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ABSTRACT 

 

 

This paper presents the study of the axisymmetric velocity profile effects in the shell-
type Coriolis flowmeter with second circumferential mode, which exploits the results of 
CFD simulations. Simulations were carried out for viscous fluid flow in the vibrating 
measuring tube, whose mode shape remained fixed during the transient simulation 
process. We observed time responses of the integral anti-symmetric fluid forces acting 
on the inner wall of the measuring tube. Their magnitudes and their relative variations 
with the mass flowrate of the fluid were used for the integral estimation of the velocity-
profile effect. Simulation results are presented for different fluid velocities through the 
measuring tube and show considerable loss of flowmeter's sensitivity in the range of 
lower Reynolds numbers. The results are also compared with the weight-vector 
estimations of the velocity-profile effect and are evaluated for two different turbulent 
models.  
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NOMENCLATURE: 

A amplitude of vibration 
A1, B1, C1 constants in the modal expansions of ux, uθ, ur 
f frequency of vibration 
Fk,i component i of fluid force acting on boundary element k 
I  unit tensor 
k turbulent kinetic energy, separation constant, boundary element 
K, K0 mass flowrate sensitivities for Vx0 and for V0 
L length of the measuring tube 
n normal vector at the boundary Γ 
Nc number of cells (finite volumes) in tube's cross-section 
p pressure 
pi, pi,0 fluid pressure and perturbation pressure on the wall of the tube 
pk pressure on boundary element k 
q circumferential interval 
r, θ, x cylindrical coordinates 
r integral force difference 
R, R0 amplitudes of r obtained with numerical simulation and with potential 

flow theory 
Re Reynolds number 
Ri inner radius of the tube 
rq fluid force difference for circumferential interval q 
Rq amplitude of rq  
sk,i component i of the surface vector of boundary element k 
t time  
T stress tensor 
T f, Tt viscous and Reynolds stress tensors 
ux, uθ, ur axial, circumferential and radial displacements 
v absolute fluid velocity vector 
v' fluctuation  velocity vector (of v) 
vS surface velocity vector  
V0 average fluid velocity, uniform velocity profile 
Vx0 axial velocity profile 
Wx axial weight function 
α tube aspect ratio (=L/Ri)  
∆Sc cell's (finite volume's) area 
ε dissipation rate 
Γ fluid domain boundary 
λ1 eigenvalue of the first eigenfunction of clamped-clamped Euler beam 
µ, µt dynamic and turbulent viscosity 
ρ0 fluid density 
ω angular frequency 
Ω fluid domain 
ψ1 first eigenfunction of clamped-clamped Euler beam 
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1. INTRODUCTION 

Estimation of the velocity-profile effects in the shell-type Coriolis flowmeter in 
this paper follows the method from Ref. [1], where the influences of the inlet profiles on 
the characteristics of the beam-type configuration were investigated using the CFD 
simulations of the fluid flow in the vibrating measuring tube. Contrary to the beam-type 
meter with first lateral mode, this paper discusses a straight tube, shell-type meter with 
one axial and two circumferential waves in its mode shape. The mode shape remains 
fixed during the transient simulation process, because modelling of the solid dynamics 
was not considered within the framework of the presented study. Thus the actual 
measuring effect of the flowmeter (the phase difference between the motion of the tube 
at sensing points) could not be calculated.  

Instead, we used the magnitudes of the anti-symmetric fluid forces acting on the 
inner wall of the measuring tube and their relative variations with the mass flowrate of 
the fluid for the integral estimation of the velocity-profile effect.  The fluid forces 
resulting from CFD simulations were additionally compared with those yielding from 
the potential flow model to observe possible deviations from the linear measuring 
characteristic of the flowmeter. 

