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Abstract: A study of SA models of turbulence as applied to the calculation of swirling flows
inside a separator has been carried out. The paper compared two approaches using vorticity and stream
function to eliminate pressure and a semi-implicit pressure-related SIMPLE method for solving
Reynolds-averaged Navier-Stokes equations. For the numerical solution of both approaches, the implicit
upstream method was used.
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INTRODUCTION

In modern technological processes, swirling flows of gases and liquids are often encountered
[1]. Swirling currents are formed behind the wheels of hydraulic turbines of HT [2], in the
wake of aircraft and propellers, as well as wind turbines, etc. [3]. Cyclones, separators, vortex
flowmeters - all these devices use swirling of the flow of the working medium. The useful
properties of swirling flows are widely used in thermal power engineering, for example, with
the help of it they achieve flame stabilization in burners. However, swirling flows have not
only positive features. In strongly swirling flows, the formation of unsteady structures, such
as a precessing vortex core (PVC), often occurs. The low frequencies of the precession of the
vortex core, which is formed, for example, behind the wheel of a hydro turbine of a
hydroelectric power station, can lead to resonance with the natural frequencies of the
hydroelectric unit, which in turn will entail strong vibrations that pose a serious danger to the
entire structure of the hydroelectric power station. The formation of PVCs in vortex
combustion chambers can cause thermoacoustic resonance [4], which also results in strong
vibrations and noise. In addition, it was found that the PVC can affect the efficiency of the
vortex devices [5]. Large-scale pulsations caused by vortex precession can damage structures
and reduce equipment reliability. Despite many years of research into this phenomenon, at
the moment there is not enough information to build a theory of PVC and, accordingly, to
develop effective methods for controlling this phenomenon. Thus, for engineering
calculations, turbulence models are required that accurately describe the averaged fields and
large-scale pulsations of swirling flows. Widely used in engineering calculations k —¢& and
k — @ turbulence models do not describe such flows well. To improve the adequacy of
modeling turbulent swirling flows, they try to modify the existing RANS models (Reynolds-
Averaged Navier-Stokes Equations - Reynolds-averaged Navier-Stokes equations) of
turbulence. In [6], Spalart and Allmaras proposed the Spalart-Allmaras model. New model
dubbed SA.
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PHYSICAL AND MATHEMATICAL STATEMENT OF THE PROBLEM.

It is known that swirling flows are characterized by a strong curvature of the streamlines, the
appearance of recirculation zones, the location and size of which largely depend on the
intensity of the twist and the configuration of the boundaries. In addition, such flows are
turbulent. Therefore, their study requires the involvement of efficient turbulence models.
Quite effective turbulence models have recently appeared

In this paper, we consider a two-dimensional axisymmetric turbulent flow in an air
centrifugal separator, which is an important link in the separation and classification of
particles, obtaining powders of the required quality. The efficiency of ongoing processes for
separating powders into coarse and fine fractions will depend on how the flow structure is
organized within the working area. The purpose of this numerical study is to elucidate the
nature of the hydrodynamics of a swirling flow for different geometries. The scheme of the
calculated area is shown in fig. 1.
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Fig. 1 Scheme of calculated air
centrifugal separator.

Centrifugal air separator works as follows. The feed material, together with the primary air, is
fed through a branch pipe into the upper part of the separator. With the help of controlled
shovels, the air flow is given a rotational motion. Under the action of the centrifugal force of
inertia, the particles move towards the outer cylindrical wall of the separator housing and
enter the classification zone located between the cones and the wall (see Fig. 1). Large
particles, due to their greater mass, under the action of centrifugal force, accumulate near the
inner wall of the separator housing and, by inertia, enter the separator hopper. And small
particles are carried away by air and are taken out of the separator through the outlet pipe.
Thus, the initial material is divided into two fractions [12].

It is easy to understand that the efficiency of such a separator strongly depends on its
geometry. Therefore, to search for the optimal geometric parameters, the problem arises of
modeling the kinematics of particles inside the facility. It is clear that the kinematics of the
particles depends on the dynamics of the air flow. Therefore, two problems arise here: 1) to
study the dynamics of the air flow; 2) based on the obtained hydrodynamic parameters of the
air flow, investigate the trajectories of the separated particles.

In practice, the bulk density of dust in separators can reach 50 2/a*. This value is
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significantly less than the density of incompressible air (2.3 xz/x*). Therefore, in many
works, the influence of the solid phase on the air dynamics is neglected. Modeling of three-
dimensional gas flows is associated with well-known practical difficulties: the use of
staggered grids in a continuous calculation area, slow convergence of the numerical solution
algorithm, and rather complicated implementation of the calculation algorithm. The solution
of the turbulent problem also requires thickening the computational stack in regions with
large gradients of the desired variables, in particular, near solid walls. All these problems
significantly complicate the solution of the problem in the area under consideration.

For the numerical study of the problem posed, the system of equations averaged by Reynolds
of the Navier-Stokes equations in a cylindrical coordinate system is used [7]:
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here v,v;- molecular and turbulent viscosity, U,V,W- dimensionless averaged velocity vectors;
r,z- dimensionless coordinates; The initial and boundary conditions for the system of
equations (1) are set in the standard way [8].
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Fig. 2. Flow region in the separator in dimensionless coordinates.

where R is the large radius of the annular channel, therefore, the surface of the cone
corresponds to 77 =1; r;- radius of the inner cylinder of the first section, rs, r4- radius of inner
cylinder rub and fourth plots.

