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Abstract. This paper presents the method of the turbulent flow simulation. The method may be used to address the
computational aeroacoustics (CAA) problems, where the vortex noise’s sources have to be determined. This method is an
alternative to both large-eddy simulation (LES) methods and stochastic turbulence simulation techniques. The proposed method
is more computationally efficient compared to LES and, unlike stochastic approaches, it does not require empirical constants. The
simulation according to this method is achieved in two main stages. During the first step the averaged flow’s properties are
obtained using the RANS simulation. These properties are used for the formulation of the discrete vortex model on the second
step. Vortices’ intensities are oscillating with amplitudes and frequencies obtained from the RANS simulation with random phase
shifts. Turbulent velocity field is then determined as the sum of averaged flow velocities, velocities induced by the pulsing
vortices and velocities induced by the trailing vortices (Kelvin circulation theorem). The method is verified by considering the test
problem. The developed turbulent boundary layer near the horizontal wall is simulated by means of both the presented method
and the LES method. A good agreement between these two methods indicates on the viability of the approach presented in this
paper. However, a thorough investigation of the method is still yet to be accomplished.
Keywords: Turbulence, Boundary layer, Vortex, Large Eddy Simulation.

1. Introduction
An accurate determination of the unsteady characteristics of the turbulent flow is essential for many problems in acoustics,
aerodynamics, aero- and thermoelasticity. These problems are common in the shipbuilding industry, aerospace engineering and
nuclear engineering.
Currently all these problems are addressed mainly by conducting the physical experiments. Often reliable results may be
achieved only with the full-scale models, because in the model tests it is very difficult to ensure for all dimensionless numbers to
have the same value for the model and for the full-scale construction. For example, in the investigation of the hydroacoustic
noise the simultaneous equality of the Reynolds and Mach numbers is impossible to achieve. Another challenge one confronts in
physical experiment is an accuracy of flow characteristics measurements.
Mathematical methods aimed to determine unsteady turbulent characteristics are still in the very early stages of their
development. Currently there are several approaches to this problem. They are based either on the direct numerical simulation of
the fluid motion (DNS, LES, DES) [1, 2] or on the stochastic methods of the turbulent velocity field generation [3, 4].
There are also papers where the method of vortex panels is used to simulate the unsteady flow [5, 6]. Synthetic Turbulence
Generator method has been implemented in ANSYS Fluent software. The velocity pulsations’ components are determined by
means of the vortex method. The vortices are randomly distributed on the shared boundary of RANS and LES domains [7].
A promising new stochastic approach uses the “frozen turbulence” assumption. This assumption represents the velocity and
pressure pulsations via randomly generated signal [8]. Such methods are much more computationally efficient compared to the
DNS and LES methods. However, in contrast to the CFD approaches they are not universally applicable and require the initial data
targeted specifically for each particular problem and not available beforehand (e.g. time and space scales of the turbulent flow).
Besides, this approach does not allow to take into account the elastic properties of the solid in a straightforward manner, hence it
is not easily applicable to fluid-structure interaction problems. That is why the application of such methods to the real technical
problems is challenging.
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Fig. 1. Boundary layer on the flat wall

