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Abstract 

 

The ability to conduct dynamic calibrations of pressure sensors at different average pressures is 

very important because the dynamic properties of pressure sensors also depend on the value of 

the average pressure during the pressure pulsations. The main limitation of periodic dynamic 

pressure generators is the difficulty in achieving sinusoidal pulsations at higher amplitudes and 

frequencies in a gaseous medium due to the nonlinearities that result from the physical gas 

dynamics. This paper presents a newly developed dynamic pressure generator based on a double-

acting pneumatic actuator in which the piston is driven by an electrodynamic shaker. In order to 

minimize the static preload of the shaker, which is due to the pressure acting on the piston, and 

therefore to enable the generation of larger pressure pulsations at different average pressures 

with the same excitation force, the cylinder chambers above and below the piston are pressurized 

with the same initial static gas pressure. As the dynamic characteristics of the dynamic pressure 

generator are also defined by the properties of the piston and both the cylinder chambers, the 

actuator dimensions were optimized with the help of mathematical modeling. In order to 

demonstrate the capabilities and limitations of the developed dynamic pressure generator, both 

mathematical and experimental analyses were performed.  
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1 Introduction 

 

Dynamic pressure is an important physical quantity in many industrial and scientific applications 

[1,2]. In the automotive industry, for example, the main targets when developing combustion 

engines are to improve the fuel economy and to reduce the emissions. In order to understand the 

processes leading to that, it is necessary to measure the dynamic pressure in the combustion 

chambers and the exhaust systems. Measurements of dynamic pressure are also vital in the steam 

and gas turbines found in power plants and the jet engines used in aviation in order to find the 

sources of losses and to determine the efficiencies of turbomachines. To meet the different 

legislative acoustic criteria, measurements of low-amplitude pressure pulsations are required in 

order to determine the interior noise in buildings and vehicles, the exterior noise coming from 

vehicles and the noise caused by household machinery. In medicine, the cardiac output is derived 

from the measurements of the arterial pressure waveforms, which provide an important tool for 

diagnosis, treatment, and prognosis, both for critically ill patients and also for those recovering 

from surgical procedures.  

 

The increasing use of the pressure sensors to monitor rapidly varying physical quantities in 

different industrial and scientific applications requires the use of sensors with suitable dynamic 

characteristics. However, the lack of traceability for dynamic pressure measurements, except for 

sound pressure, results in less-than-optimal measurements. In order to develop dynamic pressure 

calibration methods, which would serve as primary calibration methods, appropriate dynamic 

pressure generators that can generate a known dynamic pressure, traceable to the SI, are 

required. However, as amplitude and frequency pressure calibration requirements vary widely 

(e.g., from relatively small amplitudes of a few Pa at a frequency of a few Hz added to high static 

bias pressure for turbomachinery applications, to a few hundreds of MPa at frequencies up to 

some tens of kHz for studies in automotive applications), it is obvious that it is impossible to use 

one method to achieve traceable dynamic calibrations with the required levels of uncertainty for 

all calibration requirements. Therefore, a variety of operating principles and configurations for 

dynamic pressure generators have been developed. In general, dynamic pressure generators are 

divided into two classes: aperiodic and periodic [3]. The former are used for calibration methods 

in the time domain and the latter for calibration methods in the frequency domain. Aperiodic 



dynamic pressure generators create pressure steps or single pressure pulses resembling a half-

sine wave [4,5]. The range of use of aperiodic pressure generators is relatively wide as they are 

able to generate high amplitudes and cover practically all the areas of industrial use for pressure 

sensors. One of the aperiodic pressure generators available for traceability at high-frequency 

dynamic pressures is the shock tube, in which the generated pressure step can be calculated from 

the gas dynamics. The main limitations of such dynamic pressure generators are the relatively 

large uncertainties associated with determining the velocity of the shock front [6]. The frequency 

response of the pressure sensors, on the other hand, can be obtained directly using periodic 

pressure generators. The pressure generated by a periodic dynamic pressure generator is a 

periodic function, such as a harmonic wave, a square wave or any other periodic function [7,8]. 

