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Abstract 

 

The increasing demands for more accurate flow measurements have made the study of 

pulsating flow effects crucial for the further development of flowmeters. This paper 

presents the development of an experimental test facility with an integrated water-flow 

pulsator for experimental investigations of the water pulsation effects on flowmeters. The 

mechanical implementation of the measurement system with a built-in diaphragm 

pulsator and integrated expansion chambers was developed with the help of mathematical 

modeling of the entire test system using the method of characteristics. The 

mathematically obtained frequency characteristic of the pulsator shows typical 

resonances, which depend on the acoustic properties of the measurement system and the 

mechanical properties of the pulsator’s diaphragm. The water-flow pulsator’s 

characteristics were experimentally confirmed by a spectral analysis of the generated 

water flow pulsations, which were measured with an orifice plate flowmeter. The 

developed flow pulsator with integrated expansion chambers is able to generate 

reproducible water flow pulsations with defined properties, such as the frequency and 

amplitude of the pulsating flow.  

 

Keywords: Liquid flow pulsator; Frequency of pulsations; Amplitude of pulsations; 

Method of characteristics; Orifice plate flowmeter; Diaphragm stiffness 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Nomenclature 

A Cross-sectional area of the pipe 

AC Cross-sectional area of the expansion chamber 

AD Cross-sectional area of the diaphragm 

a Acceleration 

B Characteristic impedance of the conduit 

b Bulk elastic modulus of the fluid 

C Orifice temporal inertia constant 

CC Contraction coefficient of the orifice 

c Wave speed 

cD Diaphragm damping coefficient 

D Pipe inner diameter 

d Orifice inner diameter 

E Elastic modulus  

e Pipe wall thickness 

f Friction factor 

fP Pulsation frequency 

g Acceleration due to gravity 

H Pressure head 

K Orifice pressure loss coefficient 

kD Diaphragm spring constant 

L Length 

Le Effective axial length of the orifice 

mD Diaphragm mass 

n Polytropic exponent 

p Pressure 

∆p Differential pressure 

qm Mass flow rate 

qv Volumetric flow rate  

R Resistance coefficient  

t Time    



∆t Time step 

V Volume 

v Velocity  

vD Velocity of the diaphragm 

x Distance 

∆x Distance step 

z Elevation of the free surface 

 

Greek Letters 

ε Relative amplitude  

ζ Relative damping factor 

ξ Dimensionless orifice pressure loss coefficient                                   

ρ Fluid density   

 

Subscripts 

I, II, III, IV Number of segment 

b Barometric 

C Chamber 

D Diaphragm  

i Number of distance step 

j Number of time step 

P Pulsation 

r Resonance 

rms Root-mean-square    

 

 

 

 

 

 

 



1 Introduction 

 

Positive-displacement pumps and compressors, the resonant vibrations of pipes and flow-

control valves, the flow separations behind obstacles in conduits and certain multiphase 

flow regimes that are present in industrial flows (chemical, automotive, pharmaceutical, 

food industry) tend to produce flow pulsations and other dynamic changes to the fluid 

flow parameters [1]. Therefore, understanding the effects of flow pulsations on the 

measurement accuracy of a particular flowmeter and its behaviour is very important [2]. 

In general, the sensitivity to flow pulsation effects depends on the flowmeter type and its 

operating principle as well as on the frequency and amplitude range of the flow 

pulsations [3]. The laboratory testing of flowmeters over an influential range of pulsation 

conditions is necessary to experimentally evaluate the dynamic performance of the flow 

measurement equipment, to predict the dynamic errors under different conditions of 

installation, to properly design the installation location of the flowmeters in real systems 

and to optimize the realization of the flowmeters in order to reduce their sensitivity to 

flow pulsation effects.      

 

For a proper experimental investigation of the water flow pulsation effects on different 

flowmeters an appropriate flow pulsator with defined dynamic characteristic is required. 

