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Abstract. Computational methods that make use of single one-way Fluid Structure Interaction (FSI) for
modeling the Coriolis Mass Flowmeters’ (CMFs) operations are prone to inaccuracies. These errors are due to
their limitations in describing a fully coupled fluid structure interaction. The aim of this study is to produce a
CFD model of a CMF that uses an iterative two-way coupling of fluid structure interaction to accurately study
its performance. The computational findings are benchmarked against accurate experimental measurements of
the U-shape CFM. The deviation between the computed results and experimental measurements remains about
0.1% which is deemed acceptable. This reduction of uncertainties is largely attributed to the capability of the
model to describe the effects of tube vibrations on the meter’s operation.
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1 Introduction

Coriolis Flowmeters, CFMs, are flow measurement equip-
ments which operate on the interaction between motions of
the fluid being metered and vibrations of the pipe
conveying fluid to produce the measurable effect.
A CFM pipe undergoes undamped oscillations at one of
its natural frequencies, mostly the first natural frequency,
due to a harmonic excitation. For non-flow condition, both
the inlet tube arm and the outlet arm oscillate in phase and
two sensors symmetrically mounted on both sides of
excitation point register the same displacements. However,
if the fluid passes through the vibrating tube, a Coriolis
force is generated as described by Gustave-Gaspard
Coriolis in 1835 [1]. This force distorts the meter’s
vibrations pattern and induces a measurable effect as
the difference between displacements of sensors’ points or
corresponding time shifts.

CFMs have been widely used in oil and gas industry for
fuel bunkering and for Liquefied Natural Gas (LNG)
metering owing to their high perceived accuracy and
repeatability. Moreover, contrary to other measurement
technologies whose primary measurement parameters are
velocity, pressure or volume flowrates, CFMs directly
measure the mass flowrates. Hence, in theory, their
performance is supposedly independent of the fluids’
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thermal properties. However, viscosities of oil and potential
air entrainments have been reported to have hindered
normal meter operations [2—4].

Effective studies on CFM performance would require
both numerical simulations and experimental measure-
ments. Numerical simulation provides details on the fluid
flow interacting with the vibrating tube. Numerical
simulation on the CFM’s operation allows approximating
the masses of fluid flowing through and is useful for possible
improvement on CFMs’ design or layout. As such,
numerical simulation can serve to increase the robustness
of the CFM and its application range. On the other hand,
experiments are realistic representative of actual scenarios
on the coupled tube-fluid dynamics; thus, they provide
calibration and validations for numerical computations.

As CFMs’ principle involves interactions of fluid flow
and vibrations of tube, their behaviors are likely to be
affected by vibrational disturbances. Cheesewright et al. [5]
listed the different types of vibrations that can contribute
to errors on the meter measurements. These are: external
vibrations, flow pulsations, disturbances due to interac-
tions of driver mode with higher modes and rapid change of
mass flowrates or densities (i.e. unsteady effect). Vetter
and Notzon [6] found out that for CFMs operating under
poly/monofrequency flow pulsations, the usual CFM
characteristic equation does not hold. The erroneousness
operation was identified to be a result of resonance of flow
pulsations and tube oscillations at driver’s frequency. In an
experimental-assisted mathematical study, Svete et al. [7]
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asserted that pulsations at the same frequency as the driver
frequency of a CFM only interfere with CFMs vibrations
directly; while, pulsations at Coriolis frequency disturb
meter dynamics through both direct and induced vibra-
tional fluctuations. Similar to the second assertion of [7],
Cheesewright and coworkers [8,9] affirmed that flow
pulsations agitate the meter operations not only at one
of natural frequencies, but also the frequencies equivalent
to sum /difference of coriolis frequency and driver frequen-
cy as well as coriolis frequency minus the double of driver
frequency corresponds to troubled oscillations. Separately,
Cheesewright et al. [10] found that noise in meter’s
response due to flow pulsations can also lead to erratic
outputs and hence error.

Like flow pulsations, external vibration of the same
frequency as CFM’s driver have been reported to interfere
with the meter’s operation [11]. Additionally, Cheese-
wright et al. [9] have shown that not only at the driver
frequency, but at any frequency external vibrations can
interfere with the meter’s operation. Equally so, Clark and
Cheesewright [12] identified external vibrations’ (uncon-
structive) influences on the meter’s readings at driver
frequency, at Coriolis frequency and at a number of other
discrete frequencies.