An example of a periodic pressure generator that is capable of providing SI traceable dynamic 

calibrations is the piston-in-cylinder generator [9]. The main limitation of such dynamic pressure 

generators is the difficulty in achieving sinusoidal pulsations at higher amplitudes and 

frequencies in a gaseous medium due to the nonlinearities that result from the physical gas 

dynamics [10]. 

 

In many industrial and scientific applications the ability to measure small amplitudes of pressure 

pulsations at different static pressures is very important, e.g. in the turbomachinery applications, 

in the measurements of the fluid flow with differential pressure flow meters, etc. Therefore in 

dynamic calibrations of pressure meters their dynamic response at different average pressures 

and under constant-amplitude pulsating pressure conditions needs to be evaluated over a wide 

frequency range. The purpose of this paper is to present a newly developed periodic piston-in-

cylinder generator for the dynamic calibration of pressure sensors at different average pressures. 

The developed dynamic pressure generator consists of a double-acting pneumatic cylinder in 

which a stable and adjustable high-frequency movement of the piston is generated by an 

electrodynamic shaker. In order to minimize the static preload of the shaker due to the pressure 

acting on the piston, the cylinder chambers above and below the piston are pressurized with the 

same initial static pressure. Some findings on the developed dynamic pressure generator were 

previously presented by the authors of this paper in [11]. The present work presents the details of 

the mechanical implementation of the pressure generator, which was developed with the help of 

mathematical modeling. The mathematical modeling using the lumped physical-mathematical 



model and the realization of the developed dynamic pressure generator are presented in Section 

2. Section 3 presents the experimental setup for the experimental validation of the suitability of 

the pressure generator for the dynamic calibration of pressure sensors at different average 

pressures. In Section 4 the results of the theoretical and experimental analyses are discussed and 

compared. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 Modeling and design 

 

The developed dynamic pressure generator consists of a double-acting pneumatic cylinder in 

which the piston is driven by an electrodynamic shaker to generate the pressure pulsations with 

defined characteristics. In order to minimize the static preload of the shaker due to the pressure 

acting on the piston and therefore to enable the generation of pressure pulsations at different 

average pressures, the cylinder chambers above and below the piston are pressurized with the 

same initial static pressure of the gas. In the development of the dynamic pressure generator its 

dimensions were optimized with the help of mathematical modeling in order to ensure a high 

natural frequency of the generator and thus enable the generation of pressure pulsations over a 

wide frequency range. The main properties of the mathematical model are presented in the next 

subsection, but see, for instance, [12–15] for details of the derivation of similar lumped-element 

models. 

 

2.1. Mathematical model  

 

Fig. 1 shows a schematic representation of the model of the dynamic pressure generator. The 

piston-rod assembly is modeled as a solid body with one degree of freedom that is defined by its 

position x(t) in an upward direction along the cylinder. Therefore, the equation of motion for the 

piston-rod assembly can be written as: 
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where m is the mass of the piston-rod assembly, c and k are the damping coefficient and the 

spring constant of the piston-rod assembly, respectively, which consider the effects of the piston 

seal and the shaker suspension stiffness, pu(t) and pl(t) are the absolute gas pressures in the upper 

and lower chambers of the pneumatic cylinder, respectively, 2 2π( ) 4c c rodA D D   is the piston 

effective area and F(t) is the external shaker force applied to the piston-rod assembly.  



 

 

Fig. 1. Model of the dynamic pressure generator based on a double-acting pneumatic actuator.  

 

 

The mathematical model for the gas in each cylinder chamber consists of the state equation and 

the energy equation. We consider ideal gas and the pressures and temperatures of the gas in the 

upper and lower cylinder chambers to be spatially homogeneous, which holds true for the 

wavelengths of the pressure pulsations  = a/f, where a is the speed of sound (about 343 m/s for 

dry air at 20 °C) and f is the pulsation frequency, which are large compared with the linear 

dimensions of the cylinder chambers (the wavelengths of the pressure pulsations investigated in 

this paper are from  = 69 m at pulsation frequency of 5 Hz to  = 0.69 m at pulsation frequency 

of 500 Hz). Therefore, the equation of state for the gas in each cylinder chamber can be written 

as: 

 

,( ) ( ) ( ),i i g i ip t V t m RT t  (2) 

 



where the subscript i = u or l (u denotes the upper and l the lower cylinder chambers), Vi is the 

volume of the gas, mg,i is the mass of the gas, R is the molar gas constant and Ti(t) is the spatially 

averaged temperature of the gas.  