To calculate equation (1) of complex figures, we change the coordinate system. We write
system (1) in the von Mises variables [9] (z, r) on the -(&, i), where &=z/L. In new variables,
derivatives are determined by the well-known formula:
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Here F,(z)- outer cylinder function, F,(z), F,(z)- inner cylinder and cone functions;
1, =0.6n7

In the new variables, the system of equations (1) takes the form
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The Reynolds-averaged equations of the Navier-Stokes equations were closed using the
turbulence model: Spalart-Allmaras.

npu(0<z<z,)

npu(z, <z<1,),

npu(z, <z2<2,,n1>1,)

Spalart-Allmaras models [6]. This model belongs to the class of one-parameter turbulence
models. Here there is only one additional equation for calculating the kinematic coefficient of
eddy viscosity

ag’t +V(pPU) = p(P, - D)+— [(v+v)w]+c VP ——L (s pP)WVV T, (3)

V V GV
Turbulent eddy viscosity is calculated from:v, = vf,,

Initial and boundary conditions. The parameters of the undisturbed flow in the entire
computational domain were set as the initial conditions. At the outer boundary, non-reflective
boundary conditions were applied. On the surface of a solid body, the no-slip condition was
set. In the SA turbulence model, the value of the working variable on the body was set to zero
vt = 0, at the entrance border v; = 3v, on the day off - the Neumann condition was set.

SOLUTION METHODS
Using vorticity and stream function [13]

To facilitate the numerical implementation in system (1), a partial parabolization was carried
out, i.e. terms with derivatives with respect to z were neglected on the right-hand sides. We
introduce the stream function v, for which the continuity condition is satisfied:
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We also introduce vorticity {
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LAl (5)

Further, from the first two equations of system (1), we eliminate the pressure and,
substituting expressions (4) into (5), we obtain a system with respect to new variables.
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Thus, the new variables allow us to bring all the equations of the system to a parabolic form,
and this system can be written in vector form
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The upstream circuit has the form
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It is absolutely stable and the unknowns on the new layer were found by the sweep method.
The integration steps were A& =0.05A7n =0.02.The number of calculated points in the

transverse direction was 50, in the longitudinal direction 100. The Poisson equation for the
stream function was also approximated by the central difference, and the upper relaxation
iteration method was used to resolve it.
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9)
Semi-Implicit Method for Pressure-Binding SIMPLE

The numerical solution of the presented system of equations was carried out in the physical
variables velocity—pressure by physically splitting the velocity and pressure fields [10]. The
numerical solution of the transport equation is carried out on a hybrid, checkerboard
difference grid using the control volume method. According to this method, the solution of
the Reynolds equations written in the cylindrical coordinate of new variables includes two
stages:
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Equation (10) is a system of RANS equations written in the cylindrical coordinate of new
variables. The superscript “U “denotes an intermediate grid function for the velocity vector;
S =p"™* —p" pressure correction. Multiplying equation (11) by the gradient and taking into

account the solenoidality of the velocity vector at the (n + 1) -th time layer, we obtain the
Poisson equation for determining the correction to pressure:

Ataap a§2p o au +arv ; (12)
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Equation (12) of new variables has the form:
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The solution of the stationary problem is carried out by the method of establishment in time,
therefore, dependence (13) is written in the form of a non-stationary differential equation
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where the fictitious time to is the iterative parameter. When solving equation (14) for the time
step, we can write Aty =a;4t, while the value of the constant a;, as a rule, is less than unity

and is chosen from the condition of rapid convergence of the numerical process. The
Neumann condition is used as the boundary condition for the pressure correction, which is

satisfied if the exact value of U is used for U™ at the boundary [11-23]:
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For the numerical solution of the transport equation of system (10), a finite-difference scheme
against the flow was used, which has a second-order accuracy, i.e. O(At,AE%,An?).
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The pressure correction equation in system (14) has an elliptical form. For the numerical
solution of such equations, the relaxation method in the direction of  and the sweep in & are
effective and quite simple.
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Thus, first the system of equations (10) is solved by the establishment method, then equation
(12) and in accordance with (11) the velocity vector on the (n + 1) -th time layer and pressure

are determined. "™ = p" + P

The Pascal ABC program was used to calculate the problem.
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THE DISCUSSION OF THE RESULTS

On fig. 3 illustrates the profiles of air velocities in the section & =0.65. Here
U /Uref ,V /Uref ,W /Uref - dimensionless speeds. Here Uref =U Wref /Uref =1.
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Fig.3. Profiles of a) axial, b) radial and c) tangential air flow velocities in the section £=0.65
at Wref /Uref =1. 1- using vorticity and stream function, 2- Semi-implicit method for
pressure-binding SIMPLE.

On fig. 4 illustrates the profiles of air velocities in the section &£=0.7. Here
U /Uref ,V /Vref, W /Wref - dimensionless speeds. Here Uref =U ,Wref /Uref =1.
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Fig.4. Profiles of a) axial, b) radial and c) tangential air flow velocities in the section &=0.7

at Wref /Uref =1. 1- using vorticity and stream function, 2- Semi-implicit method for
pressure-binding SIMPLE.

On Fig. 5. The vector velocity field in the central section is shown.
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Fig. 5. a- Using vorticity and stream function, b- Semi-implicit method for pressure-
binding SIMPLE.

FINDINGS

It can be seen from the presented figures that the numerical results of the SA and SARC
models differ quite significantly. However, it is noted in [2, 4] that for swirling flows the
SARC model gives results that are closer to the experimental data. Therefore, it can be
assumed that the SARC turbulent model is more suitable for describing the processes
occurring inside centrifugal apparatuses.
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