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Abstract 

 

An understanding of the effects of flow pulsations on the dynamic behaviour of Coriolis 

flowmeters is very important for their further development. In order to determine the phase 

difference between the vibrational signals, which represents the basic measurement effect of 

Coriolis flowmeters, there are many methods that include the proper filtering of all the signal 

components, except those with frequencies close to the drive frequency. Therefore, an 

understanding of the phenomenon of exciting the meter at its first natural frequency is very 

important. The results of a simple, linear, two-degree-of-freedom, lumped-parameter, dynamic 

model of a flowmeter show that the flow pulsations can degrade the accuracy of such a 

flowmeter as a result of indirect excitations of the measuring tube at the first natural frequency 

through the second-order perturbations by means of the Coriolis forces induced in pulsating flow 

conditions. In order to experimentally investigate these flow pulsation effects, a prototype of a 

straight-tube Coriolis mass flowmeter was developed to enable the processing of the response 

signals logged directly from the flow tube’s sensors with the dual quadrature demodulation 

method, and therefore to provide the information available within the phase-difference data. The 

experimental results show that the flow pulsations upset the meter at its first natural frequency 

indirectly, as well as directly at the frequency of the pulsations due to the geometric 

imperfections of the measuring tube. 

 

 

 

Keywords: vibrating fluid-conveying straight tube, Coriolis force, flow pulsations, higher-order 

perturbations, beat frequency, dual quadrature demodulation  
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1 Introduction 

 

In the Coriolis mass flowmeter, the measured fluid flows through a vibrating measuring tube (or 

tubes), clamped at both ends. The motion of the measuring tube is maintained at its natural 

frequency (usually at its first natural frequency) using a harmonic exciter in the proper feedback 

circuit (e.g., phase-locked loop). The motion of the tube interacts with the motion of the fluid 

flowing through the tube so as to generate the Coriolis forces, which alter the fundamental 

vibration mode of the tube. Due to the Coriolis forces acting on the tube’s wall, the tube’s mode 

shape changes the symmetry, an effect that is exploited as the basic measurement principle for 

the mass flow rate. The changed symmetry of the driven motion results in a time or phase 

difference between the response signals from the two motion sensors that are most commonly 

mounted symmetrically with respect to the exciter placed at the midpoint of the measuring tube. 

Under ideal conditions the time difference between the signals from the two sensors ∆t is linearly 

proportional to the mass flow rate and is independent of the other flow parameters. However, due 

to the nature of the fluid-structure interaction, the measuring characteristics of the Coriolis mass 

flowmeter can be, at least to some degree, restricted by factors related to the fluid flow (e.g., the 

flow pulsations, velocity profile, fluid pressure, multi-phase flow, fluid compressibility, fluid 

viscosity, fluid density, etc.), the imperfections of the measuring tube (e.g., a non-uniform mass 

distribution, asymmetrical damping, mounting conditions, etc.) and other external operating 

conditions (e.g., the mechanical vibrations, temperature gradients along the measuring tube, etc.) 

[1, 2].  

 

The response of Coriolis flowmeters to flow pulsations has received a great deal of attention over 

the past few decades because of the numerous sources of fluid pulsations that are present in 

industrial flows (e.g., positive-displacement pumps and compressors, the resonant vibrations of 

the pipes and flow-control valves, etc.). Extensive theoretical investigations of the vibration of a 

tube conveying a pulsating fluid flow have been reported in the literature [3-5]. Since the 

dependence of the shift in the vibration phase along the axis of flow on the amplitude and the 

frequency of the pulsating flow is of interest to the manufacturers of Coriolis flowmeters, the 

derived, coupled, tube-dynamics equations are implemented in order to study the effects of flow 
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pulsations on these meters. The theoretically obtained responses of a range of geometrically 

different, commercially available meters show that the flow pulsations interact with the Coriolis 

meter by beating with the driven motion of the meter. Due to these beating effects, the flow 

pulsations produce components of meter-tube motion with frequencies that are the sum and the 

difference of the pulsation frequency and the drive frequency fP  f1, regardless of the meter’s 

design [6, 7]. Experimental studies of a Coriolis flowmeter’s response to flow pulsations show 

that in addition to the vibrations caused by the beating with the driven motion of the meter, flow 

pulsations can also produce tube vibrations by direct excitation at the frequency of the 

pulsations. The latter effect was present even in very rigidly mounted facilities with appropriate 

clamping of the meter and therefore was explained not only in terms of the transmission of the 

external vibrations through the housing, but also as a result of the geometrical imperfections of 

the measuring tube (e.g., non-perfect symmetry) [8-10]. 

 

The results of testing the accuracy of Coriolis flowmeters in the presence of flow pulsations 

show that even for relatively similar induced flow pulsations the mean mass-flow error can vary 

significantly from one model of meter to another, being dependent on (in general, commercially 

confidential) the control of the drive signal and on the method used to determine the phase 

difference between the sensor-response signals. The accuracy of a Coriolis flowmeter is 

degraded when the frequency of the vibratory motions of the measuring tube induced by the flow 

pulsations is equal to one of the natural frequencies of the meter. This represents a major 

challenge for meter manufacturers since increasing the natural frequencies of a tube in order to 

avoid these pulsation effects inherently requires a stiffening of the tube, which in turn reduces 

the sensitivity of the meter to the flow rate, i.e., a smaller phase difference per mass flow rate, 

and increases the signal-to-noise ratio [11]. The results of most studies show that the dominant 

cause of meter errors due to flow pulsations is the excitation of additional vibratory motions of 

the meter tube at the frequency of the next higher vibration mode of the tube f2 (for most designs 

of meter the drive frequency is a fundamental natural frequency) directly or as a result of the 

beating effect. The results show that the flow pulsations with a frequency equal to f2 can produce 

errors of up to 100%, and the flow pulsations with fP = f2 ± f1 can lead to errors of up to 50% 

of the true time-mean value of the mass flow rate [8, 9]. Earlier it was anticipated that the 
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induced motion at the meter drive frequency f1 is the most likely cause of error. The authors 

explained the lack of error in the presence of flow pulsations, which should induce additional 

vibrations of the measuring tube at the drive frequency, by the fact that the meters under test 

were driven via a feedback system (from one or both of the sensor signals) designed to maintain 

a constant amplitude of the drive motions and therefore no additional vibrations at f1 due to the 

flow pulsations occurred [12]. Recent analytical expressions for the approximate first-order 

perturbation tube’s response in flow-pulsating conditions, where the fluid velocity is assumed 

not to be a function of position, show that flow pulsations, irrespective of their frequency, are 

predicted not to excite any significant tube vibration at the meter’s drive frequency and therefore 

lead to the hypothesis that proper filtering of the detector signals allows Coriolis flowmeters to 

measure the mean phase difference correctly, even in the case of a pulsating flow [13]. The 

authors recommended that these analytical expressions should be validated with a detailed 

computational model, taking a two-way, fluid-structure interaction into account, as well as 

experimentally. 