 

The energy equation for each cylinder chamber results in a balance of the rate of change of the 

internal energy, the rate of work done on the piston and the rate of heat exchange with the 

surroundings: 
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where cv is the specific heat at constant volume. The heat exchange with the surroundings can be 

modeled as the convective heat transfer between the gas in each cylinder chamber with the 

spatially averaged temperature Ti(t) and the cylinder wall with the temperature Tw. Therefore, the 

rate of heat exchange with the surroundings can be written as: 
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where the convective heat transfer coefficient αw is assumed to be a constant value and Aw,i(t) is 

the surface area of each cylinder chamber through which the heat is transferred to the 

surroundings. 

 

By considering Eqs. (2)–(4) and the relations γ = cp/cv and cp = cv + R, where γ is the adiabatic 

index and cp is the specific heat at constant pressure, we can write: 

 

    ,

d ( ) d ( )1
γ ( ) γ 1 α ( )

d ( ) d

i i
i w w i i w

i

p t V t
p t A t T t T

t V t t

 
     

 
  (5) 

 

and 

 



      ,

d ( ) ( ) d ( )
γ 1 ( ) γ 1 α ( ) .

d ( ) ( ) d

i i i
i w w i i w

i i

T t T t V t
p t A t T t T

t p t V t t

 
      

 
  (6) 

 

By considering that the volumes of the gas in each cylinder chamber are Vu(t) = Ac(Lu – x(t)) and 

Vl(t) = Ac(Ll + x(t)), respectively, where Li is the initial height of the chamber, and that the 

surface areas of the upper and lower chambers through which the heat is transferred to the 

surroundings are Aw,u(t) = Ac + πDc(Lu – x(t)) and Aw,l(t) = Ac + πDc(Ll + x(t)), respectively, a 

physical-mathematical dynamic model can be derived with the help of  Eqs. (1), (5) and (6) as a 

system of six, first-order, nonlinear differential equations for the piston position x(t), the piston 

velocity v(t), the gas pressures pu(t) and pl(t), and the gas temperatures Tu(t) and Tl(t) as a 

function of time t:  
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The system of differential equations is solved with the fourth-order, Runge-Kutta, fixed-step 

method. In the simulations within this paper we considered the initial conditions 

pu(0) = pl(0) = p0, Tu(0) = Tl(0) = Tw, x(0) = 0 (the starting position of the piston is in the middle 

of the cylinder) and v(0) = v0, where the value of v0 is selected such that the periodic steady-state 

response is quickly achieved.  

 

 

 



2.2. Optimization of the dimensions of the dynamic pressure generator  

 

Simulations of the effects of the inner diameter and the initial height of the cylinder chambers on 

the natural frequency of the dynamic pressure generator were performed for the dimensions of 

the piston rod, the mass of the piston-rod assembly m, the effective spring constant k, the 

effective damping coefficient c and the convective heat transfer coefficient αw, which refer to the 

actual configuration of the finally developed dynamic pressure generator, described in the next 

subsection, see Table 1. 

 

 

Table 1  

Modeling input data. 

