringent regulatory attempts to limit or stop their usage [1-3]. 

PZT poses major health challenges during production and usage 

due to the vaporization of lead oxide at elevated temperature, 

addition of unique dopants, and zirconate to titanate ratio [3, 4]. 

Although the vaporized lead oxide (median lethal dose of 

4.3g/kg) in PZT ceramics have lower toxicity as compared to 

lead (median lethal dose of 0.45g/kg), the hazard caused due to 

the vaporization of lead oxide is complicated due to their 

                                                           

elevated vapor pressure. Moreover, there is a report that showed 

that PZT ceramics could have unstable conditions in water, with 

the lead dissolving in aqueous media [5]. The dissolution of lead 

in aqueous media raises further concerns as the lead content in 

these transducers could reach up to 60wt% [6]. Hence, 

regulatory bodies have enacted limitations on the usage of lead 

and lead containing substances. For instance, the European 

Union (EU) in 2012 included PZT amongst substances of very 

high concern (SVHC) in the REACH regulation [7-8].  

The strict regulation of the usage of lead in piezoelectric 

materials has resulted in increased attention for lead free 

piezoelectric materials. The evaluated lead-free piezoelectric 

materials have been studied for their utilization in actuators, 
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sensor and transducers. Different materials such as barium 

titanate, potassium sodium niobate, lithium niobate, Rochelle 

salt, polyvinylidene fluoride (PVDF), quartz have shown 

promising results [3, 9-13]. For instance, lithium niobate 

provided enhanced performance over PZT under increased 

frequency and temperature applications. PZTs possess less Curie 

temperature and mechanical quality factor [14]. In addition, 

polyvinylidene fluoride (PVDF) has been reported to have better 

impedance and flexibility over PZTs [15]. However, the 

replacement of PZT remains challenging despite the progress in 

the development of lead-free piezoelectric materials. The key 

issues arise due to the stability and relatively high piezoelectric 

coefficient (up to 600 pC/N d33 piezoelectric coefficients) of 

PZTs as well as the cost and availability of the lead-free 

substitutes [3]. 

PZTs continue to be the dominant piezoelectric material in most 

ultrasonic transducer applications including dewatering of water 

in oil emulsion, membrane desalination, clinical studies etc. 

These transducers have been examined for their usage in droplet 

coalescence and demulsification of water-in-oil emulsions due 

to the drawbacks of the persistence of emulsions in crude oil 

processes. Emulsions could lead to poising of refinery catalyst, 

elevation of cost of pumping them, blockage and wearing of 

parts. In one study, Luo et al [16] studied the coalescence of two 

water droplets in white oil under ultrasonic standing waves. A 

frequency of 20kHz was used for the PZT in a rectangular cell 

(0.63x0.92cm2) at 20C. They observed that maximum 

coalescence was achieved at an intensity of 4.88W/cm2. In 

another study, Xu [17] examined the numerical model of the 

coalescence of two air bubbles in water at 20kHz. They reported 

that at elevated acoustic pressure, the bubbles were compressed 

and aggregated at the antinode. These studies are focused on the 

usage of PZT transducers.  

Although lead free transducers have been designed, they are 

very few and their application in droplet coalescence and 

dehydration of water-in-oil emulsions is very rare. Therefore, 

there is a significant need for the increased assessment of these 

lead-free piezoelectric materials towards droplet coalescence. 

Hence, in this study, the analysis of the effect of different 

piezoelectric material type (PZT, PVDF and LiNbO3) on domain 

acoustic pressure distribution and the subsequent coalescence of 

binary droplets under batch and continuous mode was 

conducted. The lead-free piezoelectric materials (PVDF and 

LiNbO3) were assessed with the PZT in order to determine their 

viability. The piezoelectric materials were subjected to 

mechanical oscillation under resonance in order to allow for 

optimum performance. 

