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Abstract 
 
The aim of this paper is to investigate the effect of flow conditions on a Coriolis flowmeter 
that has a straight and slender measuring tube. The CFD analysis was performed for fully 
developed, asymmetric triangular and swirl flows introduced at the inlet. The asymmetry and 
swirl numbers were used to evaluate the resulting velocity field in the measuring tube. In 
addition, the influence of different inlet-flow conditions on the sensitivity of the flowmeter 
was estimated, using the value of the moment that causes the deflection of the tube’s first 
mode shape. The results are presented for a variety of different Reynolds numbers, two 
frequencies of vibration and three different dimensions of the measuring tube. 
  
Keywords: Coriolis flowmeter, mass-flow sensitivity, CFD analysis, inlet flow conditions  
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1 Introduction 
 
The primary sensing element in a Coriolis flowmeter is a fluid-conveying measuring tube that 
is maintained vibrating usually at its first natural frequency. Due to the fluid forces acting on 
the tube (the Coriolis inertial force), the tube’s mode shape becomes anti-symmetric, and this 
effect is exploited as the measuring principle for the mass flow rate. There have been a 
number of theoretical studies that have analysed the basic properties of the Coriolis 
flowmeter’s characteristics: see, for example, Refs. [1,2], where the flowmeter with a straight 
and slender tube was under discussion. In such studies, the flow of the fluid is approximated 
using the one-dimensional, plug-flow model, which limits the investigation to the influential 
quantities that are associated with the properties of the measuring tube. 
 
In contrast, there have not been many reports dealing with the influential quantities associated 
with the fluid flow phenomena. Significant progress was made by investigating the effect of 
flow pulsations (see, e.g. Refs. [3,4,5]), but otherwise there have been relatively few 
systematic studies dealing with the effects of non-ideal inlet-flow conditions (known as 
installation effects) on Coriolis flowmeters. In Ref. [5] an experimental study of the flow 
disturbances introduced at the inlet of some commercial Coriolis flowmeters was presented. It 
was established that the inlet asymmetrical profile and the swirl flow caused no or only small 
changes to the calibration accuracy of the flowmeters. In Ref. [6] the weight-vector theory was 
applied to a flowmeter configuration consisting of an unsupported straight tube unattached to 
adjacent piping in order to study the effects of different inlet-velocity profiles on the 
sensitivity of the flowmeter. The results showed that for this concrete configuration an 
increase in the sensitivity would be expected upon the transition from laminar to turbulent 
flow. 
 
Some studies have included an analysis of fluid flows that are driven by similar forces to those 
in the Coriolis flowmeter. In Refs. [7,8] the fully developed laminar flow in a rotating tube 
was studied. In the second of the two reports the authors comment that the secondary flow 
resulting from the rotation of the tube also occurs in the vibrating measuring tube of the 
Coriolis flowmeter, and might be an additional source of the tube’s anti-symmetry. Ref. [9] 
presents a numerical study of the developing laminar flow in a one-end-fixed oscillating pipe. 
However, the different configuration and the very low Reynolds numbers do not allow us to 
directly implement the results for the flow in a Coriolis flowmeter. 
 
In this paper, the CFD analysis using the Comet code [10] was employed to study the flow in 
a measuring tube and to estimate the possible effects of the inlet flow conditions on the 
performance of the Coriolis flowmeter (some preliminary results were already presented in 
Refs. [11,12]). Numerical simulations were made for fully developed inlet-velocity profiles as 
well as for some hypothetical velocity profiles, with the asymmetry and the swirl introduced at 
the inlet of the measuring tube. In order to characterise the flow in the measuring tube, the 
asymmetry and the swirl number were employed. Since the strain-stress analysis of the 
measuring tube was not performed, neither the phase nor the time differences between the 
motion of the measuring tube at the upstream and the downstream sensors’ positions could be 
calculated. The deflection of the tube was prescribed in each time step of the simulation 
process, and the value of the moment that is exerted on the tube due to the anti-symmetric 
distribution of fluid forces and that causes the twisting of the tube was used to estimate the 
sensitivity of the flowmeter. The amplitudes of the ‘twisting’ moment were compared with 
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those obtained with the one-dimensional model in order to detect possible changes in the 
sensitivity of the flowmeter. 
2 The one-dimensional model 
 