Section 2 provides the details of the employed numerical model, which is in the 
next section followed by the definitions of the integral anti-symmetrical fluid forces for 
the numerical model as well as for the potential flow model. Section 4 presents an 
insight into the variations of the resulting integral fluid forces and their relative 
variations with Reynolds numbers, which served for the estimation of velocity profile 
effects. This section also includes the comparison between the numerical results and 
solutions of the weight vector theory in Ref. [2] and discusses the numerical solutions 
obtained with two different turbulence models (standard k-ε and Reynolds stress 
turbulence model), which were used in the analysis of the respective problem.
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2. NUMERICAL MODEL  

2.1. GOVERNING EQUATIONS 

The fluid flow through the measuring tube of the shell-type Coriolis flowmeter is 
assumed as isothermal, Newtonian and weakly compressible. Its three-dimensional 
spatial distribution and time evolution are governed by the conservation of mass and 
momentum principles, which will be represented in their integral form. For a fluid with 
the density ρ0 and the absolute velocity v of the particles in the fluid domain Ω  the 
continuity and momentum equations read as follows:  

 ( )0 0d d 0St Ω Γ

∂ ρ Ω + ρ − ⋅ Γ =
∂ ∫ ∫ v v n ,  (1) 

 ( )0 0d d dSt Ω Γ Γ

∂ ρ Ω + ρ − ⋅ Γ = ⋅ Γ
∂ ∫ ∫ ∫v v v v n T n . (2) 

In the above equations the constraints on the fluid flow, as imposed by the motion of the 
surrounding tube wall and prescribed by the respective surface velocities vS on the fluid 
domain boundary Γ (n being the normal vector at the boundary Γ), are taken fully into 
account. T is the resulting stress tensor, which is composed of the viscous stress tensor 
T f  and the Reynolds stress tensor T t: 

                                                      f t= +T T T   .                               (3) 

The viscous stress tensor T f is defined as: 

 ( )( ) 2
grad grad div

3
T

f p= µ + − µ −T v v v I I   , (4) 

with  p being the fluid pressure, I  the unit tensor and µ the dynamic viscosity, while the 
Reynolds stress tensor T t, which results from the fluid turbulence, is proportional to the 
time averaged product of velocity fluctuations: 

 
______

0 ' 't = −ρT v v  . (5) 

To represent the Reynolds stress tensor by expressing the correlations of the 
fluctuations in terms of the mean quantities we employed two different turbulence 
models. The first is standard k-ε model and the second the Speziale-Sarkar-Gatski 
Reynolds stress model (SSG RSM) [3]. Standard k-ε model is a two-equation model 
based on the turbulent-viscosity concept, which assumes the local isotropy of 
turbulence. The Reynolds stress tensor is expressed in terms of turbulent viscosity µt 
that depends on the values of turbulent kinetic energy k and its dissipation rate ε, which 
are modelled with two additional differential equations. In case of the Reynolds stress 
model the terms of the Reynolds stress tensor are solved individually. The turbulent-
viscosity hypothesis, which is believed to be a major defect of the k-ε model, is not 
needed and the exact equation for Reynolds stresses is obtained directly from the time-
averaged Navier-Stokes equations and includes among others the pressure-strain tensor. 
The term serves to distribute energy among the Reynolds stresses and requires 
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modelling that is in our case realized as proposed by Speziale, Sarkar and Gatski (SSG). 
The dissipation rate that is presumed isotropic is determined by an additional transport 
equation. 

 

2.2. BOUNDARY AND INITIAL CONDITIONS 

The computational flow domain of a circular cross-section consists of the inlet, 
the measuring tube and the outlet section (Fig. 1). Numerical simulations were 
performed for two different lengths of the measuring tube, L, of 0.3 m and 0.6 m, 
respectively. The inner radius, Ri, was kept constant at 0.015 m, meaning that the 
measuring tube’s aspect ratio α = L/Ri equalled 20 and 40, respectively. The inlet (60Ri) 
and the outlet (20Ri) sections were included in the model to minimize possible 
disturbances to the inlet and the outlet boundaries of the measuring tube. 

 

 

Inlet section Measuring tube of length Outlet sectionL

x

y

30D 10D10D, 20D

D

 

Fig. 1. Scheme of the computational domain. 

 

 

The initial velocity field and the stress field in the fluid are assumed identical to 
the steady state fields that correspond to the developed conditions reached in the tube at 
rest, under the prescribed flow conditions at the inlet boundary of the domain. The 
prescribed fully-developed inlet velocity profile, as well as the turbulent kinetic energy 
and its dissipation rate, were obtained from preliminary simulations of the evolution of 
the fluid flow in a straight tube of length 100Ri at rest. At the outlet of the domain the 
ambient pressure of 1 bar was prescribed and the no-slip conditions at the wall were 
defined for the whole domain. 

