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Abstract. Piezoelectric pumps, known as piezopumps, are highly versatile devices
with applications in various fields due to their precise flow control, compact
design, lack of magnetic interference, and low noise. These pumps are classified
based on the number of pumping chambers, valve configuration, and driving
power source mechanism. In fields requiring consistent flow rates and back
pressures, particularly in fluid power applications, piezopumps employing a
piezostack actuator as their power driving source are actively researched. This
kind of piezopumps, also known as piezohydraulic pumps, operate using a
piezostack actuator to drive a piston for fluid delivery, along with reed valves
controlling fluid flow at the inlet and outlet of the pump chamber. The high
operating frequency range of the piezostack actuator and reed valves, exceeding
1 kHz, allows piezohydraulic pumps to achieve significant flow rates despite the
stack's limited displacement. This enhances their performance without the need
for increased size or power input. However, this also increases the risk of
cavitation, which could lead to damage, reduced efficiency, and higher noise levels.
Therefore, the purpose of this paper is to expand on previous research by using
the CFD software Ansys Fluent to further investigate cavitation phenomena in a
piezohydraulic pump developed at the University of Bath. In particular, the study
focuses on simulating various oil flow scenarios through the pump with a fixed
inlet pressure of 20 bar, while varying the opening of the inlet reed valve from the
minimum (0.1 mm) to maximum (0.7 mm) value, as well as adjusting the pump
chamber pressure.

1. Introduction

Conventional hydraulic pumps, both dynamic pumps and positive displacement pumps, are
machines designed to boost the energy of liquid as it flows through them. Specifically, these
devices convert the mechanical energy from a prime mover, such as an electric motor, into
hydraulic fluid power [1], [2]. While the design and manufacturing processes for these pumps are
well-established, advancements in fields like chemistry, biomedicine, aerospace, robotics, and
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liquid cooling have increased the demand for pumps that are more reliable, compact, simple in
design, capable of precise flow control, and operate quietly. Conventional hydraulic pumps
struggle to meet these demands due to inherent structural limitations [3], [4], [5], [6].

One promising solution to meet the previous stringent requirements and realize precision
fluid pumps is the use of piezoelectric actuators. Due to their large output force, rapid dynamic
response, high reliability, simple structure and light weigh, piezoelectric actuators have been
successfully used in fluid power applications [7], [8], [9]. Specifically, these smart actuators have
been employed to address common issues associated with conventional proportional and
servovalves, including direct drive and two-stage servovalves. This has led to the creation of
innovative and miniaturized valves, known as piezoelectric valves or piezovalves [10], [11], [12].
Miniaturization is particularly critical in medical and aerospace applications, where these valves
are essential for controlling gas flow in lung ventilators for intensive care units and managing fuel
supply in aircraft fuel systems [13], [14], [15], [16], [17].

Piezoelectric pumps, or piezopumps, utilize the inverse piezoelectric effect of piezoelectric
materials to convert electrical energy into mechanical energy, which is then used to pressurize
and move fluids. Piezopumps can incorporate one or multiple pumping chambers and can
function with or without valves, using either piezomembrane or piezostack actuators as driving
power source for fluid delivery [18]. These components enable piezopumps to address issues
such as leakage, wear, and fatigue damage caused by moving parts, while also reducing energy
loss compared to conventional hydraulic pumps [18], [19].

The performance of piezopumps can vary based on factors like the driving voltage, driving
frequency, and specific configuration [18]. However, despite advancements in technology,
achieving output flow rates exceeding 1 L/min and back pressures greater than 1 bar remains
uncommon, with only a limited number of examples reported in the literature [20], [21], [22].

In fluid power applications, where high flow rates and back pressures are required,
piezostack actuators are preferred over piezomembrane actuators as the driving power source
mechanism, especially when combined with a valve-based configuration [23], [24], [25].
Additionally, while multiple pumping chambers can potentially enhance the performance metrics,
this design also introduces complexity and higher costs [26], [27], [28]. Therefore, a single
pumping chamber is typically favoured for its simplicity and cost-effectiveness [29]. Piezopumps
that use piezostack actuators as their driving power source are also known as piezohydraulic
pumps.