 

Parameter Description Value 

Drod 

m 

k 

c 

αw  

Tw 

γ 

g 

Diameter of the piston rod  

Mass of the piston-rod assembly  

Effective piston-rod spring constant 

Effective piston-rod damping coefficient 

Convective heat transfer coefficient 

Cylinder wall temperature 

Adiabatic index 

Acceleration of gravity 

0.012 m 

0.839 kg 

650  10
3 

N/m 

550 Ns/m 

500 W/m
2
K 

293 K 

1.4 

9.81 m/s
2
 

Dc 

Li 

Inner diameter of the cylinder chambers 

Initial height of the cylinder chambers 

(20, 40, 60, 80) mm 

(10 … 50) mm 

 

 

 

 



Fig. 2 shows the dependence of the natural frequency of the dynamic pressure generator on the 

inner diameter and the initial height of the cylinder chambers obtained with the mathematical 

simulations for the average absolute pressure p0 = 200 kPa. The natural frequencies of the 

dynamic pressure generator were determined using a digital Fourier transform of the pressure 

signal in the upper cylinder chamber of the dynamic pressure generator as the frequency at which 

the largest pressure pulsations are generated for a constant amplitude of the sinusoidal excitation 

force. The theoretical results show that the natural frequency of the dynamic pressure generator 

increases when increasing the inner diameter and decreasing the initial height of the cylinder 

chamber. Therefore, we tried to develop the pneumatic chambers of the generator with a large 

inner diameter and the minimum height, where certain structural limitations relating to the 

manufacturing of the pneumatic cylinder had to be taken into account. If the diameter of the 

piston is increased too much, additional guide rings have to be installed on the piston in order to 

prevent it from tilting. The installation of these guide rings on the piston would require an 

increase in the height of the piston, which results in a larger mass for the piston-rod assembly 

and, consequently, in a lower natural frequency of the dynamic pressure generator. Decreasing 

the height of the chamber, on the other hand, is limited by the sum of the maximum piston 

displacements that can be generated by the shaker (see Section 3) and the inner diameter of the 

supply pressure bore (see Fig. 3(a)). The decrease in the height of the chamber below this value 

would result in the position of the supply pressure bore being closer to the piston. This could 

cause damage to the piston seal due to its high-frequency movement across the supply pressure 

bore and, consequently, the leakage of the gas between both cylinder chambers. Therefore, the 

selected piston diameter is 80 mm and the selected initial height of each cylinder chamber is 

10.75 mm. Fig. 2 shows that the natural frequency of the modeled dynamic pressure generator 

for the finally selected dimensions at an average absolute pressure p0 = 200 kPa is 148 Hz.        

 

 

 



 

 

Fig. 2. Dependence of the natural frequency of the dynamic pressure generator on the 

dimensions of the cylinder chambers at p0 = 200 kPa. 

 

 

2.3. Mechanical implementation of the dynamic pressure generator 

 

The developed double-acting pneumatic actuator is shown in Fig. 3. The pneumatic cylinder is 

made of anodized aluminium in order to increase its resistance to corrosion and wear. The 

working absolute pressure range of the developed pneumatic cylinder is from 100 kPa to 1 MPa. 

In order to enable the pressurization of both cylinder chambers with the same initial static 

pressure, supply pressure ports with customized valves were made in the upper and lower 

chambers of the pneumatic cylinder, see Fig. 3(a). The design and dimensions of the valve with 

two circumferential lip seals were adapted to enable sealing as close as possible to the inner 

chamber wall of the cylinder in order to prevent the formation of unwanted additional volumes, 

which would affect the dynamic characteristics of the dynamic pressure generator. The 

implementation of the through piston rod provides the same piston effective areas on both sides 

of the piston, which creates a force balance across the piston at the initial pressurization of both 

cylinder chambers with the same static pressure and therefore eliminates the static preload of the 



shaker due to the pressure acting on the piston. As a result, the electromagnetic shaker enables 

the generation of larger pressure pulsations with the same excitation force. The through piston 

rod also provides two widely spaced piston-rod bearings, which provides better stability of the 

piston movement against side loads. The selected type of piston seal is an S-seal made of 

polyurethane, which provides sealing against the pressure on either side of the piston, even for 

low pressure differences across the piston. The piston seal was developed for use in high-

frequency applications and therefore has a high temperature and wear resistance and a low 

frictional resistance to high-frequency movement. In order to enable the quick installation and 

replacement of the piston seal, a detachable cover was introduced on the bottom part of the 

pneumatic cylinder. In the upper chamber of the pneumatic cylinder three measuring ports for 

connecting the reference pressure sensor and the sensors under test were made. In order to allow 