In most previous experimental studies the flow pulsations were generated by piston-based 

mechanisms [4, 5, 6], diaphragm pumps [7, 8], gear pumps [9] and valves [10, 11]. These 

results confirmed some difficulties in generating adjustable high-frequency and high-

amplitude water flow pulsations. However, they suggest piston-based and diaphragm-

based mechanisms as appropriate liquid flow pulsators. The research group at Brunel 

University (Cheesewright et al.) developed pulsator that comprises a piston driven by a 

Scotch Yoke mechanism which is powered by a variable speed, servo-controlled, stepper 

motor. This mechanism produces pure harmonic motion and was used to investigate the 

dynamic response of Coriolis flowmeters to relatively low-frequency liquid flow 

pulsations up to 32 Hz [5]. For generation of high-frequency liquid flow pulsation the 

same research group developed piston-based mechanism where the piston pump is 

connected to the main flow line through a T-piece and driven by an electromagnetic 



actuator. This pulsator was used in the work on the dynamic response of small turbine 

flowmeters in liquid flows with pulsation frequencies up to 300 Hz [6]. The highest 

frequencies of the water flow pulsations were generated by the same research group using 

a diaphragm pump driven by an electrodynamic actuator over a frequency range of 10 Hz 

to 3 kHz, presented in [7, 8]. The amplitude of the pulsations was varied within the limit 

imposed by maximum electromagnetic actuator force. 

 

The purpose of this paper is to present our developed measurement system for the 

experimental evaluation of the water flow pulsation effects, in which the flow pulsations 

over a wide frequency range can be generated. The measurement system is schematically 

shown in Fig. 1. The steady flow of water in the measurement system is produced by a 

centrifugal pump where the pump intake is fed from the reservoir. The flow pulsations in 

the measurement system are produced by the water-flow pulsator, which comprises a 

specially designed diaphragm driven by an electrodynamic shaker. In order to minimize 

the generated flow pulsation effects on the pump’s performance and to shorten the 

wavelength of the pulsating flow, two expansion chambers were integrated upstream and 

downstream of the pulsator. For approximate evaluations of the generated flow pulsation 

amplitudes the orifice plate flowmeter was used. The main contribution of this paper is 

the presentation of the effects of expansion chambers and dynamic properties of the 

pulsator’s diaphragm on generated pulsations in the measurement system. 

 

The realization of the developed measurement system for the experimental investigations 

of flow pulsations is presented in Section 2. To evaluate the suitability of this pulsator 

system for the generation of reproducible water flow pulsations with defined properties a 

mathematical model of the entire flow measurement system was built. Mathematical 

modeling using the method of characteristics is described in Section 3. In Section 4 the 

results of the theoretical and experimental analyses of the measurement system are 

discussed and compared. Furthermore, a method for calibrating the orifice plate 

flowmeter in pulsating flow conditions, based on Reference [12], is described in Section 

4.  

 



2 Measurement system 

 

For an experimental study of the developed water-flow pulsator, the water flow rig of the 

Laboratory of Measurements in Process Engineering at the Faculty of Mechanical 

Engineering, University of Ljubljana, which was presented in [11, 13], was upgraded. 

The scheme of the measurement system is shown in Fig. 1.  

 

A steady flow of water is produced by a variable speed controlled centrifugal pump 

(Grundfos, CRN4-120), where the pump intake is fed from a reservoir. The reference 

value of the mass flow rate is measured with a Coriolis mass flowmeter (Foxboro, mass 

flow tube CFS 10 and mass flow transmitter CFT 10, measuring range 0 to 5400 kg/h, 

accuracy 0.2% of reading or 1 kg/h, full scale output current 4 to 20 mA). The water 

temperature is also measured and used to calculate the water’s density.  

 

The flow pulsations are generated by the pulsator, in which a forced-air-cooled 

electrodynamic shaker (LDS, V406) drives a diaphragm to create sinusoidal flow 

pulsations within the flow measurement system. The diaphragm is mounted between 

flanges and is connected to the main flow line through a T-piece, see Fig. 2. The 

amplitudes and frequencies of the flow pulsations were generated within the limits 

imposed by the maximum in the permanent-magnet shaker’s sine peak force of 196 N, a 

shaker frequency range of 5 Hz to 9 kHz and a shaker maximum acceleration of 981 

m/s2. The operation of the shaker is monitored with the aid of a signal from an ICP 

accelerometer (DeltaTron, 4507 B 004, sensitivity 9.960 mV/ms-2, measuring range -700 

to + 700 ms-2 peak, accuracy 2.5% in the frequency range 5 Hz to 1 kHz), which senses 

the motion of the diaphragm. The accelerometer has an electrical output signal, which is 

connected to the data-acquisition (DAQ) board (National Instruments, NI USB-9233, 

resolution 24 bit, set sampling rate 25 kHz). The scheme of the developed liquid-flow 

pulsator is shown in Fig. 3. 