Fig. 2. Velocity pulsation spectrum at the control point of the boundary layer

There are also papers devoted to the multiphase flow simulation. For example, in [9] the modified RANS model is introduced.
In this model the term that accounts for the slippage of the dispersed phases relative to the continuous phase is added in the
momentum equation. Thus, both turbulent mixture of the particles and their impact on the continues phase are simulated.
Significant efforts were devoted to developing turbulence simulation methods for nanomaterials [10-12].
Direct numerical simulation using CFD methods is universal and potentially reliable method. However, such simulations are
very computationally expensive. Also, for each particular problem it is required to determine the range of the maximum
resolvable frequencies for given grid size. This range of the maximum resolvable frequencies may be limited and not sufficient for
the particular problem. Nevertheless, this approach is considered to be the most appropriate for this kind of problems and it is
widely used to discover new effects pertinent to the turbulent flow [13].
Let us consider the problem of simulation of the vortex noise generated by a flow near the wing. This problem arises in such
areas as aerospace engineering, shipbuilding industry, energy harvesting. In all these cases the reduction of noise is required,
which may arise either from flaps, wind generators or propellers. These problems are dealt with in numerous publications, for
example, in [14-17]. For small angles of attack the noise is created by an interaction between two turbulent boundary layers
behind the trailing edge of the wing.
The crucial part in aerodynamic noise simulation is the determination of the vortex flow’s characteristics by means of LES
models. To illustrate computational difficulties arising in conducting direct CFD simulations let us apply the LES method to
simulate the unsteady turbulent boundary layer near the wall (Fig. 1). The results of this simulation will be used below to verify
the proposed method.
According to the ZLES methodology, the computational procedure is divided into two steps. During the first step the averaged
characteristics of the flow in the plane setting are determined during the RANS simulation. In this paper the Menter’s SST
turbulence model is used [18]. This particular model of turbulence was chosen because it is well known and widely used. Besides,
this model allows to obtain specific kinetic energy of the turbulence and specific dissipation velocity of the turbulent energy
(vortex shedding frequency). This data will be used in the proposed method. The detailed comparison and verification of different
turbulence models used in the RANS simulations may be found in [19]. The result of this step is the averaged flow’s characteristics.
These characteristics coincide with the results of [20] with respect to thickness of the turbulent boundary layer along the shell
and velocities in the boundary layer.
During the second step the unsteady flow in the established boundary layer is simulated. Simulation of the three-dimensional
flow is performed using the eddy-resolution scheme. The WMLES turbulence model based on the SST Menter’s model is used.
WMLES model uses RANS simulation near the wall. This reduces required mesh size. In order to minimize mesh size the
simulation domain and element size are chosen according to the low bound in the recommendations [21]. Size of the base grid is
d = 400 000 elements. Also, additional calculations were conducted with decreased element sizes by 2, 3 or 4 times compared to
the base grid. Mesh sizes were: d/2 – 3 million, d/3 – 10 million, d/4 – 30 million.
In Fig. 2 the velocity pulsation spectra at the control point are shown. The control point is located in the boundary layer 0.625 δ
from the wall, where δ is the thickness of the boundary layer. Also, the Kolmogorov turbulence law is presented for the isotropic
homogeneous turbulence. It is worth noting that increasing of number of elements in the grid allows to simulate larger
frequencies of the hydrodynamic pulsations in the boundary layer. This is illustrated in Fig. 3 where the maximum resolvable
frequencies are shown for different grid sizes.
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Fig. 3. Dependence of the velocity pulsation’s maximum resolvable frequencies in the shell’s boundary layer on grid size

Based on these results the required grid sizes were estimated for different values of maximal resolvable frequencies (see
Figure 3). According to this data the forecast of [22] may be corrected for the problems in the area of computational acoustics.
Speciﬁcally, if the required maximal resolvable frequency is 1500 Hz then the required grid size will be at least two orders of
magnitude greater compared to the estimation in [22]. Moreover, the number of time steps must be also increased in order to
conduct the result processing combined with the averaging procedure. Performing such computations in the foreseeable future is
impractical.
In the present paper the method of direct numerical simulation of the vortex fluid motion is introduced. The method
combines the vortex method and the RANS simulations. The method uses the Lagrangian approach for the ideal fluid model. The
initial data for the vortex system is determined from the results of the RANS simulation. Such an approach resides in the middle
ground between the direct numerical simulation and statistical turbulence simulation with respect to required computational
resources. Nevertheless, the presented method has an advantage of not requiring time and space scales in contrast to the
synthetic turbulence model. As velocity fields obey Euler equations this data is generated automatically.
In what follows the proposed alternative approach to simulate the turbulent boundary layer is proposed (section 2). Then in
section 3 this method is applied to the problem of unsteady turbulent boundary layer simulation near the wall considered in this
section above.