the connection of pressure meters with different sizes, the measuring ports with threads were 

located at the largest possible distances from each other, see Fig 3(b). For the case when less 

than three pressure meters are connected to the pneumatic cylinder, customized plugs with the 

same dimensions as the measuring ports were made. The insertion of these plugs prevents the 

formation of unwanted additional volumes that would affect the dynamic characteristics of the 

dynamic pressure generator. In the outer side surface of the pneumatic cylinder a longitudinal T-

slot was made for the insertion of the Hall-effect position sensor, which senses the position of the 

magnetic piston ring. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Fig. 3. Schematic view of the developed double-acting pneumatic actuator: (a) cross-sectional 

view; (b) plan view.  



3 Experimental setup 

 

In order to experimentally validate the suitability of the newly developed dynamic pressure 

generator based on a double-acting pneumatic actuator for the dynamic calibration of pressure 

sensors, the experimental setup was built. A schematic of the experimental setup is shown in 

Fig. 4.  

 

 

 

 

Fig. 4. Schematic view of the experimental setup.  

 

 



A forced-air-cooled electrodynamic shaker (LDS, V406), which is rigidly attached to the welded 

steel support frame, drives a piston to create sinusoidal pressure pulsations in the pneumatic 

cylinder mounted to the lateral support plate. The amplitudes and frequencies of the pressure 

pulsations can be generated within the limits imposed by the maximum in the permanent-magnet 

shaker sine peak force of 196 N, a shaker frequency range of 5 Hz to 9 kHz and the shaker 

maximum peak-to-peak displacement of 17.6 mm. The operation of the shaker was monitored 

with the aid of a signal from an IEPE accelerometer (Dytran, 3097A2T, sensitivity 9.975 mVm
–

1
s

2
, measuring range –500 to +500 ms

–2
 peak, accuracy 5% in the frequency range 0.3 Hz to 

10 kHz), which senses the motion of the piston-rod assembly. The electrodynamic shaker is 

connected to the piston rod of the double-acting pneumatic actuator with a connecting piece, 

which enables the settings of the initial position of the piston inside the pneumatic cylinder. The 

initial position of the piston is measured with a Hall-effect position sensor (Festo, SMAT-8M, 

sensitivity 0.32 Vmm
–1

, measuring range 21.5 mm, accuracy ±0.06 mm) inserted into the T-slot 

of the pneumatic cylinder.  

 

The cylinder chambers above and below the piston are pressurized with the same initial static 

pressure using the gauge pressure controller (Druck, DPI 510, measuring range –100 to 

1600 kPa, accuracy 0.1% of reading). The generated pressure pulsations in the upper chamber of 

the pneumatic cylinder are measured with a piezoelectric pressure transducer (Kistler, 7261, 

sensitivity 2193 pCbar
–1

, cal. measuring range –1 to +1 bar, linearity ≤0.3% of full scale output, 

internal volume 1.5 cm
3
, natural frequency 13 kHz). The piezoelectric pressure transducer is 

connected to the cylinder port with a short both-side-threaded screw in order to eliminate the 

effects of the connecting tubes on the magnitude of the dynamic errors (see e.g., [16]). Due to the 

fact that the piezoelectric measurement system does not measure the static pressure component, 

an additional gauge pressure meter (Endress+Hauser, PMD75, set measuring range –1 to +1 

MPa, accuracy 0.15% of set measuring range, cut-off frequency of the low-pass filter 0.16 Hz (–

3 dB)) is used to measure the average gauge pressure in the upper cylinder chamber during the 

generated pressure pulsations. In order to determine the average absolute pressure in the 

pneumatic cylinder, the barometric pressure is measured with a pressure transducer (ALMEMO, 

FD-A612-MA, measuring range 80 to 105 kPa abs, accuracy 300 Pa). 