 
The basic one-dimensional mathematical model that describes the fluid-structure interaction 
in the measuring tube of the Coriolis flowmeter is based on the Euler-beam theory and the 
one-dimensional fluid-flow assumption. If we consider a measuring tube with flexural rigidity 
EI, mass per unit length M, and denote the tube’s longitudinal axis by x (for the measuring 
tube 0 < x < L), the time by t, the lateral deflection of the tube by w(x,t), the mass of fluid per 
unit length by Mf and the uniform axial fluid velocity in the tube by V, the equation of motion 
is expressed as follows [1,2]: 

( ) ( ) ( ) ( ) ( )4 2 2 2 2
2

4 2 2 2

, , , , ,
2 .f f f

w x t w x t w x t w x t w x t
EI M M V M V M

x t x x t t

∂ ∂ ∂ ∂ ∂
+ = − − −

∂ ∂ ∂ ∂ ∂ ∂  (1) 

The effects of added masses, external axial forces, damping, pressure and excitation forces 
were neglected. The terms on the left-hand side of Eq. (1) represent the tube’s stiffness and 
inertia; these are independent of flow and so describe a simple transversal vibration of the 
measuring tube. The terms on the right-hand side of Eq. (1), from left to right, represent the 
relative centrifugal force, the Coriolis inertial force and the translational inertial force, 
respectively, and result from the presence of fluid flow in the vibrating tube. 
 
In the CFD simulations presented in the next sections, it was assumed that the tube vibrates 
with the first mode shape of a Euler-beam with fixed ends (in the absence of fluid flow), 
which can be defined by the solution of the left-hand side of Eq. (1) [13]: 

( ) ( )

( )

1 1 1

1 1
1 1 1 1 1

1 1

( , ) cos 2

cosh cos
cosh cos sinh sin cos 2 ,

sinh sin

w x t C F x ft

x x x x
C ft

L L L L

= π

λ − λ         = λ − λ − λ − λ π          λ − λ         

 (2) 

where λ1 = 4.730 is the eigenvalue for the first mode shape and C1 is the factor that defines the 
amplitude of the vibration. We can write C1 as A/F1(L/2), where A defines the amplitude of 
vibration in the middle of the tube. The vibration frequency f of the measuring tube in the 
CFD simulations was chosen arbitrarily, because the properties of the tube, except the inner 
diameter and its length, were not needed for the analysis presented in this paper.   
 
Only the phenomena in the fluid domain of the flowmeter were observed, therefore neither the 
phase nor the time differences between the tube motion at the sensors’ positions could be 
directly calculated. Therefore we had to find a certain parameter to estimate the measuring 
effect for the mass flow rate in the Coriolis flowmeter. The moment M, this acts around the 
middle of the measuring tube and is caused by the anti-symmetrical distribution of the 
Coriolis fluid force along the length of the tube, could be understood as the cause for the 
twisting of the tube, which is (in the actual flowmeter with symmetrical positioned sensors 
about the mid-point of the measuring tube) measured as the phase or the time difference. For 
the one-dimensional model the twisting moment can be calculated as: 

( ) ( ) ( )/ 2
1 1

0 / 2

, ,
2 d d

2 2

L L

f

L

w x t w x tL L
M t M V x x x x

x t x t

 ∂ ∂   = − − − −    ∂ ∂ ∂ ∂    
∫ ∫ . (3) 
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Taking into account Eq. (2) the amplitude of the twisting moment can be evaluated as: 

1 1 1

1 1 1

cosh cos
8 .

sinh sin
f

a

M V C L
M

ω λ − λ= ⋅
λ λ − λ

 (4) 

The calculation procedure of the twisting moment for the numerical model is described in 
Section 4. 
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3 Numerical model 
3.1 Governing equations 
 
This section presents the basic equations used for describing the fluid, which were solved with 
the CFD program Comet using the finite-volume method. Based on our assumption of 
isothermal and incompressible fluid flow for the analysis, for a fluid with density ρ, fluid 
velocity vector v, and surface velocity vector (of finite volume) vs, the continuity and 
momentum equations are as follows: 