2. Methodology
The idea of the method is to use the ideal fluid model in order to simulate unsteady hydrodynamic processes. This is achieved
by introducing the discrete pulsing vortices-generators which, according to the Kelvin circulation theorem, give rise to the vortex
sheds. Amplitudes and frequencies of the vortices-generators are determined by the results of the RANS simulations. Positions
and circulations of the free vortices at any given moment in time are calculated from the hydrodynamic theorems. System of
vortices creates pulsating contributions to the velocity field. In every moment in time the wall boundary condition on the body
surface is satisfied. The result of applying this method are unsteady hydrodynamic forces. These forces may create and sustain
high frequency hydroelastic vibrations of different structures and they also may be the sources of the hydroacoustic noise.
Determination of the unsteady hydrodynamic characteristics of the turbulent boundary layer is achieved in three steps.
During the first step the model of the viscous fluid is used. The second step is an intermediate step. The goal of this step is to
process the results of the previous stage and to prepare the data to the next step. On the third step the model of the ideal fluid is
applied.
In what follows the abovementioned steps are discussed in more detail.
2.1 Step 1: Viscous Fluid
During this step the RANS simulations are used to model the turbulent fluid flow near the body. This step is similar to the first
step of the aforementioned ZLES method.
The results of this step are: velocity field, specific kinetic energy of the turbulence, specific dissipation velocity of the
turbulent energy (vortex shedding frequency) in the centers of the control volumes.
2.2 Step 2: Viscous Fluid (preparation of the data to step 3)
The mesh is created during this step. At this early stage of the method’s development the same mesh that was used for the
RANS simulation is employed. In the center of each control volume of the domain discrete vortices are placed. Circulation of each
vortex changes with time according to the following formula:
Γ p ij (t ) = Γ0p ij sin( fijt + εij )
where 0pij  amplitude of the vortex-generator’s intensity for the control volume ij, ij random numbers uniformly distributed in
the interval [0,2], fij frequency of the vortex-generator’s pulsation in the ij control volume determined via RANS simulations and
equals to the turbulent eddy frequency. Note that since the specific turbulent energy in RANS is a constant, velocity of dissipation
is equal to velocity of vortex generation.
Amplitudes of the discrete vortices-generators 0pij are determined from the values of the turbulent kinetic energy in the
centers of the control volumes. In the plane setting for determination of circulation amplitudes the system of MN nonlinear
equations with MN unknown amplitude values of vortices-generators intensities 0pij has to be solved (M, N are numbers of
elements over x and y directions respectively).
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Fig. 4. The pulsating vortex-generator and the vortex shed

Fig. 5. The wall boundary condition
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where i,k = 1, M, j,p = 1,N , xij, yij -coordinates of control volume’s center, kij - specific turbulent kinetic energy.
After solving system (1) MN random phase shifts ij are generated. These numbers are uniformly distributed over the interval
[0,2π ] .
2.3 Step 3: Ideal Fluid

As circulations of vortices-generators change according to the harmonic law, each vortex-generator creates a shed of free
vortices. According to the Kelvin circulation theorem every pulsing vortex-generator with circulation p(t) gives rise to the free
vortex shed with circulations (Fig. 4)

Γ f (t * ) = −

dΓ p
dt

(t = t * )∆t

Pulsing vortices-generators are fixed in space while free vortices created by them move with velocities equal to the sums of:
a) velocities in the domain, determined from the results of the preliminary RANS simulations;
b) velocities, induced in instantaneous locations of free vortices by all pulsing vortices-generators and all the rest free
vortices (excluding the one being examined);
c) velocities induced by the vortices located on the body’s surface. These vortices are needed to satisfy the wall boundary
conditions.
Since on the step 3 the ideal ﬂuid model is used the only boundary condition that is imposed on the body surface is the
requirement that the normal velocity should vanish.
The body boundary is divided into K elements. Since the main contribution to the forces caused by the vortices-generators
and free vortices on the surface elements is due to the unsteady hydrodynamic processes with high values of Strouhal number
the flow over each element is assumed to be vortex-free. Hence on every surface element there are discrete vortices with the
same circulation but with different signs (see Fig. 5). The wall boundary condition is satisfied in the centers of the boundary
elements. These conditions lead to the following system of nonlinear equations with unknown circulations Гwi
K

∑ (V (Γ
n

i =1

M

wi

N

, xi , yi ) |xν , yν +Vn (−Γwi , xi ', yi ') |xν , yν ) = −∑∑ Vn Γ p ij |xν , yν −
i =1 j = 1

∑

Over all
free vortices

Vn Γ f |xν , yν , ν = 1...K

(2)

After solving system (2) it becomes possible to obtain the pulsing hydrodynamic pressure on the body’s surface according to
the following equation:
dΓ
p = −ρ
dt
Or, in discrete form:
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Fig. 6. The simulation domain

Fig. 7. Turbulence kinetic energy (left) and turbulence eddy dissipation rate (right) at the inlet boundary

1
( Γ 'i−1 (t * ) − Γ 'i−1 (t * − ∆t ) + Γi (t * ) − Γi (t * − ∆t ))
∆t
1
( Γ 'i (t * ) − Γ 'i (t * − ∆t ) + Γi +1 (t * ) − Γi + 1 (t * − ∆t ))
p( xi , yi , t * ) = −ρ
∆t
p( xi , yi , t * ) = −ρ

It is worth noting that the averaging of the solution for large lengths of the vortex sheds leads to the results very close to
those obtained by the RANS simulations with respect to velocity and pressure pulsations, turbulent kinetic energy, turbulent
energy dissipation rate and velocity distribution in the boundary layer. From this point of view the presented method is
consistent with RANS methodology.