 

To reduce the generated flow pulsation effects on the pump and the reference Coriolis 

flowmeter and to shorten the wavelength of the pulsating flow, two expansion chambers 



(Varem, Extravarem LC, volume 12 l, maximum pressure 8 bar) are integrated upstream 

and downstream of the pulsator. The expansion chambers with the inlet shut-off valves 

allow separate measurements in the case where there are no effects of the expansion 

chambers (closed inlet valve), and in the case where the expansion chambers affect the 

flow pulsations in the measurement system (opened inlet valve).  

 

The value of the pulsating mass flow rate was estimated from differential pressure 

measurements across an orifice with an inner diameter d = 12.3 mm, which was 

integrated into the pipe with an inner diameter D = 25 mm downstream of the pulsator. 

Fig. 4 shows the variation of the dimensionless pressure loss coefficient ξ of the orifice, 

which was determined in preliminary steady-state experiments. The full line in Fig. 4 

approximates the experimental results in the form:           

2 4

2 0.46

π ρ ∆ 1.174
ξ 31.01

8 m m

D p

q q
= = − .                                                                                            (1)    

The pressure loss coefficient K can be related to the dimensionless pressure loss 

coefficient ξ by: 

2 2 4

ρ∆ 8ξ

πm

p
K

q D
= = ,                                                                                                        (2)  

which is subsequently used as an input parameter for the physical−mathematical model of 

the orifice plate flowmeter. The pressure drop across an integrated orifice ∆p during the 

generated flow pulsations was measured with the help of two piezoelectric transducers 

(Kistler, 7261, sensitivity 2336 pC/bar and 2069 pC/bar, cal. measuring range -1 to 1 bar, 

linearity ≤0.3% of full scale output, internal volume 1.5 cm3). The pressure sensors are 

connected to the conduit with short plastic tubes with the length of about 30 mm and the 

internal diameter of about 4 mm. The signals from the pressure transducers are amplified 

using a charge amplifier (Dewetron, DAQ-Charge, sensitivity 0.01 V/pC, full scale 

output -5 to +5 V, accuracy 1%, frequency range 0.3 Hz to 50 kHz (-3 dB)). Due to the 

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

component, the signal of differential pressure across the orifice ∆p during the generated 

flow pulsations was constructed with the help of digital signal processing, where the 

dynamic pressure component measured with the pressure transducers was added to the 



mean differential pressure across an orifice determined from the measurements of the 

average mass flow with the Coriolis mass flowmeter.  

 

The Coriolis mass flowmeter and the two piezoelectric transducers have electrical output 

signals that are connected to the data-acquisition (DAQ) board (National Instruments, 

PCI-6031E, resolution 16 bit, set sampling rate 10 kHz). The controller of the 

measurement system and the user interface are realized in the LabVIEW programming 

environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 Mathematical model of the flow-pulsation measurement system 

 

Analyses of the pressure and flow fluctuations in the measurement system will be based 

on one-dimensional continuity and momentum equations. In order to solve these 

equations we used the method of characteristics. The main assumptions of this method 

are that the flow conditions change sufficiently slowly that the frictional losses can be 

based on values derived from steady-flow relationships, that the conduit wall and the 

fluid are linearly elastic, and that the wave speed is considered to be constant [14]: 

( )( ) 1

ρ

1

b
c

b E D e c
=

 +  
,                                                                                                (3) 

where b is the bulk elastic modulus of the fluid and ρ is its density, E is the elastic 

modulus of the pipe and D is the inner diameter of the pipe, e is its wall thickness and c1 

is the dimensionless coefficient resulting from the system’s pipe-constraint condition on 

the wave speed. 