The inlet and outlet sections remained fixed, whereas the measuring tube section 
was assumed to vibrate during the simulation process. Its mode shape was defined by 
the approximate solutions for the second circumferential mode shape of the clamped-
clamped shell tube, without a presence of fluid flow. Following Ref. [2] and considering 
only the first terms in the Galerkin expansion, the axial (ux), circumferential (uθ) and 
radial (ur) displacements can be given as: 
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( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

1
1

1 1

1 1

d
, cos 2 sin ,

d
, sin 2 sin ,

, cos 2 sin ,

x

r

x
u x t A t

x
u x t B x t

u x t C x t

θ

ψ
= θ ω

= ψ θ ω

= ψ θ ω

  (6) 

with ω = 2πf representing the angular frequency of vibration and function ψ1 being the 
first eigenfunction of the clamped-clamped Euler beam: 

 ( ) 1 1
1 1 1 1 1

1 1

cosh cos
cosh cos sinh sin ,

sinh sin

x x x x
x

L L L L

λ − λ         ψ = λ − λ − λ − λ        λ − λ        
 (7) 

where eigenvalue λ1 equals 4.730. The vibration frequency was chosen arbitrarily in 
numerical simulations, because the properties of the tube, except the inner radius and its 
length, were not needed for the particular analysis presented in this paper. Ref. [4] 
supposes the following relations between the constants A1, B1, C1: 

 1 1 1 1

1
,  

2 4
iR

B C A C= − = − . (8) 

Constant C1 was set to A/ψ1(L/2), A being the amplitude of vibration in the middle of 
the measuring tube (at θ = 0) and was in our case equal to Ri/300. 

  

2.3. NUMERICAL SOLUTION  

The scheme for the discretized computational fluid flow domain is presented in 
Fig. 1. The computational domain was split into 111360 and 157760 finite volumes 
(cells), with respect to the measuring tube’s aspect ratio α = 20 and 40 respectively. The 
cells representing the measuring tube were equally distributed in the axial direction, 
whereas the distances between the cells in the inlet (outlet) section increased by a factor 
of 1.03 towards the beginning (end). Total number of cells representing the cross-
sectional area of the tube was equal to 580 across the whole domain. 

The motion of the measuring tube section was realized by the moving grid option, 
which means that the numerical grid was reconfigured in each time step of the 
simulation. The positions of the vertices on the wall of the tube were prescribed directly 
according to imposed displacement of the tube in Eq. (6), whereas the positions of the 
inner vertices were adjusted according to their distances from the wall of the tube. Since 
the vibration is imposed only to the measuring section, the vertices of the inlet and the 
outlet sections remained fixed throughout the simulation. A single oscillation period of 
the tube was modelled with 64 time steps, which was found to be sufficient for time-
accurate description of the fluid motion in the measuring tube. All the simulations were 
carried out for five oscillation periods, which proved to be sufficient to assure the 
steady-state (periodic) regime.  

For the numerical solution of the presented equations representing the fluid 
dynamics behaviour we used the Comet code [5], which uses the finite-volume method 
to transform the governing differential equations into finite-difference equations. The 
unsteady terms are discretized in accordance with a second-order three-time-levels 
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implicit scheme, while the convective and diffusive terms are approximated by using 
the second-order central difference scheme. The phenomena near the wall of the tube 
were modelled using the wall functions. The pressure–velocity coupling was handled by 
the SIMPLE algorithm. The convergence in a single time step is reached when the sum 
of the absolute residuals for all equations falls by five orders of the magnitude.
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3.  CALCULATION OF THE FLUID FORCES 

To estimate the measuring effect for the mass flowrate, which can be related to the 
anti-symmetrical distribution of the Coriolis force along the measuring tube, the 
parameter considering the integral force difference between the outlet and inlet halves 
of the measuring tube is introduced. Considering the imposed circumferential mode 
shape of the tube, its cross-sections have been cut into four respective intervals (q = 
1,2,3,4) as presented in Fig. 2, each of them spanned over π/2, with limits at π/4, 3π/4, 
5π/4 and 7π/4. The resulting fluid forces on specific intervals were calculated in y (q = 
1,3) and in z (q = 2,4) direction, respectively. For each interval the fluid force difference 
(rq) between the outlet, x ∈ [L/2, L], and inlet, x ∈ [0, L/2], halves of the measuring tube 
can be expressed as: 

