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The article is devoted to mathematical modelling of processes, occurring in the flowing
part of the vortex flowmeter, by the finite element method. The urgency of the current
study is due to the lack of research in this area.

The analysis of research literature devoted to the study of non-stationary vortex
shedding processes and other hydrogasdynamics effects occurring in the flowing part of
the vortex flowmeter and similar devices has been performed. A brief description of the
vortex generation process behind the bluff body placed in a circular cross-section pipe as
well as the basic criteria for functional products are presented.

Various mathematical models for describing turbulent flows in pipes with an object
or obstruction were investigated. The available software packages suitable for modelling
unsteady turbulent flows were analyzed.

The ANSYS software package, in particular CFX module for fluid and gas, as well as
various approaches to mathematical modelling were used to simulate the flowing part of
the vortex flowmeter. The article provides a brief description of the basic computational
domain settings, mesh formation and initial and boundary conditions setting. To verify the
numerical calculations, physical experiments on fluid and gas test benches were performed.
For this purpose the samples corresponding to the numerical model have been manufactured
and tested.

The research findings led us to conclude that in terms of accuracy and calculation
time the optimal approach to numerical simulation of vortex generation processes (Karman
vortex street) in the vortex flowmeter is the use of the Reynolds-averaged Navier — Stokes
equations (or RANS equations) closed by means of a two — equation model of turbulence,
known as the k — & model, which is confirmed by comparison with the experimental data.

Keywords: mathematical modelling; turbulence model; flowing part; vortex flowmeter;

bluff body.

Introduction

In the modern world liquid and gas flow measurement is important in a variety of
industries, such as housing and utilities, oil, food, metals, and others. Customers may
have different requirements for flowmeters, but the device’s cost, its service life and high
metrological performance are always the order of the day. In accordance with the specified
requirements, a large number of flowmeters, based on different measurement methods,
were developed [1, 2|. However, it is safe to say that among all the flowmeters currently
available in the market, vortex flowmeters are the most universal, reliable and relatively
cheap.

The flowing part of the vortex flowmeter is a pipeline section, housing a motionless bluff
body of a special form (Fig. 1), whose axis is perpendicular to the pipe axis. Viscous liquid
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or gas, flowing around the bluff body, induces coherent eddy structures behind it, regularly
shedding from the streamlined body on its two downstream sides. The sensing element
(e.g. wing, piezoreceiver, thermal anemometer, fiber optic, microphone, etc.) converts the
energy pressure pulse of a regular vortex into the output electrical signal [3]. The vortex
formation frequency in a wide range of speeds is proportional to the volumetric flow of a
fluid, while the pulses number is proportional to the fluid volume that has passed through
the flowmeter.

The flow structure and the laws of regular vortices formation in a wide range of
parameters is uniquely determined by two numbers of hydrodynamic similarity: the
Strouhal number — Sh (2) and the Reynolds number — Re (1).

The Reynolds number characterizes the ratio of inertial and viscous forces, determined
by the relation:

o Vave'D

v

Re (1)

where v is kinematic viscosity, D is flowing part diameter, V,,. is average flow velocity.
The working range of numbers for the flowmeter is from 10000 to 200000.

The Strouhal number is a dimensionless vortex shedding frequency, normalized by the
inlet flow velocity and determined by the relation:

%ve'd
/

where f is vortex generation frequency, d is width of bluff body.

Sh =

(2)

Karman vortex street ‘

‘ Bluff body

Fig. 1. Flowing part of vortex flowmeter in work process [4]

When creating a vortex flowmeter measurement system, the main problem is to ensure
the stability of vortex formation process in a sufficiently wide velocity range. Measuring
very low liquid and gas flow rate presents a particular challenge. The solution of these
problems depends on how deeply we understand the mechanism of vortex formation and
the further spread vortices in downstream flow. A significant amount of data on an orderly
vortex formation process behind bluff bodies has been accumulated [5]. It should be noted,
however, that many questions still remain open, especially those associated with the
influence of various factors on the vortex formation process. Flow boundedness (a bluff
body of a vortex flowmeter is located in a flow channel), velocity profile unevenness, free
stream turbulence, velocity pulsations in a flow, and the influence of three-dimensional
effects during vortex generation on the flowmeter work stability are among these factors.
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Since there is no way of calculating the optimal shape of a flow part, detecting unambiguous
analytical and empirical dependencies based on these factors, it becomes necessary to use
other methods. The most common method to determine the optimal form of a flowbody is
a physical experiment. By successive approximations or by using the experiment planning
theory, researchers obtain the optimal variant of the flowtube geometry, but this process
requires a lot of time and material costs. Moreover, it is not always possible to set up the
experiment properly and to ensure its repeatability. But there is an alternative way, which
consists in mathematical modelling of an experiment [4, 6, 7]. Currently, mathematical
models are widely applied for simulating various processes, and fluid dynamics is not an
exception.

