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ABSTRACT

The generation of inflow data for spatially evolving
turbulent flows is one of the challenging problems for
the use of LES on industrial flows and complex ge-
ometries. A new method of generation of synthetic
turbulence suitable for complex geometries and un-
structured meshes is presented herein. The method
is based on the classical view of turbulence as a su-
perposition of coherent structures. It is able to re-
produce prescribed first and second order one point
statistics, characteristic length and time scales as well
as the shape of coherent structures. The ability of
the method to produce realistic inflow conditions on
the test cases of the spatially decaying homogeneous
isotropic turbulence, the non-periodic turbulent chan-
nel flow and the planar asymmetric diffuser is sur-
veyed. The method is systematically compared to
other methods of generation of inflow condition (pre-
cursor simulation, spectral method, basic random pro-
cedure)

INTRODUCTION

It is widely accepted that the specification of realistic inlet
boundary conditions play a major role in the accuracy of a
numerical simulation. For RANS approaches, only mean pro-
files for the velocity and the turbulent variables need to be
prescribed which makes the definition of inflow data rather
straight-forward. For large-eddy and direct-numerical simula-
tions, this generation of inflow data is much more of an issue as
turbulent unsteady inflow conditions have to be prescribed. It
was shown that the results of DNS or LES of a plane jet (Klein
et al., 2003), a spatially developing boundary layer (Lund et
al., 1998) or a backward facing step (Jarrin et al., 2003) are
very sensitive to inflow conditions.

A very effective way to avoid this problem is the use of

periodic boundary conditions but this technique is restricted
to a few simple geometries and test cases. From an engineering
point of view, almost all industrial flows require the use of
inlet boundary conditions. The need for methods to generate
realistic unsteady inflow conditions is then mandatory to use
LES in industrial cases with a certain degree of confidence in
the results.

The most accurate technique consists in obtaining inflow
data from a precursor simulation. However this technique has
two major drawbacks. Firstly, it is restricted to simple cases
where the flow at the inlet of the computational domain can
be regarded as a fully developed turbulent flow (Kaltenbach et
al., 1999) or a turbulent boundary layer (Lund et al., 1998). If
the flow at the inlet is not explicitly specified and tests on tur-
bulence intensity, length-scales of the inflow are to be made,
this method is not suitable. Secondly, it entails a heavy ex-
tra computational load. Moreover in the scope of performing
embedded LES, this approach is not suitable either. Thus the
research effort seems to head towards methods of generation
of synthetic turbulence.

The basic and still widely used technique to generate tur-
bulent inflow data is to take a mean velocity profile with
superimposed random fluctuations. The data generated do
not exhibit any spatial or temporal correlations. The energy
generated is uniformly spread in all wave numbers and there-
fore due to a lack of energy in the low wave number range, the
pseudo turbulence is quickly dissipated (Jarrin et al., 2003).

A standard method to give some spatial and temporal
correlations to the generated data is to create time series of ve-
locity fluctuations by performing an inverse Fourier transform
for prescribed spectral densities (Lee et al., 1992 or Kondo
et al., 1997). Even though these methods were applied with
success for the simulation of isotropic homogeneous turbu-
lence or a backward facing-step they have several drawbacks
which make them not suitable for industrial purposes. Indeed
they are derived for periodic signals on uniform meshes. On
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complex inlet meshes where fast fourier transform cannot be
used, they become really expensive and not really appropri-
ate. Moreover it uses 3D energy spectrum or power spectral
density that we often cannot provide and it is not clear if dif-
ferent spectra can be used at different position in the flow to
simulate non-homogeneous turbulence.

A more efficient technique for arbitrary inlet meshes is to
filter random data on the inlet mesh (Klein et al., 2003).
Gaussian filters have been used to generate inflow data with
spatial and temporal correlations. To get more insight into the
flow physics, Druault et al. (2004) used a proper-orthogonal-
decomposition of a turbulent signal coming from experimental
or numerical data and use this compressed signal as an inflow
condition for LES calculation. Even though this technique
cannot be applied systematically for any flow as it requires a
previous realization of the flow, it is interesting to note that a
better simulation of the coherent structures of the flow at the
inlet enables a better simulation of the downstream flow.

The method presented in this paper is based on the clas-
sical view of turbulence as a superposition of eddies. The
idea behind the method is to directly focus on prescribing
coherent structures rather than reverting straight to spectral
methods. It is an extension to the previous work of Jarrin
et al. (2003) which used streamwise vortices to trigger tur-
bulence downstream the inlet of a LES calculation. The final
method presented herein is very easy to implement, very fast
to run, performs well on any geometry and any kind of flow.
The data generated exhibit very good physical properties such
as first and second order one point statistics as well as pre-
scribed length scales, time scales and shape of autocorrelation
functions.

INFLOW GENERATION METHOD

The method is based on the classic view of turbulence as
a superposition of coherent structures or turbulent spots. Co-
herent structures will be generated over the inlet plane of our
calculation and it will be defined by a shape function defining
its spatial and temporal characteristics.