( ) ( ) ( ) ( )( )
( )

( )
/ 2

/ 2 0

1
4 2

1
4 2

, , d , , d cos 1 1 d , 1,2,3,4
4

L L

i i

L

q

q
q i

q

t p x t x p x t xr R q

π π+ −

π π− + −

   θ − θ   
  

π= θ − + − θ =∫ ∫∫ , (9) 

where pi is the fluid pressure on the wall of the tube. The directions of rq are, in a certain 
moment, schematically presented in Fig. 2. 

y

z

π/4

3π/45π/4

7π/4
q = 1

q = 2

q = 3

q = 4 r2

r1

r3

r4

 

Fig. 2. Presentation of partitioning the tube’s circumference and directions of the 
resulting force differences rq (q = 1,2,3,4). 

 

Considering the symmetric conditions in each cross-section of the measuring tube, 
the amplitudes Rq of the force difference rq would be the same regardless of the 
observed circumferential intervals. Hence, the following expression for the integral 
force difference r(t) between the outlet and inlet halves (taking into account the 
directions of rq) is introduced: 
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 ( ) ( ) ( ) ( ) ( )1 2 3 4r t r t r t r t r t= − − + . (10) 

This expression provides the information about the magnitudes of anti-symmetric fluid 
forces over the entire circumference. We will use the relative variations of the resulting 
amplitude R of r(t) as the estimation parameter for the velocity profile effect. The 
amplitude R is determined from the amplitude spectrum of r(t) (the component at 
frequency of vibration f), which is calculated employing the DFT algorithm. It is 
plausible to use such a parameter (over the entire circumference) in cases where 
symmetrical conditions are ensured in the cross-sections of the tube, as in this paper 
where the fully developed symmetric velocity profiles are assumed at the inlet. In case 
of non-symmetric (e.g. triangular) velocity profiles the conditions differ noticeably at 
each circumferential position, so it would not be reasonable to describe them by such an 
integral parameter considering the entire circumference of the measuring tube.    

 The fluid forces are calculated from the respective pressure field in the 
measuring tube. The pressure pk acting on a single boundary element k is obtained for 
each time step of the simulation process. The resulting component of fluid force Fk,i on 
a single boundary element is then calculated as: 

 , ,k i k k iF p s= , (11) 

where sk,i is the component i of the surface vector. The resulting force difference rq 
defined in Eq. (9) is then obtained upon the summation of resulting forces over the 
respective axial and circumferential intervals. 

Next we will apply the potential fluid flow theory with uniform velocity profile 
that has already been employed in studies of the shell-type meters, for the evaluation of 
the force differences introduced in this section. The results will serve for further 
comparison with the results of numerical simulations. Considering the prescribed mode 
shape of the measuring tube in Eq. (6) and following Ref. [2] the perturbation pressure 
on the tube’s wall reads as follows: 

 ( ) ( ) ( ) ( )( ),0 ,0 ,0, , cos 2 sin argi i ip x t p x t p x θ = θ ω +  ,  (12) 

where ( ),0ip x  is its complex amplitude:  

 

( ) ( )
( ) ( )

( ) ( ) ( )( )

2
2 2 2

,0 0 0 02
20

1 1

0

I
2 g , d ,

dI / d

1
, cos d

i

i
i

r R

L

kR
p x V i V k x k

kr r x x

g k x C y k y x y

∞

=

 ∂ ∂= ρ ω − − ω ∂ ∂ 

= ψ −
π

∫

∫

 (13) 

where I2( ) represents the second order modified Bessel function of the first kind and V0 
the average steady fluid velocity. The expression (13) consists of two parts: the first is 
real and represents the contribution of the translation inertial and relative centrifugal 
forces and the second is the imaginary part that represents the contribution of the 
Coriolis inertial force to the entire pressure. With the real part being symmetric to the 
middle of the measuring tube, only the anti-symmetric Coriolis force contributes to the 
integral anti-symmetric force on the tube. 
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 Introducing Eqs. (12) and (13) into the Eqs. (9) and (10), the magnitude of the 
integral force difference can be calculated as:  