 

The purpose of this paper is to present new findings relating to the dynamic behaviour of 

Coriolis mass flowmeters. Due to the fact that recent methods used for a determination of the 

phase difference between the response signals of the meter successfully eliminate the effects of 

all the frequency components except those close to f1, this paper also tries to explain the 

phenomenon of the excitation of the meter at its drive frequency with flow pulsations or their 

beatings with frequencies different to the drive frequency. A knowledge of this phenomenon is 

important in order to explain the results of previous studies of other authors, which showed 

severe calibration errors for a Coriolis mass flowmeter due to flow pulsations with frequencies, 

e.g., f2 and f2 ± f1. In order to investigate the flow pulsation effects on a Coriolis mass flowmeter, 

mathematical and experimental analyses were performed. Section 2 presents a linear, two-

degree-of-freedom, lumped-parameter, dynamic model of a straight-tube Coriolis mass 

flowmeter, where the phase shift of the flow pulsations is taken into account. The purpose of this 

simple model of a Coriolis flowmeter is to illustrate the phenomenon of the meter’s excitation at 

f1 by the flow pulsations directly or indirectly through the second-order perturbations. In Section 

3 the emphasis is put on the method used to determine the phase difference between the signals 
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related to the vibrations of the inward and outward halves of the flowmeter’s tube.  In order to 

experimentally verify the effects of flow pulsations on the vibrating, fluid-conveying, straight 

tube, a prototype of the Coriolis mass flowmeter was built. The measurement system for the 

experimental investigations of the flow pulsations on the Coriolis-type flowmeter is described in 

Section 4. In Section 5 the results of the theoretical and experimental analyses are discussed.  
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2 Physical-mathematical dynamic model 

 

Consider the one-dimensional, pulsating flow of a Newtonian, viscous, incompressible fluid in a 

circular, flexible, straight tube with a length Lt and a mass per unit length mt, which is clamped at 

both ends and subjected to an external excitation. The tube conveys a fluid of mass per unit 

length mf = ρfA, where ρf is the density and A is the cross-sectional area of the fluid. The axial 

fluid velocity v and the fluid pressure p vary with the time t and the position x. By linearizing the 

nonlinear equations of the axial and transverse tube motion, derived in [4, 5], and neglecting the 

gravity and the axial deflection of the tube, we obtain the following differential equations: 

 

 0f

v v
pA m v

x t x

   
   

   
,                  (1) 
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 (2) 

 

By substituting the term  pA x   from Eq. (1) into Eq. (2), we obtain the final equation of the 

motion of the tube governing small, transverse, tube motions y(x,t): 

 

  
2 4 2 2 2

2

2 4 2 2
2 0t f t t f

y y y y y y
m m EI c pA m v v

t x t x x t x

      
       

       
,  (3) 

 

where the first three terms represent, respectively, the transverse inertia of the tube and the fluid, 

the flexural stiffness of the tube, and the damping. The fourth, fifth and sixth terms represent, 

respectively, the pressure, the Coriolis and the centrifugal forces. If the tube is assumed to 

convey a harmonically pulsating fluid, the time-dependent fluid velocity, defined by the time-

mean value of the velocity v , the relative amplitude of the pulsations εP and the pulsation 

frequency fP, can be written as: 
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     , 1 ε sin 2π ΔP Pv x t v f t x      ,  (4) 

 

where the phase shift of the flow pulsations is determined as: 

 

  Δ 2π P

x
x f

a
  ,  (5) 

  

with a being the speed of sound in the fluid. Assuming a constant density, a constant cross-

sectional area of the fluid and a known velocity field, the pressure in Eq. (3) can be derived, after 

some manipulation, by integrating Eq. (1) from x to Lt. If we assume that the tube discharges the 

fluid into the atmosphere, the pressure p at x = Lt will be zero, which yields: 

 

  
 

 
 , ,

, ρ , d
tL

f

x

v x t v x t
p x t v x t x

t x

  
  

  
 . (6) 

 

In order to examine the dynamic behaviour of the Coriolis mass flowmeter, a linear, two-degree-

of-freedom, lumped-parameter, dynamic model of the flowmeter was built on the basis of the 

quasi-steady model introduced in [14], where the effect of the pulsating mass flow through the 

meter is additionally taken into account. Fig. 1 shows a schematic of the lumped-parameter 

dynamic model that considers the typical section dynamics of a Coriolis mass flowmeter, 

comprising a length of straight tube driven by an external force at the centre of the measuring 

tube. The model assumes a symmetry with respect to the centre of the measuring tube’s length, 

where the inertia, flexural stiffness and damping of each half of the tube are modelled 

independently and coupled structurally using a torsional spring to represent the torsional stiffness 

of the tube. For Eq. 3, the lumped-parameter dynamic model for the inward and outward halves 

of the flow tube can be, after some manipulation, written as: 
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 (7)  

 

where Mt = mtLt/2 and Mf = mfLt/2 are the lumped-parameter masses of the structure and the 

fluid, respectively, kt is the lumped-parameter transverse spring constant, ktorsion is a lumped-

parameter torsion spring constant, L is the axial distance between the sensing positions of the 

Coriolis mass flowmeter, ct is the lumped-parameter damping coefficient, R is the lumped radial 

position of a typical section, C is the lumped pipe-curvature factor, F is the amplitude of the 

external force applied to the tube, and the subscripts in and out denote the inward and outward 

halves of the flow tube, respectively. The tube is assumed to be excited resonantly at its first 

natural frequency f1. The time-dependent fluid velocities at the sensing positions of the inward 

and outward halves of the flow tube xin and xout are determined using Eq. (4) as    ,in inv t v x t  

and    ,out outv t v x t , respectively, and the lumped pressure for each half of the tube with the 

help of Eq. (6) as    ,in inp t p x t  and    ,out outp t p x t , respectively. 