2. Numerical Methods 

2.1. Model Description and Boundary Conditions 

 

The numerical model was developed for the assessment of the 

effect of piezoelectric material type (PZT, PVDF and Lithium 

niobate) on the acoustic pressure and coalescence time under 

batch and continuous flow conditions. The numerical analysis 

was conducted with COMSOL Multiphysics 5.6, and consists of 

the solid mechanics, electrostatic, pressure acoustic, laminar 

flow and phase field models. The transducers were actuated 

based on the resonance frequencies of each material. The model 

is based on phase field ultrasound assisted interfacial 

gravitational settling of water droplets in continuous oil 

emulsion. It consists of a 2 inches rectangular central plane of a 

cylindrical pipe of diameter of 2 inches (Fig. 1a). The boundary 

of the plane consists of two walls along the width. The inlet and 

outlet, which were implemented with varying flow conditions, 

are on the planar heights on the two sides. The fluid consists of 

two water droplets in crude oil emulsion. The geometry mesh 

consists of 58.9k, 101.5k and 663k mesh elements for the PVDF, 

PZT and LiNbO3, respectively (Fig. 1b). The mesh elements 

satisfy the minimum mesh requirements for acoustic 

propagation based on h<c/f/5. Where h is the minimum element 

size, c is speed of sound and f is the resonance frequencies for 

the different materials. 

 

Fig. 1. a. Set-up of the ultrasound droplet coalescence b. 

Geometry Mesh 

2.2. Governing Equations 

 

The finite element model of the ultrasound assisted gravitational 

settling and coalescence of two water droplets in continuous oil 

emulsion was developed with COMSOL. The domain is 

governed by the wave equation: 

   (1) 

Where  and  

Where ρ is the piezoelectric domain density, pt is the total 

pressure, pb is the background pressure, qd is the monopole 

domain source, keq is the wave number consisting of the 

ordinary wave number k, the azimuthal wave number and the 

out of plane wave number kz, Qm is the monopole domain 

source, and c is the speed of sound 

 

In addition, the model consists of fluid flow governing equations 

such as the continuity equation, Navier-Stokes momentum 

conservation equation and the level set functions. In order to 

ensure that the mass of the system is conserved, the following 

continuity equation was used [18]: 

     (2) 
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Where u is the velocity of the fluid and ∇ is the del operator 

The conservation of momentum is as shown in equation 2 [18, 

21-23]. It was included through the Navier-Stokes equation 

which is based on the Newton second law of motion. The 

momentum conservation comprises of the forces due to pressure 

gradient, diffusive-viscous forces, gravitational forces and 

interfacial force between the water and oil layers on the right 

hand side. The acceleration terms include the convective and 

transient components on the left hand side. 

 
      (3) 

Where u is the velocity of the fluid, t is the time, ρ is the density, 

µ is the viscosity, g is the gravitational force, 𝐹𝛾 is the interfacial 

tension and Fac is the acoustic force. 

The interfacial force is represented as [21-22]: 

   (4) 

Where 𝛾  is the coefficient of surface tension, 𝛿  is the Dirac 

function’s smooth approximation, n is the normal at the interface 

and I is an identity matrix. The Dirac function approximation 

and the normal are functions of the level set functions of the 

interface 

The density and viscosity are described as follows [18]: 

     (5) 

     (6) 

Where 𝜌𝑤  is the water density, 𝜌𝑜  is the oil density, 𝜇𝑤  is the 

water viscosity, 𝜇𝑜 is the oil viscosity, 𝜙 is the level set smooth 

set function. 

The interface layers were modeled with the level set multiphase 

flow equation as follows [19-20]: 

 (7) 

Where 𝜙 is the level set smooth set function, u is the velocity of 

the fluid, t is the time, γ is the re-initialization parameter for 

numerical stability,  is associated with interface thickness and 

represents half of the peak mesh element size 

The no flow condition was specified at the boundaries to ensure 

there was no inflow and outflow of fluids in the system. The no 

flow condition was implemented as follows [18]: 

   
      (8) 

Where 𝜙 is the level set smooth set function, and n is the normal 

at the boundary. Moreover, no slip condition with zero velocity 

and wetted wall to account for the wall interface was implement 

taking the contact angle of the oil and water with the wall into 

consideration  

The resonance frequency was determined through the eigen-

frequency analysis. The following eigen-value equation was 

considered: 

  (9) 

Where  and    

     (10) 

  (11) 

Where  is the resonance and higher angular frequencies, k is 

the stiffness constant, m is the mass, c is the damping 

coefficient, u is the displacement, t is time and  is the 

damping ratio. 