 
( )

( ) ( )2
0 0 0

20

I32 2
, ,0 d

3 dI /d 2
i

i
i

r R

kR L
R R V g k g k k

kr r

∞

=

  = ρ ω −  
  

∫ . (14) 

The ratio between R (numerical model) and R0 (potential flow model) provides the 
agreement between the considered models. Its variations with Reynolds number will 
show possible deviations of the numerical results from the ideal linear characteristics 
predicted by the potential flow model. 
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4. NUMERICAL RESULTS 

The numerical simulations were performed for fluid with ρ0 = 1000 kg/m3 and µ = 
1.002⋅10-3 Pa⋅s, for several different average inlet velocities V0 = 0.1 – 10 m/s, 
represented in terms of dimensionless Reynolds numbers, Re = 2V0Riρ0/µ = 3000 – 
3⋅105. The vibration frequency was set to f = 100 Hz. If not stated otherwise, the results 
of this section were obtained using the SSG Reynolds stress model for the turbulence 
fluid behaviour. 

The accuracy of the simulation results yielding from the proper spatial 
discretization of the domain was examined by comparing the results on the selected grid 
with the results obtained on two denser reference grids for the measuring tube with α = 
20 and Re = 3⋅104. The first reference grid had twice the density of cells in the axial 
direction and the second 20 % denser discretization of the cross-sectional area of the 
tube (700 cells per cross-section). The results showed that the fluid-force amplitude R 
obtained on the selected grid distinguishes less than 0.1 % with respect to the results 
obtained for the two reference grids, which was found sufficient regarding the predicted 
trends presented in subsection 4.2.    

 

4.1. ANALYSIS OF THE FLUID FORCES  

  The time evolution of the force difference r1 is presented in Fig. 3 for α = 20 and 
Re = 1.5⋅105. The steady-state regime is reached approximately after the fourth 
oscillation period of the measuring tube. It is evident that its values oscillate around a 
non-zero value and that the response varies with a frequency higher than the frequency 
of vibration. 

0.00 0.01 0.02 0.03 0.04 0.05

-4.2

-4.0

-3.8

-3.6

-3.4

r 1  [
N

]

t  [s]    
Fig. 3. Time evolution of r1 for α = 20 and Re = 1.5⋅105. 
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To find the particular frequency components we calculate the amplitude spectrum 
of r1 using the DFT algorithm, which is presented for different Reynolds numbers in 
Fig. 4. The peaks at 0 Hz represent the DC values whereas the other peaks represent the 
RMS amplitudes of responses. It is clear that the responses are composed of their DC 
value (offset) and two main additional frequency components: first at f (the frequency of 
vibration) and second at 2f (twice the frequency of vibration). The amplitudes of all 
higher harmonic components (3f, 4f, etc.) are also present and are not significantly 
influenced by the Reynolds number variations. They cause certain distortion of the time 
response particularly at low Reynolds numbers, where their amplitude components are 
practically of the same order as the components at f. 

 

0 100 200 300 400
1E-4

1E-3

0.01

0.1

1

10

100

Re = 
 300000
 150000
 30000
 9000
 3000

[Hz]

R
1(f

) 
  [

N
]

f  
Fig. 4. The amplitude spectrum of r1 for different Reynolds numbers for α = 20. 

 

The component at f changes almost linearly with the Reynolds number and could 
therefore be related to the Coriolis effect in the measuring tube. This can be proven by 
the fact that the maximum value of the respective frequency components is indeed 
reached when the tube passes its middle position, i.e. when angular velocity of the tube 
reaches its maximum value.  