 

In order to solve Eqs. (7), the linear system of two ordinary second-order differential equations is 

re-written in the form of four, first-order, linear differential equations by introducing dyin/dt = zin 

and dyout/dt = zout: 
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where the time-varying fluid velocity leads to a time-varying state matrix: 
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A . (9) 

 

The physical-mathematical dynamic model of the flowmeter under discussion is solved with the 

fourth-order Runge-Kutta fixed-step method, where for the initial conditions the steady state is 

considered. 

 

The results of simulations for measuring the time-mean value of the pulsating water mass flow 

by detecting the phase difference between the motions of the inward and outward halves of the 

flowmeter’s tube presented in Section 5 are obtained for the dimensions and materials of the 

measuring tube, which refer to the actual configuration of the flowmeter, as discussed in Section 

4, see Table 1. The simulations were performed by considering a titanium measuring tube with a 

density of 4500 kg/m
3
, a water-like fluid with a density of 998 kg/m

3
 and the speed of sound 

a = 1450 m/s, where the values of the lumped-parameter masses of the structure Mt and the fluid 

Mf are determined as the masses of half of the actual measuring tube. The effective parameters kt 

and ktorsion were set to the values that result in the first and the second natural frequencies of the 

actual flowmeter, respectively, the value of the effective damping coefficient ct was determined 
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as half of the value of the experimentally evaluated coefficient of the actual flowmeter’s tube, the 

effective parameter R was set to the value that results in the mass-flow sensitivity (determined in 

the steady-state flow conditions) of the actual flowmeter and the effective parameter C was set to 

the value that in steady-state flow conditions results in the centrifugal-force effect on the natural 

frequency of the modelled flowmeter that was determined with the help of the analytical model 

presented in [15]. The amplitude of the external force F applied to the measuring tube was 

determined from the acceleration measurements of the actual measuring tube that was vibrating 

in the operating mode.  

 

 

Table 1  

Dimensions and effective lumped parameters referring to the actual measuring tube. 

 

Parameter Description Value 

Mt 

Mf 

kt 

ktorsion 

ct 

R 

C 

L 

f1 

f2 

F 

Structure mass 

Fluid mass 

Effective transverse spring constant 

Effective torsion spring constant 

Effective damping coefficient 

Effective radial position of the typical section 

Effective pipe-curvature factor  

Axial distance between the sensing positions 

First natural frequency of the tube 

Second natural frequency of the tube 

Amplitude of the force at the sensing positions 

0.064 kg 

0.048 kg 

3.787  10
5 
N/m 

4.208  10
5 
Nm/m 

1.236 Ns/m 

0.0712 m 

–40.1 m
–2

 

0.32 m 

292.7 Hz 

825 Hz 

8.062  10
–3

 N 
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Fig. 1. Schematic of the two-degree-of-freedom, lumped-parameter, dynamic model of the 

Coriolis mass flowmeter.  
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3 Phase-difference demodulation method 

 

A method that is applied to determine the phase difference between the signals related to the 

vibrations of the inward and outward halves of the flow tube is dual quadrature demodulation, 

the application of which to Coriolis flow meters was presented in [16, 17]. A block diagram of 

the dual quadrature demodulation method is shown in Fig. 2. In the first step, the method 

implements an algorithm to extract the frequency of the vibrating tube f1 from the vibrational 

signals s1(t) and s2(t). This frequency is used to create two waveforms, a sine and a cosine, which 

are multiplied by the first vibrational signal and then filtered with a low-pass filter (LPF): 

 

           LPF1 1

1 1 1 1 1 1 1 1 1 1sin 2π sin 2π sin 2π cos( ) cos(4π ) cos( )
2 2

A A
s t f t A f t f t f t        , (10) 

           LPF1 1

1 1 1 1 1 1 1 1 1 1cos 2π sin 2π cos 2π sin( ) sin(4π ) sin( )
2 2

A A
s t f t A f t f t f t        . (11) 

 

This results in two DC values, which are dependent on the phase difference ϕ1 between the 

vibrational signal s1(t) and the newly introduced waveform. The same is carried out for the 

second vibrational signal s2(t): 

 

           LPF2 2

2 1 2 1 2 1 2 1 2 2sin 2π sin 2π sin 2π cos( ) cos(4π ) cos( )
2 2

A A
s t f t A f t f t f t        , (12) 

           LPF2 2

2 1 2 1 2 1 2 1 2 2cos 2π sin 2π cos 2π sin( ) sin(4π ) sin( )
2 2

A A
s t f t A f t f t f t        . (13) 

 

The product of the DC values from Eq. (10) and Eq. (12) is further summed with the product of 

the DC values from Eq. (11) and Eq. (13):  

 

  1 2 1 2 1 2
1 2 1 2 1 2cos( ) cos( ) sin( ) sin( ) cos

2 2 2 2 4

A A A A A A
         (14) 

  

and the product of the DC values from Eq. (10) and Eq. (13) has subtracted from it the product of 

the DC values from Eq. (11) and Eq. (12): 
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  1 2 1 2 1 2
1 2 1 2 1 2cos( ) sin( ) sin( ) cos( ) sin

2 2 2 2 4

A A A A A A
        . (15) 

 

The phase difference between the two vibrational signals is finally calculated by dividing the 

solution of Eq. (15) by the solution of Eq. (14): 

 

 
 

 
 

1 2
1 2

1 2 1 2
1 2

1 2

sin
4 tan

cos
4

A A

A A

 

    

 

. (16) 

 

From Eq. (16) it is evident that the phase difference calculated using the dual quadrature 

demodulation method is independent of the amplitudes of the vibrational signals.  