 



The signals from the accelerometer and the piezoelectric pressure transducer are amplified using 

an amplifier (Dewetron, DAQ-Charge, gain 1 to 1000, full scale output –5 to +5 V, accuracy 1% 

of full scale output, frequency range 0.3 Hz to 50 kHz (–3dB)) and a charge amplifier 

(Dewetron, DAQ-Charge, sensitivity 0.01 to 0.05 V/pC, full scale output –5 to +5 V, accuracy 

1% of full scale output, frequency range 0.07 Hz to 30 kHz (–3 dB)), respectively. The pressure, 

acceleration and position signals are connected to the data-acquisition (DAQ) board (National 

Instruments, NI USB-6251 BNC, resolution 16 bit, set sampling rate 100 kHz). The DAQ board 

also employs an analogue output to control the operation of the shaker. The output signal is 

amplified by a power amplifier (LDS, PA500L-CE, rated sinusoidal power output 500 W, 

frequency range at rated power 20 Hz to 14 kHz, maximum output voltage 40 V RMS) and then 

supplied to the shaker. The control system algorithms and the signal processing for all the 

measurement signals are realized in the LabVIEW programming environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 Results 

 

The mathematical and experimental analyses of the dynamic pressure generator were performed 

for different average pressures in the frequency range of the generated pressure pulsations from 

5 Hz to 500 Hz. The mathematical simulations were performed by considering the sinusoidal 

external shaker force, where the amplitude of the force was set to a value that resulted in a 

generated relative pressure pulsation of approximately 1% at a frequency of 5 Hz. The 

experimental study, on the other hand, was carried out at a constant amplitude of the sinusoidal 

DAQ output voltage, where the value of the voltage amplitude was set to a value that resulted in 

a generated relative pressure pulsation of approximately 1% at the frequency of 5 Hz (whereas 

the excitation force of the electrodynamic shaker is proportional to its electric current [17]).  

 

The developed dynamic pressure generator based on a double-acting pneumatic actuator enables 

the generation of a pulsating pressure at different average pressures. Fig. 5 presents the measured 

average absolute pressures in the upper chamber of the pneumatic cylinder during the generated 

pressure pulsations for the initial absolute pressures p0 = 300 kPa and p0 = 500 kPa. The results 

show that the changes in the average pressure inside the dynamic pressure generator, which 

could occur due to the leakage of the gas between both the cylinder chambers or due to 

temperature effects, during the performed pressure pulsation tests are up to 0.5% of the initial 

static pressure value. If we assume that these changes are entirely result of the temperature 

changes of the gas contained in the cylinder, the changes in the average temperature of the air are 

up to 0.5% of the temperature at the lowest pulsation frequency (the changes in the average 

temperature of the air are up to approximately 1.5 °C). The changes in the average temperature 

of the cylinder wall due to the generated heat during the tests are expected to be much smaller in 

comparison with the temperature changes of the air as the heat capacity of the cylinder made of 

anodized aluminium is much higher than the heat capacity of the air contained in the cylinder. 

 

 



 

 

Fig. 5. Measured average absolute pressures in the upper cylinder chamber during the generated 

pressure pulsations at: (a) p0 = 300 kPa; (b) p0 = 500 kPa.  

 

 

Fig. 6 presents the time variations of the absolute pressure measured in the dynamic pressure 

generator for pulsation frequencies of 5 Hz, 10 Hz and 100 Hz at average pressures p0 = 300 kPa 

and p0 = 500 kPa. The pressure signals were constructed by adding the dynamic pressure 

component measured with the piezoelectric transducer to the average absolute pressure measured 

in the upper chamber of the cylinder during the generated pressure pulsations. From the 

presented pressure signals it is evident that the relative amplitude of pressure pulsations at the 



frequency of 5 Hz is approximately 1% due to the control of the generated pressure amplitude at 

this frequency, while at higher frequencies the amplitude of the generated pressure pulsations 

depends on the dynamic characteristic of the dynamic pressure generator.  

 

 

 

 

Fig. 6. Measured time variation of the pulsating absolute pressure in the upper cylinder chamber 

at: (a) p0 = 300 kPa; (b) p0 = 500 kPa.  