Next the offset and the component at 2f have to be explained. In contrast to 
component f, their presence is not predicted with the potential flow model. It was 
established that the offset of the observed response of r1 is related to the pressure loss in 
the measuring tube, since both increase quadratically with the through flow Reynolds 
number. On the other hand the component 2f is not significantly influenced by the 
variations of the mass flow rate though the tube. We assume that the anti-symmetric 
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force variations at 2f are caused mainly by the specific mode shape of the tube and the 
respective numerical model. Because of the pressure fixed at the outlet domain 
boundary the absolute pressure variations are greater in the inlet half of the measuring 
tube, which causes the observed variations of the force difference r1 at 2f (modifying the 
pressure reference position would cause alteration of the amplitude of component 2f). 
Furthermore, the additional source of 2f component, which is believed to be small, 
could be linked to the nonlinearities of the perturbed flow field, which produce 
variations in time proportionally to cos2(ωt) ∝ (1+cos(2ωt)).  

Next we will observe the entire-circumference integral force difference r, whose 
time evolution is presented in Fig. 5 for two different Reynolds numbers (3⋅103 and 
3⋅104, respectively). It is also clear that the steady-state (periodic) response of r is 
obtained practically already after the first oscillation period (established for all 
simulated cases). Again the DFT algorithm was employed to determine the amplitude 
spectrum of r for different Reynolds numbers, which is presented in Fig. 6. It shows that 
besides the component at f (which is influenced by the Reynolds number and is used for 
the estimation of the velocity-profile effect in the following subsection) the component 
at 3f is also present in all cases. The later is not influenced by the fluid velocity 
(Reynolds number), therefore its visible influence diminishes already at Re = 3⋅104, 
because its amplitude is almost two decades lower than the amplitude component at f.  

 

0.00 0.01 0.02 0.03 0.04 0.05

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06
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 3000
 30000

r 
 [N

]

t  [s]    
Fig. 5. Time evolution of r for α = 20 for two Reynolds numbers (Re = 3⋅103 and 3⋅104) 
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Fig. 6. The amplitude spectrum of r for different Reynolds numbers for α = 40. 

 

 

4.2. ESTIMATIONS OF THE VELOCITY-PROFILE EFFECT 

Fig. 7 presents the values of ratio R/R0 (determined for the steady-state regime) at 
different Reynolds numbers for both considered turbulence models and for α = 20 and 
40, respectively. The simulations predict loss of sensitivity at lower Reynolds numbers 
with respect to the highest Reynolds number simulated, of about 7 % for α = 20 and 
about 9 % for α = 40. Better values for the agreement are reached for the tube with 
aspect ratio α = 40, especially at the highest Reynolds numbers. 
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Fig. 7. Values of R/R0 for different Reynolds numbers for α = 20 and 40 obtained with 

two different turbulence models (standard k-ε model and SSG RSM). 

 

Upon the results presented in Fig. 7, it is clear that the two turbulence models 
provide the same trends and practically also the same values of agreement R/R0 for the 
simulated Reynolds numbers. Comparison of the axial velocity profiles (Vx0) imposed at 
the inlet of the domain (Fig. 8) shows that the SSG RSM predicts a bit more flattened 
profile (maximum velocity in the cross-section is approx. 1 % lower for the presented 
Reynolds number) and also approx. 10 % higher pressure loss in the measuring tube, 
which could be important in a different type of analysis, but does not influence the 
estimation of the resulting force difference r in the presented study.  
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Fig. 8. Axial velocity profiles imposed at the inlet of the domain for Re = 3⋅104 obtained 
with two different turbulence models (standard k-ε model and SSG RSM). 

 

4.3. COMPARISON WITH THE RESULTS OF THE WEIGHT VECTOR THEORY 

Lastly, the velocity-profile effect of the shell-type Coriolis flowmeter estimated 
by the presented numerical simulations will be compared to the results of the weight 
vector theory by following Ref. [2] for n = 2. This theory enables the estimation of the 
actual measuring effect of the mass flowrate, that is the phase difference between the 
motion of the sensing points on the tube's outlet and inlet halves. Since the measured 
flow is fully developed, the phase difference can be related to the integral (over the 
entire volume of the fluid Ω) of the product between the steady velocity 0xV  in the tube 

at rest and the axial weight function xW  being dependent on the defined vibrational 

velocities of the fluid without the steady flow. The velocity-profile effect will be studied 
considering the ratio between the mass flowrate sensitivities of the flowmeter for 
respective inlet velocity profiles 0xV  and for the uniform inlet velocity 0V :   
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. (15) 