 

 

 

 

Fig. 2. Dual quadrature demodulation method for calculating the phase difference between the 

vibrational signals.  

 

 

The dual quadrature demodulation method was realized in the LabVIEW programming 

environment (National Instruments, Ver. 10.0). The frequency of the vibrating tube is extracted 

by employing the subroutine “Extract Single Tone Information.vi”. With the intention of 
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reducing the effect of the finite signal length, this subroutine applies a Hanning window to a 

signal before identifying the frequency using a fast Fourier transform. This frequency is used to 

generate the two waveforms by employing the subroutine “Sine Waveform.vi”. The DC values 

of the products of the two vibration signals and the two generated waveforms are computed 

using the subroutine “Basic Averaged DC-RMS.vi”. 

 

In order to determine the accuracy of the calculation of the phase difference between two 

vibrational signals that contain different frequency components, the method was tested by adding 

different disturbance signals s̃1(t) and s̃2(t) of frequency fP, amplitude AP and phases ϕP1 and ϕP2, 

respectively, to the vibrational signals s1(t) and s2(t) with frequency (f1 = 300 Hz), amplitude 

(A1 = A2 = A) and phases ϕ1 = 0.3° and ϕ2 = 0°, respectively: 

 

        1 1 1 1 1sin 2π sin 2πP P Ps t s t A f t A f t     ,  (17) 

 

        2 2 1 2 2sin 2π sin 2πP P Ps t s t A f t A f t     . (18) 

 

The generated signals had a sampling frequency of fs = 25000 Hz and a length of 10 s. The 

relative error in the determination of the phase difference ∆ϕ = ϕ1 – ϕ2 between the vibrational 

signals s1(t) and s2(t) can be written as: 

 

 
0.3

0.3
e

 



.  (19) 

 

The results of the dual quadrature demodulation method testing in Fig. 3 show that this method 

successfully eliminates the effects of all the additional frequency components in the vibrational 

signals for the determination of the phase difference, except for those with a frequency close to 

the frequency of the vibrational signals f1. The degradation of the accuracy of the method 

depends on the amplitudes and phases of these disturbances. From the resulting relative errors it 

is evident that the relative error increases with an increase in the amplitude of the added 

disturbances with the frequencies close to the frequency of the vibrational signal.  
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Fig. 3. The relative error in the determination of the phase difference of the vibrational signals 

with added disturbances of different frequencies and amplitudes (ϕP1 = ϕP2 = 0°). 

 

 

The results of the testing presented in Fig. 4 show the dependence of the relative error in the 

determination of the phase difference ∆ϕ between the vibrational signals on the phase difference 

∆ϕP = ϕP1 – ϕP2 between the disturbances s̃1(t) and s̃2(t) added to the vibrational signals, 

respectively. The resulting relative errors show that the accuracy of the determination of the 

phase difference between the vibrational signals degrades the most when the phase difference 

between the disturbances with the frequencies close to the frequency of the vibrational signal 

approaches 90°. 
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Fig. 4. The relative error in the determination of the phase difference of the vibrational signals 

with added disturbances of different frequencies and phase differences (AP = 0.001A). 
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4 Measurement system 

 

The experimental study of the Coriolis-type mass flowmeter was carried out in the water flow rig 

of the Laboratory of Measurements in Process Engineering at the Faculty of Mechanical 

Engineering, University of Ljubljana. It was designed for pulsating flow tests on different 

flowmeters (described in detail in [18]). The measurement system is schematically shown in 

Fig. 5.  

 

 

 

 

Fig. 5. Schematic view of the measurement system. 
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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 average 

mass flow rate is measured with a reference Coriolis mass flowmeter (Foxboro, mass flow tube 

CFS10 and mass flow transmitter CFT10, 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 flow pulsations with adjustable frequencies and amplitudes are generated by the pulsator, in 

which an electrodynamic shaker (LDS, V406, maximum sine peak force 196 N, frequency range 

5 Hz to 9 kHz, maximum acceleration 981 m/s
2
) drives a diaphragm to create harmonic flow 

pulsations within the flow measurement system. The operation of the shaker is monitored with 

the aid of a signal from a piezoelectric charge accelerometer (Brüel & Kjær, 4393, sensitivity 

0.3141 pC/m s
–2

, measuring range –50 to +50 km s
–2

 peak, accuracy 2.5% in the frequency range 

5 Hz to 10 kHz), which senses the motion of the diaphragm. The signal from the accelerometer is 

amplified using a charge amplifier (Kistler, 5007, sensitivity 0.02 to 0.1 V/pC, full scale output –

10 to +10 V, accuracy 1% of full scale output, frequency range 1.6 Hz to 180 kHz (–3 dB)). The 

diaphragm water-flow pulsator is able to generate reproducible water flow pulsations with 

defined properties, such as the frequency (up to 1 kHz) and the amplitude of the pulsating flow. 

To reduce the flow pulsation effects on the reference Coriolis mass flowmeter and to shorten the 

wavelength of the pulsating flow, two expansion chambers (Varem, Extravarem LC, volume 

12 l, gauge pressure 1 bar) are integrated upstream and downstream of the pulsator.  