 

The method of characteristics transforms the continuity and momentum quasi-linear 

hyperbolic partial differential equations into four ordinary differential equations along 

characteristic lines, where the convection terms are omitted:   

d d
: 0

d d 2
v v

v

q fqAg H
C q

t c t DA
+ + + = , 

d

d

x
c

t
= + ,                                                                  (4) 

d d
: 0

d d 2
v v

v

q fqAg H
C q

t c t DA
− − + = , 

d

d

x
c

t
= − ,                                                                  (5) 

where qv is the volumetric flow rate, t is the time, A is the cross-sectional area of the pipe, 

g is the acceleration due to gravity, H is the pressure head, f is the friction factor of the 

pipe and x is the distance along the pipe. The integration of these equations on the 

characteristic lines between the time steps t and t + ∆t yields the basic algebraic relations 

that describe the pulsation propagation of the pressure head and the flow in the 

measurement system. These compatibility equations can be written as: 

( ), 1, 1 , , , 1, 1 , 1, 1 , 1, 1: i j i j v i j v i j v i j v i jC H H B q q Rq q+
− − − − − − − −= − − − ,                                           (6) 

( ), 1, 1 , , , 1, 1 , 1, 1 , 1, 1: i j i j v i j v i j v i j v i jC H H B q q Rq q−
+ − + − + − + −= + − + ,                                           (7) 



where the first subscript i refers to the location of the section, the second subscript j 

indicates the time from the start of the pulsations t = (j – 1)∆t, B c Ag=  is the 

characteristic impedance of the conduit and 2∆ / 2R f x gDA=  is the resistance coefficient. 

The initial conditions (t = 0) are provided by the steady-state flow results. 

 

In the modeled measurement system shown in Fig. 5 the water flows from an upstream 

reservoir through a horizontal pipeline with a constant friction factor to the open end of 

the pipe. The pipeline system is divided into four segments (k = I, II, III and IV), each 

discretized into a certain number of distance steps Nk, where the appropriate boundary 

conditions are considered. As the method of characteristics requires that the ratio of the 

distance step ∆x to the time step ∆t is equal to the wave speed, we consider an equal 

Courant number in each of the four segments of the measurement system. The scheme of 

the discretized measurement system is shown in Fig. 6.  

  

During the pulsation conditions we consider a constant water level in the large reservoir 

at the upstream end of the measurement system (I0i = ): 

I0 , constantjH = ,                                                                                                                (8) 

and a discharge into an infinitely large space without exit losses at the downstream 

pipeline outlet ( IVi N= ): 

IV , 0N jH = .                                                                                                                         (9) 

 

At the downstream end of the first and the third segments ( ki N= , where k = I or III, 

respectively) expansion chambers are installed in the pipe system. The compressibility of 

the water in the chamber is considered negligible compared with the air’s 

compressibility, and the inertia and friction are neglected. The pressure in the chamber is 

assumed to be the same throughout the volume at any instant and the air is assumed to 

follow the reversible polytropic relation:  

, , constantn
air j air jH V = ,                                                                                                      (10) 



where Hair,j and Vair,j are, respectively, the absolute pressure head and the volume of the 

enclosed air at the end of the current time step and n is the polytropic exponent. The air in 

the expansion chamber is considered as a perfect gas, where the thermodynamic process 

for small chambers and rapid variations of volume is approximately isentropic, n = 1.4, 

and it is almost isothermal for large volumes and a slow contraction or expansion, n = 1. 

Due to the fact that transients are generally rapid at the beginning and slow towards the 

end, an average value of 1.2 is used in the design calculations. The absolute pressure head 

of the entrapped air is related to the barometric pressure head Hb, the gauge head in the 

center of the main pipe Hj and the elevation of the free surface zj: 

,air j b j jH H H z− = − .                                                                                                      (11)  

The volume of air at the end of a certain time step Vair,j is obtained through the geometric 

relation in which AC represents the cross-sectional area of the expansion chamber and zj-1 

is the elevation of the free surface at the beginning of the considered time step: 

( )11,, −−−= jjCj-airjair zzAVV .                                                                                          (12) 

The free surface at the end of the time step is estimated based on the average flow to the 

expansion chamber qv,C,j during that same time step: 

( )1 , , 1 , ,

∆
0.5j j v C j v C j

C

t
z z q q

A− −= + + ,                                                                                  (13) 

where we get the flow to the expansion chamber from the continuity principle:                                                              

1, , , , ,0 ,k kv C j v N j v jq q q
+

= − .                                                                                                    (14) 

The head losses at the junction between the chamber and the pipe are neglected, so we 

consider the approximation 
1, 0 ,k kj N j jH H H

+
= = , where k = I or III, respectively. 

