
MSC 65Z05, 76F60, 76F30 DOI: 10.14529/mmp160410

MATHEMATICAL MODELLING OF VORTEX GENERATION
PROCESS IN THE FLOWING PART OF THE VORTEX
FLOWMETER AND SELECTION OF AN OPTIMAL
TURBULENCE MODEL

A.L. Kartashev, South Ural State University, Chelyabinsk, Russian Federation,
al_kartashev@mail.ru,
A.A. Krivonogov, South Ural State University, Chelyabinsk, Russian Federation,
alexeykrivonogov@mail.ru

The article is devoted to mathematical modelling of processes, occurring in the �owing
part of the vortex �owmeter, by the �nite 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 e�ects occurring in the �owing part of
the vortex �owmeter and similar devices has been performed. A brief description of the
vortex generation process behind the blu� 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 �ows in pipes with an object
or obstruction were investigated. The available software packages suitable for modelling
unsteady turbulent �ows were analyzed.

The ANSYS software package, in particular CFX module for �uid and gas, as well as
various approaches to mathematical modelling were used to simulate the �owing part of
the vortex �owmeter. 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 �uid and gas test benches were performed.
For this purpose the samples corresponding to the numerical model have been manufactured
and tested.

The research �ndings 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 �owmeter 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 − ε model, which is con�rmed by comparison with the experimental data.
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Introduction

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

The �owing part of the vortex �owmeter is a pipeline section, housing a motionless blu�
body of a special form (Fig. 1), whose axis is perpendicular to the pipe axis. Viscous liquid
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or gas, �owing around the blu� 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, �ber 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 �ow of a
�uid, while the pulses number is proportional to the �uid volume that has passed through
the �owmeter.

The �ow 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:

Re =
Vave·D

ν
(1)

where ν is kinematic viscosity, D is �owing part diameter, Vave is average �ow velocity.
The working range of numbers for the �owmeter is from 10000 to 200000.

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

Sh =
Vave·d
f

(2)

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

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

When creating a vortex �owmeter measurement system, the main problem is to ensure
the stability of vortex formation process in a su�ciently wide velocity range. Measuring
very low liquid and gas �ow 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 �ow. A signi�cant amount of data on an orderly
vortex formation process behind blu� bodies has been accumulated [5]. It should be noted,
however, that many questions still remain open, especially those associated with the
in�uence of various factors on the vortex formation process. Flow boundedness (a blu�
body of a vortex �owmeter is located in a �ow channel), velocity pro�le unevenness, free
stream turbulence, velocity pulsations in a �ow, and the in�uence of three-dimensional
e�ects during vortex generation on the �owmeter work stability are among these factors.
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Since there is no way of calculating the optimal shape of a �ow 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 �owbody is
a physical experiment. By successive approximations or by using the experiment planning
theory, researchers obtain the optimal variant of the �owtube 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 �uid 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 blu� 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 �ow 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]:

• The medium must be continuous. The Knudsen number Kn = lf/L ≪1.

• 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 �ows, including autooscillatory ones, but its use requires huge computing
resources, so its application for solving applied �uid 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
signi�cant 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 �ows, such
as �ows in the �owing part of the vortex �owmeter.
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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 �ows has not yet been invented. The following turbulence
models are suitable for simulating the vortex �owmeter:

Model with One Di�erential 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 su�ciently accurate and economical
for unseparated �ow simulation and �ows with not very large separation zones. But this
accuracy is not guaranteed for �ows with large separation zones, free shear �ows, and
decaying turbulence.

Models with Two Di�erential Equations. At present, the most commonly used
types of models with two di�erential equations are k − ε and k − ω.

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

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

Nevertheless, k−ε turbulence models have one serious disadvantage: when calculating
�ows 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 �ows. This disadvantage constitutes a serious obstacle to stream simulations of �ow
separation from a smooth wall. The use of near-wall functions based on the wall law leads
to errors in the calculation of separated �ows and �ows in complicated geometry domains
[9].