At present, there are relatively new instruments for numerical investigation of
hydrodynamics processes that make it possible to clarify some issues in this area. Therefore,
the present study relating to the selection of an optimal mathematical algorithm for
modelling the vortex shedding from the bluff body and the distribution of vortices in
the downstream appears to be very acute. It is necessary to determine the optimal
mathematical model for the task from considerations of minimum calculation time and
maximum convergence with the experiment.

1. Analysis of Modern Approaches to Mathematical Modelling
of Detachable Periodic Streams

Liquid and gas flow simulation, commonly known as Computational Fluid Dynamics
(CFD), is one of the most challenging areas in numerical simulation. The CFD analysis is
based on the Navier — Stokes system of equations [8]. These equations describe the motion
of a continuous medium (liquid or gas). The system includes the continuity equation and
the equation of motion. The Navier — Stokes equations system can be used under two
conditions [9]:

e The medium must be continuous. The Knudsen number Kn =1[f/L <1.
e The generalized rheological Newton’s law must be executed.

Currently, there are three CFD approaches to numerical simulation:

DNS — Direct Numericl Simulation. It is the most accurate modelling method
of turbulent flows, including autooscillatory ones, but its use requires huge computing
resources, so its application for solving applied fluid dynamics problems will be possible
not earlier than in 40 — 50 years [10].

LES — Large Eddy Simulation. The essence of this method consists in the fact
that relatively large eddies whose size is considerably larger than that of mesh cells
are calculated without the use of turbulence models, while small-scale turbulence is
modeled using the closing relations for small-scale "subgrid" turbulence similar to RANS
semi-empirical models [11]. Nevertheless, just as DNS, LES method simulation requires
significant computing resources.

RANS — Reynolds Average Navier — Stokes. The main advantage of RANS
approach is that it is resource-saving, compared to DNS and LES methods. Therefore,
RANS method is of obvious practical interest in calculating complex turbulent flows, such
as flows in the flowing part of the vortex flowmeter.
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Reynolds equation system is obtained by averaging the time of unsteady three-
dimensional Navier — Stokes [12]. Reynolds averaged system is not closed as it integrates
Reynolds stress tensor. To determine the turbulent stress tensor the turbulence models
are applied.

At present, there are many turbulence models, but a universal model which may
simulate all types of turbulent flows has not yet been invented. The following turbulence
models are suitable for simulating the vortex flowmeter:

Model with One Differential Equation. The most common type of turbulence
models with one equation is Spalart — Allmaras model (SA model) [12]. This model was
developed specially for aerospace applications. But later, this model began to be used more
widely, for example in turbo machinery. SA model is sufficiently accurate and economical
for unseparated flow simulation and flows with not very large separation zones. But this
accuracy is not guaranteed for flows with large separation zones, free shear flows, and
decaying turbulence.

Models with Two Differential Equations. At present, the most commonly used
types of models with two differential equations are kK — ¢ and k£ — w.

For standard k — € turbulence models two transport equations are employed: one for
the turbulent kinetic energy k, another one for the calculation of turbulent kinetic energy
dissipation € [13]. It should be noted that the & — ¢ model is not suitable for calculating
the near-wall flow, so in the near-wall cells the wall-functions or Low — Reynolds models
are used [11, 14, 15]. Standard k — € turbulence models are suitable for most engineering
tasks, which have streams with moderate deformation of velocity fields.

There is also a less known version of k& — ¢ model, for example the model obtained by
using the renormalization group theory applied to the Navier — Stokes called RNG k — ¢
[16]. Compared to the standard k — ¢ version, this model shows an improved compliance
between the calculated and experimental data for certain types of flows, in particular at
relatively low Reynolds numbers, greater streamlines curvature, and large strain field of
velocity.