 

The value of the pulsating mass flow rate is estimated with an orifice plate flowmeter that has an 

inner diameter of 12.3 mm; this is integrated into the water flow rig with an inner diameter of 

25 mm downstream of the pulsator. The time-dependent mass flow rate qm(t) is calculated as: 

 

  
 ρΔ

m

p t
q t

K
 ,  (20) 

 

where ρ is the density of the water, K is the pressure loss coefficient determined from steady-

state experiments and p(t) is the measured differential pressure across the orifice during the 
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generated flow pulsations. Eq. (20) neglects the temporal inertia effects on the measured flow, 

because the temporal inertia term value of the orifice does not to exceed 3% of the convective 

inertia term value at the highest frequencies of the pulsations, as estimated using the method 

described in 18, 19. To calculate the density of the water ρ, the water temperature is measured 

using an RTD probe with an integrated transmitter. The pressure drop across the integrated 

orifice p(t) during the generated flow pulsations is measured with the help of two piezoelectric 

transducers (Kistler, 7261, sensitivity 2075 pC/bar and 2151 pC/bar, cal. measuring range –1 to 1 

bar, linearity 0.3% of full scale output, internal volume 1.5 cm
3
). The pressure sensors are 

connected to the conduit with short plastic tubes that have a length of about 30 mm and an 

internal diameter of about 4 mm. The piezoelectric pressure transducers have, considering the 

dynamics of the connecting tubing, a resonance at about 3.6 kHz (see e.g., [20]). The signals 

from the pressure transducers are amplified using a charge amplifier (Dewetron, DAQ-Charge, 

sensitivity 0.0025 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)). Because the piezoelectric measurement system 

does not measure the static pressure component, the signal of the differential pressure across the 

orifice p(t) during the generated flow pulsations is constructed with the help of digital signal 

processing, where the dynamic pressure component measured with the pressure transducers is 

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

the average mass flow with a reference Coriolis mass flowmeter 18.  

 

The Coriolis-type mass flowmeter under test consists of a single titanium (Ti ASTM Grade 2) 

straight measuring tube clamped between two steel blocks, which are joined together by screw 

connections and vertically attached to a concrete wall, see Fig. 6. Through the measuring tube, 

with length 0.48 m, inner diameter 0.016 m and outer diameter 0.0182 m, the water flow runs 

upwards. The measuring tube, including 30d upstream and downstream straight tube runs, is 

connected to the water flow loop by flange joints. The measuring tube is driven by an 

electromagnetic exciter that is located in the middle of the tube’s length and supplied from an 

external function generator (Goldstar, FG-8002, VCF input voltage 0 to 10 V, frequency range 

0.02 Hz to 2 MHz) to maintain the tube’s harmonic vibration. The excitation force is 

proportional to the electric current through the exciter’s coil, which is measured as the voltage 
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drop across a known resistor. The vibrational response of the fluid-conveying measuring tube is 

monitored using two IEPE accelerometers (Dytran, 3097A2T, sensitivity 0.01 V/m s
–2

, 

measuring range –500 to +500 m s
–2

 peak, accuracy 1% in the frequency range 0.3 Hz to 10 kHz) 

fastened to the measuring tube, symmetrically with respect to the centre of the measuring tube’s 

length, at a distance of 0.32 m apart. The signals from the accelerometers are amplified using an 

amplifier (Dewetron, DAQ-Charge, gain 1 to 10, full scale output –5 to +5 V, accuracy 1% of 

full scale output, frequency range 0.3 Hz to 50 kHz (–3 dB)). 

 

We would like to stress that the Coriolis-type mass flowmeter under test differs from commercial 

Coriolis mass flowmeters, which may result in higher damping and asymmetry of the 

fundamental vibration mode of the measuring tube. In commercial Coriolis flowmeters the 

displacement of the measuring tube is mainly monitored using the optical or electromagnetic 

sensors, whereas the two IEPE accelerometers in the Coriolis-type mass flowmeter under test are 

fastened to the measuring tube with the adhesive and have connecting cables. Additional 

damping and asymmetry may be introduced by the implementation of its clamping. The 

measuring tubes of commercial Coriolis flowmeters are usually welded to at least one housing, 

which leads to lower damping and better symmetry of the fundamental vibration mode of the 

measuring tubes. In addition, the deflection of the tube in commercial single-tube versions is 

usually sensed between the tube and inner housing, which decreases the effects of external 

operating conditions.  
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Fig. 6. Schematic view of the Coriolis-type mass flowmeter under test. 

 

 

The mass flow rate, the acceleration, the temperature and the pressure measurement signals are 

connected to the data-acquisition (DAQ) board (National Instruments, NI USB-6251 BNC, 

resolution 16 bit, set sampling rate 25 kHz). The DAQ board also employs an analogue output to 

control the operation of the shaker, three analogue inputs to acquire the data of the excitation 

(from the electromagnetic exciter) and detection signals (from the two IEPE accelerometers) at 

the Coriolis-type flowmeter’s tube and one analogue output to generate the control signal for the 

excitation frequency of the function generator. The mechanical resonance of the electro-

mechanical system of the Coriolis-type mass flowmeter under test is preliminarily established 

under steady-state flow conditions with the help of a control system based on the principle of the 

phase-locked loop 21. The control system’s algorithms and the signal processing of all the 

other measurement signals are realized in the LabVIEW programming environment. 
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5 Theoretical and experimental results 

 

Due to the flow pulsations, the sensor signals of the Coriolis mass flowmeter can contain 

additional frequency components, which can potentially cause measurement errors in the 

determination of the mean mass flow. In order to understand the physical background of the 

dynamic behaviour of the flowmeter, here we discuss the effects of the Coriolis interaction force. 

The Coriolis force for a moving fluid in a vibrating tube can be written as: 

 

      , 2 , ,Coriolis fF x t M v x t x t  ,  (21) 

 

where Ω(x,t) is the angular velocity of the measuring tube. If we consider that the fluid is 

pulsating with the frequency fP (for clarity of presentation, the phase shift of the flow pulsations 

is not considered in these analytical derivations): 

 

    1 ε sin 2πP Pv t v f t     (22) 

 

and the measuring tube is vibrating at its first natural frequency f1: 

 

      1, cos 2πx t A x f t  ,  (23) 

 

the Coriolis force can be written as: 

 

            1 1 1

1
, 2 cos 2π ε sin 2π sin 2π

2
Coriolis f P P PF x t M vA x f t f f t f f t

 
       

 
.    (24) 

 

If the first-order perturbation solution is considered for the effect of the fluid flow pulsations on 

the vibrations of the measuring tube, the Coriolis force results in the basic measurement effect of 

the average fluid flow at f1 and in the excitation of the measuring tube at two additional 

frequencies, which equal the sum and the difference of the pulsation frequency and the first 

natural frequency of the measuring tube fP + f1 and |fP – f1| [13]. From Eq. (24) it is clear that the 
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effect of the flow pulsations at these beat frequencies depends on the relative amplitude of the 

pulsations εP.  

