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Simulating a high frequency piezo pump with disc reed valves
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Abstract

Piezo pumps provide an attractive alternative for driving small actuators (e.g. less
than 100W) compared to traditional valve controlled cylinders powered by a central
hydraulic supply. This provides the ability to distribute power electrically rather than
hydraulically, which can bring both weight and efficiency savings. Currently the use
of piezo pumps is severely limited by the maximum power and flows that can be
provided. This paper documents the simulation of a new pump which makes use of
disc type reed valves to rectify the flow generate by a single piezostack-driven piston.
The proposed valves have the potential to overcome frequency limitations of more
conventional poppet or ball type check valves. This enables the pump to operate at
higher frequencies and thereby produce larger flows. Simulation results suggest that
a pump capable of producing a no load flow in excess of 1L/min would be possible
using an off-the-shelf piezo stack.
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1 Introduction
The application of an electrical field to a piezoelectric ceramic results in a strain being induced in the material. The
magnitude of this strain depends on the specific piezoceramic strain coefficient and also the strength of the applied
field. In practical applications this is around 0.1 to 0.15% [1]. Piezoelectric stacks consist of multiple layers of
ceramic and electrodes and are commercially available with total lengths up to around 200mm giving strokes of
around 300µm. The face area of the piezoceramic governs the force which it is capable of applying, and stacks
with diameters of over 50mm are commercially available giving maximum forces of up to 70kN. This combination
of high force and low stroke presents challenges in many applications which wish to take advantage of the small
size, high reliability and lack of magnetic influence of piezoceramic actuators.

To overcome the stroke limitations various means of motion accumulation have been proposed. There are a number
of commercially available mechanical accumulation methods including the PI walking drive (up to 125mm stroke
and 0.75W output) [2], Noliac amplified actuators (upto 0.95mm stroke and 0.8W output) [3] and other methods
currently being researched [4]. All these actuators generally have a maximum output power of less that 5W
however meaning they are not competitive with even the smallest traditional hydraulic drives..

The piezoelectric pump concept (commonly contracted to “piezopump”), uses hydraulic motion accumulation
instead of mechanical and has been shown to be capable of delivering larger powers. There are a number of
different designs for piezopumps but all have a similar operating principle. A piezoelectric stack is used to drive a
piston (or diaphragm) and a pair of valves are used to control the flow into and out of the piston chamber. Cycling
the piston an high frequencies the small displacement can still result in appreciable amounts of flow. Figure 1
shows the operating cycle of a piezopump.

The operating cycle is made up of 4 stages. The first of these is the compression stage with the piezostack extending
and compressing the fluid in the pumping chamber. When the pressure in the chamber is equal to that at the pump
outlet the exhaustion stage begins as the outlet valve opens and any further extension of the piezostack is used to
push fluid from the pumping chamber providing flow. Once the stack has reached the end of its stroke and begins
retracting the expansion stage begins. As the stack retracts the pressure in the chamber drops towards the pressure
at the inlet valve. When these pressures are equal the intake stage begins with the inlet valve opening and allowing
fluid flow into the pumping chamber. As shown in Figure 1 there is often an accumulator on the pump inlet to both
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Figure 1: Operating principle of a piezopump

help with volume changes in the closed system (e.g. due to heating) and raise the net pressure of the circuit above
atmospheric pressure in order to avoid cavitation at the inlet.

Small, low flow piezopumps (in the order of mL/s) are commercially available for applications such as medical
dispensing [5] but currently only one commercially available unit with appreciable flow is know to exist [6].

An excellent review of piezopump technology was published by Chaudhuri and Wereley [7] in 2012. They suggest
that most designs have 4 key limitations:

1. Actuator mechanical stiffness - if stiffer actuators were available then it should be possible to reduce the
diameter of the actuators and still achieve the same blocking forces and thus reduce the size of piezopumps.