Nevertheless, k — ¢ turbulence models have one serious disadvantage: when calculating
flows with a positive (adverse) pressure gradient, all models tend to overestimate the
generation of turbulent kinetic energy, which leads to a fundamentally incorrect description
of such flows. This disadvantage constitutes a serious obstacle to stream simulations of flow
separation from a smooth wall. The use of near-wall functions based on the wall law leads
to errors in the calculation of separated flows and flows in complicated geometry domains
[9].

It has been found that another type of turbulence models, namely k& — w type [11],
where instead of transport equations the equation for specific dissipation w = ¢/k is used,
leads to increased compliance with the experiment, if the separation area is not great. The
k — w model is considered to be more suitable for describing a near-wall flow in boundary
layers. However, in free developed turbulent flows, located far away from solid surfaces,
the problem of numerical assignment w at the boundaries, where the stream enters the
calculation domain, arises. As a result, we may conclude that & — w model works best
near the wall. In this case, there is no need for dense grid resolution y* = 3. k — & model
is suitable for describing well-developed flows. As a result, SST (Share Stress Transport)
turbulence model or Menter Model, combining standard k& — ¢ and & — w models, was
created [17-20].
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Reynolds Stresses Models (RSM). Turbulence models of this type do not use the
hypothesis of turbulent viscosity (Boussinesq). Instead, the equation is solved individually
for each component of Reynolds stresses W and a transfer equation for dissipation
velocity of kinetic energy turbulence ¢ [11, 15]. Thus, the application of these models makes
it possible to take into account the anisotropy of turbulent fluctuations. As a result, these
models may be used for flows with large curvature streamlines, swirling flows, and large
deformation of velocity field. Potentially, the RSM turbulence model is more promising
than models based on turbulence viscosity.

However, when using turbulence models of this type, the simulations of numerous
unclosed correlations, which arise when transport equations are being derived, may have
doubtful reliability and validity. In addition, difficulties arise when setting boundary
conditions near the solid surface.

There are a lot of turbulence models [21, 22]. The main ones used at the moment are
k —e, RNG k — ¢, SST, and RSM.

At present, there are many commercial and free software packages for numerical
simulation, which contain these turbulence models. The most excelled is ANSYS software
package. Therefore, it was decided to perform numerical calculations in the software
package ANSYS, in particular CFX module, because this software application allows us
to simulate this kind of tproblems.

2. Model Description

Flow part of vortex flowmeter Rosemount 8600 DN25 (Fig. 3) was chosen as the
simulated sample, with some modifications. In the finite element model, the control point
located in the sensor place was used instead of vortices sensor. The pressure pulsations
were detected at the control point during the calculation process. The test data were
subsequently subjected to spectral analysis processing using Fourier transform.

Control point

Fig. 2. Flowing part of Rosemount 8600 without sensor element

The finite element model for flow simulations (Fig. 4) was built in ANSYS software
package with the help of ICEM CFD mesh generator. The mesh was developed in semi-
automatic mode using the O-Grid block method. The use of this meshing method enables
the calculation accuracy to be increased and the calculation time reduced.

Based on the turbulence models analysis, the following four models were chosen: k—e¢,
RNG £k — ¢, RSM, and SST. The grid for these models had a relatively low density. The
grid for the flowing part of the vortex flowmeter consisted of 350 — 500 thousand cells,
depending on the turbulence model, because the height of the first near-wall cell varies
with different turbulence models.
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Fig. 3. Finite element model of the vortex flowmeter flow part

The water was set at normal conditions as a working medium flowing in the flow part.
Heat transfer in the model was not taken into account. The calculation was performed in
non-stationary formulation because the vortex shedding process is autooscillating.

In addition, the initial turbulence velocity profile (3) was set to reduce the computing
resources (Fig. 4), thereby reducing the initial pipe section.

r 0.143
‘/prof = Vmax' (1 - Rmax) (3)

where Vs is velocity change along the radius, r is radius variable, V,,, is maximum
velocity value in pipe.

0 2 4 6 8 10 12 14
r [mm]

Fig. 4. Initial turbulence velocity profile

To verify the numerical model, the experiments were conducted [4]. Detection of vortex
pulsations was carried out through the use of the mechanical sensor <wing >. Tests were
performed on a water stand at various flow velocities. The test model conformed to the
numerical, except for the presence of the vortex sensor in it.