Therefore, to avoid these mentioned disturbances and
more, characteristic modal shapes are assigned to currently
available commercial CFMs in which they oscillate with
least vulnerability to vibrational disturbances. These
modal shapes consist of a set of specific modal frequency,
comprising mostly the first natural frequency of a
particular CFM, amplitude and direction of oscillation.
For a numerical analysis on CFM operation, any
inaccuracy in setting up the modal shape contributes
to inaccuracies in predicting its performance, else the
accuracy of simulation results mainly depend on the
approach used to model the coupled dynamics of CFM tube
and conveyed fluids.

A number of fluid structure interactions (FSI) based
studies have been carried out to predict the performance of
Colioris flow meters on measurement of mass flowrates or
masses of fluid. Hemp [13] was probably the first to provide
a detailed FSI model for a CFM by making use of beam
theory (Harmonic beam model). The model has supposedly
replicated CFM dynamics; however, its predictions
considerably deviated from the experimental data and
theoretical prospects for different fluids. Subsequently,
Hemp and coworkers [14,15] extended the harmonic beam
model into a weighting vector model. In addition to taking
into account the influences of fluid flow on the system’s
dynamics, the normal velocity vector was modified to
accommodate the effects of velocity profile. Still, the new
model is restricted to predicting the velocity profile effects
on CFM performance for measurement on inviscid fluids.

More recently Binulal et al. [16-18] directly coupled the
fluid flow and tube oscillations into a single equation of
motion to study the dynamics of CFM pipe conveying fluid.
This method allows the determination of the influence of
fluid flow on overall dynamics of the system including
effects of added mass of the fluid, effect of pressure exerted
on pipe’s wall by the fluid and effect of centrifugal forces.
But their studies did not take into account the possible

influence of changes in structure oscillations to meter’s
operations and hence on accuracy of determined outputs.
As such, deviation of up to 6.25% between computed
results and references were observed.

A few other studies [3,19-22] have made use of iterative
two-ways coupling of fluid structure interaction to identify
the mechanism responsible for meter’s atypical operation
for low Reynolds number flow and mainly viscous flows.
However, effects on FSI coupling method on the accuracy
of predicted outputs have not been explored. As such, there
is a need to analyze the effects of FSI coupling approach on
the accuracy of computed results and to come up with an
accurate numerical model of CMF that can complement
experiments on determination of mass flowrates of fluids
through CFMs. This provides the motivation of the present
work to evaluate the contribution of FSI coupling method
on the accuracy of numerical simulation on CMF
performance with comparison to experimental measure-
ments and calibration and to build an accurate model of
CMF based on iterative two-way FSI coupling. Such model
is of capital importance in metrological applications. In this
study, a model analysis is conducted to determine a proper
modal shape for oscillations of a CFM, a FSI based CFD
Model of CFM is built and used to compute the mass
flowrates of water through the CFM in the appropriate
vibrational mode. Numerical results are validated with
accurate experimental results of CFM200 at National
Metrology Centre NMC flow laboratory and evaluated
against requirements on accuracy on single-phase measure-
ments as well as against the theories behind the meter’s
operation.

2 Methods
2.1 CFD modeling and simulations

The model considered for analysis consists of identical twin
U-shape tubes. This study is centered on the CFM200.
A CFD model of a single tube of CFM200 (Fig. 1) is
considered for simulations and the results are extended to
both tubes. The meter’s pipes are made of 316L stainless
steel of density 8070g/cm® and Young’s modulus of
elasticity 1.93 x 10" Pa. Both dimensions and key proper-
ties of the meter tube are presented in Table 1. The
CFM200 model was built in Autodesk Inventor Profes-
sional 2016 and imported to ANYSIS for simulations. In
ANYSIS, the model is held XY plane of a fixed three
dimensional XYZ frame of reference with the origin of the
system of the coordinate coinciding with the point of
application of the driver excitation. The tube’s volume is
2.536810 "% m® and its mass is 0.20472kg. The outer
diameter, the outer diameter and the pipe thickness are
30.6 mm, 28 mm and 1.3 mm respectively. Different meshes
are generated on both the fluid and structure domains for
mesh dependence test. Simulation is carried out for each of
generated pair of meshes. This is first, to determine the
mesh independent solutions for a number of inlet velocities
and hence to find out the mesh for which the simulation
results do not significantly change with change of mesh
resolutions. Hence, Subsequent simulations used the
proper mesh resolution for different inlet velocities.
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Fig. 1. CFD model of a U-shape tube: D1, D2, D3, D4, D5 are lengths of different sections of a CFM, D6 angle of bend of CFM pipe
while A, B, C, D, E, F, G are key components on a CFM. The excitation, E is indicated by a yellow arrow in the zdirection.