 

The pulsations are introduced into the system through the boundary conditions at the end 

of the second segment of the measurement system (IIi N= ), where we consider a water-

flow pulsator that generates sinusoidal water pulsations. If we consider the ideal piston 

water-flow pulsator the boundary condition is written as: 

1,0 , , , , ,k kv j v N j v P jq q q
+

= + ,                                                                                                    (15) 

where qv,P,j is the piston generated pulsating component of the volumetric flow: 



( ), , ε sin 2π ∆v P j v P Pq q f j t= ,                                                                                               (16) 

where εP and fP are the relative amplitude and frequency, respectively, of the generated 

flow pulsations and qv is the time-mean value of the volumetric flow rate obtained from 

the steady-state flow conditions. 

 

In order to make the mathematical model of the pulsator closer to its actual 

implementation, Eq. (15) is modified to take into account the volumetric flow that is 

accumulated by the diaphragm due to its elastic properties qv,D,j: 

1,0 , , , , , , ,k kv j v N j v P j v D jq q q q
+

= + − .                                                                                         (17) 

The diaphragm water-flow pulsator was modeled as the diaphragm with clamped edges 

around the piston water-flow pulsator as shown in Fig. 7. The balance of the external 

pressure forces on the diaphragm and its inertial, damping and stiffness forces can be 

written as [14]:  

( ) ( ) ( )

( ) ( )( )
, 1 , 1 , , , , 1 , , , , 1

, 0 , 1 0

2
ρ

∆

D D
D j D j j D j v D j v D j v D j v D j

D D

D D j D j

m c
gA H z H z q q q q

A t A

k z z z z

− − − −

−

+ + + = − + + +

+ − + −
,          (18) 

where Hj is the gauge head in the center of the main pipe, zD,j is the mean elevation of the 

circular diaphragm ring, AD is its cross-sectional area, mD is its mass, cD is its damping 

coefficient, kD is its spring constant and z0 is the initial elevation of the unloaded 

diaphragm. Similarly as in Eq. (13), the elevation zD,j at the end of the time step is 

estimated based on the average flow qv,D,j accumulated by the diaphragm during that 

same time step: 

( ), , 1 , , 1 , ,

∆
0.5D j D j v D j v D j

D

t
z z q q

A− −= + + .                                                                             (19) 

  

 

 

 

 

 



4 Theoretical and experimental results 

 

The experimental study of the developed water-flow pulsator was carried out at a mean 

mass flow rate qm of about 2000 kg/h (0.56 kg/s) where water flow pulsations with 

adjustable frequencies and amplitudes were generated. The range of the generated 

pulsation frequencies was from 10 Hz to 1000 Hz at an approximately constant velocity 

amplitude of the sinusoidally moving diaphragm vD of about 0.017 m/s, which was 

determined from the diaphragm acceleration measurements:   

' 2

2π
rms

D
P

a
v

f
= ,                                                                                                                   (20) 

where '
rmsa  is the root-mean-square value of the acceleration of the diaphragm and fP is 

the frequency of the generated pulsations. The relative amplitude of the pulsation source 

was defined as: 

ρ
ε D D

D
m

v A

q
= .                                                                                                                    (21) 

The relative amplitude of the diaphragm-pulsation source with a diameter of 0.046 m was 

evaluated to be about 0.05.  

 

4.1 Pulsating flow measured with the orifice flowmeter 

 

The temporal inertia effects on the flow rate measured using the orifice plate flowmeter 

under pulsating flow conditions were evaluated in preliminary experiments using the 

method described in [12]. If we consider the flow of the incompressible fluid through the 

orifice as one-dimensional, the relationship between the time-dependent flow and the 

differential pressure can be derived from the momentum equation: 

1
0

ρ

v v p
v

t x x

∂ ∂ ∂+ + =
∂ ∂ ∂

.                                                                                                       (22) 

The integration of the momentum equation along a streamline between the upstream and 

downstream pressure taps can be reduced to the following expression: 

( ) ( ) ( )2
d

∆
ρ d

m mq t q t
p t K C

t
= + ,                                                                                        (23) 



where qm(t) is the instantaneous mass flow rate, K is the pressure loss coefficient of the 

orifice and C represents the temporal inertia constant. The first term in Eq. (23) is the 

convective inertia term and the second term is the temporal inertia term, which is a 

function of the Strouhal number with respect to the orifice’s inner diameter d [3]: 

St Pf d

v
= .                                                                                                                        (24) 

In quasi-steady/temporal inertia theory C is assumed to be constant and a function of the 

geometry of the restriction and the axial distance between the pressure tapings [15]: 

2

4

π

e

C

L
C

d C
= ,                                                                                                                     (25) 

where CC is the contraction coefficient and Le is the effective axial length of the orifice. 

