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Abstract

This work describes new treatment of inlet boundary condition for Large Eddy Simulation. The
turbulence on the inlet is forced by generation of the force in particular points of the computa-
tional domain and this force is added to the momentum equations as a source term. For the gen-
eration of the force is used Ornstein-Uhlenbeck process. Ornstein-Uhlenbeck process describes
the distribution of velocity fluctuations in homogeneous turbulence flow. Instead of generating
random velocity fluctuations which would lead to continuity error the Ornstein-Uhlenbeck pro-
cess is used here for generating the forcing force. This approach allows easy implementation in
solvers of turbulent flows. This proposed inlet boundary condition was implemented in Large
Eddy Simulation solver in open-source program OpenFOAM and then used for simulation of
channel flow. The results are validated against DNS data. The results obtained with proposed
forcing show good agreement with DNS results. The part of this work is also parameter study
of influence of each parameter on witch depend Ornstein-Uhlenbeck process and their impact
on the resulting turbulence field.

Introduction
In the simulation of turbulent flow is the most important issue proper choice of turbulence model
that will provide good representation of the flow. Another issue of great importance is speci-
fication of boundary conditions, especially inlet boundary condition. The velocity and another
inflow data linked with turbulence prescribed by boundary condition should be consistent with
chosen turbulent model.

For the RANS simulations is sufficient to describe mean velocity profile and other turbu-
lence variable (turbulent kinetic energy, ...) obtained from analytical solution or from exper-
iments. This approach was justified in [7]. It was shown, that RANS model reach universal
asymptotic behavior irrespective of the initial conditions. For Large Eddy Simulation, where the
field on the inlet is turbulent, is situation more problematic. Usually the description of the flow
is limited by knowledge of some statistical quantities such as mean velocity profiles and mass
fluxes. In LES, the data generated by inlet boundary condition should consist of an unsteady
turbulent velocity signal representing turbulence at the inlet. Ideally the simulation of upstream
flow entering the computational domain will give good representation of the flow. However
indefinitely extension in upstream direction is not possible because high computational cost.
Therefore approximate inlet conditions must be specified.

Many methods were developed in the past. Kaltenbach et al. [8] used recycling method. Tur-
bulent fluctuations are specified by running precursor simulation, whose only role is to provide
main simulation with accurate boundary data. Another approach is to add synthetic turbulence
at the inlet. Lund et al. [9] modified inlet velocity field by adding a random term to all velocity
components. Klein et al. [10] proposed digital signal processing procedure to remedy lack of
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large-scale dominance in the inflow data generated by the random method.

Inlet data generation scheme
The scheme proposed in this work providing synthetic turbulence at inlet is applied in physical
space. At the inlet boundary condition are defined several forcing points. In these points is
consequently generated forcing force. This generation is done in every time step. This force
is than added to the momentum equations of motion. The force is obtained by realization of
Ornstein-Uhlenbeck process. The Ornstein-Uhlenbeck process is stochastic diffusive process
generated by Langevin equation which gives a reasonable approximation for modeling of ve-
locity fluctuations [4]. The force generated in one point is independent on the forces generated
in other points. Therefore the number of realizations of Ornstein-Uhlenbeck process is equal to
the number of defined points.

The generation of the forcing force is governed by equation (1):
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where At is time step of the simulation, 7y and ooy are two input parameters of the process.

Parameter Ty characterizes the integral time scale of the process, ooy defines the variance of

the process. Function £(t) is the random variable with normal Gauss distribution (zero mean,

unit variance). The individual points are distinguished by the subscript of .

Here proposed forcing scheme has two input parameters: 7oy and oop. There arises a
question, how to set these parameters. Our suggestion is setting the integral time scale of the
process Ty equal to the integral time scale of the flow and the variance oo equal to the bulk
velocity.

Governing equations
For the solution of the fluid flow in this article was chosen Large Eddy Simulation. The
main idea of Large Eddy Simulation is to separate large scales (grid-scales) from small scales
(subgrid-scales) to lower computational cost. The subgrid scales are modelled using subgrid
model. The scale separation is done by applying low-pass filter operator on Navier-Stokes equa-
tion. If we apply the filter operator on Navier-Stokes equations we obtain filtered Navier-Stokes
equations:
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where I is force defined by (1). For evaluation of subgrid stress tensor 7;; is used subgrid
kinematic energy model:
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where S;; = du;/0x; + Ou;/0x; and k., is obtained from equation:
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The constants in equation (4) are set as follows: Cy, = 0.05, C. = 1.0 a o, = 1.0.
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Description of the test case
For validation of the results obtained by proposed turbulence forcing shceme was chosen the
case of turbulent channel flow. The simulated flow field is a fully developed turbulent flow be-
tween two parallel walls. Hence, the flow is homogeneous both in the streamwise and spanwise
directions and the statistics are dependent only upon the distance from the wall. DNS data for
comparison was taken from DNS database of fully developed turbulent channel flow [2]. The
particular configuration of the test case come from choice of channel half-width 6 = 0.1m and
kinematic viscosity v = 10~m?2s 7L,