Table 1. Dimensions (D1 to D6) and properties flow tubes: P1, P2, P3, P4, P5 and P6 are the density, Young modulus,
thermal expansion, Poisson ratio, bulk and shear modulus, respectively.

Dimensions Properties
D1 D2 D3 D4 D5 D6 P1 P2 P3 P4 P5 P6
Value 364.09 310.56 131.1 274.47 396.25 144.24 8070 1.93E11 16E-6 0.3 1.67E1l 7.68E10
Unity mm mimn mm  mm mm ° kg/m® Pa /K - Pa Pa

Standard eigen value equation, equation (1) governs
the model analysis for structures [23]
Mx + C.x+ Kx = F(t) (1)
here M, C and K are mass matrix, damping matrix and
stiffness matrix, respectively and F'(f) is an external
excitation force.
Among n modes corresponding to n degrees of freedom of

a system, the proper mode should matches up to maximum
ratio of amplitudes of participating modes, equation (2)

r= max(FO(wi)>; i=1,2,...,6
F()(wl)

(2)

where F (w,) is the amplitude of first natural modal shape
while Fyy (w;) represents amplitudes of other modal shapes.
The governing equations for the fluid domain are the
mass conservation equation, equation (3), and momentum
equation, equation (4), in integral form, in
three-dimensional spatial distribution. The governing
equations were modified to include the effects of
surrounding boundary motion [3,19,21,22,24,25].

*fat(IppdQ) + Jop(vr —vs)ndl =0 (3)

*fat(TorvrdQ) + fppvilve - ve)ndl =

[trd2 + Jopndl (4)
where pp, fr, 0 - vipand vgare respectively; fluid densities,
unity volume force acting inside the volume (), unity
surface tension force, fluid velocity and surrounding
boundary velocity respectively. And the boundary con-
ditions are given as:

VF($7 t) = Vinflow; xerinﬂow PF(% t) = Doutflow> xeroutﬂow

vp(z,t) = vs(m,t)? zelly (@) ve(z,t)
=0,z €Ty, (Huz €Ty (1),

The structure‘s oscillations are modeled by Hamilton
Variation principle equation (5). The Hamilton variation
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Fig. 2. Simulation chart: Model analysis and fluid flow coupled to tube oscillation iterative two-way fluid structure interactions.

principle provides full information on the systems’
dynamics by use of action integral of a single function.

[28(Wp — Wy)dt = 0 (5)

where Wp and W), are total potential energy and total
kinetic energy respectively. Their expressions are provid-
ed and described in [22,25,26]. The initial condition of
structure’s motion, assumed unstressed and uncon-
strained (gs(z, 0) =o0,(x, 0)), consists of specific speed
velocity, v,(z, 0) and acceleration a,(z, 0) at t=0. The
boundary conditions are given as:

us(z,t) =0, zel’y,,

O's(x7t)'n5(x7t) = ﬁs*($vt)7 4 ergube(t)

F(t) = (F(t),0,0), x = x,.

Uncoupled solutions on fluid and structure domains are
to be coupled at the fluid structure interface, I'g, by
setting up kinematic and dynamic constraints equation (6)
[22] in order to simulate the overall dynamics of the fluid
conveying tube.

op(z,t)n(z,t) =os(z,t).n(z,t), wus(z,t)
=uy(z,t), zel'Fs(t). (6)

2.1.1 CFD simulation procedure

The simulation uses components of ANSYS Workbench
framework and count four stages: modal analysis, fluid flow
analysis, structure transient analysis and fluid-structure
coupling. Detailed procedures on simulation of fluid flowing
through a CFM are presented in Figure 2. As can be seen,
firstly, the modal analysis is carried out to determine a
proper model shape in which the tube is forced to vibrate.
Once a proper mode is determined, initial simulation is
carried out separately on structure and on fluid domains
and finally initial results are coupled and the operations are
iterated until converged solutions are achieved.

The model analysis uses a program controlled solver of a
mechanical Ansys Parametric Design Language (APDL)
with default parameter values. In APDL, the CFM200
model is allowed to undergo translations along z, y, z axes
and rotations about these axes.