As a result, more than 16 non-stationary calculations and at least 3 tests, without
having to reinstall the flowmeter, were carried out.

In each numerical calculation, at least 6000 iterations and 50 periods of vortices
oscillation were computed. This is necessary for the correct spectral analysis.

3. The Results of Numerical Simulation

According to the calculations results, the point diagrams (Fig. 5, 6) were built in MS
Excel. For clarity, the result points were connected in smooth line, which was built by
means of cubic Bezier curves method in MS Excel.
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Fig. 5 shows the processed results of our calculations. The graph shows the reduced
error for each curve, calculated by averaging the Strouhal number in range of Reynolds
numbers. This diagram shows how a calculated results line matched with the experimental
curve.
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Fig. 6 shows the relative error for each curve with reference to the experimental data.
experimental one.

This diagram shows the percentage deviation of the calculated Strouhal number from the
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Relying on the diagrams analysis results, we may conclude that the £k — ¢ and RNG

k — e turbulence models show similar results (Fig. 5) and agree with the experimental data
Bectuuk FOYpI'Y. Cepusa «MaTteMaTudecKoe MoJejinpoBaHUe
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quite accurately (the deviation is less than 0,5%), but the RNG model shows the result
slightly worse, 0,25% on average, than the default & — . Nevertheless, if we look at the
relative error values (Fig. 6), it becomes clear that the relative error is large enough, 3%
on average. This effect is due to increase in the turbulent kinetic energy generation, which
in turn leads to overestimation of the vortex shedding frequency.

SST turbulence model for reduced error demonstrates greater disagreement than the
k —e and RNG k — ¢, about 2%. On the other hand, SST model agrees better with the
experiment, especially if we pay attention to the points corresponding to minimal flow
rate of Re = 13000. This phenomenon is explained by the fact that the SST model does
not use the wall functions in boundary layer unlike £ — e and RNG k — e. Also, if we look
at the relative error graph, it becomes clear that the SST model is most consistent with
the experimental data; the relative error does not exceed 2% on average.

RSM model shows a high degree of conformity to the experiment. The average
deviation for the reduced error does not exceed 0,5%, while the calculated curve coincides
with the experiment pretty good. If you look at a relative error graph, it becomes apparent
that only this turbulence model has an error with a negative sign that does not exceed
1,2%. This result is explained by the fact that this model uses the Boussinesq turbulent
viscosity hypothesis.

It turns out that, in terms of accuracy and results quality, Reynolds stress model
surpasses RSM. However, there are other parameters that cannot be ignored, namely
the computation time and needed computing resources. Table has been constructed to
analyze these parameters, which shows the results of time spent on one time step. Data
are presented for Dell T3600 workstation (4 cores, 32 Gb DDR).

Table

Estimation of calculation time per one iteration

Turbulence model Calculation time per one iteration, seconds
SST 33,4
k—e 18,0
RNG k — ¢ 19,7
RSM 76,7

As shown in Table, RSM model is the most resource consuming. Since more equations
are solved in this model than in any other, there is a separate equation for each Reynolds
stress tensor. Next in order of resource consumption is the SST model; this is due to a
denser near-wall mesh in comparison with £ — & model. RNG k — ¢ and k — ¢ models show
similar time, but RNG k — ¢ is a bit slower than k£ — ¢, since the source term in RNG k£ —¢
is function rather than constant as in a k£ — < model. As a result, based on total estimation
of criteria such as time, accuracy, and calculations consistency, we concluded that k — ¢
turbulence model is optimal.

Conclusion

With mathematical modelling of the flow part of vortex flowmeter in ANSYS CFX, the
block-structured hexagonal grid and the initial velocity profile must be used. According
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to the calculations results, we may conclude that £ — ¢ model as it shows high accuracy
(Fig. 5) and does not require much calculation time (Table) is the optimal turbulence
model. Most likely, this is due to fact that the separation point on a bluff body is strictly
defined: this is a sharp edge of the bluff body. From a practical standpoint, the free flow
vortex formation process, which is best described by the k—e turbulence model, is of prime
interest, provided that analysis is carried out only for the vortex generation frequency.
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MATEMATUYECKOE MOJIEJINMPOBAHUE
BIUXPEOBPA30OBAHIYA B IPOTOYHON YACTU
PACXOJOMEPA, BLIGOP OIITUMAJILHOM MOJJIEJIN
TYPBYJ/JIEHTHOCTUA