In a conventional piezohydraulic pump, a piezostack actuator drives a piston, and a pair of
check valves (inlet and outlet) control the fluid flow into and out of the pumping chamber. The
working cycle of such a piezopump, illustrated in Figure 1, consists of four stages:

A) Compression Stage: Both inlet and outlet check valves (3 - 4) are closed. When the voltage
signal is applied to the piezostack actuator (1), it expands, compressing the fluid by means of
the piston (2), thereby increasing the pressure in the pumping chamber (5);

B) Delivery Stage: When the pumping chamber pressure matches the outlet pressure, the outlet
check valve opens, allowing fluid to flow out.

C) Expansion Stage: Removing the voltage signal causes the piezostack actuator to contract,
reducing the pumping chamber pressure to the inlet level.

D) Intake Stage: The inlet check valve opens when the inlet pressure and pumping chamber
pressure equalize, letting fluid back into the pumping chamber.

Thanks to the high operating frequency of piezoelectric actuators and reed valves (a type of
passive check valve made from flexible materials), which can exceed 1 kHz [30], piezopumps can
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achieve high flow rates despite the limited displacement of the piezostack actuator. Increasing the
driving frequency is a simple and effective way to enhance the performance of piezopumps [31].
However, at high driving frequencies, piezopumps are prone to severe cavitation [32], which can
lead to component damage, reduced efficiency, vibrations, and noise [33].

Stack Motion A) Compression Stage B) Delivery Stage

l—..\
%

o Piezostack Actuator

@ riston C) Expansion Stage D) Intake Stage
/,_|

o Inlet Check Valve

(==
o Outlet Check Valve
e Pumping Chamber

I High Pressure Fluid Y >-

I low Pressure Fluid

Figure 1. The four-stage working cycle of a conventional piezohydraulic pump.

Cavitation, which involves the formation, growth, and implosive collapse of vapour bubbles
under high-pressure conditions, significantly limits the performance of piezopumps working at
high flow rates [34]. Zhang et al. found that during the intake stage, as the pumping chamber
volume increases and pressure decreases, dissolved gas escapes from the liquid, leading to
cavitation [32]. He et al. explored the negative impacts of cavitation on piezopumps, noting that it
reduces the bulk modulus of the working fluid, thereby severely decreasing pump efficiency [35].
In efforts to mitigate cavitation, Pecar et al. utilized a sinusoidal excitation signal waveform, which,
despite resulting in lower output flow rates, effectively reduced the risk of cavitation compared
to square-wave excitation [36], [37].

In this scenario, this paper continues a numerical investigation into cavitation potential in a
specific piezohydraulic pump developed at the University of Bath, as initiated in [38], using the
CFD software Ansys Fluent. The study specifically focuses on simulating various oil flow scenarios
through the pump under a fixed inlet pressure of 20 bar. The investigation varies the opening of
the inlet reed valve from its minimum (0.1 mm) to maximum (0.7 mm) values, while also adjusting
the pumping chamber pressure.

The architecture, including exploration of all components of the piezohydraulic pump under
investigation, is presented first. Then, the test rig used to evaluate the pump prototype along with
the corresponding experimental results, which highlight cavitation issues, are provided. Next, the
3D CAD model of the pump and the three approximations used to obtain a simplified 2D domain,
including its corresponding computational grid using unstructured tetrahedral meshes, are
illustrated. Finally, the numerical results of the computational fluid dynamic (CFD) analysis are
examined in order to evaluate potential situations that may lead to cavitation. Specifically, the
simulations will be conducted by exploring all possible degrees of opening of the inlet reed valve
and different pumping chamber pressure values.
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2. Piezohydraulic Pump Prototype

The architecture of the piezohydraulic pump prototype developed at the University of Bath [22]
is now fully examined. The design makes use of a ring stack actuator from PI Ceramic, model PICA
P025.50H, as its driving force for fluid delivery. This actuator provides a blocking force of 9.6 kN
and has a maximum extension (or free stroke) of 80 um. Detailed specifications are available in
Table 1 [39].

Table 1. PICA P025.50H ring stack actuator: specifications [39].