In the fluid domain, the simulation uses general purpose
computational fluid dynamic solver FLUENTI16.
A pressure-based viscous SST k-omega model was consid-
ered. A double precision convergence criterion for the
continuity and momentum equations is set as 107", The
fluid is water of density 998.2kg/m® and of kinematic
viscosity 1003 x 10 %kg/m . For the boundary conditions,
the pressure is set to zero at the outlet and inlet velocities
are set for each nominal mass flowrates.

The structure oscillations are simulated in transient
structure component of Ansys using APDL code. Simu-
lations use a harmonic excitation force F(t) = Fysin(27ft))
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applied at the middle point of the flexible tube to impose
undamped oscillations of the tube. Where the amplitude of
the harmonic excitation Fj is set at 25wm and the
frequency at which the tube oscillate, f, is the proper
frequency described in Section (2.1.2.1).

In the system coupling component of ANYSIS
workbench data transfers are created depending on FSI
coupling method. While for one-way FSI coupling only one
data transfer to transport the information from the fluid
domain to the structure domain is created, for a two-way
FSI the second is added to transport the information from
the structure domain to the fluid domain. After an initial
coupled solution, it is iterated up to 200 coupling steps
corresponding to duration of 0.1s. In each coupling step,
number of coupling iterations is set to 5 to allow
convergence in one coupling step while the time step is
set to 0.5E4s.

2.1.2 Post-processing of computational data

Numerical outputs are displacements of sensors locations
presented as function of time. The main objective of this
section is to determine the mass flowrates corresponding to
difference of displacements registered at sensors’ locations
or to linked time shifts. Time shifts between oscillations at
two sensors are determined from displacements, and
converted into corresponding mass flowrates by mean of
the characteristic equation of Coriolis flowmeter,
equation (7). The detailed derivation and description of
the characteristic equation of Coriolis flowmeter was
provided by Smith [27].

m= K.At (1)
where K is commonly known as meter factor; it represents
the mass flowrate per unit time shift. The time shift At is
calculated for a few points corresponding to displacements
of the origin (see t=0in Fig. 9) and averaged. This can be
achieved by use of linear interpolations on the points from
either side of intersections of graphs with time axis. Thus
the average time shift is given by equation (8).

At =2 / nY (Atio — Atig)
i=1

where m is the number of interpolation points, and %, and
t;s2 are respectively determined by equations (9) and (10).

tiv1 — 1
tisn = | ti — - d;
is1 ( ) di+1 — dl ) "

tivn —t;
tiso = <ti - 7dl+ dZ di) .
i1 —di ) o

Subscripts sl and s2 stand for sensor 1 and sensor 2
while 4, 41 rebel the first and the second of the two points
considered for linear interpolation.

(8)

9)

(10)

Different values of the meter are determined by using
different models, equations (11) —(13) .

K,
K= (1)
IMNom—max
kL
= 12
81‘L2 ( )
E(r? —1f
Bl =) ”

According to the Emerson Process Management [28], in
the formula (11) , k. maximum frequency output for Micro
Motion® Series 1000, 2000 and 3000 Series transmitters
while .m' Nom—max 1S the maximum nominal flowrate of the
device. Equations (12) and (13) present analytical
estimates of Coriolis meter factor, derived respectively
by Smith [27] and Kazahaya [29]. K, L, r;, r, and r; are
respectively spring constant, length of the meter (length of
the meter leg), legs distance to central axis and tube radii.

To evaluate any unit Under Test (UUT) against a
corresponding reference the deviation,s, between their
outputs on a given proper Bis calculated by equation (14) [30]

_ Byur — Brer

ep = x 100%. (14)

Brgr

2.2. Experimental measurements
2.2.1 Experimental set-up

The experiments have been carried out on a large scale flow
system with a U-shape Colioris flow meter at the National
Metrology Centre (NMC) flow laboratory. An actual
experimental set-up and its schematic representation that
highlights the main elements of the system are presented in
FIgures 3 and 4, respectively. The flow system consists of a
fluid-storage tank, a pump, an air cylinder, flow condition
indicators, U-shape Coriolis flowmeter, flow control valves,
anin-line viscometer, areference balance and flow pipes. Two
tanks of volume V=3 m x 3m x 0.6 m, that can contain up
to 4.32 m® of fluid each, stock fluids that can be delivered to
the flow system during the measurement processes.