( )d d 0s

V S

V
t

∂ ρ + ρ − ⋅ =
∂ ∫ ∫ v v s ,  (5) 

( ) ( )d d d ds t b

V S S V

V V
t

∂ ρ + ρ − ⋅ = + ⋅ +
∂ ∫ ∫ ∫ ∫v v v v s T T s f , (6) 

where V is the finite volume, S is the surface enclosing the finite volume and  fb represents the 
vector of the forces acting on the finite volume. T is the stress tensor defined as: 

( )( )grad grad 
T

p= µ + −T v v I , (7) 

where p is the pressure, I is the unit tensor and µ is the dynamic viscosity. 
 
In our case the standard k-ε model of turbulence was employed to define the Reynolds stress: 

( )( ) 2
grad grad 

3
T

t t k= µ + − ρT v v I . (8) 

where the turbulent viscosity µt depends on the turbulent kinetic energy k and its dissipation 
rate ε, which are solved from two additional transport equations. 
 
Comet uses the finite-volume method to transform the differential equations into the finite-
difference equations. The unsteady terms were discretized using a second-order three-time-
levels implicit scheme. The convective and the diffusive terms were approximated using the 
second-order central differencing scheme. 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 the equations falls by five orders of magnitude. 
 
3.2 Computational domain  
 
The flow domain with the circular cross-section presented in Fig. 1 consists of the measuring 
tube and the additional upstream and downstream sections. Simulations were made for three 
different diameters of the measuring tube: 0.015 m, 0.02 m and 0.03 m. The length of the tube 
was kept constant at 0.3 m, which means that the ratios L/D of the measuring tube were equal 
to 20, 15 and 10, respectively. Inlet and outlet sections of 20D and 10D, respectively, were 
attached to the vibrating part to minimize the flow disturbances to the inlet and outlet 
boundaries. The computational domain, with respect to the ratio L/D of the measuring tube, 
was split into 112100, 94240 and 77140 cells, respectively. The cells representing the 
measuring tube were equally distributed in the axial direction, whereas the distances between 
the cells in the inlet (outlet) region increased by a factor of 1.03 towards the beginning (end). 
Each cross-section was represented by 380 cells, with a higher density of cells near the wall of 
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the tube. The adequacy of the selected numerical grids was checked upon the comparison with 
1.4 times denser grid for L/D = 10, Re = 30000 and f = 100 Hz (the deviation of the amplitude 
of the twisting moment was lower than 0.025 %). 
 

Inlet Measuring tube of length OutletL

xA

y

20D, 1D 10D

D

20D, 15D, 10D  
Fig.1. Scheme of the computational domain. 

 
For the simulations where the triangular and the swirl flows were introduced at the inlet the  
configuration was slightly different. The length of the inlet region was reduced to 1D and the 
length of the measuring tube was, in all cases, equal to 20D. The number of cells that 
constituted the computational domain was equal to 90820. 
 
3.3 Boundary and initial conditions 
 
The vibration of the tube was simulated by using the moving-grid option, i.e. that the position 
of the tube was prescribed in each time step of the computational process. The measuring-tube 
section changed its position according to the first mode shape of a fixed-fixed beam: see Eq. 
(2). The amplitude of vibration (A) in the middle of the tube was equal to L/300. A single 
oscillation period of the tube was modelled with 130 time steps. 
 
Three different inlet conditions were modelled: the fully developed flow, the asymmetric 
triangular flow and the swirl flow. The fully developed velocity profiles that were prescribed 
at the inlet boundary were obtained from preliminary simulations of the flow in a tube at rest. 
The values of the turbulent kinetic energy and its dissipation rate, which were obtained from 
preliminary simulations, were also introduced at the inlet.  
 