2. Fluid inertia and compressiblity - as the driving frequency increases the inertia of the fluid becomes more
important as it must be accelerated and decelerated each cycle. Given the small strokes associated with
piezoactuators the compressiblity of the working fluid also significantly limits pump performance as a con-
siderable portion of the actuator stroke can be used compressing the fluid.

3. Bandwidth of driving circuits - performance may be limited by the ability of power electronics to provide
full voltage at high frequencies.

4. Flow rectification using valves - Chaudhuri and Wereley argue that it is necessary to move towards active
valves in order to increase operating frequency and therefore performance.

Since 2012 there have been a number of significant research papers including [8–15] These papers suggest that
instead of a movement to active valves as predicted by [7] researchers are starting to investigate reed valves and
the possibility of using multiple discrete pumping units in order to achieve higher flows. The power electronics
often proved to be a limiting factor suggesting that co-development of the pump and driver is likely to be required
in order to significantly increase power.

This paper focuses on the simulation of a piezopump which features disc type check valves for both its inlet
and outlet, and an off-the-shelf piezostack The expected flow and pressure characteristics from such a device and
frequency behaviour are predicted.

2 Piezopump modelling
2.1 Piezostack modelling

A Kinetic Ceramics D075080 stack is used in this simulation and its main parameters are given in Section 2.1.

The size was limited in order that commonly available amplifiers would be capable of driving the stack for future
experimental work. The existence of hysteresis in piezoactuators is well documented and is simulated using the
Bouc-Wen model [16] due to its tractability and ability to model a wide range of different hysteretic behaviours,
Equation (1) shows this model where α,β and γ are tuneable parameters and x and z are the input and output
respectively.

ż = aẋ−β |ẋ||z|n−1z− γ ẋ|z|n (1)
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Table 1: D075080 stack parameters

Cross-sectional area 0.0003 m2

Length 87mm
Maximum voltage 1000V
Free displacement (xmax) 80µ m
Blocking force (Fblock) 10kN
Capacitance 1.77 µ F
Natural Frequency 18kHz

A 10% effective voltage loss was assumed and the parameters set accordingly. The voltage available to drive the
stack is converted to a force via a simple gain of 10N/V , and the force acting on the stack from the piston (due
to pressure in the pump chamber) is subtracted from this force giving the total force available to extend the stack.
The stack is then treated as a mass spring damper system with stack stiffness calculated as:

Kpiezo =
Fblock

xmax
(2)

The stack is assumed to be critically damped (when fluid and seal damping are taken into account) and have an
effective mass equal to 40% of the stacks actual mass [17]. The piston mass is added to this effective mass

The general form of the piezostack model is shown in Figure 2

Figure 2: Piezoelectric actuator model

2.2 Pump chamber modelling

The displacement of this stack is assumed to be equal to the displacement of the piston. The sizing of the piston
in piezopump is a trade off between flow and pressure performance. In the first instance the piston diameter
will be assumed equal to the stack diameter but an exploration of its effect will be carried out. Multiplying the
displacement of the stack by the area of the piston gives a volume change in the pumping chamber. This is
combined with the volume change due to flow through the inlet (Qin) and outlet (Qout ) valves to give a chamber
volume change (∆Qch) which can be multiplied by the pump stiffness (Kpump) to give a chamber pressure:

∆Vch = x ·Ap−
∫

Qout +
∫

Qin (3)

Pch = Kpump ·∆Vch (4)

The pump stiffness is a combination of the fluid stiffness K f luid , piezostack stiffness Kpiezo and pump body radial
Kra and axial Kax stiffness:
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K f luid =
B

Vch
(5)

Kpiezo =
kpiezo

A2
p

(6)

Kra =
4E · t

πD3
chL

(7)

Kax =
EπDcht

LA2
ch

(8)

Ktotal =
1

1
K f luid

+ 1
Kpiezo

+ 1
Kra

+ 1
Kax

(9)

where B is the bulk modulus of the working fluid and assumed to be 1.2GPa, Vch is the initial volume of the
pumping chamber which is another design trade-off that must be considered. Small chambers result in stiffer
pumps (and therefore better performance) but they can also cause manufacturing or assembly difficulties and in the
case of extremely small chambers severe flow restrictions from to the inlet and outlet valves. A chamber height of
5mm is chosen to balance these competing requirements. E is the Youngs modulus of the chamber wall material
(assumed to be 207GPa for mild steel), t is the wall thickness (assumed to be 15mm)