Throughout the measurements, a 50RPM centrifugal
pump pushes the fluid through the flow system from the tanks.
A CFM measures the different fluid properties and flow
parameters and presents outputs on a monitor for further
post-processing. The pressure and differential pressure
collected are at the upstream and downstream of the meter,
separately. The flow is controlled by two types of control
valves, multiple in-line valves that allow the imposition of a
particular route to the fluid flow and a linear control valve that
is used to regulate the nominal flowrates. Nominal flowrates
were set within limits of CFM200 U-shape CFM i.e. from 501/
min to 600 1/min. A 1PPM accurate reference balance is used
to benchmark the CFM measurement results.
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Fig. 3. Actual experimental setup of the entire flow system with U-shape CFM, reference balance, fluid stocking tanks, fluid

channeling pipes, sensor and flow regulating valves.
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Fig. 4. Schematic experimental setup of the flow system indicating the main features like flow storage, low measurements and flow
regulators. T.I and P.I are the temperature indicator and pressure indicator, respectively.

2.2.2 Experimental procedures

The main experimental steps are presented in Figure 5.
First, the pump is switched on (after a pump control panel
to allow fluid circulation in the system). A by-pass pipe
prevents the pump for possible damages that may result
from back flows. Reversing flow towards the tank may arise
due to accidental-improper operations of the pump or
pump failure. The fluid must flow through the CFM and
the reference balance before it is allowed to flow back to the
one of the two storage tanks. Only the valves in a particular
flow path are to be opened while the valves in other flow
routes remain fully closed. After a proper route is designed,
it should be checked to ensure that there is no leakage in the
entire flow system according to the designed flow route.
After that, the compressor is turned on to supply the air to

the pneumatic actuator, and a pneumatic actuator and a
data communication system are turned on. Normally,
empty start-up batch is likely to suffer from gas bubbles
entrainment [31], thus the ventilating valves are to be
opened to remove any traces of gases and the first batch of
data is collected only after approximately 10 min of run
time so that any remaining gas bubbles are removed from
the pipe to the balance tank where they dissipate.

After both the CFM and reference balance data are
collected, CFM readings are trimmed and balance tank is
drained to get them ready for next measurement batch. For
the subsequent measurements, the process keeps repeated
and each time, after collection of five different sets of
measurements at the same nominal flowrate, the nominal
flowrate get adjusted until its maximum value, 600 kg/min,
is reached.
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Fig. 5. Main experimental Procedures for measurements on a single phase fluid flow. PCP, ACo, CA, PA, DCS, LCV, GVF and NFR
stand respectively for pump control panel, air compressor, air cylinder, pneumatic actuator, data communication system, gas volume

fraction and nominal flowrate.

3. Results

The dependence of the computational results on grid
resolutions is tested as shown in Figure 6. The test evaluates
the variation on computed mass flowrates for seven different
grids for both structure and fluid domains and for three
different inlet velocities. The number of elements generated
on the fluid domain were 1904, 5610, 8241, 15611, 17487,
18023, 36960 and were consecutively paired to 360, 850, 1364,
5323, 10200, 14400, 20511 elements generated on the
structure domain. As usual, the low and large numbers of
cells corresponding to coarse and fine grid resolutions
respectively. Pairs of grid resolutions are labeled by 1-7
and simulations were carried out for each mesh duo. Inlet
velocities were set t0 0.676 m/s, 3.382m/s and 8.117m/s. As
shown, there was nosignificant change observed on computed
mass flowrates for mesh duo 4-7. Thus, the 4th mesh pair was
considered for further computations in this study.

Table 2 recapitulates the outcomes of a modal analysis.
In the table, vibrational frequencies and ratios of
amplitudes of participating modes are presented for six
different degrees of freedom of the CFM tube. These
degrees of freedom correspond to three translational
motions in z, y and z directions and three rotational
motions about z, y and z axes. It can be seen that a first
modal frequency of 93.467 Hz corresponds to a ratio of

amplitude of 1 only for a translation in the zdirections,
elsewhere maxima ratios of candidate amplitudes match up
with higher modal frequencies and in directions other than
translation along the zaxis. One may note from the table of
a significant ratio of amplitude, 0.471, associated with the
fifty mode frequency in z-direction.

In Figure 7, the CFM is represented in the optimal
vibrational mode. It is proven beforehand (see Tab. 2) that
the proper model shape for CFM tube corresponds to
undamping-harmonic oscillations in zdirection at the
frequency of 93.467 Hz as presented in this figure. Figures 8
and 9 plot the displacements at sensors’ locations as
function of time for the tube oscillating under a continuous
excitation in that mode. Figure. 8 presents the displace-
ments registered by both sensors for non-flow condition,
while Figure 9 shows the displacements at the same points
when water flows through the meter tube at 7.305m/s.
While there is no difference noted between the outputs of
the two sensors in Figure 8, in Figure 9 displacements
differ. The difference between displacements at both sensor
locations is equivalent to a time shift of 4.86E-05 seconds
and to mass flowrate of 539.73 kg/min.