 

For a given flow pulsation energy input the increase in the amplitude of the tube vibrations at the 

beat frequencies are expected to be greater when they coincide with the natural frequencies of 

the measuring tube. By taking into account the second-order perturbations, the angular velocity 

of the vibrating measuring tube due to the Coriolis force effect from the first-order perturbation 

solution can be written as: 

 

                 
1 1 1 11 1 1

1
, cos 2π ε sin 2π sin 2π

2 P P P PP f f P f f f f P f fx t A x f t x P f f t x P f f t x    

             
.  (25) 

 

The first term in Eq. (25) is related to the steady-state response and the other two terms are 

related to the dynamic response of the measuring tube, where ϕ is the phase shift due to the basic 

measurement effect of the average fluid flow at f1, Pi is the amplitude-perturbation factor and ϕi 

is the phase-perturbation factor at the frequency i (i = fP + f1, |fP – f1|). The vibrations of the 

measuring tube in an interaction with the pulsating fluid generate the Coriolis force:  

 

 

                

                  

  

1 1 1 1

1 1 1

1 1

1 1 1

2

1 1 1 1

1

1
, 2 cos 2π ε sin 2π sin 2π

2

1
sin 2π sin 2π ε cos 2π cos 2π 2

4

cos 2π
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P P

Coriolis f P f f P f f f f P f f

P P P f f f f P f f

f f f f

F x t M vA x f t x P f f t x P f f t x

f f t x f f t x P f t x f f t x

P f t x

    

  

 

             

                

         11cos 2π 2 ,
PP f ff f t x

   


 (26) 

 

which results, in comparison to the first-order perturbation solution (see Eq. (24)), in additional 

vibrations with frequencies at f1, fP + f1, |fP – f1|, 2fP + f1 and |2fP – f1|, where the first is the most 

critical due to the fact that its frequency coincides with the frequency of the basic measurement 

effect of the average fluid flow. Furthermore, by taking into account higher orders of 

perturbations (n = 3, 4, 5 …) the additional vibrations of the measuring tube at f1, nfP + f1 and 

|nfP – f1| occur. 
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Fig. 7 shows the effects of the flow pulsations obtained with the mathematical modelling 

described in Section 2. This theoretical study of the flow pulsation effects on the Coriolis mass 

flowmeter was carried out at a mean mass flow rate qm of 2000 kg/h (0.56 kg/s) and in the range 

of pulsation frequencies up to 1200 Hz. From the comparison of the amplitude spectra of the 

measuring-tube displacements for a flow with and without pulsations it is evident that in 

pulsating flow conditions some additional spectral peaks occur at frequencies |nfP – f1| (where 

n = 1, 2) and nfP + f1 (where n = 1, 2, 3 …).  

 

 

 

 

Fig. 7. Amplitude spectra of the measuring-tube displacements for steady-state and pulsating 

flow conditions obtained with the mathematical modelling (εP = 0.5, fP = 200 Hz). 

 

 

The effects of the flow pulsations on the behaviour of the Coriolis mass flowmeter depend on the 

amplitude and frequency of the flow pulsations. Fig. 8 shows the amplitudes of the measuring-

tube displacements at the beat frequencies fP – f1 and fP + f1 that occur due to the flow pulsations 

with different frequencies and relative amplitudes. The results of the simulations show a large 
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increase in the amplitudes of the vibrations at fP – f1 when they coincide with the first or the 

second natural frequency of the measuring tube, which happens when the flow is pulsating with 

the critical frequency fP = 2f1 or fP = f2 + f1. On the other hand, the amplitudes of the vibrations at 

fP + f1 increase when they coincide with the second natural frequency, i.e., when the flow is 

pulsating with the critical frequency fP = f2 – f1. From Fig. 8 it is evident that the amplitudes of 

the measuring-tube displacements at the critical frequencies of the pulsations increase with the 

increasing relative amplitude of the flow pulsations. 

 

 

 

 

Fig. 8. Amplitude-frequency characteristics of the measuring-tube displacements at fP – f1 and 

fP + f1 obtained with the mathematical modelling. 

 

 

Fig. 9 shows the amplitudes of the measuring-tube displacements at f1 for the different relative 

amplitudes and frequencies of the flow pulsations. It is evident that the increase in the amplitudes 

of the vibrations at f1 occurs at the same critical flow pulsation frequencies as discussed in Fig. 8 

due to the fact that the increase in the amplitudes of the vibrations at fP – f1 or fP + f1 induces 
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additional vibrations with the frequency f1 directly (fP = 2f1) or indirectly through the second-

order perturbations (fP = 2f1 and fP = f2 ± f1), see Eq. (26). The effects of the flow pulsations on 

the disturbances at f1 depend on the strength of the disturbances that occur at fP – f1 or fP + f1 and 

therefore on the relative amplitude of the flow pulsations.     

 

 

 

 

Fig. 9. Amplitude-frequency characteristics of the measuring-tube displacements at f1 obtained 

with the mathematical modelling. 

 

  

Due to the fact that the theoretical and experimental studies were carried out at a constant mean 

mass flow and constant first natural frequency of the flowmeter’s tube (f1 = 292.7 Hz), the mass-

flow sensitivity of the Coriolis meter was defined by the phase difference between the motions of 

the inward and outward halves of the measuring tube. The phase difference was obtained using 

the dual quadrature demodulation method, see Section 3, where the vibrational signals with a 

sampling frequency of fs = 25000 Hz and a length of 3 s were observed. The measured phase 

difference in the steady-state flow conditions at a mean mass flow rate of approximately 
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2000 kg/h, referring to the actual configuration of the Coriolis-type mass flowmeter described in 

the Section 4, was ∆ϕ = 0.3°. The relative error in the determination of the time-mean value of 

the mass flow due to the flow pulsation effect is given by the relative change of the mass-flow 

sensitivity obtained for the pulsating flow conditions with respect to the steady-state (ST) flow 

conditions in the measuring tube: 

 

 ST

ST

e





.  (27) 

 