 

 

 



The results in Fig. 7 show the amplitude-frequency characteristics of the dynamic pressure 

generator at an average absolute pressure p0 = 500 kPa, which were obtained with the 

mathematical modeling and the measurements. The measurements of the amplitude-frequency 

characteristics were carried out with and without the connected gauge pressure meter. The 

amplitude of the pressure pulsations was determined using a digital Fourier transform as the 

component of the pressure signal at the frequency of the generated pressure pulsations. The 

theoretical results show that the natural frequency of the developed dynamic pressure generator 

is at about 185 Hz. On the other hand, the measured amplitude-frequency characteristic, which 

was obtained with the connected gauge pressure meter, resulted in a slightly lower natural 

frequency of the dynamic pressure generator and exhibited an additional resonance at the 

frequency of 255 Hz. The experimental results obtained without the connected gauge pressure 

meter confirm that the lower natural frequency of the dynamic pressure generator and the 

additional resonance at the frequency of 255 Hz result from the effect of the gas dynamics 

related to the internal volume of the gauge pressure meter and the connecting tubing, which 

present an additional volume of approximately 20% of the upper cylinder chamber volume and 

therefore strongly affect the amplitude-frequency characteristic of the dynamic pressure 

generator.  

 

 

 

 



 

 

Fig. 7. Amplitude-frequency characteristics of the dynamic pressure generator at p0 = 500 kPa.  

 

 

Fig. 7 shows that at the pulsation frequencies below 100 Hz and around the pulsation frequency 

of 310 Hz some deviations from the typical trend of the amplitude-frequency characteristics 

appear. The experimental study of these effects showed that the deviations below the frequency 

of 100 Hz result from non-constant excitation force of the electrodynamic shaker. Fig. 8 shows 

the RMS values of the amplifier output electric current observed from its digital display (bear in 

mind that these values can only be considered as informative due to the low display resolution of 

1 A). It is evident that the RMS value of the shaker excitation electric current increases at 

frequencies below 100 Hz, which causes the increase in excitation force of the electrodynamic 

shaker and consequently the increase in the amplitudes of the generated pressure pulsations. The 

experimental study also showed that the deviations from the typical trend around the pulsation 

frequency of 310 Hz result from vibrations of the lateral support plate to which the pneumatic 

cylinder is mounted. The measurements of the accelerations of the support plate showed that the 

largest accelerations occur at the frequency of 310 Hz due to its resonance. 



 

 

Fig. 8. RMS values of the shaker excitation electric current at p0 = 500 kPa.  

 

 

The developed dynamic pressure generator based on a double-acting pneumatic actuator enables 

the pressurization of both cylinder chambers above and below the piston with the same initial 

static pressure of the gas, which affects the natural frequency of the dynamic pressure generator. 

To clarify this phenomenon, we assume small pressure and volume changes, and neglect the heat 

transfer in Eq. (5). After taking these assumptions into account, the linear relation between the 

dynamic component of the pressure ( )p t  and the piston displacement ( )x t  can be written as 

[18]: 

  

0

0

γ
( ) ( ),c

i

A p
p t x t

V
    (8) 

 

where p0 is the average absolute pressure and V0 is the average volume of the gas in each 

cylinder chamber. For small displacements the gas contained in the cylinder chambers can be 

modeled as a one-dimensional spring. When the piston is moved, due to the pressure change the 

internal gas acts on the piston as an added stiffness force: 



    
2

0
Δ

0

2γ
( ) ( ) ( ),c

p u l c g

A p
F t p t p t A x t k x t

V
       (9) 

 

where kg is the gas stiffness. The natural frequency of the piston-cylinder system can therefore be 

written as [19]: 
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From Eq. (10) it is clear that due to the higher gas stiffness at higher average pressures the 

natural frequency of the dynamic pressure generator increases by increasing the average pressure 

in the pneumatic cylinder chambers.   

 

Fig. 9 shows the mathematically and experimentally obtained natural frequencies of the 

developed dynamic pressure generator for different average absolute pressures. The theoretical 

results, which were obtained with the help of mathematical modeling presented in Section 2, 

show that the natural frequency of the dynamic pressure generator increases approximately 

linearly from 135 Hz to 193 Hz when increasing the average absolute pressure in the cylinder 

chambers from 100 kPa to 600 kPa. At higher average absolute pressures the measurement 

results show a similar trend, while at lower absolute pressures the measured natural frequencies 

are much higher than those obtained theoretically. The results indicate that the stiffness of the 

piston seal used in the developed dynamic pressure generator increases at lower pressures and 

therefore increases the natural frequency of the dynamic pressure generator, despite the lower 

stiffness of the gas in the pneumatic cylinder.    