3. Application of the Proposed Method
Let us apply the described method to the problem discussed in the first part of the paper. This problem allows to use the
simplified boundary conditions in order to concentrate the efforts on the general idea of the method.
The problem domain is shown in Fig. 6. Size of the domain is the same as for the LES simulation considered above.
The numerical scheme is as follows. In the inlet there are 10 vortices-generators placed vertically. Amplitudes and frequencies
of the vortices-generators’ intensities are calculated from the RANS simulations’ results as follows:

Γ pi ( r , t ) = C K( r )sin( f ( r )t + ϕ )

(3)

where K –turbulence kinetic energy, f – turbulence eddy dissipation rate, φ – random phase in the interval [0, 2π]. Quantities K and
f are determined from the results of the RANS simulations and depend on the spatial coordinates. Distributions of these
quantities at the inlet (x=0.84) are shown in Fig. 7. Constant C = 0.01 is chosen to ensure maximum amplitudes of the velocity
pulsations to be the same for the RANS and LES simulations. In general case this constant depends on the discretization
parameters and computational radius of the vortex in the model. Vortices-generator are similar to the initial conditions.
Characteristics of the vortices-generators are determined exclusively from RANS simulations.
Each vortex-generator creates a vortex shed. At the location of the vortex-generator free vortices are placed with intensities:
Γ f ik = −

dΓ pi
dt

(t = t * )∆t = C Ki fi cos( fit k + ϕi )∆t

(4)

where index i denotes that the free vortex belongs to the shed of the i-th vortex-generator, index k determines which group of the
free vortices in the time domain this particular free vortex belongs to, tk is the current moment in time, Δt=Δn·dt – free vortex
generation time step, dt is the time step and Δn is the free vortex generation step. In the present simulation dt is 0.1 ms, total
number of iterations is 5000 and Δn = 10. The value of Δn is chosen to preserve the equal distance between the vortices-generators
(in the vertical direction) and the free vortices moving in the averaged velocity field. All these parameters characterize
discretization scheme. Their impact on the results should be studied separately.
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Fig. 8. Averaged velocity pulsations

Fig. 9. Kinetic energy in the control section.

The velocity field on every timestep is determined according to the formula
n

V( r , t ) = VRANS ( r ) + ∑
i =1

n
m
Γ pi (t )
Γ f ik (t )
ei (r ) + ∑∑
eik ( r ) ,
2π | r − ri |
2
π
|
r − rik (t ) |
i =1 k =1

(5)

where VRANS is the averaged velocity, obtained from the RANS simulations, ri and rik are radius vectors of vortices-generators and
free vortices respectively, ei, eik – unit vectors determining velocity directions induced by vortices-generators and free vortices
respectively. According to the definition of the vortex, vectors ei and eik are tangent to the circles with centers at the vortices’
positions. Vortices-generators’ positions do not change in time, but their intensities vary according to equation (3). Contrary to the
vortices-generators, the free-vortices’ spatial positions change, but their intensities remain constant. Spatial position of each free
vortex obeys the following law:
rik (t + dt ) = rik (t ) + V( r , t )dt ,

(6)

Boundary conditions are set as follows. On the rigid wall the no-slip boundary condition is met exactly due to the fact that all
the vortices are mirrored relative to the wall with the change of intensities’ signs. This approach is applicable only for that
particular kind of problem. Generally, when there is no symmetry the algorithm described above has to be implemented. This
work is yet to be done. All other faces are free from any boundary conditions. If the vortex leaves the domain it is excluded from
the computations. Since the longitudinal component of the averaged velocity is large compared to the pulsation near the inlet,
there is no transition of the vortices through this boundary. The upper boundary is outside of the active vortex flow and upper
vortices’ velocities are determined mainly by averaged velocities from the RANS computations, parallel to the boundary. There are
no more than 1% of the vortices leaving the domain through the upper boundary. Excluding the vortices from the computations
when they leave the right (downstream) boundary changes the structure of the flow. It is assumed that the outlet boundary lies
far away off the control point and the control section, hence the impact of the excluded vortices is negligible compared to vortices
located in the vicinity of the control point. In general case, the influence of domain's size has to be investigated for each
particular problem separately as it is usually done for the traditional CFD simulations.
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Fig. 10. Instantaneous velocity ﬁeld for «LES 3D» (in cross section) (top) and «Vortex 2D» (bottom)