The results of the dual quadrature demodulation method testing, see Section 3, showed that the 

method successfully eliminates the effects of all the additional frequency components in the 

vibrational signals for the determination of the phase difference, except for those with a 

frequency close to f1. The presented results of the mathematically obtained relative errors of the 

Coriolis mass flowmeter in Fig. 10 confirm that the accuracy of the meter is degraded by the 

influence of the flow pulsations when the flow is pulsating with a critical frequency close to 

fP ≈ f2 – f1, fP ≈ 2f1 or fP ≈ f2 + f1 due to the fact that these flow pulsations induce additional 

vibrations of the measuring tube with frequencies close to f1. The results of the simulations 

presented in Fig. 10 confirm that the increase in the amplitudes of the vibrations at fP – f1 or 

fP + f1 due to the increased relative amplitude of the flow pulsations (see Fig. 8) results in 

increased errors in the determination of the time-mean value of the mass flow. The results show 

that the relative error due to the flow pulsations with εP = 0.5 and frequencies close to fP ≈ f2 – f1, 

fP ≈ 2f1 or fP ≈ f2 + f1 reaches values up to about ±14%. Even though the effects of the flow 

pulsations with εP = 0.1 do not produce visible amplitude changes at f1 (see Fig. 9) it is evident 

that the flow pulsations at these, most influential, beat frequencies upset the meter at f1 and 

therefore cause relative errors of up to about ±1.2%. 
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Fig. 10. The relative error in the determination of the time-mean value of the mass flow due to 

flow pulsations obtained with the mathematical modelling. 

 

 

The results of the theoretical analyses show that the Coriolis force represents the main effect on 

the degradation of the accuracy of the meter due to the flow pulsations, whereas the fluid 

pressure and the centrifugal forces can additionally increase the effect of the indirect excitation 

of the meter at f1 through the second-order perturbations. This is confirmed by the fact that the 

increased amplitudes of the vibrations at f1 and consequently the measurement errors occur at the 

same critical flow pulsation frequencies even if the fluid pressure and the centrifugal forces are 

neglected in the mathematical simulations. Despite the fact that all the flow pulsations, 

regardless of their frequency, can potentially cause indirect excitations of the measuring tube at 

f1 by the vibrations at fP – f1 or fP + f1 through the second-order perturbations (see Eq. 26), the 

results of the mathematical simulations show that under certain ideal circumstances (the Coriolis 

meter is modelled as a simple mass-spring-damper system, considering the measuring tube to be 

made of a linear elastic material with a uniform and symmetrical mass and damping distribution, 

with tube deformations occurring only in the transverse direction, etc.) only flow pulsations with 
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the critical frequency fP ≈ f2 – f1,  fP ≈ 2f1 or fP ≈ f2 + f1 cause the errors in the determination of 

the phase difference between the signals related to the vibrations of the inward and outward 

halves of the flow tube.  

 

The experimental study was carried out at a mean mass flow rate qm of approximately 2000 kg/h 

(0.56 kg/s), where water flow pulsations in the range from 10 Hz to 1000 Hz at an approximately 

constant velocity amplitude of the harmonically moving diaphragm of the water-flow pulsator 

(of about 0.027 m s
–1

) were generated. The experimental results were obtained from three 

repeated measurements at each pulsation frequency. The comparison of the acceleration response 

spectra of the Coriolis measuring-tube motions for flow with and without pulsations presented in 

Fig. 11 confirms that in pulsating flow conditions additional spectral peaks occur at the 

frequencies f1 – fP and nfP + f1. In contrast to the theoretical findings, the measured vibrational 

signal in the flow pulsating conditions also contains an additional component at the frequency of 

the pulsations fP. The vibrations of the measuring tube at the frequency of the pulsations are 

probably caused by a variety of imperfections in the measuring tube. The measuring tube of the 

Coriolis-type mass flowmeter under test is not fully symmetrical and not ideally clamped, as 

assumed in the theory, and therefore the effects of the shaking forces caused by the flow 

pulsations and the transmission of external mechanical vibrations generated by the water-flow 

pulsator are not totally prevented [8-10]. Furthermore, in the experimentally obtained dynamic 

response of the Coriolis flowmeter the harmonics of f1 and fP appear due to the nonlinearity of 

the flowmeter’s tube.  
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Fig. 11. Amplitude spectra of the measured flowmeter’s tube accelerations for steady-state and 

pulsating flow conditions (fP = 195 Hz). 

 

 

Fig. 12 shows the measured amplitudes of the measuring-tube accelerations at fP due to the 

shaking forces for different flow pulsation frequencies. The amplitude of the flowmeter’s tube 

acceleration was determined using a digital Fourier transform as the component of the measured 

signal at the frequency of the generated flow pulsations. For the flowmeter under test it is evident 

that the shaking forces have the strongest effect when their frequency coincides with the first two 

natural frequencies of the measuring tube f1 = 292.7 Hz and f2 ≈ 825 Hz, or the lower resonance 

frequency of the water-flow measurement system fr ≈ 210 Hz.  
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Fig. 12. Amplitude-frequency characteristic of the measured flowmeter’s tube accelerations at fP. 

 

 

Fig. 13 shows the measured amplitudes of the pulsating mass flow generated by the water-flow 

pulsator at an approximately constant velocity amplitude of the harmonically moving diaphragm. 

It is evident that the water-flow pulsator, due to the dynamic characteristic of the water-flow 

measurement system, does not generate constant amplitude pulsations over the entire frequency 

range. The amplitudes of the mass flow pulsations are higher when they are generated in the 

resonance frequency range of the measurement system, i.e., when fP ≈ 210 Hz or fP ≈ 400–

600 Hz. 
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Fig. 13. Measured amplitudes of the generated pulsating mass flow. 