To ensure comparability with the numerical simulations, 0xV  is equalized with the 

fully-developed inlet velocity field from the numerical model. The velocities are known 
in the centres of cells in the discretized cross-section of the measuring tube, therefore 
Eq. (15) is rewritten in the corresponding discrete form:  
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where 580cN =  is the number of cells representing the cross section, ( ),c cr θ  are 

cylindrical coordinates of a particular cell and cS∆ is its area. Calculation of the weight 

function completely follows Ref. [2], where the measuring tube is modelled as the 
clamped-clamped Flügge's thin shell and the vibrational flow fields are obtained using 
the potential flow theory. Except proper values of the tube's length L and internal radius 
Ri, all input data are assumed the same as in [2] (Titanium tube, wall thickness h = 0.5 
mm, first axial mode j = 1, sensing distance s/L = 0.5, etc.). 

In Fig. 9 ratios R/R0 and K/K0 are compared for two dimensions of the measuring 
tube (α = 20 and 40) at different Reynolds numbers. Particularly for the tube with 
aspect ratio α = 20 the values of R/R0 follow the trend of K/K0 and almost coincide at 
highest Reynolds numbers. The higher deviations at the lowest Reynolds number could 
be connected with the non-sinusoidal response of r (see subsection 4.1). Similar results 
were also obtained for the tube with α = 40, though a bit greater deviation between both 
ratios at the highest Reynolds number is simulated. The results in both cases predict 
relative large sensitivity losses at lower mass flowrates, especially in the region of low 
Reynolds numbers, where a sensitivity decrease of up to 15 % with respect to the 
uniform velocity profile is estimated. The estimated inlet velocity effect in shell-type 
Coriolis flowmeters seems to be much more important than in the case of beam-type 
Coriolis flowmeters, for which the sensitivity decrease was about a few tenths of a 
percent predicted in the turbulent flow region [1,2].  
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Fig. 9. Values of R/R0 and K/K0 for two dimensions of the measuring tube (α = 20 and 

40). 

 

We must be aware of certain limitations of the respective numerical model, which 
make the direct comparison with the weight vector theory rather difficult. First the 
results of the numerical model are based only upon an integral estimate of the fluid flow 
effect on the imposed mode shape of the measuring tube and second, the actual 
measuring effect (phase difference between the sensing points) is not observed, so the 
effect of sensors’ positions cannot be predicted. 
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5. CONCLUSIONS 

This paper presents numerical simulations of viscous fluid flow in a vibrating 
measuring tube of the shell-type Coriolis flowmeter, which served for the analyses of 
the fluid forces and the velocity profile effect on its performance. The unaltered mode-
shape of the measuring tube was imposed, since the deformations of the tube due to the 
fluid loads on its inner wall were not modelled at this stage. 

Considering the axisymmetric velocity profiles in the measuring tube, the pressure 
field and the corresponding fluid forces vary with cos(2θ) along the circumference. Due 
to the symmetric conditions the fluid forces could be observed only for a single quarter 
of the circumference (Fig. 2). In addition to the fluid force variations with frequency 
equal to the frequency of vibration, which is related to the measuring effect (its 
magnitude changes with the mass flowrate), the effect of static pressure is also 
expressed as the offset of the respective force.  

The velocity-profile effect that was in this paper followed for the axisymmetric 
velocity profiles is expressed in terms of the amplitudes of the respective anti-
symmetric fluid force r. Comparing its values with those obtained using the potential 
flow model, a loss of sensitivity of about 8 % for the lowest mass flowrate simulated (at 
Re = 3000) is predicted for two different lengths of the measuring tube (α = 20 and 40). 
As shown these estimations agree pretty well with the results of the weight vector 
theory [2]. The established loss of sensitivity at lower Reynolds numbers might present 
serious disadvantages for common application of the shell-type Coriolis flowmeters. 

It was also established that the choice of the turbulence model was not a crucial 
factor in the presented analysis. Both, standard k−ε as well as Speziale-Sarkar-Gatski 
Reynolds stress model provide satisfactory representation of the fluid phenomena, 
regarding the respective analysis. 
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