Triangular and swirl flows assumed in this paper represent two hypothetical examples of the 
flowmeter’s inlet flow conditions resulting from an inappropriate installation position. The 
axial velocity v of the triangular flow was given by the following expression: 

( ) V
v y V y

R
= +  for R y R− ≤ ≤ , (9) 

where V represents the average axial velocity of the fluid and R is the radius of the tube (R = 
D/2). In the case of non-developed flows at the inlet, the following expressions were used to 
approximate the value of the uniform inlet turbulent kinetic energy and its dissipation rate 
[12]: 

2 23

2
k V I=   and  

3

2

0.05

k

D
ε = , (10) 

where I is the intensity of the turbulence, which in our case was equal to 0.05. 
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For swirl-flow simulations the idealized distribution of the tangential velocity for the solid 
body swirl [14] was defined at the inlet:  

( ) r
v r V

Rθ = α , (11) 

where the coefficient α represents the ratio between the maximum tangential velocity and the 
average axial velocity and the ratio r/R is the dimensionless radial position. All the swirl-flow 
simulations were performed with the coefficient α equal to 0.25. 
 
The wall of the tube was assumed to be hydraulically smooth and the wall function was used 
to describe the boundary layer near the wall of the tube. The simulations were performed for 
incompressible fluid (ρ = 998.3 kg/m3 and µ = 1.002⋅10-3 Pa⋅s) for the range of Reynolds 
numbers from 1500 to 3⋅105, using tube-vibration frequencies of 100 and 300 Hz. 
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4 Results 
 
The velocity field in the measuring tube was characterised by employing two flow numbers. 
The first one is the asymmetry number that describes the location of the centre of gravity of 
the mass flow. Its value represents the distortion of the velocity profile in the plane of the 
tube’s vibration, and is defined as: 

' d
S

n

y v S

A
VRS

⋅
=
∫

, (12) 

where S denotes the cross-sectional area of the tube and the variable y’ is the distance from the 
tube’s central plane in the y-direction. The asymmetry number is equal to 0 for a symmetric 
velocity profile and is equal to 0.25 for an idealized triangular velocity profile. 
 
The second flow number is used to define the intensity and the direction of the swirl in the 
flow and is called the swirl number. It represents the ratio of the axial flux of the angular 
momentum and the axial flux of the linear momentum [15]: 

2

d

d
S

n

S

rvv S

S
R v S

θ ⋅
=

⋅

∫

∫
 . (13) 

The values of the swirl number encountered in pipe systems seldom exceed a value of 0.2 
[14]. A negative or positive value of the swirl number defines the direction of the swirl. The 
value is negative when the swirl occurs in a clockwise direction (observed in the direction of 
the fluid flow).  
 
The twisting moment that is used to estimate the variations of the flowmeter’s sensitivity was 
already defined in Section 2. Its value was obtained for each time step from the pressure field 
resulting from the simulation using the procedure described below. We should consider that 
the constituted numerical grid divides the measuring tube into N-equidistant sections and that 
each section is surrounded by the same number of boundary elements on its circumference. 
The pressure force acting on the boundary element k in the direction of the y-axis can be 
written as:  

, ,k y k k yF p s= ,  (14) 

where pk is the pressure acting on the element k and sk,y is the component y of the surface 
vector. From summing up the forces acting on the boundary surfaces of a particular section 
the force acting on the ring j is: 

, ,j y k y
k j

F F
∈

=∑ . (15) 

If we consider that the force acts in the middle of the section’s width the twisting moment that 
acts around the middle of the tube is calculated as: 

,
1

1

2 2

N

j y
j

L L
M F j

N=

  = − − ⋅  
  

∑ , (16) 

where L/N represents the width of a single ring. The value of M was calculated for each 
position of the measuring tube in time. Theoretically, we could determine the amplitude of the 
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moment in Eq. (16) by calculating its value in the middle position of the tube, where the 
Coriolis force (as the only anti-symmetric force) reaches its maximum value. However, 
because the oscillation of the tube is modelled with a finite number of time steps, we cannot 
exactly follow the tube motion in time, so we estimated the amplitude of the twisting moment 
(Mn) for values of M in a single oscillation period as: 

2n MM = σ , (17) 

where σM is the standard deviation of the values of the twisting moment (this relation is valid 
for sinusoidal relations). 
 
The resulting amplitude of the moment is then compared with the amplitude of the moment 
obtained from the one-dimensional model in Eq. (4). The agreement between both amplitudes 
was defined by the ratio: 

n
M

a

M
u

M
= . (18) 

 
All results are presented for the steady-state (periodic) condition. The steady state with 
negligible transients was established from a comparison of the amplitudes of the twisting 
moment during two consecutive tube oscillations. In the last two consecutive oscillation 
periods the deviation between the agreements (Eq. 18) was lower than 0.02 %.  
 