The simulations were performed for for high Reynolds number (fZe, = 400). The dimen-
sions of the channel are: 5116 in streamwise direction, 26 in wall-normal direction and 2I16 in
spanwise direction. For given kinematic viscosity v = 1075m?s~! is bulk Reynolds number
Re,, = 14,000 for Re, = 400. The computational grid consists of 60x50x50 cells. The spac-
ing both in streamwise and spanwise direction is uniform. The mesh becomes finer towards the
wall in order to capture turbulence generation in the near-wall region. On the wall is satisfied
condition y* = yu,/v ~ 1. The grid spacing is in the streamwise and spanwise direction
Az = 28 and Azt = 13. The geometry and the computational grid is on the figure 1.
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Figure 1: Geometry and mesh Figure 2: Location of forcing points

Boundary conditions in the area were set as follows: For y = 0 and y = 2¢ is defined solid
wall boundary condition. In the direction of the axis z (spanwise) is defined periodic boundary
condition, in the direction of the x-axis (i.e. the entry and exit from the domain) is defined inlet
and outlet boundary condition. Points where the force is generated are uniformly distributed
over the inlet area to the domain, picture 2.

The proposed scheme was implemented into solver of turbulent channel flow channelFoam
using Large Eddy Simulation method. The solver channelFoam is part of the open-source CFD
software package OpenFOAM-1.6.x. The LES computations were performed using top-hat
filter and subgrid kinematic energy model as a subgrid model.

Parametric study investigating the influence of number of forcing points on the flow was
done. It has shown, that the increase number of forcing points brought no significant improve-
ment.

Results
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In the following paragraphs are given the results obtained with proposed turbulence forcing
scheme. These results are represented by full line in the figures (labeled as Forcing), the dashed
line refer to DNS data [2].

The velocity profile for high Reynolds number is shown in the picture 3. There is slightly
underestimation of velocity in the near-wall region.
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Figure 3: Velocity profile across the channel

The first moment statistics of high Reynold number channel flow are in pictures 4 and 5. The

agreement between our LES and DNS is still good. The streamwise velocity fluctuation .

are underestimated near the wall, for y/6 > 0.3 is this statistic overestimated. The opposite
situation holds for wall-normal velocity fluctuations v’ .. In the near-wall region are these
+

fluctuations overestimated, in the rest of the channel are underestimated. The peak of the v, .
is also flatter and further from wall than the DNS.
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Figure 4: Streamwise velocity fluctuation ~ Figure 5: Wall-normal velocity fluctuation
The power spektra at different distances from the wall of high Reynolds flow are on figures

6 and 7. Agreement between LES with forcing and DNS is good. The value of the power
spektrum for high vawenumbers are a bit underestimated by the LES.
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Figure 6: Energy spectrum in y/§ = 0.5 Figure 7: Energy spectrum in y/0 = 1
Conclusions

New scheme of generating inflow velocity for LES was introduced in this work. This scheme
operates in physical space. The main idea of this scheme is generating a force in every time
step in particular points in the computational domain and this force is than added to momentum
equations. This force is generated using Ornstein-Uhlenbeck stochastic process. The main
feature of this process is that the force generated in next time step is not independent on the
previous value (the Ornstein-Uhlenbeck is so called Markov process). So there is a correlation
in the history of the generated force and it is suitable for generation of turbulence.

The developed forcing scheme was tested on the case of turbulent channel flow. Method for
solution was Large Eddy Simulation with subgrid kinematic energy subgrid model. The results
presented in this work are for high Reynolds number channel flow. In this case are the results
in a good agreement with DNS data.

The effect of number of forcing points was examined too. It turned out that the increase of
these point has no significant effect on the turbulence. It was too examined the case when the
forces generated in forcing points has only wall-normal and spanwise component (the stream-
wise component is zero). In this case the results were almost identical therefore they were not
introduced here.
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