Figure 10 relates mass flowrates to time shifts between
on sensors’ oscillations. From the figure, numerically
determined mass flowrates are shown to linearly correlate
to the time shifts with a constant slope. The slope value in
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Table 2. Modal analysis: thirty-six possible modes corresponding to six degrees of freedom and six modal frequencies
with corresponding amplitude ratios, .

No Trans-X Trans-Y Trans-7Z ROT-X ROT-Y ROT-Z
f [Hz| r f[Hz] r f[Hz] r f[Hz] r f[Hz] r f [Hz] R

1 93.467 0.000 93.467 0.000 93.467 1.000 93.467 0.000 93.467 0.000 93.467 0.000
2 183.69 1.000 183.69 0.000 183.69 0.000 183.69 0.000 183.69 0.001 183.69 1.000
3 24471  0.001 244.71 0.000 244.71 0.000 244.71 0.000 244.71 0.000 244.71  0.001
4 499.07 0.000 499.07 1.000 499.07 0.001 499.07 0.003 499.07 1.000 499.07 0.000
5 555.34  0.000 555.34 0.001 555.34 0.471 555.34 1.000 555.34 0.000 555.34  0.000
6 930.81 0.344 930.81 0.000 930.81 0.000 930.81 0.000 930.81 0.007 930.81 0.562
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the graph corresponds to the CFM meter factor, K in the
CMF characteristic equation (7) in Section 2.1.2. The
results in Figure 10, moreover, show that the CFM200
model is able to track the analytical solution of the
characteristic equation of coriolis flow meters. Although, it
worth to be noted that the meter factor is function of
CMF’s material properties, meter’s dimensions and
transmitter technology. Thus, the method by which it is
determined affects the numerical results. Figure 11
compares the mass flowrates calculated for different values
of the meter factor, K to experimental measurements. The
values of the meter factor are obtained from equations
(11)—(13). Mass flowrates calculated based on meter
factor’s values obtained from numerical models Smith

(1980) and Kazahaya (2014), represented by equations (12)
and (13), noticeably deviate from experimental results.
Contrarily, the mass flowrates calculated on basis of
(Emerson, 2014) model presented (see Eq. (11)) are the
most accurate as compared to experimental results.
Experimentally measurements used to validate
computational results in Figure 11 need to be certainly
accurate. Thus, mass measured by a CMF are bench-
marked to mass flowrates measured by a 1 PPM reference
balance in Table 3 to verify their accuracy. The
table illustrates that masses measured by both the
reference and the meter under the test agree with each
other at more than 99.9% i.e. with a maximum deviation
0f 0.10% only. This confirms the potential of CMF outputs
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Fig. 10. Variation of mass flowrates with time shifts between sensors.

to be used as baseline for evaluation of the CMF200 model
performance.

Along the lines of accuracy of the CMF model
performance, Figure 12 evaluates the numerical results
against accuracy requirements. The figure compares
deviation between numerically predicted and experimen-
tally measured mass flowrates to the required accuracy for
F series CFM on measurement on single phase flow.
According to the figure, for each of the sample points, the
deviation remains within +0.1% of total mass flowrates.

4 Discussions

According to the manufacturer, the proper modal
frequency of U-shape CFM200 is 93.476 Hz, while in this,

the optimal model frequency of the CFM200 model was
found to be f;=93.467 Hz. The estimated frequency differs
from the actual one by 0.0096% only. That means that the
built CFD model is able to precisely replicate the meter
oscillation patterns of the actual meter. Moreover, Table 2
shows that out of the 36 possible natural modes of the
CFM, the first natural frequency corresponds to the ratio of
participation factors of 1 for translation in z-direction.
Therefore, driving the meter at its first natural frequency in
along z-direction allows for optimal use of exciter’s energy
and eliminates potential disturbances of modes with
different directions to translation in zdirection. Even
though the translation along zaxis is associated with
significant amplitude ratio for the fifth higher modal
frequency, its probability to interfere the meter’s oscil-
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Table 3. Mass measured by a CFM benchmarked to mass measured by a reference balance and corresponding

measurement error for a CFM.