It has been found that another type of turbulence models, namely k − ω type [11],
where instead of transport equations the equation for speci�c dissipation ω = ε/k is used,
leads to increased compliance with the experiment, if the separation area is not great. The
k− ω model is considered to be more suitable for describing a near-wall �ow in boundary
layers. However, in free developed turbulent �ows, located far away from solid surfaces,
the problem of numerical assignment ω at the boundaries, where the stream enters the
calculation domain, arises. As a result, we may conclude that k − ω model works best
near the wall. In this case, there is no need for dense grid resolution y+ = 3. k − ε model
is suitable for describing well-developed �ows. As a result, SST (Share Stress Transport)
turbulence model or Menter Model, combining standard k − ε and k − ω 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 u′

iu
′
j and a transfer equation for dissipation

velocity of kinetic energy turbulence ε [11, 15]. Thus, the application of these models makes
it possible to take into account the anisotropy of turbulent �uctuations. As a result, these
models may be used for �ows with large curvature streamlines, swirling �ows, and large
deformation of velocity �eld. 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, di�culties 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 − ε, RNG k − ε, 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 �owmeter Rosemount 8600 DN25 (Fig. 3) was chosen as the
simulated sample, with some modi�cations. In the �nite 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.

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

The �nite element model for �ow 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−ε,
RNG k − ε, RSM, and SST. The grid for these models had a relatively low density. The
grid for the �owing part of the vortex �owmeter consisted of 350 � 500 thousand cells,
depending on the turbulence model, because the height of the �rst near-wall cell varies
with di�erent turbulence models.
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Fig. 3. Finite element model of the vortex �owmeter �ow part

The water was set at normal conditions as a working medium �owing in the �ow 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 pro�le (3) was set to reduce the computing
resources (Fig. 4), thereby reducing the initial pipe section.

Vprof = Vmax·
(
1− r

Rmax

)0.143

(3)

where Vprof is velocity change along the radius, r is radius variable, Vmax is maximum
velocity value in pipe.

Fig. 4. Initial turbulence velocity pro�le

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 �ow 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 �owmeter, 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.

Fig. 5. Strouhal number reduced error

Fig. 6 shows the relative error for each curve with reference to the experimental data.
This diagram shows the percentage deviation of the calculated Strouhal number from the
experimental one.

Fig. 6. Strouhal number relative error

Relying on the diagrams analysis results, we may conclude that the k − ε and RNG
k−ε turbulence models show similar results (Fig. 5) and agree with the experimental data
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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 k − ε. 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 e�ect 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 − ε and RNG k − ε, about 2%. On the other hand, SST model agrees better with the
experiment, especially if we pay attention to the points corresponding to minimal �ow
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 k− ε and RNG k− ε. 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 − ε 18,0
RNG k − ε 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 k− ε model. RNG k− ε and k− ε models show
similar time, but RNG k− ε is a bit slower than k− ε, since the source term in RNG k− ε
is function rather than constant as in a k−ε model. As a result, based on total estimation
of criteria such as time, accuracy, and calculations consistency, we concluded that k − ε
turbulence model is optimal.

Conclusion

With mathematical modelling of the �ow part of vortex �owmeter in ANSYS CFX, the
block-structured hexagonal grid and the initial velocity pro�le must be used. According
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to the calculations results, we may conclude that k − ε 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 blu� body is strictly
de�ned: this is a sharp edge of the blu� body. From a practical standpoint, the free �ow
vortex formation process, which is best described by the k−ε turbulence model, is of prime
interest, provided that analysis is carried out only for the vortex generation frequency.
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ÌÀÒÅÌÀÒÈ×ÅÑÊÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ
ÂÈÕÐÅÎÁÐÀÇÎÂÀÍÈß Â ÏÐÎÒÎ×ÍÎÉ ×ÀÑÒÈ
ÐÀÑÕÎÄÎÌÅÐÀ, ÂÛÁÎÐ ÎÏÒÈÌÀËÜÍÎÉ ÌÎÄÅËÈ
ÒÓÐÁÓËÅÍÒÍÎÑÒÈ

À.Ë. Êàðòàøåâ, À.À. Êðèâîíîãîâ

Ñòàòüÿ ïîñâÿùåíà ìàòåìàòè÷åñêîìó ìîäåëèðîâàíèþ ïðîöåññîâ, ïðîèñõîäÿùèõ â
ïðîòî÷íîé ÷àñòè âèõðåâîãî ðàñõîäîìåðà ïðè ïîìîùè êîíå÷íî-ýëåìåíòíûõ ìåòîäîâ.
Àêòóàëüíîñòü îáóñëîâëåíà íåäîñòàòêîì èíôîðìàöèè ïî ýòîìó íàïðàâëåíèþ íà äàííûé
ìîìåíò.