4.1 Fully developed flow 
 
Figure 2 represents the axial velocity profiles (including the secondary flow due to vibration) 
at axial positions x/L = 0, 0.25, 0.75 and 1, for the case where Re = 20000, f = 100 Hz, L/D 
=15 and ωt = -π/2 (the middle position of the tube when the tube moves from its bottom to its 
top position). In order to quantify the distortion of the velocity profiles we introduced the 
asymmetry number, the distribution of which along the tube’s length is presented in Fig. 3 for 
three different Reynolds numbers. One can see that the asymmetric distortion of the inlet and 
the outlet velocity profiles is approximately 10 times smaller than the distortion of the profiles 
at positions x/L = 0.25 and 0.75. The maximum velocity distortion in that moment (ωt = -π/2) 
occurs at a distance 0.23⋅L from the inlet (outlet) for different flow rates. It is obvious that the 
degree of asymmetry is inversely proportional to the through-flow Reynolds number. The 
maximum distortion of the profile for the Reynolds number 2⋅105 is almost negligible (An = 
0.0019). 
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Fig. 2. The axial velocity profiles at four cross-sections of the measuring tube (Re = 20000,         

f = 100 Hz, ωt = -π/2, and L/D =15). 
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Fig. 3. The asymmetry number distribution along the measuring tube’s length for three 
different Reynolds numbers (ωt = -π/2, f = 100 Hz and L/D =15).  

 
For the case, when the tube travels from the top to the bottom position, the same absolute 
values of the asymmetry numbers with the opposite signs are obtained as in the case where the 
tube moves from the bottom to its top position. This is shown in Fig. 4, which represents the 
variation of the asymmetry number along the length of the measuring tube during one half of 
the oscillation period when the tube moves from its middle to its top and back to the middle 
position. By analysing the values of the asymmetry numbers it was established that their 
maximum amplitude is reached when the tube moves through its middle position (ωt = -π/2 or 
π/2). In the top and bottom positions of the tube the velocity profile is disturbed to an 
insignificant extent.  
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Fig. 4. The asymmetry number distribution along the measuring tube’s length for five 

positions in time – labels next the lines represent values of ωt (Re = 20000, f = 100 Hz and 
L/D =15). 

 
 
The deflection of the velocity profiles during the oscillation period of the measuring tube can 
be explained by the rotational inertia of the liquid, which gives rise to secondary flow velocity 
whose axial-component, when neglecting the viscosity of the fluid, is given approximately by 

2( / )w x t y∂ ∂ ∂ ⋅  [6]. 
 
Fig. 5 shows the change of uM for different through-flow Reynolds numbers and two 
frequencies of the measuring tube. If the ratio between the moment values was constant, then 
the numerical simulations would confirm the linear characteristic of the flowmeter that is 
predicted by the one-dimensional model. As we can see the agreement does not remain 
absolutely constant, rather is lower for smaller Reynolds numbers at both vibrating 
frequencies, and so a decrease in the sensitivity (about 0.15 %) is predicted in this range. The 
influence of the vibrating frequency is small. Despite that the results are slightly higher for f = 
300 Hz, we must bear in mind that the deviations of results are smaller than the possible errors 
of the numerical model.  
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 100 Hz
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Fig. 5. The agreement of the amplitudes of the twisting moment for different Reynolds 
numbers and two frequencies of the measuring tube (L/D = 15). 

  
In Fig. 6 the values of uM at a vibrating frequency of 100 Hz are presented for three different 
dimensions of the measuring tube with L/D = 10, 15 and 20. The values of the agreement are 
lower for the shorter measuring tube. At lower Reynolds numbers, a relatively larger decrease 
in the sensitivity is expected for lower L/D. In commercial flowmeters the measuring tubes 
usually have ratios L/D greater than 20, which is from this point of view very favourable. 
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0.980

0.985

0.990

0.995

 

L/D =
 10
 15
 20

 

 

u M

Re
 

Fig. 6. The agreement of the amplitudes of the twisting moment for different Reynolds 
numbers and three various dimensions of the measuring tube at f = 100 Hz. 