 

 

The effects of flow pulsations on the Coriolis mass flowmeter under test are explained by 

observing the measured amplitudes of the measuring-tube accelerations at the beat frequency 

fP + f1. Fig. 14 shows that there are some well-defined regions of the pulsation frequencies, 

where the increase in the amplitudes at fP + f1 appears. One of the pulsation frequency regions 

(indicated in Fig. 14 by IV) is when fP ≈ f2 – f1. As discussed earlier (referring back to Fig. 8) this 

is due to the fact that the vibrations at fP + f1 are the strongest when they coincide with the 

second natural frequency, and were confirmed mathematically. The additional four regions 

(indicated in Fig. 14 by I, II, III and V) are the result of the shaking forces that occur due to the 

measuring-tube imperfections. The flow pulsations that are additionally excited by the shaking-

forces effect influence the meter by beating with the first natural frequency of the measuring tube 

and have the strongest effect when the frequency of the flow pulsations or the frequency of their 

harmonics coincide with the tube’s first natural frequency (indicated by I, where fP ≈ f1/2, and III, 

where fP ≈ f1), the tube’s second natural frequency (indicated by V, where fP ≈ f2) or the lower 

resonance frequency of the water-flow measurement system (indicated by II, where fP ≈ fr). 
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Fig. 14. Amplitude-frequency characteristic of the measured flowmeter’s tube accelerations at 

fP + f1. 

 

 

Fig. 15 presents the measurement errors in the determination of the time-mean value of the mass 

flow by detecting the phase difference between the signals related to the vibrations of the inward 

and outward halves of the flow tube at f1. The experimental results show that the flow pulsations 

produced meter errors of up to ±26%. The degradation of the meter’s accuracy shows relatively 

good agreement with the increase of the amplitudes at f1 + fP presented in Fig. 14, but with an 

additional region of increased errors due the flow pulsation at fP = f1/3. From the observation of 

the waveform of the flow pulsations it was evident that in this case the presence of the third 

harmonic in the waveform caused a direct excitation of the measuring tube at f1. The results 

suggest that flow pulsations degrade the accuracy of the meter through beating with the drive 

frequency, which is evident from the increased amplitudes of the tube vibrations at fP + f1 (see 

Fig. 14), where these components excite the meter indirectly at the first natural frequency 

through the second-order perturbations, or by direct excitation of the measuring tube at f1. While 

the sensor signal spectra showed largely increased peaks at the drive frequency only when 

http://doi:10.1016/j.jsv.2015.05.014


Journal of Sound and Vibration 352 (2015) 30−45 

doi: http://dx.doi.org/10.1016/j.jsv.2015.05.014, © Elsevier Ltd. 

 

 

35 

 

excited by the flow pulsations with fP = f1, the effects of direct excitations of the first natural 

frequency by the harmonics of the flow pulsations with fP = f1/3 and fP = f1/2 were seen in a 

significant deterioration of the repeatability of the measured phase difference. While the average 

relative standard deviation of the measured phase difference for all the other examined flow 

pulsation frequencies was about 0.5%, the repeatability of the measurements for the pulsation 

frequencies fP = f1/3 was about 5%, for fP = f1/2 about 9% and for fP = f1 about 15%.  

 

 

 

 

Fig. 15. Average values of the measured relative errors in the determination of the time-mean 

value of the mass flow due to flow pulsations. 
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6 Conclusions 

 

This paper discusses the flow pulsation effects for a straight-tube, Coriolis-type mass flowmeter. 

The explanation of the flow pulsation effects is based on both theoretical analyses and the results 

of experiments. In order to examine the dynamic behaviour of the Coriolis mass flowmeter, a 

linear, two-degree-of-freedom, lumped-parameter dynamic model of the flowmeter was built. 

The theoretical results confirm that the Coriolis force represents the main effect on the 

degradation of the accuracy of the meter due to the flow pulsations. In the first-order 

perturbations the Coriolis force results in the excitation of the measuring tube at two additional 

frequencies, which equal the sum and the difference of the pulsation frequency and the first 

natural frequency of the measuring tube, i.e., fP + f1 and |fP – f1|. In the higher-order perturbations 

the Coriolis force further results in the excitation of additional vibrations of the measuring tube 

at f1, nfP + f1 and |nfP – f1|. Because the first coincides with the frequency of the basic 

measurement effect of the average fluid flow, the methods implemented for the determination of 

the phase difference between the two vibrational signals cannot always successfully overcome 

the meter errors. Despite the fact that all the flow pulsations, regardless of their frequency, can 

potentially cause indirect excitations of the measuring tube at f1 by the induced vibrations at fP –

 f1 or fP + f1 through second-order perturbations, the results of the mathematical simulations show 

that under certain ideal circumstances these effects are the strongest when fP – f1 or fP + f1 

coincide with the natural frequencies of the measuring tube and depend on the relative amplitude 

of the pulsations. 

 

In contrast to the mathematical findings, the results of the experimental study show that the flow 

pulsations may also excite the meter at the frequency of the flow pulsations due to the induced 

shaking forces, which are believed to be the result of various imperfections in the measuring tube 

under test.  The results of the experimental analyses show that the flow pulsations cause two 

separate effects that may produce the meter’s errors. The accuracy of the meter can be degraded 

by the flow pulsations through beating with the drive frequency, where these vibrations excite 

the meter indirectly at the first natural frequency through the second-order perturbations, or by 

direct excitation of the measuring-tube vibrations at f1 by the flow pulsations with a frequency 
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(or the frequency of its harmonics) equal to the first natural frequency of the measuring tube. The 

flow pulsations have the strongest effect on beating with the drive frequency at f1 + fP when this 

frequency coincides with the tube’s second natural frequency and, as a result of the stronger 

effect of the shaking forces, when the frequency of the flow pulsations or the frequency of their 

harmonics coincides with the first two natural frequencies of the measuring tube or the resonance 

frequency of the water-flow measurement system. Due to the fact that the magnitude of the 

shaking forces depends on the degree of precision achieved during the manufacturing of the 

Coriolis mass flowmeter and the rigidity of its mounting, it is expected that the effects of the 

shaking forces present in commercially available flowmeters are much smaller than in the 

prototype of the meter under test. The shaking-force effects can, however, differ from one model 

of meter to another and it is therefore difficult to give any general estimate. In order to 

theoretically study the effects of the shaking forces the mathematical model should consider the 

continuity and momentum equations of the pulsating flow and the imperfections of the 

measuring tube (e.g., non-uniform and asymmetrical mass and damping distributions, axial tube 

deformations, etc.). 
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