Ïðîâåäåí àíàëèç ñîâðåìåííûõ èñòî÷íèêîâ èíôîðìàöèè ïî èññëåäîâàíèþ ïðîöåñ-
ñîâ íåñòàöèîíàðíîãî âèõðåîáðàçîâàíèÿ è äðóãèõ ãèäðîãàçîäèíàìè÷åñêèõ ýôôåêòîâ â
ïðîòî÷íîé ÷àñòè âèõðåâîãî ðàñõîäîìåðà è ïîäîáíûõ óñòðîéñòâàõ. Ïðèâåäåíî êðàòêîå
îïèñàíèå ïðîöåññà âèõðåîáðàçîâàíèÿ çà òåëîì îáòåêàíèÿ, ðàñïîëîæåííîì â òðóáîïðî-
âîäå êðóãëîãî ñå÷åíèÿ. Ïðèâåäåíû îñíîâíûå êðèòåðèè ðàáîòîñïîñîáíîñòè èçäåëèÿ.

Ðàññìîòðåíû ðàçëè÷íûå ìàòåìàòè÷åñêèå ìîäåëè äëÿ îïèñàíèÿ òóðáóëåíòíûõ òå-

÷åíèé â òðóáàõ ñ ïðåïÿòñòâèåì, ïðîàíàëèçèðîâàíû ïðîãðàììíûå ïàêåòû, íà áàçå êî-

òîðûõ âîçìîæíî ìîäåëèðîâàíèå íåñòàöèîíàðíûõ òóðáóëåíòíûõ òå÷åíèé.
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ÏÐÎÃÐÀÌÌÈÐÎÂÀÍÈÅ

Ïðîòî÷íàÿ ÷àñòü áûëà ñìîäåëèðîâàíà â ïðîãðàììíîì êîìïëåêñå ANSYS â ìîäó-
ëå CFX äëÿ æèäêîñòè è ãàçà, ñ ïðèìåíåíèåì ðàçëè÷íûõ ïîäõîäîâ ê ìàòåìàòè÷åñêî-
ìó ìîäåëèðîâàíèþ. Â ñòàòüå ïðèâîäèòñÿ êðàòêîå îïèñàíèå ïî îñíîâíûì íàñòðîéêàì
ðàñ÷åòíîé îáëàñòè, ïî ïîñòðîåíèþ ñåòêè è çàäàíèþ íà÷àëüíûõ è ãðàíè÷íûõ óñëî-
âèé. Äëÿ âåðèôèêàöèè ÷èñëåííûõ ðàñ÷åòîâ ïðîâîäèëèñü ôèçè÷åñêèå ýêñïåðèìåíòû íà
ïðîëèâî÷íûõ óñòàíîâêàõ è íà ãàçîâîì ñòåíäå. Äëÿ ýòîãî áûëè èçãîòîâëåíû è ïðîòå-
ñòèðîâàíû îáðàçöû, ñîîòâåòñòâóþùèå ÷èñëåííûì ìîäåëÿì.

Ïî ðåçóëüòàòàì èññëåäîâàíèé áûëî óñòàíîâëåíî, ÷òî íàèáîëåå îïòèìàëüíûì ïîä-
õîäîì, ñ òî÷êè çðåíèÿ òî÷íîñòè è âðåìåíè ðàñ÷åòà, ïðè ÷èñëåííîì ìîäåëèðîâàíèè
ïðîöåññîâ âèõðåîáðàçîâàíèÿ (äîðîæêè Êàðìàíà) â âèõðåâîì ðàñõîäîìåðå ÿâëÿåòñÿ èñ-
ïîëüçîâàíèå îñðåäíåííîé ïî Ðåéíîëüäñó ñèñòåìû óðàâíåíèé Íàâüå � Ñòîêñà, êîòîðàÿ
çàìûêàåòñÿ ïðè ïîìîùè ìîäåëåé òóðáóëåíòíîñòè k−ε, ÷òî ïîäòâåðæäàåòñÿ ñðàâíåíèåì
ñ ýêñïåðèìåíòîì.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå; âèõðåâûå ðàñõîäîìåðû; ìîäåëü

òóðáóëåíòíîñòè; òåëî îáòåêàíèÿ; ïðîòî÷íàÿ ÷àñòü.
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