NFR [kg/min] Mass-REF balance [kg] Mass-CFM [kg] Deviation [%]
50 51.74 51.75 0.03
60 125.71 125.73 0.01
100 - 111.13 -
150 159.70 159.78 0.05
200 - - -
250 259.70 259.94 0.09
300 259.10 259.21 0.04
350 303.83 304.08 0.08
400 282.96 283.25 0.10
450 315.53 315.66 0.04
500 317.83 318.00 0.05
540 292.37 292.42 0.02
600 312.77 312.86 0.03

lations is limited. This is due to the fact that the mentioned
modal frequency is not a multiple of the first natural
frequency.

In addition to the capabilities of the model to
replicating actual meter vibrations, the results demon-
strate that the model depicts the theory underlying typical
CFM’s operations. Figure 8 and Figure 9 prove that, as
expected, for empty CFM vibrating at its first natural
frequency, there is no difference observed between displace-
ments of sensor at the inlet leg and sensor outlet leg (see
Fig. 8). However, when water flows through the oscillating
tube sensors at the inlet and sensor at outlet register different
displacements. The difference of displacements at sensor
locations thanks to the interactions between the Coriolis
forces and inertia force, see also [20]. The flow of fluid induces
Coriolis forces of opposite directions at the inlet sensor and
outlet sensors [32]. Unlike these apparent Coriolis forces, the

tube inertia’s forces have the same directions at the inlet and
the outlet. Thus the Coriolis forces enhance the effects of
inertia forces at one sensor location while opposing them at
another sensor’s location. These interactions distort sym-
metry of oscillations leading to difference between readings of
the sensor at the inlet and the sensor at the outlet as can be
seen on Figure 9.

In addition to depending on the time shifts as shown in
Figure 10, CMF outputs also vary with the its material and
its size. The effects of both meter’s material properties and
dimensions are comprised in the meter’s factor, K. Hence,
the method of by which the value of meter factor is
determined (11))—(13) also affects the accuracy of
computed mass flowrates. Figure 11 compares computed
mass flowrates for different values of the meter factor. The
figure shows that Emerson model [Eq. (11)] allows
obtaining matches of experimental results.
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Table 4. Mass flowrates and meter errors for both one-way and two-way FSI simulations.

Experiments Computations
One-way FSI Two-way FSI

NFR Mass flowrate Time Mass flowrate Error Time Mass flowrate Error
[kg/min] [kg/min] shift [s] [kg/min]| [%] shift [s] |kg/min]| [%] |kg/min]
50 50.01 4.41E-06 48.88 —2.27 4.50E-06 49.98 —0.08
60 60.01 5.63E-06 62.47 4.10 5.41E-06 59.97 —0.06
100 100.00 8.34E-06 92.49 —7.51 9.01E-06 99.95 —0.05
150 150.07 1.24E-05 137.18 —8.59 1.35E-05 149.93 —0.10
200 200.00 1.72E-05 190.89 —4.55 1.80E-05 199.90 —0.05
250 250.23 2.10E-05 233.41 —6.72 2.25E-05 250.33 0.04
300 300.13 2.62E-05 290.25 —3.29 2.70E-05 299.85 —0.09
350 350.30 3.01E-05 334.25 —4.58 3.15E-05 350.02 —0.08
400 400.41 3.45E-05 382.28 —4.53 3.61E-05 400.01 —0.10
450 450.19 3.84E-05 426.13 —5.34 4.05E-05 450.05 —0.03
500 500.26 4.31E-05 478.32 —4.39 4.50E-05 499.75 —0.10
540 540.10 4.64E-05 514.33 —4.77 4.86E-05 539.73 —0.07
600 600.18 5.00E-05 554.45 —7.62 5.41E-05 599.70 —0.08

However, mitigating the error associated determination of
the meter factor does not completely assure accurate
numerical results; the method of coupling the interaction
between fluid flow and tube dynamics at fluid-structure
interface bears main influences on accuracy of computed mass
flowrates. Table 4 evaluates accuracy of computational
results for both one-way and two-ways FSI coupling based
simulations of FSI with respect to experimental measure-
ments. As can be seen, for one-way FSI coupling the maximum
deviation between numerical and experimental results is
about 8%; but for the simulation based on two-way coupling of
fluid structure interaction the maximum deviation is 0.1%.
The iterative two-ways coupling based simulation allows
achieving most accurate simulation results due to the fact that

it properly represents the meter operations. In addition to
counting on influence of fluid flow on structure oscillations, as
the one-way coupling model does, two-ways coupling of fluid
structure interactions counts on influences of every changes on
tube oscillations on the numerical outputs.