 



 

 

Fig. 9. Natural frequencies of the developed dynamic pressure generator for different average 

absolute pressures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 Conclusions 

 

The newly developed dynamic pressure generator based on a double-acting pneumatic actuator, 

which is realized with two equally pressurized gas chambers, enables the generation of 

sinusoidal pressure pulsations at different average pressures. The theoretical and experimental 

results presented in this paper show that the developed dynamic pressure generator can be used 

in the frequency range of hundreds of Hz and at average absolute pressures of a few 100 kPa. 

The results presented in this paper show that the dynamic characteristics of the developed 

dynamic pressure generator are defined by the properties of the piston, both the cylinder 

chambers, the connection of the pressure meter to the dynamic pressure generator, and also the 

interaction between the piston and the cylinder. In the development of the dynamic pressure 

generator its dimensions were optimized with the help of mathematical modeling in order to 

ensure higher natural frequencies of the generator and thus enable the generation of pressure 

pulsations over a wider frequency range. The theoretical results show that the natural frequency 

of the dynamic pressure generator increases when increasing the inner diameter and decreasing 

the initial height of the cylinder chambers. The experimental analyses showed that the changes in 

the average pressure inside the developed dynamic pressure generator during its operation up to 

500 Hz are within ±0.5% of the initial static pressure value. These changes of the uncontrolled 

average pressure inside the dynamic pressure generator during the generated pressure pulsations 

could occur due to the leakage of the gas between both the cylinder chambers or due to 

temperature effects. The connection of the gauge pressure meter used in the experiments showed 

relatively large effects for the gas dynamics related to its internal volume and the connecting 

tubing. In order to generate a known dynamic pressure, the dynamic pressure generator should be 

therefore designed with the smallest possible additional volumes. The theoretical results show 

that the natural frequency of the dynamic pressure generator increases when increasing the 

average pressure in the pneumatic cylinder due to the higher stiffness of the gas. At higher 

average pressures the measurement results show a similar trend, while at lower average pressures 

the measured natural frequencies are much higher than those obtained theoretically. The 

increased natural frequencies of the dynamic pressure generator at lower pressures are believed 

to be the result of the increased stiffness of the piston seal used in the developed dynamic 

pressure generator. 



The newly developed dynamic pressure generator based on a double-acting pneumatic actuator 

has some advantages over conventional dynamic pressure generators with one pressurized 

cylinder chamber. The gas-related stiffness and, consequently, the natural frequency of the 

developed dynamic pressure generator, where both cylinder chambers are pressurized with the 

same average pressure, are expected to be twice as high as those of the conventional dynamic 

pressure generators with one cylinder chamber of equal dimensions. Furthermore, the 

conventional dynamic pressure generators with one pressurized cylinder chamber have, in 

general, cylinder chambers with smaller diameters to provide a smaller static preload of the 

shaker due to the pressure acting on the piston, which additionally lowers their natural frequency. 

Due to the fact that the developed dynamic pressure generator enables the pressurization of both 

cylinder chambers with the same static pressure, it minimizes the static preload of the shaker due 

to the pressure acting on the piston. As a result, the electromagnetic shaker enables the 

generation of larger displacements of the piston and therefore larger pressure pulsations with the 

same excitation force. 

 

In the future work, we plan to improve the characteristics of the developed dynamic pressure 

generator by replacing the support plate with the thicker one in order to increase its resonance 

frequency and therefore prevent the effects of its vibrations in the studied frequency range of the 

generated pressure pulsations. Because both dynamic and average pressure components are 

preferred to be measured without the influence of the pressure meter connecting tubing, the flush 

mounted reference pressure sensor, which will enable measurements of both pressure 

components, will be employed.  
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