2.3 Check Valve Modelling

The pressure in the pumping chamber dictates the opening on the passive disc reed valves whose flow rates are
referenced in Equation (3). Currently it is assumed that the inlet and outlet check valves are identical and they are
modelled to include the effects of valve and fluid inertia, valve bounce and context dependent opening times. The
models are based on previous work conducted at Bath [18] for poppet type valves. Although disc reed valves will
be used, experimentally derived coefficients are currently required in detailed reed valve models [19] making the
models unsuitable for early investigations. It is proposed that a single-degree of freedom model with lumped mass
and stiffness parameters is adequate, so that the disc reed valve can be treated in the same way as a poppet valve.
3 shows the diagram of the passive poppet type valve model.

Figure 3: Check valve model [18]

The valve has a mass (mvalve) and is closed by a spring with linear stiffness (kspring) and there is an associated
damping (c f ree):

c f ree = 2ζ
√

kspringmvalve (10)

When the valve reaches the end stop it is subject to a high stiffness (kstop) and damping (cstop) also changes as
would be expected from Equation (10). The net force accelerating the the valve mass (Fvalve) is a combination of
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the spring and damper forces and the pressure difference across the valve face area.The net force can take one of
three forms dependent upon the poppets position:

Case 1 : valve f ully open(x≥ xstop)

Fvalve = AvalveC f ∆P− cstopẋ− kstop(x− xstop)− kspringx−Fpre (11)

Case 2 : valve partially open(0 < x < xstop)

Fvalve = AvalveC f ∆P− c f reeẋ− kspringx−Fpre (12)

Case 3 : valve f ully closed (x≤ 0)
Fvalve = AvalveC f ∆P− cstopẋ− kstopx− kspringx−Fpre (13)

where Avalve is the valve face area, C f is the valve force coefficient and is a function of valve design and is fixed at
0.4 and Fpre is the preload force on the valve. Using this force the position of the check valve can be found from
integrating:

ẍ =
Fvalve

mvalve +m f luid
(14)

where m f luid is the “added mass” due to the fluid displaced as the valve moves. The flow through the valve is:

Q = Qo +Avalve · ẋ (15)
(16)

where Qo is the flow rate through the valve orifice, Avalve is the valve face area and ẋ is the velocity of the valve. A
value for Qo can be found by integration from the pressure change due to fluid inertia:

∆Pv =
ρ
2
· ( Qo

CdπAv
)2 +

ρl
a

dQo

dt
(17)

where ∆Pv is the pressure difference across the valve and so for the inlet valve is the pressure in the piston chamber
minus the pressure at pump inlet, ρ is the fluid density (taken to be 850kg/m3), Cd is the valve discharge coefficient
which is a function of valve design and assumed to be 0.72, l is the characteristic length of the fluid, and assumed
to be the thickness of the valve and a is the valve opening area. An opening area lower limit of 1mm2 is set to
model leakage and aid mathematical stability.

2.4 Reed Valve modifications

The actual form of the valve is shown in Figure 4.

Figure 4: Disc type reed valve cross section

The valve opening area above with be calculated as:

a = π ·dori f ice · xvalve (18)

where xvalve is defined as the displacement of the disc at the outer edge of the annulus. The discs mass is a function
of its diameter:

mvalve =
1
3

Avalve(ρvalve · tvalve +ρ f luid · xvalve) (19)
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It is assumed that the deformation of the disc results in a triangular cross section and so the effective mass of the
valve is a third of the valves mass plus the mass of fluid displaced by the valves motion. The stiffness of the disc
can also be related to the dimensions of the valve by using Timoshenko’s bending equation for a ring [20]. In order
to apply this equation simplifications are made. Firstly it is assumed that all the opening force is located at the
centre of the annulus. This is reasonable when the valve is closed. Secondly it is assumed that the centre of the
ring is clamped. The tip displacement can then be calculated from:

xvalve = k1
Pd2

ori f ice

2 ·Et3
valve

(20)

where k1 is a coefficient dependent on the boundary conditions and ratio of valve diameter to hole diameter, E is
the Young’s modulus (assumed to be 207GPa). Using this displacement and the load force a stiffness can be found.