Parameter Value Unit
Cross-Sectional Area 2.89 cm?
Outer Diameter 25 mm
Inner Diameter 16 mm
Length 66 mm
Maximum Voltage 1000 Vv
Free Stroke 80 um
Blocking Force 9.6 kN
Capacitance 1.2 uF
Natural Frequency 17 kHz

The ring stack actuator drives a 26.7 mm diameter piston, forming the core of the
piezohydraulic pump. Figure 2 presents a longitudinal section view of the ring stack actuator and
piston assembly, with a detailed bill of materials available in Table 2.

Wy

m.l
& @ @éé © @O O ®

Figure 2. Longitudinal section view of the ring stack actuator - piston assembly, with blue indicating
the low-pressure fluid pathway.

The choice of a ring stack as piezoelectric actuator offers several advantages:

o Compact Design: The inlet flow, entering through the eight orifices of the inlet plate (1), passes
through the cavity of the ring stack actuator (2) and enters the pumping chamber via the
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twelve orifices of the piston (3). This allows the disc-style inlet reed valve (4) to be positioned
on the left end face of the piston with a valve screw (5), resulting in a more compact design;

e Preloading Mechanism: The piston rod, passing through the hole of the ring stack actuator,
clamps and preloads the stack using the piston clamp (6), Belleville washers (7), and bolts (8).
This configuration provides a convenient way to preload the stack;

e Enhanced Lifetime: Pre-compression is necessary because piezostack actuators cannot
handle large pulling forces. Applying a preload helps prevent damage and significantly
extends the actuator's lifetime, with optimal preload values ranging from 20 to 50 percent of
the blocking force [39], [40].

Table 2. Bill of materials of the ring stack actuator - piston assembly.

Part Number Item
1 Inlet Plate
2 Ring Stack Actuator
3 Piston
4 Inlet Reed Valve
5 Valve Screw
6 Piston Clamp
7 Belleville Washers
8 Bolts

The pumping chamber, with a height of only 1 mm, is confined between the piston and the
valve plate. The latter has a similar arrangement to the piston, including twelve orifices and an
outlet reed valve positioned on its left end face with another valve screw. This setup allows the
extension and retraction of the ring stack actuator to control the opening and closing of the inlet
and outlet reed valves. Depending on the internal pressure, these valves allow fluid to flow out of
the pumping chamber during the delivery stage and into the pumping chamber during the intake
stage.

Figure 3(a) provides a longitudinal section view of the entire pump, showing the position of
the 0.2 mm thick disc-style reed valves. Figure 3(b) displays the valve disc itself with the
corresponding valve screw. Finally, Figure 3(c) shows the prototype of the assembled piezopump
tested at the University of Bath [22].
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Figure 3. Piezohydraulic pump developed at the University of Bath [22]: (a) Longitudinal section
view of the entire pump; (b) Thick disc-style reed valve with corresponding valve screw; (c)
Assembled Pump Prototype.

3. Test Rig, Experimental Results and Cavitation Issues

To assess the performance of the piezohydraulic pump, a prototype was tested in a simple
loading system [22], depicted schematically in Figure 4(a) with detailed components listed in
Table 3. Figure 4(b) provides a photo of the test setup.

In the test setup, oil from the pump flowed through a 3-meter-long pipe with a 6 mm
diameter. A direct drive servovalve at the pipe's end allowed for varying load pressures. To
safeguard against potential over-pressure situations and damage, a pressure relief valve set to
open at 200 bar was installed. The pump maintained a constant inlet pressure of 20 bar to
enhance oil stiffness and prevent cavitation.

During testing at 950 V driving voltage and 1250 Hz frequency, with a 15 bar load pressure,
the pressure in the pumping chamber dropped to nearly 0 bar, suggesting possible cavitation due
to high pressure drop across the inlet reed valve [22]. Despite this issue, the pump demonstrated
a mean flow rate of 1.05 L/min and generated approximately 30 W of hydraulic power. For this
reason, the authors termed this kind of piezopump a "high-power" piezohydraulic pump [22], as
piezopumps achieving this output power are uncommon in the literature, as previously discussed
in the Introduction.
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Due to the difficulty in visually confirming cavitation within the piezohydraulic pump, the
occurrence of cavitation needs to be studied further through a detailed computational fluid
dynamics (CFD) analysis. Therefore, the next section will present a CFD analysis conducted using

Ansys Fluent software to assess potential cavitation scenarios.