A.JI. Kapmawes, A.A. Kpusonozo8

CraTbsi MOCBAIIEHA MATEMATUYECKOMY MOJETHPOBAHUIO TIPOIECCOB, MPOUCXOIANINX B
MMPOTOYHON YaCTH BUXPEBOIO PACXO/IOMEpPa IMPH MOMOIH KOHEYHO-3JEMEHTHBIX METOJIOB.
AxkryaasHOCTH 00YCIOBIEHA HEIOCTATKOM UH(MDOPMAIMH M0 STOMY HATIPABICHUIO HA JAHHBIH
MOMEHT.

IIpoBenen anaan3 COBpEMEHHBIX MCTOYHUKOB MH(MOPMAIINH IO UCCICIOBAHUIO TPOIEC-
COB HECTAIIMOHAPHOTO BUXPEOOPA3OBAHUS W APYTHX THAPOTra30InHAMUIECKHX 3HPHEKTOB B
IPOTOYHON YaCTH BHXPEBOIO PACXOIoMepa W MOMOOHBIX ycTpoiicTBax. IlpuBeaeHo KpaTkoe
OTMCaHUE TIPOIIECCA BUXPEOOPABOBAHUST 38 TEJIOM OOTEKAHUS, PACITOJIOKEHHOM B TPYyOOMpo-
BOJZIe KPYTJIOTO cevuernusi. [IprBeieHbI OCHOBHBIE KPUTEPUU PAOOTOCTIOCOOHOCTH W3S

PaccymoTpennbr pa3nudHble MATEMATHIECKHE MOIENN s OMUCAHUA TYyPOyIeHTHBIX Te-
qeHuil B Tpybax ¢ MpemnsiTCTBUEM, TPOAHATU3NPOBAHBI TPOTIPAMMHEBIE TAKETHI, Ha 0a3e KO-

TOPBIX BO3MOYKHO MOJIEJIMPOBAHUE HECTAIMOHAPHBIX TYPOYJIEHTHBIX TE€YEHUIA.
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[Iporounas gacTs 6bIIA cMOAenupoBaHa B nporpamMmmuoM komierce ANSYS B momy-
ge CFX s 2KUIKOCTH M ra3a, ¢ NPUMEHEHUEM PA3JIMYHbIX [OJXO0B K MaTeMaTHIeCKO-
MY MOJETUPOBAHWIO. B cTaThe MPUBOAUTCA KPATKOe OMUCAHWE IO OCHOBHBIM HACTPOHKAM
pacdeTHON 00JACTH, MO TMOCTPOEHWIO CETKU W 33JAHWI0 HAYAJIHHBIX W FPDAHUYHBIX YCJIO-
Buii. st Bepudpukaiuu 9uCIeHHBIX PACIETOB TPOBOIUINCH (DU3NIECKUE IKCIIEPUMEHTHI Ha,
MPOIUBOYHBIX YCTAHOBKAX M HA ra30BOM crenze. st 3Toro ObLim M3rOTOBJIEHBI W IPOTE-
CTHPOBaHBI 0OPA3IbI, COOTBETCTBYIOIINE YUCTEHHBIM MOJEJISIM.

ITo pesynbraTam muccaenoBaHNil OBLIO YCTAHOBIIEHO, YTO HANOOJEE ONTHMATBHBIM MO/~
XO/OM, C TOYKH 3PEHUA TOYHOCTH M BPEMEHU pacdeTa, IIPU YHUCJIEHHOM MOJeJMPOBAHUU
[POIIECCOB BUXpeoOpasoBanus (mopoxkku Kapmana) B BAXPEBOM PACXOZ0MEpPE SIBJSIETCS UC-
MOJIb30BaHue ocpeaHennoit no Peitnonbicy cucrembl ypasuenuit Hasbe — Crokca, KoTopas
3aMBIKAETCS TIPY TIOMOIITA MOjiesielt Ty pOyIeHTHOCTH k—€, 9TO MOATBEPKIAETCd CPABHEHUEM
C KCITEPUMEHTOM.

Katonesvie ca066: Mamemamuseckoe mModeauposaniue; UTPeSbe Pacrodomepsl; Mo0eab

myp6yJLeHmH00mu; meno 06m€7€0,HU.ﬂ,' npomovHas 4acms.
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