3. RESULTS AND DISCUSSIONS 

3.1. Model Validation 

 

The droplet coalescence time in this study was validated with 

the experimental data of Luo et al [16] (Fig. 2). The validation 

was assessed at three binary droplet diameter pairs (275, 400 and 

550 micrometers) at a frequency of 40 kHz. There was a 

reasonable agreement between the developed model and the 

experimental data in terms of the magnitude at each diameter 

and the trend with increasing diameter. Hence, the numerical 

model was utilized for the evaluation of different piezoelectric 

materials. 

 

Fig. 2. Numerical model validation 

3.2. Eigenvalue Analysis 

 
The resonant frequencies of the three piezoelectric materials 

(PZT, PVDF and Lithium Niobate) were determined based on 

the eigenfrequency analysis. The resonance frequency 

estimation allows for the optimum actuation of the piezoelectric 

materials as they have different values. The natural frequencies 

are 19.61, 26.04 and 57.80 kHz for PVDF, PZT and Lithium 

niobate, respectively. Similar observation of the resonance 

frequency for PZT has been reported by other studies [24-27]. 

For instance, Tsujino et al [24] assessed the vibration and 

resonance frequency of a transducer consisting of four PZT disks 

with a thickness of 0.5cm and diameter of 4 cm. They reported 

a natural frequency of 26.70 kHz and a vibration of 1.44 times 

that of 40 kHz. In another study, similar result was found by 

Tsujino et al [25] with a natural frequency of 26.09 kHz reported 

for PZT. Other studies include the work of Nakamura et al [26] 

where they determined the natural frequency to be 28 kHz for a 

push-pull multi layered PZT actuator. Bawiec et al [27] stated 

that for PZT of radius 0.6-1cm and thickness 0.05cm, a 

resonance frequency was determined. 
Based on the determined natural frequencies for the 
piezoelectric materials, the displacement of the transducer was 
determined. The displacement of the piezoelectric materials 
ranges from 0-18.3x10-7, 0-14.0x10-7 and 0-14x10-7m for 
Lithium niobate, PZT and PVDF, respectively (Fig. 3). The main 
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vibration mode for Lithium niobate is flextural, while the main 
vibration mode for PZT and PVDF are linear (compression and 
expansion). These types of vibration are common for 
piezoelectric actuation with frequencies lower than 100kHz. In 
their work, Panda and Sahoo [28] reported a displacement 
measurement of 10-12x10-6m for PZT multilayer stack based 
on a dial gauge experiment. The PZT was a rectangular stack 
and has a different area (1.32cm2) compared to the area of the 
PZT (5.067cm2) utilized in this study. In addition, considering 
that this study is a 2D numerical model, the experimental data of 
Panda and Sahoo [28] provides a reasonable indication of the 
reliability of the COMSOL predictions of the displacement. 

 

Fig. 3. Displacement of the piezoelectric materials a. Lithium 
niobate b. PZT c. PVDF 

3.3. Acoustic Pressure Distribution 

The acoustic pressure distribution was determined based on the 

resonance frequencies of each piezoelectric material. The result 

showed that the US transducer material has significant impact 

on the US waves magnitude and mode of propagation. The 

difference in the pattern of propagation of the US in the fluid 

media can be associated with the crystal orientation. The 

materials utilized have differences in their structure with PZT 

being perovskite, PVDF has orthorhombic, and Lithium niobate 

has trigonal crystal structure. This vast variation in their 

structures can be associated with the different patterns observed. 

In their study, Kuroiwa et al [29] highlighted that the large 

amount of the piezoelectric properties is attributed to their 

crystal orientation. As regards the magnitude of the US pressure, 

the increasing trend of the total acoustic pressure followed the 

order: PZT>Lithium niobate>PVDF under resonant conditions 

(Fig. 4). Although the PVDF has the least acoustic impedance 

(2.7x106 kg/m2s), the acoustic pressure was lower than that of 

PZT. For example, whilst PVDF showed a maximum pressure 

of ~5.5x102Pa, PZT has a peak pressure of 3.5x105Pa. The 

possible reason for this is due to the high piezoelectric 

coefficient of 600 pC/N of PZT as compared to 33pC/N in the 

case of PVDF. The piezoelectric coefficient of Lithium niobate 

could reach 70 pC/N which makes them have an intermediate 

pressure between PZT and PVDF. 

 

Fig. 4. Acoustic pressure distribution a. Lithium niobate b. 