- (2)
I High Pressure Fluid

I Low Pressure Fluid

2) @ o) @ (2

From Pump
Outlet - Pipe

Figure 4. Test rig for evaluating pump performance: (a) Schematic circuit; (b) Photograph of the

(b)

setup.
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Table 3. Test rig components.

doi:10.1088/1742-6596/2893/1/012060

Number Component
1 Piezohydraulic Pump
2 Pressure Sensor
3 Temperature Sensor
4 Pipe
5 Direct Drive Servovalve
6 Pressure Relief Valve
7 Flow Sensor
8 Accumulator
9 Needle Valve

4. Computational Fluid Dynamic Analysis

4.1 Simplified Model for Cavitation Investigation
The computational fluid dynamics (CFD) analysis of the piezohydraulic pump developed at the
University of Bath began with the creation of a 3D model using Autodesk Inventor Professional.

This 3D model is shown in Figure 5(a).

To better understand the operating conditions that might lead to cavitation during the intake
stage, particularly focusing on the different openings of the inlet reed valve, the 3D model was
simplified into a 2D model through three key approximations:

1. Creating a Simplified 3D Domain: Two cutting planes were marked on the 3D model to create
a simplified 3D domain, as shown in Figure 5(b). This domain includes the oil within the inner
part of the ring stack, the twelve piston orifices, and part of the pumping chamber, as depicted
in Figure 5(c). The oil between the ring stack actuator and the pump body was omitted
because it is not influential in analysing cavitation.

2. Considering Geometry Axial Symmetry: Due to the axial symmetry of the pump's geometry,
only a slice of this simplified 3D domain was examined. This slice contains the oil flowing into
one of the twelve piston orifices, highlighted in green in Figure 5(c).

3. Focusing on the Mid-Plane Section: The analysis focused only on the mid-plane section of this
slice to investigate potential cavitation scenarios, leading to the development of the 2D
simplified model system of the piezohydraulic pump, illustrated in Figure 5(d).
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(b) (d)
Figure 5. Piezohydraulic pump developed at the University of Bath [22]: (a) 3D model created using
Autodesk Inventor Professional; (b) Two cutting planes used to simplify the 3D domain; (c) Oil
included in the simplified 3D domain, with the slice due to axial symmetry highlighted in green; (d)
2D model system resulting from the mid-plane section of the slice.

4.2 Computational Mesh

The 2D model system, based on previous considerations, was discretized using Cadence Fidelity
Pointwise. Unstructured meshes, composed of triangle elements with explicit connectivity, were
employed in this analysis for their flexibility and automation in the generation process [40]. The
grid was created for all possible openings of the inlet reed valve, ranging from 0.1 mm (minimum
value) to 0.7 mm (maximum value) in 0.1 mm increments.

For non-restricted parts of the pump, the mesh setup used fewer than 25 points, resulting in
large interval sizes from 0.1 mm to 0.9 mm. In contrast, for the edges of the piston orifice and the
inlet reed valve, more than 1,000 points were used, creating very small interval sizes from 0.0025
mm to 0.01 mm. This detailed approach aimed to identify pressure and velocity gradients and
flow swirls to predict potential cavitation during the intake stage, when oil flows through the
small passage uncovered by the inlet reed valve opening.

After discretizing all edges, the entire flow domain was meshed for the seven different cases
corresponding to the seven different openings of the inlet reed valve. Figure 6 provides images of
three of the seven computational meshes of the 2D pump model system, specifically for inlet reed
valve openings of 0.1 mm, 0.4 mm, and 0.7 mm. It is important to note that the seven
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computational meshes each use fewer than 57,000 total cells, resulting in a relatively low
computational cost for obtaining the CFD simulations.

Inlet

0.1 [mm] : 1 0.4 [mm]

Inlet

0.7 [mm]

Figure 6. Computational mesh of the 2D pump model system for three different openings of the
inlet reed valve: (@) 0.1 [mm]; (b) 0.4 [mm]; (c) 0.7 [mm].

Finally, Table 4 provides a detailed description of the boundary conditions set before
exporting the seven computational grids.

Table 4. Boundary Conditions.

Zone/Line Boundary Condition Description

Fixed Pressure at the
Inlet Pressure Inlet (p;;,) pump inlet
Pressure value setin the
Outlet Pressure Outlet (pcpam) pumping chamber
during intake stage

Lines in the 2D meshed
Walls - model system defining
the walls

Area bounded by the

Oil Zone N inlet, outlet, and walls.