To experimentally determine the temporal inertia constant C we used Euler’s method to 

solve Eq. (23), where the variation of the pressure loss coefficient with the mass flow rate 

K(qm), determined from steady-state experiments, was considered. The optimum value of 

the temporal inertia C was estimated from the minimal measurement error: 

2 2

1 1

2

1

d d

d

t t
orifice Coriolis
m m

t t

t
Coriolis
m

t

q t q t

e

q t

−
=
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∫
.                                                                                               (26) 

Once K(qm) and C are known the values of the time-dependent mass flow rate qm(t) can 

be calculated from the measured differential pressure across the orifice. Thus, the non-

standardized orifice with an unknown contraction coefficient and effective axial length 

can be used to determine the instantaneous flow rate under pulsating flow conditions.  

 

With the intention to estimate the temporal inertia effects in our measurements, the 

differential pressure across the integrated orifice ∆p during the generated flow pulsations 

was measured with a variable reluctance differential pressure transducer (Validyne, 

P855D, measuring range -0.86 to + 0.86 bar, accuracy 0.15% of full scale output, 

frequency range 0 to 250 Hz (-3 dB), internal volume 0.1 cm3). The pressure sensor was 

connected to the conduit with short plastic tubes with the length of about 150 mm and the 

internal diameter of about 4 mm. Because of the limited frequency range of the 



differential pressure transmitter the measurements were carried out at the generated 

pulsating flow with frequencies up to 200 Hz. Fig. 8 shows the measured pulsating flow 

with the orifice at a generated flow pulsation frequency fP = 200 Hz where the temporal 

inertia constant value was determined to be 4 m-1. The temporal inertia term value of the 

orifice was estimated to be about 3% of the convective inertia term value at the highest 

frequencies of pulsations generated in our experiments.  

 

Considering these results, the fluid temporal inertia effects were neglected in the further 

experimental work using two piezoelectric pressure transducers across the orifice. The 

piezoelectric pressure transducers have, considering the dynamics of the connecting 

tubing, the resonance at about 3.6 kHz (see e.g., [16]). Due to their dynamic properties 

we estimate the used orifice as appropriate for the approximate evaluation of the 

generated flow pulsation amplitudes in our measurements. We would like to emphasize, 

that for greater confidence in the accuracy of determination of pulsating mass flow with 

the orifice plate flowmeter further study and comparison with other dynamic flowmeters 

would be required.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.2 Pulsator’s dynamic performance 

 

In order to examine the dynamic characteristics of the developed flow pulsator we 

determined the ratio between the relative amplitude of the generated flow pulsations and 

the relative amplitude of the pulsation source as: 

'
, 2

ε

m rms

D m

q
r

q
= ,                                                                                                                   (27) 

where '
,m rmsq  is the root-mean-square value of the pulsating mass flow at the point of 

observation and qm is its time-mean value. In order to remove the noise from the high-

frequency sampled measured signal the amplitude of the measured pulsating mass flow 

was determined using digital Fourier transform as the component of the measured signal 

at the frequency of generated flow pulsations. 

 

The presented results of the mathematical modeling of the flow pulsator’s dynamic 

performance are obtained on the basis of the following assumptions. Referring to the 

actual configuration of the measurement system, discussed in previous sections, the 

length of the first pipe in the measurement system, which connects the reservoir and the 

first expansion chamber, was set to LI = 18 m, the length of the second pipe, which 

connects the first expansion chamber and the pulsator, was set to LII = 0.5 m, the length 

of the third pipe, which connects the pulsator and the second expansion chamber, was set 

to LIII  = 1.5 m, and the length of the outlet pipe, which connects the second expansion 

chamber to the open end, was set to LIV = 14 m. For a proper description of the generated 

flow pulsations in the flow system the time step ∆t has to be much smaller than the 