3 Sensitivity of pump performance to valve parameters
In order to investigate the effects of valve geometry it was initially assumed that an outer diameter equal to the
piston diameter (19.5mm) and inner diameter of 6mm to allow for fastening of the valve to a seat and a thickness of
100µm. It was assumed that the disc valves would be manufactured by chemical etching and as such they diameter
of the disc could be easily adjusted but the thickness would be limited to standard sheet thicknesses.

Figure 5 shows the power delivered by the pump with different valve thicknesses. In order to measure this a small
volume is connected to the pump’s outlet and and the pressure and flow through a 5×10−5m2 orifice connecting
this volume back to the pump inlet is then calculated. The piezostack is excited by a 1kV sine wave at 1kHz.

Figure 5: Effect of valve thickness on flow

A peak of 21W was found at 0.16mm with performance being reasonably consistent between 0.14mm and 0.22mm.
As mentioned previously the valve thickness changes both stiffness and mass of the valve meaning the optimal flow
conditions will be influenced by the operating frequency also. Operating the pump at 1kHz as this is sufficiently
below the undamped natural frequency of the valve whilst also being in advance of frequencies attainable using
traditional poppet style check valves. Looking at the effect of the valve outer diameter, Figure 6.

suggests that for a specific operating frequency there should exist an optimum set of valve dimensions and so a
constrained optimisation was conducted on the valve thickness, inner and out diameters. This was carried out using
the Matlab f mincon functions implementation of the interior-point algorithm [21]. The outer diameter was limited
to 19mm in order to ensure the chamber volume was not increased and the ratio of inner diameter to outer diameter
constrained to remain inside the range found in [20]. The minimum valve thickness was 0.1mm to ensure it could
be etched from a standard sheet of metal which from Figure 5 is expected to be in the optimum range. Figure 7
shows the iteration history of this optimisation procedure where the aim is it maximise the mean pump power over
its complete operating range from free flow to dead-headed.

The optimisation gave valve parameters of:

dvalve = 12.3mm

hvalve = 4.1mm

tvalve = 100µm
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Figure 6: Effect of valve outer diameter on output power (100µm thickness)

Figure 7: Optimisation of disc valve parameters
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4 Performance of pump with optimised parameters
The simulated performance of the pump with these valve parameters at a range of driving frequencies and outlet
pressures is shown in Figure 8.

Figure 8: Simulated pressure flow behaviour of pump

As expected, the flow reduces with increasing pressure, due to reduction in stack displacement with increased force,
and the need to overcome higher compressibility flow and the increase in performance as frequency increases drops
off as the frequency itself increases. However, there is still some improvement in performance all the way up to
1500Hz suggesting that the valve bandwidth exceeds this.

5 Conclusions
The use of disc reed check valves offers a promising avenue to extend the operating frequency of piezo pumps,
allowing them to be considered for higher power applications than previously possible. As a simple model for this
style of valve does not exist, one is proposed based on previous work on poppet check valves and Timoshenko
ring bending. The results of pump simulations using this model are promising, however, the model hasn’t been
validated and simplifies the bending of the valve into a simple tip deflection with no allowance for the deformed
shape and so the exact numbers should be regarded with caution. However, it is clear that valve parameters
such as disc diameter and thickness have a significant effect on pump performance. The flexibility and ease of
prototyping given by chemical etching enables optimal disc valves to be manufactured for a particular size of
pump. Preliminary experimental results confirm that this type of valve enables piezo pump operation at 1kHz or
above; these results will be presented in a future publication.
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