4.3 Governing Equations

The seven computational grids were imported into Ansys Fluent for CFD simulations. Table 5
below summarizes all the conditions that were configured in Ansys Fluent for obtaining these
simulations. The SIMPLE algorithm was selected for solving the problem due to its suitability for
the involved physics. Cavitation was simulated using the Schnerr and Sauer equations, as well
documented in [41]. Turbulence prediction utilized the SST k-w method, due to its accuracy and a

10
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low margin of error on simulation results [42]. Initially, turbulence equations for k and w, as well
as momentum equations, were solved using first-order upwind discretization, followed by
second-order upwind discretization to stabilize the simulation. Pressure interpolation employed
the PRESTO! scheme, which is considered a good choice for flows with steep pressure gradients
[43]. The table also shows the values set for the density and viscosity of the liquid oil and vapour
oil, as well as the vapour pressure. Regarding termination criteria, simulations were stopped
when the mass flow rate maintained its third significant digit unchanged.

Table 5. Setting employed in Ansys Fluent for simulations.

Equation Multiphase (Mixture) Model
Solver SIMPLE
Turbulence Model SST k-w

Cavitation Model
Discretization of Pressure Equation
Discretization of Volume Fraction
Discretization of Momen. and Turbulence
Under-relaxation of Pressure
Under-relaxation of Volume Fraction
Under-relaxation of Momentum
Under-relaxation of Turbulence Quantities
Inlet Pressure (p;;,)

Chamber Pressure (pcham)
Density and Viscosity Liquid-Oil
Density and Viscosity Vapour-0il
Vapour Pressure
Bubble Number Density

Termination Criterion

Schnerr and Sauer
PRESTO!

First order upwind
Second order upwind
0.3
0.5
0.7
0.8
20 bar absolute
Variable
866 kg/m3; 0.027 kg/(m-s)
4 kg/m3; 3-107% kg/(m-s)
10 Pa
Default

Convergence in Mass-Flow Rate (third digit)

11
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5. CFD Simulation Results

In this 2D simplified analysis, simulations aimed to assess potential scenarios that could trigger
cavitation by considering a fixed inlet pump pressure of p;;, =20 bar. The simulations varied the
openings of the inlet reed valve (v,py,) from 0.1 mm (minimum value) to 0.7 mm (maximum value)
in increments of 0.1 mm. Additionally, different plausible values of the pumping chamber pressure
(Pcham) during the intake stage, derived from experimental pump results, were considered.
Specifically, for each opening degree of the inlet reed valve, the simulations started by setting a
very low pumping chamber pressure (0.5 bar) and increased it by 0.5 bar increments until a
specific pumping pressure value no longer caused additional cavitation. Therefore, several steady-
state scenarios regarding the intake stage were analysed. It is also important to note that these
simulations were conducted with a relative pressure of 1.01 bar in mind.

Figure 7 and Figure 8 display the CFD simulation results depicting the velocity contour,
pressure contour, and volume fraction of the vapour oil phase for an inlet reed valve opening v, =
0.4 mm and two different pumping chamber pressures, specifically p.jqm = 2 bar and pepgm = 5
bar, respectively. Upon analysing Figure 7 and Figure 8, it becomes evident that the pumping
chamber pressure significantly influences the velocity and pressure fields within the 2D oil
domain for a fixed inlet reed valve opening. Specifically, the lower pumping chamber pressure
(Pcham = 2 bar) caused a higher pressure drop across the inlet reed valve, resulting in a greater
increase in average oil velocity near the restriction area, with a maximum computed value of 69.7
m/s. Consequently, local pressure values dropped below the vapour pressure, triggering vapour
oil phase formation and subsequent cavitation. Additionally, it is important to note that both
pumping chamber pressures considered (p.pqm = 2 bar and pp,qm = 5 bar) led to vapour oil phase
formation and then cavitation; however, the higher pumping chamber pressure (p.pam = 5 bar)
resulted in a reduced area of the vapour oil phase.