pulsation period T. The distance step ∆x in each of the pipeline segments is set to 0.25 m 

and the wave speed is c = 1429 m/s (pipe is assumed to be anchored throughout against 

axial movements, see Eq. (3)); therefore, the time step ∆t is much smaller than the 

pulsation period T at the highest investigated flow pulsations. The time-mean volumetric 

flow rate qv is set to about 2 m3/h. The characteristic impedance of the conduit B is set to 

about 2.97 × 105 s m-2. The constant friction factor of the pipeline system was estimated 

for a stainless steel pipe to be f = 0.024. The value of the resistance coefficient R was 



determined in steady-flow conditions and it considers only the line pressure drop in the 

pipe system. Its value for the entire pipe system with constant inner diameter D = 0.025 

m is set to about 7.012 × 106 s2 m-5. The initial volumes of the enclosed air in the 

expansion chambers are set to Vair,0 = 12 l and the initial absolute pressure heads to about 

Hair,0 = 11.1 m. We should stress that the mathematical modeling of the flow pulsator 

does not consider the dynamics of the connecting tubing between the flow system and the 

pressure sensors.  

 

Fig. 9 shows the dynamic characteristic of the ideal piston water-flow pulsator obtained 

from the solution of the mathematical model in Section 3. For better insight into the 

dynamic characteristic of the pulsator with and without integrated expansion chambers, 

the results are presented for pulsation frequencies from 10 Hz to 200 Hz. Referring to the 

measurement system with the ideal piston water-flow pulsator and integrated expansion 

chambers, the measurement system’s resonance obtained from the solution of the 

mathematical model depends on the length between the expansion chambers fr = c/2(LII + 

LIII ), and is at about 357 Hz (see Fig. 10). The fundamental resonance of the same 

measurement system configuration without considering the integrated expansion 

chambers depends on the total length of the pipe system fr = c/2L. This results in a lower 

resonance frequency of the measurement system at about 21 Hz. The results of the 

mathematical modeling confirm that expansion chambers represent the absolute 

reflection points for the flow pulsations and effectively damp lower standing wave 

resonances and their harmonics that occur in the measurement system without integrated 

expansion chambers. 

 

Fig. 10 presents the dynamic characteristics of the diaphragm pulsator obtained with 

mathematical modeling of the measurement system with integrated expansion chambers 

for pulsation frequencies from 10 Hz to 1000 Hz. The simulations were performed for 

different dynamic properties of the pulsator’s diaphragm, where the mass of diaphragm 

ring mD is set to 0.006 kg, its cross-sectional area AD is set to about 1.358 × 10-3 m2 and 

its relative damping factor ζD is set to 0.01. Since the effective mass and the effective 

cross-sectional area of the actual diaphragm are expected to be smaller, the spring 



constant of the modeled diaphragm is assumed to include their dynamic effects. The 

effects of elastic properties of the diaphragm on the dynamic characteristic of the 

measurement system were simulated by considering three different spring constants kD of 

3 × 104, 63.63 × 104 and 3 × 106 N/m. The uncoupled mechanical resonance frequencies 

of the diaphragms with considered properties are determined as:  

( )2
,

1
1 ς

2π
D

r D D
D

k
f

m
= − ,                                                                                                  (28) 

and are about 356, 1639 and 3559 Hz, respectively. The simulation results in Fig. 10 

show that the resonances of the coupled pulsator depend on the mechanical properties of 

the diaphragm and acoustic resonance of the measurement system (the lowest coupled 

resonance frequencies are at about 23, 104 and 204 Hz, respectively). By increasing the 

stiffness of the diaphragm, the resonance frequencies of the diaphragm pulsator and their 

amplitudes tend toward the value of the resonance of the ideal piston water-flow pulsator. 

  

Fig. 11 shows the dynamic characteristic of the developed flow pulsator obtained from 

the repeated measurements for pulsation frequencies from 10 Hz to 1000 Hz. The results 

of experimental analyses confirm that expansion chambers, integrated into our 

measurement system, damp lower standing wave resonances and their harmonics that are 

expected to occur in the same measurement system configuration without expansion 

chambers. The measured resonance of the measurement system at about 100 Hz agrees 

quite well with the mathematical solution considering the spring constant kD of value 

63.63 × 104 N/m, although the measured amplitude at the resonance frequency is much 

lower. Furthermore, in the experimentally obtained dynamic characteristic in Fig. 11 the 

odd harmonics at about 300, 500 and 700 Hz appear due to the nonlinearity of the actual 

measurement system. The main reason for higher amplitudes obtained with the 

mathematical modeling is that the mathematical analysis is based on one-dimensional 

modeling where only the line pressure losses in the conduit are considered, although there 

are also other sources of pressure losses in the actual measurement system (local pressure 

losses across the orifice, in the expansion chambers etc.).  