 
The simulations with 10 times smaller amplitude of vibration of the tube were also performed 
for L/D = 15. It was established that the amplitude of vibration nearly proportionally affects 
the magnitudes of the twisting moment (and also asymmetry number) and therefore does not 
have significant influence on the values of uM. 
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4.2 Asymmetric flow 
 
In Fig. 7 the asymmetry numbers are presented for three different Reynolds numbers in the 
middle position of the tube (ωt = -π/2) for the asymmetric inlet-velocity profiles. From 
observing the fluid flow in the tube it was found that the vibration of the tube had only a slight 
influence on the flow asymmetry at higher Reynolds numbers (Re > 15000), but had a strong 
influence on the flow at lower Reynolds numbers. In Fig. 8 the values of uM are presented (the 
values for the fully developed inlet-flow conditions are shown for comparison). One can see 
that although the velocity field in this case is clearly distinguishable from those obtained for 
the fully developed inlet-velocity profile the values of the agreement change in the same 
manner and they only increase by about 0.1 %. In the experimental study of three commercial 
Coriolis flowmeters in Ref. [5], only one meter showed ‘just detectable’ effect of the 
asymmetric inlet velocity profile (- 0.35 % to 0.2 %). Because of relatively high limit for a 
significant effect (> 0.25 %) in Ref. [5], a more detailed comparison with the results of this 
paper is not possible. Furthermore, our numerical model represents an idealized example 
(triangular velocity profile, short inlet section of 1D, straight measuring tube) of actual 
Coriolis meters. A similar comment can also be given for the inlet swirl flow (Section 4.3), 
which did not have significant effects on commercial meters in Ref. [5]. 
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  Re =
 1500
 15000
 150000

A
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Fig. 7. The asymmetry number distribution along the measuring tube’s length for three 
different Reynolds numbers (ωt = -π/2, f = 100 Hz and L/D = 20) for the asymmetric inlet 

velocity profile. 
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Fig. 8. The agreement of the amplitudes of the twisting moment for different Reynolds 
numbers in case of fully developed and asymmetric triangular inlet velocity profiles 

 (f = 100 Hz, L/D = 20). 
 

 
4.3 Swirl flow 
 
In Fig. 9 the swirl numbers in the measuring tube for three different Reynolds numbers are 
presented for the middle position of the tube. In this case the position of the tube is not an 
influential factor, since the distribution of the swirl number practically does not change during 
the oscillation period. It was established that the decay rate of the swirl in the vibrating tube is 
prolonged with respect to the tube at rest.  
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Fig. 9. Distribution of the swirl number along the tube’s length for three different Reynolds 
numbers (ωt = -π/2, L/D = 20) for the swirl flow. 
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If we compare the swirl numbers in Fig. 9 at the inlet of the measuring tube it is obvious that 
despite the same relative tangential velocity-profile assumption in Eq. (11) the values of the 
inlet-swirl numbers differ from each other. If we look at Eq. (13) it is clear that the value of 
the swirl number also depends on the axial flux of the linear momentum, meaning that the 
swirl numbers would stay the same only if the shapes of the axial velocity profiles were to be 
identical in all simulated cases.  
 
Next Fig. 10 shows the agreement of the amplitudes of the twisting moment for the swirl 
flow. Compared to the fully developed velocity profile without the swirl, the effect of swirl is 
negligible for lower Reynolds numbers (smaller than possible errors of the numerical model), 
while the values of the agreement increase up to 0.14 % for highest Reynolds number 
investigated. Considering that the swirl intensity is not equal for all cases, this may explain the 
different trend of the results (at the highest Reynolds number).  
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Fig. 10. The agreement of the amplitudes of the twisting moment for different Reynolds 
numbers for inlet flow with and without swirl (f = 100 Hz, L/D = 20). 
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5 Conclusion 
 
Numerical simulations were performed to identify the resulting velocity field in a Coriolis 
flowmeter with a slender and straight measuring tube. Different inlet-velocity conditions – 
fully developed flow, asymmetry flow and swirl flow – were considered in order to identify 
their possible effects on the performance of the mass flowmeter.  
 