Fig. 11. Instantaneous positions of free vortices

For the speciﬁed (basic) parameters of the discretization It took 400 iterations to completely ﬁll the domain with free vortices.
After that their quantity remains approximately 430.
As the result of the simulations the unsteady velocity field has been obtained in the entire domain. The analysis is based on
the comparison between the turbulence characteristics obtained by the proposed method with the RANS and LES simulations
used before. The parameters that have been studied are kinetic energy, turbulence spectra and velocity pulsations spatial
correlation. Following conclusions can be drawn from the results.
1. Let us compare the results of the averaged characteristics with the results of the RANS simulation. Velocity pulsations at a
point, induced by vortices, are getting smaller with an increase of an averaging period. Nevertheless, they do not vanish
completely, but become constant, approximately 10-15% from their average value (Fig. 8). This should be investigated separately.
However, the averaged pulsation velocity is only 0.2–0.3% of the averaged ﬂow velocity so it is sufﬁciently close to zero.
2. The kinetic energy in the control section is distributed similarly according to the RANS simulations and the vortex method
(see Fig. 9). In Fig. 9 quantity n denotes number of the vortices-generators in the model. Note that the kinetic energy is an
independent variable in RANS. In the vortex model the kinetic energy is calculated from the velocity pulsations field according to
the following formula:
K=

1 N
∑ (u ' j 2 + v ' j 2 )
N j=1

where N is the number of timesteps.
3. The comparison of unsteady turbulent characteristics obtained by the presented method and by 3D LES simulation.
In Fig. 10 the velocity fields at some fixed moment in time obtained by means of the LES simulation and the presented
method are shown.
Instantaneous positions of free vortices are shown in Fig. 11. The vortices are mixed downwash in the region of large kinetic
energy (large circulation). This effect causes decrease of the velocities compared to the averaged velocities obtained by RANS; this
leads to the increase in kinetic energy at the boundary layer downstream. Hence the vortex model describes physical processes
similar to the turbulence model in RANS simulations.
In Fig. 12 the spectrum of velocity pulsations is shown. The sharp decrease of spectrum obtained from LES simulation is
related to the rough (for these frequencies) grid. Given the results of the LES simulations it may be observed that the vortex model
describes beginning of the inertial subrange interval of turbulent flow. The vortex simulation allows to obtain all frequencies from
this interval. The simulation by means of the vortex method took only 15 minutes (without parallelization) compared to 24 hours
for LES simulation (with parallelization in 4 threads).
Another parameter which is used to verify the developed method with LES is the spatial turbulence scale. In Fig. 13 and 14, the
spatial correlation of the vertical velocities at the control point in downstream direction and normal to the surface is shown.
These results are in good agreement with these two methods in downstream direction. In direction normal to surface there is a
discrepancy between two methods which may be explained as follows. Far from the surface the correlation calculated by LES
method decreases sharply. This is related to the wall boundary condition on the upper boundary of the domain. Near the wall the
disagreement may be attributed to inaccuracy of the vortex model related to the absence of the slipping boundary condition on
the surface of the shell. This should be investigated more closely.
4. The inﬂuence of the spatial discretization on the results was investigated. In order to reduce the number of discretization
parameters the following scheme was used. Number of vortices-generators and free vortices generation step were changing while
the ratio of the distance between free vortices to the free vortices’ generation step was kept constant. The simulations with 5, 10
and 15 vortices-generators were considered, while the free vortices were generated every 20, 10 and 5 iterations, respectively. The
results are in Fig. 9, 12, 13 and 14. According to this data the discretization parameters cause moderate effect on the simulation
results.
Journal of Applied and Computational Mechanics, Vol. 7, No. 2, (2021), 849-857
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Fig. 12. Spectrum of the velocity absolute value at the control point for «LES 3D» и «Vortex 2D» simulations

Fig. 13. Correlation of vertical velocities in the downwash direction

Fig. 14. Correlation of vertical velocities in the direction normal to the wall

Generally, the application of the LES method and the developed method to the particular problem shows good agreement
between these two methods. This indicates on the viability of the presented approach and suggests that further investigation is
worth the efforts.

4. Conclusion
In this paper the method for determination the velocity and pressure pulsations in the turbulent boundary layer was
presented. The method was based on the subsequent application of the grid-based and mesh-free methods. The proposed
approach was universal and can be used without any additional empirical or artificial data and allows to cut sharply
computational cost compared to the DNS and LES methods. Nevertheless, several issues of the proposed method require detailed
investigation and further development. The most important of them are:
- An estimation of the influence of the wall boundary condition on the simulation results;
- Investigation of the possibility of vortex-generators “enlargement” across cell’s groups to save computational resources
and reduce simulation time;
- Investigation of the wave shed’s length influence on the pressure pulsations on the body;
- The detailed estimation of the discretization parameters, including a thorough investigation of the influence of time and
space discretization, free vortices generation step and computational radius.
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