 

 



5 Conclusions 

 

This paper discusses the dynamic characteristics of a liquid-flow pulsator that consists of 

an electrodynamic shaker that drives a diaphragm to create sinusoidal flow pulsations in 

the measurement system. In order to investigate the pulsator’s dynamic characteristics, a 

dynamic model using the method of characteristics was developed.  

 

The experimental dynamic characteristic of the pulsator was obtained from the 

differential pressure measurements across an integrated orifice where the temporal inertia 

constant was defined. From the results of the analyses performed in this paper the 

temporal inertia term value was estimated to be about 3% of the convective inertia term 

value at the highest pulsation frequencies and therefore can be neglected in the 

experimental evaluation of the dynamic characteristic of the developed water-flow 

pulsator. The method used to experimentally determine the properties of the flow 

pulsations generated by the developed water-flow pulsator has some limitations on the 

accurate measurements of the time dependent values of the generated pulsating flow (it 

does not take into account variability in a changing discharge coefficient due to the 

change of the mean flow profile under pulsating flow conditions). This is not crucial for 

the testings of the industrial flowmeters (which usually have slow frequency response and 

thus measure average pulsating flow) where the ability of different flowmeters to 

measure accurate average flow value under constant amplitude pulsating flow conditions 

is estimated. For the generation of constant amplitude pulsations over a wide frequency 

range the known dynamic characteristic of the pulsator and prediction of the typical 

resonances of the measurement system is important.  

 

The calculated frequency characteristic of the diaphragm pulsator shows typical coupled 

resonances, which depend on the acoustic properties of the measurement system and the 

mechanical properties of the pulsator’s diaphragm. Due to the fact that acoustic 

resonance depends on the length of the pipe system, the coupled resonance frequency of 

the pulsator can be increased by integrating the expansion chambers, which represent the 

absolute reflection points for the flow pulsations and thus shorten the wavelength of the 



pulsating flow. Special attention in the design of the pulsator should also be paid to the 

selection of the suitable diaphragm, because the resonance frequencies of the diaphragm 

pulsator decrease with decreasing stiffness of the diaphragm.  

 

The experimentally obtained dynamic characteristic of the pulsator is in relatively good 

agreement with the mathematical solution, where the effects of the integrated expansion 

chambers and elastic properties of the diaphragm are considered. The results of the 

experimental analyses confirm the ability of the developed flow pulsator to generate 

reproducible water flow pulsations with adjustable frequencies up to 1 kHz. 
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Figure 1 Schematic view of the measurement system. 
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Figure 2 Cross-sectional view of the diaphragm mounting assembly. 
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Figure 3 Schematic view of the developed liquid-flow pulsator. 

 



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
28.0

28.5

29.0

29.5

30.0

30.5
O

ri
fic

e
 p

re
ss

ur
e

 lo
ss

 c
oe

ff
ic

ie
nt

 
ξ

Mass flow through the orifice q
m
 ,   kg/s

 Experimental results

 Approximation (1)

 

 

Figure 4 Variation of the dimensionless orifice pressure loss coefficient with the mass 

flow rate. 
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Figure 5 Schematic view of the modeled measurement system. 
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Figure 6 Schematic view of the discretized measurement system. 
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Figure 7 Schematic cross-sectional view of the modeled diaphragm pulsator. 
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Figure 8 Measured time variation of the generated pulsating mass flow rate at the 

generated pulsation frequency fP = 200 Hz. 
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Figure 9 Amplitude frequency characteristics of the ideal piston water-flow pulsator 

(theoretical results). 
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Figure 10 Amplitude frequency characteristics of the modeled diaphragm and ideal 

piston water-flow pulsator with integrated expansion chambers. 
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Figure 11 Measured amplitude frequency characteristic of the developed diaphragm pulsator. 