PZT c. PVDF 

3.4. Coalescence Time 

3.4.1 Batch Conditions 

The effect of the piezoelectric material type (PZT, PVDF and 

Lithium niobate) on the coalescence of two droplets of water in 

oil continuous phase was examined under batch conditions. The 

order of the coalescence time followed PZT< PVDF< Lithium 

niobate (Fig. 5). The coalescence times for PZT, PVDF and 

LiNbO3 are 25.5, 27, and 92 ms, respectively. Likewise, the 

energy usage was 31.24, 33.08 and 112.7 mJ for PZT, PVDF and 

LiNbO3, respectively. This coalescence behavior is consistent 

with the determined acoustic pressure magnitudes, acoustic 

impedance and crystal orientation trend of the transducer 

materials. It is expected that as the acoustic pressure magnitude 

increases, the time taken for the coalescence of the droplets 

would reduce. The acoustic impedance and crystal orientation 

plays an important role as well with PVDF showing lower 

impedance as compared to PZT and LiNbO3. Although the 

coalescence time of PZT is lower than that of PVDF and Lithium 

niobate, the overall assessment which includes environmental 

impact makes the lead free materials possible substitutes for 

PZT. 
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Fig. 5. a. Coalescence time and b. energy consumption of the 
different piezoelectric materials utilized 

3.4.2 Continuous Condition 

The impact of flow velocity on the ultrasound coalescence of the 
water droplets in oil was assessed (Fig. 6). The coalescence time 
and energy consumption were evaluated at 100, 200 and 300 
mm/s. Increasing velocities resulted in slight reduction in the 
coalescence time and energy consumed for the piezoelectric 
materials. For instance, the coalescence time with PZT 
decreased from 24.5ms to 22.5 ms as the flow velocity was 
increased from 100mm/s to 300mm/s. Likewise, the energy 
consumed was lowered from 30.01mJ to 27.56mJ within the 
same velocity range. The reduction in coalescence time and 
energy consumed with increasing flow velocity is beneficial for 
demulsification of crude oil during processing and 
transportation. Similar behavior of the coalescence dynamics of 
process time reduction was reported by Mardani et al [30]. The 
coalescence time followed an increasing order 
PZT<PVDF<LiNbO3. At 100 mm/s, the coalescence times for 
PZT, PVDF and LiNbO3 were 24.5, 28.5 and 87 ms, 
respectively. Moreover, PVDF showed non-coalescence at 300 
mm/s, while LiNbO3 showed non-coalescence at 200 and 300 
mm/s. PZT showed better coalescence performance of 1.16 and 
3.55 times over PVDF and LiNbO3, respectively. However, the 
significant benefits of utilizing lead free piezoelectric materials 
and other advantages of PVDF and LiNbO3 make them attractive 
alternatives. The differences in the behavior of the piezoelectric 
transducer materials could be attributed to the variations in their 
piezoelectric coefficients, acoustic impedance and crystal 
orientations.  

 

Fig. 6. The effect of emulsion flow velocity on the a. 
coalescence time and b. energy consumed of different transducer 
materials 

4. CONCLUSIONS 

The assessment of the effect of different piezoelectric materials 

(PZT, PVDF and Lithium niobate) on the coalescence of two 

water droplets in oil was studied with a numerical model. The 

model predictions were validated with the experimental data of 

Luo et al [16] and showed reasonable agreement. The eigen-

frequency analysis provided the resonance frequencies of 19.61, 

26.04 and 57.80 kHz for PVDF, PZT and Lithium niobate, 

respectively. The acoustic pressure in the emulsion domain 

varied in magnitude and distribution. The variation in the 

acoustic pressure behavior could be attributed to the different 

crystal structure of the piezoelectric materials used. The order of 

the coalescence time for the binary droplets followed the order 

PZT <PVDF<Lithium niobate. The coalescence time for PZT 

was the lowest because of the higher acoustic pressure compared 

to the other materials. Even though the coalescence time of PZT 

is lower than that of PVDF and Lithium niobate, the potentiality 

of lead free piezoelectric materials becomes significant when the 

environmental and other advantages are considered. Moreover, 

increasing velocities resulted in slight reduction in the 

coalescence time and energy consumed for the piezoelectric 

materials. The reduction in coalescence time and energy 

consumed with increasing flow velocity is beneficial for 

demulsification of crude oil during processing and 

transportation. 

a.

b.

a.

b.
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