Observing the values of the asymmetry number, which was introduced to identify the 
distortion of the velocity profile, showed that the fluid in the measuring tube undergoes the 
effect of vibration and that the distortion of the axial velocity profile is predicted for all the 
simulated cases. It was also found that the rate of the profile distortion, which is caused by the 
vibration of the tube, is inversely proportional to the through-flow Reynolds number and 
increases with the diameter of the tube. The axial velocity profile distortion reaches its 
maximum amplitude when the tube reaches the maximum velocity, and is anti-symmetric with 
respect to the centre of the tube’s length. 
 
In addition, we estimated the changes in the meter’s sensitivity for the mass flow rate using 
the ratio of the amplitudes of the twisting moments obtained numerically and those resulting 
from the one-dimensional model. The results of the simulations in which the fully developed 
flow was assumed at the inlet predict that the sensitivity might decrease in the region of low 
Reynolds numbers. A minor decrease in the sensitivity of the flowmeter in this region is 
predicted for longer measuring tubes. The results for the inlet asymmetric triangular flow 
predict the effect of about 0.1 % on the entire range of Reynolds numbers, while the effect of 
the inlet swirl flow is not negligible only for the highest Reynolds number simulated. 
 
Evaluating the results certain restrictions of the employed numerical model have to be 
considered. For instance, the standard k-ε model, which is certainly not a state-of-the-art 
turbulence model, was used to model the turbulence phenomena of the fluid flow in the 
vibrating tube. It might be better to employ e.g. the Reynolds stress model in future studies 
because it is believed that this model produces more credible results for the simulations of 
swirl flows, flows where secondary flows are present and flows with rapid variations in the 
mean flow.  
 
Furthermore we must be aware that the present numerical model does not represent the actual 
model of the Coriolis flowmeter, since the deflections of the tube’s mode shape resulting from 
the fluid forces were not calculated. The amplitudes of the twisting moments are not 
completely appropriate to estimate the actual measuring effects (the time or the phase 
differences between the motion of the sensing points at the inlet and the outlet halves of the 
measuring tube). It could be expected that their relative variations are in perfect agreement 
only when they result from the proportional change of the Coriolis force distribution along the 
whole measuring tube. In order to improve this, a solid dynamics analysis also has to be 
employed, meaning that the coupling of two codes – one for fluid and the other for solid 
dynamics – must be realized. 
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FIGURE LEGENDS 
 
Fig.1. Scheme of the computational domain. 
 
Fig. 2. The axial velocity profiles at four cross-sections of the measuring tube (Re = 20000,     
f = 100 Hz, ωt = -π/2, and L/D =15). 
 
Fig. 3. The asymmetry number distribution along the measuring tube’s length for three 
different Reynolds numbers (ωt = -π/2, f = 100 Hz and L/D =15).  
 
Fig. 4. The asymmetry number distribution along the measuring tube’s length for five 
positions in time – labels next the lines represent values of ωt (Re = 20000, f = 100 Hz and 
L/D =15). 
 
Fig. 5. The agreement of the amplitudes of the ‘twisting’ moment for different Reynolds 
numbers and two frequencies of the measuring tube (L/D =15). 
 
Fig. 6. The agreement of the amplitudes of the ‘twisting’ moment for different Reynolds 
numbers and three various dimensions of the measuring tube at f = 100 Hz. 
 
Fig. 7. The asymmetry number distribution along the measuring tube’s length for three 
different Reynolds numbers (ωt = -π/2, f = 100 Hz and L/D = 20) for the asymmetric inlet 
velocity profile. 
 
 
Fig. 8. The agreement of the amplitudes of the twisting moment for different Reynolds 
numbers in case of fully developed and asymmetric triangular inlet velocity profiles  
(f = 100 Hz, L/D = 20). 
 
Fig. 9. Distribution of the swirl number along the tube’s length for three different Reynolds 
numbers (ωt = -π/2, L/D = 20) for the swirl flow. 
 
Fig. 10. The agreement of the amplitudes of the twisting moment for different Reynolds 
numbers for inlet flow with and without swirl (f = 100 Hz, L/D = 20). 
 
 
 
 
 
 