In this study, owing to use of two-ways coupling of
fluid structure interaction, simulation results meet
theoretical expectations and accuracy requirements. In
fact, as can be seen on Figure 10 that relate flow induced
time-shifts and computed mass flowrates, computed
results match the CFM’s characteristic relation
(Eq. (7)). Similarly, the meter’s sensitivity (K*) remains
constant (see Fig. 13) as required for a proper-linear
operation CMF [33]. The sensitivity K* of a flow meter
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Fig. 13. Sensitivity of the CMF model computed with both a two way and a one-way FSIs.

mathematically equals to the inverse of the meter factor,
K. When the sensitivity remains constant, it is an
indication of a steady operation for a CMF. Particularly
in this study, a two-way FSI coupling a two-way coupling
of FSI allowed to maintain a constant sensitivity for the
CFD model of the CMF and hence to maintain a stable
performance of the meter.

This provides the meter’s model with smooth-constant
operation. Contrarily, when a one-way coupling is used to
represent the interactions between the oscillating tube and
the fluid flowing through the tube, the sensitivity of CMF
model fluctuates and noticeably drops. Such variations in
sensitivity of the model explain observed inaccuracies in
computed mass when the method was used.

In addition to agreeing with theories on CFM
operation, the two-way FSI based CFD model concurs
with experimental measurements. Figure 11 indicates that
numerical results compare well with experimental meas-
urements unless affected by the method of determination of
the meter factor. It is worthwhile to note that in order to
authenticate CMF experimental measurements, served as
a secondary reference in this analysis, mass measured by a
CMF were benchmarked to mass measured by means of a
reference (Tab. 3). From the table, it can be seen that on
maximum CFM measurements by deviated less than 0.1%
from references. Given such small deviations one can
conclude that CFMs measurement results are suitable to
serve baseline while evaluating simulation results. Devia-
tions between computed and measured mass flowrates
(Fig. 12) fall within the range that is acceptable according
to requirements on accuracy of F series CMFs. According
to that accuracy requirement, the maximum magnitude of
error on single phase flow should not exceed 0.1 percent of
the total mass flowrates. The figure shows that simulating
CFM operation by making use of an iterative two way

coupling of FSI at the fluid and structure domains interface
allows fulfilling that accuracy requirement on measure-
ment single-phase flows.

Both numerical simulation and experimental analysis
express accurate performance of CMFs on measurement on
single phase flow. It is to be noted, however, that numerical
simulation requires a two way FSI coupling of interactions
to allow both transfer of information from fluid domain to
the structure domain and vice versa in order to produce
accurate results. In this study, it is seen that a two way FSI
coupling based CMF model accurately and consistently
replicate the operation of a commercial meter; thus it may
be used as an alternative or supplemental baseline to costly
experiments for further studies in the field of flow
measurements as well as for industrial applications such
as fuel bunkering and oil and gas metering among others.

5 Summary

In the oil and gas industry, fuel bunkering and LNG
metering requires irrefutable and accurate measurement of
fluid mass flowrates to avoid commercial losses. As
measuring devices, CFMs outperform other measurement
technologies due to their ability to directly measure mass
flowrates. Given the high cost of these equipments,
numerical simulations are needed to supplement laborato-
ry experiments and field measurements in both research
and industrial applications. The currently available
numerical methods pay less attention to effects change
in CMF oscillations on overall coupled fluid-tube dynam-
ics. This leads to significant inaccuracies in numerical
outputs. This study analyses the performance of CMF's
using of CFD modeling based on iterative two-ways FSI
and experimental measurements. It is found that:
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— Both experimental measurements and numerical simu-
lations using two-ways FSI coupling prove that CFMs
meet accuracy requirements on measurement on single-
phase water flow (Tab. 3, Fig. 12, Tab. 4).

— Simulations using a two-way FSI coupling provide the
CMF model with capability to comply with theory
behind CMFs operation (Tab. 2, Figs. 8-10), with ability
to agree experiments (Figs 11 and 12, Tab. 4), with
optimal accuracy (Tab. 4, Fig. 12) and with steady
performance (Fig. 13).

A two-way iterative coupling of FSI reciprocally accounts
on influences of fluid flow on structure dynamics and
influences of tube oscillations on fluid flow; hence, it
is required to enhances the accuracy of numerical predictions.
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