12
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(b)

Figure 7. CFD simulation results considering p;,, =20 bar, v,,,, =0.4 mm and p¢pq., =2 bar: (a) Pressure

Contour [Pa]; (b) Velocity Contour [m/s]; (c) Volume fraction of vapour oil phase [-].
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(c)
Figure 8. CFD simulation results considering p;, =20 bar, vy, =0.4 mm and p.qm, = 5 bar: (a) Pressure
Contour [Pa]; (b) Velocity Contour [m/s]; (c) Volume fraction of vapour oil phase [-].

To analyse the effect of varying both the inlet reed valve opening v,,, and chamber pressure
Pcham Figure 9 and Figure 10 illustrates that as the opening of the inlet reed valve increases and
the chamber pressure decreases, both the area of the vapour oil phase and the volume fraction of
vapour oil also increase. This trend potentially leads to higher occurrences of cavitation because
the decreasing chamber pressure, combined with an increased inlet reed valve opening, causes
an increase in average velocity near the restricted area, leading to lower local pressure values and
triggering cavitation, as shown in Figure 11.

The semi-logarithmic plots in Figures 9(b) and 10(b) provide a better understanding of the
extremely low values of the vapor oil phase area and volume vapor oil fraction that can be
achieved for specific input conditions (v, and pepam)-

Additionally, Figures 9, 10, and 11 show that despite the minimum value of pumping chamber
pressure considered (pcham = 0.5 bar), very low openings of the inlet reed valve (v,,, = 0.1 mm
and v,p, = 0.2 mm), do not trigger vapor phase formation since the maximum average oil velocity
near the restricted area in both cases is lower than 60 m/s, which can be considered a threshold
value for triggering cavitation.
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Figure 11. Maximum average oil velocity near the restricted area [m/s] with p;, =20 bar, varying v,

from 0.1 mm to 0.7 mm (increments of 0.1 mm) and ppqm (increment of 0.5 bar starting from 0.5 bar).

Finally, Figure 12 presents a heatmap illustrating all potential cavitation scenarios. As
previously explained, these scenarios are explored by maintaining a fixed inlet pressure of p;;, =20
bar while varying both the opening degree of the inlet reed valve (v,,,) and the pumping
chamber pressure (p.nqm)- The graph analysis reveals that larger openings of the inlet reed valve
result in higher average oil flow velocity near the restricted area. This increased velocity leads to

greater pressure drops, which can potentially trigger cavitation.
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Figure 12 Possible cavitation scenarios considering p;, =20 bar and varying v, from 0.1 mm to 0.7
mm (increments of 0.1 mm) and p.pqm (increment of 0.5 bar starting from 0,5 bar).

In conclusion, it is important to note that, to validate our CFD analysis, these simulations
should also be conducted using the simplified 3D domain rather than a mid-plane section of a
slice of this 3D simplified domain in order to better capture the three-dimensional nature of the
fluid flow. The mid-plane section (2D domain) was used solely to assess potential cavitation
scenarios.

The next step of this research work will be to compare the mean flow rate obtained from
experimental tests (over a complete cycle) with the flow rate derived from the mean values of the
3D simplified model, which will be discretized and simulated again using Ansys Fluent. This
comparison will account once again for all possible inlet reed valve openings and different
pumping chamber pressures to evaluate various steady-state scenarios during the intake stage.

Conclusions

This paper continued an investigation into cavitation potential in a piezohydraulic pump
developed at the University of Bath (UK) using the CFD software Ansys Fluent. The simulations
were conducted with a fixed inlet pump pressure of p;,=20 bar. The study varied the openings of
the inlet reed valve (v,p,) from 0.1 mm (minimum value) to 0.7 mm (maximum value) in
increments of 0.1 mm and examined different values of the pumping chamber pressure (p.nam)
during the intake stage. Specifically, for each opening degree of the inlet reed valve, the
simulations started with a very low pumping chamber pressure (0.5 bar) and increased it by 0.5
bar increments until a specific pumping pressure value no longer induced additional cavitation.

The CFD simulation results showed that as the opening of the inlet reed valve increased and
the chamber pressure decreased, both the area of the vapour oil phase and the volume fraction of
vapour oil also increased. This trend led to higher occurrences of cavitation due to the higher
average oil velocity near the restricted area.

Future investigations will aim to validate the CFD model by comparing its main flow
characteristics with experimental data taken from pump testing.
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