We start by the one-dimensional case where a one compo-
nent velocity signal has to be generated on the interval [a, b].
f(z) is the shape function of the turbulent spot with a com-
pact support [—a, o] satisfying the normalization condition

1 (A2
< / Pe)dz =1 (1)
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where A = b—a+20. Each turbulent spot i has a position z;
(defining its physical position) and a length scale o; (defining
its spectral content). For sake of simplicity, we will keep a
constant o for the moment. The issue of non-constant length-
scale o will be tackled later. Each spot is assigned a sign
€;. Thus the contribution u(*)(z) of turbulent spot i to the
velocity field is .

u(2) = £ fo (3 — 22) @

where ¢; is a random step of value +1 or —1 and z; is drawn
randomly on the interval [a — 0,b + o]. The velocity signal at
a point x is the sum of the contribution of all turbulent spots
on the domain. For N turbulent spots it reads

N
u(z) = —\/—1_]\7_ Z eife(z — zi) (3)

i=1

The number of vortices on the domain can be set to (b—a)/o
which ensures that the plane remains statistically covered with
turbulent spots.

It can readily be shown then that our signal is of zero mean,
unite variance and that the two-points autocorrelation func-
tion reads

b
Ruu(r) = 7 / Jo(@) fol + )z @

The generalisation of the 1D procedure to the 3D case
is very straight-forward. The shape function f; associated
to the jt* component of the velocity signal is now a func-
tion of the three coordinates (y, 2,t) with a compact support
[-oy,04;—02,0,; —0¢,0¢] satisfying a 3D normalization con-
dition. The signal at a point (y,z) and a time ¢ in the inlet
flow plane reads

N

wi(t) = 7= 3 19, (%)

i=1
with the contribution of vortex i to component j being
w0 (2,1) = &i; fj(y — vir 2 — 20t — t3) (6)

where ¢;; is the sign of vortex ¢ on component j and are again
independent random steps. To avoid the domain being empty
of turbulent spots, the number of active turbulent spots N
(a spot for which |t — ¢;| < o) on the inlet plane is kept
constant and can be approximated by Sp/Ss where Sy is the
surface of the inlet plane and S, the surface of the support of
a turbulent spot. Thus the plane remains statistically covered
with turbulent spots.

The independence of the rotation sign ensures that our in-
flow signal satisfies the condition w;u; = &;;. The choice of
the shape function determines the nature of the two-points
autocorrelation function R;;(r1,72,7). It reads

T
11
——/ / fity, 2, ) fi(y + 11,2 + 12,t + 7)dydzdt (7)
Sy T o

Sp

If the Reynolds stress tensor R;; and the mean velocity
profile %; are known a priori from previous experiments, DNS
or RANS calculations, our signal can be transformed to match
these statistics (Lund et al., 1998). The final velocity field uy )

is then reconstructed from the vortex field ugv) according to
ul? =% + agjul”) ©)

where a;; is obtained from the prescribed Reynolds stress ten-
sor and reads

VR 0 0
Ra1/a11 v/ Ra2 — a2, 0
R3i/a11  (Rs2 —a2as1)/azs  /Raz —a3, —dl,

The length scale in the flow can also be varied even though
the formulae (7) is only correct for a constant o. Space vary-
ing o introduces deformations to the autocorrelations func-
tion which become more important as the variations of o get
steeper. This is clearly one advantage of our method com-
pared to spectral methods. The compact support of the spots
enables us to make the spectral content of the shape function
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vary in space which might be of great interest to simulate wall
flows. The structures of the flow can also be controlled in or-
der to have streamwise counter rotating-vortices at the wall
fo a channel flow. In the following the method will thus be
referred to as the Synthetic eddy method (SEM).
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Figure 1: Spatially decaying isotropic turbulence (a) Longitu-
dinal autocorrelation function of the inflow data (b) Evolution
of the turbulent kinetic energy downstream the inlet

Code_Saturne, a collocated finite volume code for com-
plex geometries (Archambeau et al., 2003) is used. Velocity
and pressure coupling is ensured by a prediction/correction
method with a SIMPLEC algorithm. The collocated discreti-
sation requires a Rhie and Chow (1982) interpolation in the
correction step to avoid oscillatory solutions. A second order
centered scheme (in space and time) is used.

SPATIALLY DECAYING ISOTROPIC TURBULENCE

The first test carried out corresponds to the most basic
test we can impose to our method. The turbulence is only
determined by the boundary conditions so the evolution of
the structures generated can be tracked readily.

The mean flow is in the positive z direction. The mesh
dimensions are 27 X 27 X 87. The mesh is homogeneous is all
three direction and has 32 x 32 x 128 cells. Periodic boundary
conditions are used in the y and 2 direction. The Smagorin-
sky constant is set to its theoretical value Cs = 0.18. The
independent parameters defining the calculation are the vis-
cosity v, the turbulent energy k and the integral length scale
L. The first two parameters are v = 3.510~% and k = 1.5
which leaves only one free parameter, the length scale to de-
fine the Reynolds number. The simulations carried out using
different length scales and different methods are listed in Tab.
1. A spectrum of the form s*exp(—(x/ko)?) is used for the
spectral method. For the vortex method, a tent function
f(z) = 1 — |z|/L for all components of velocity in the three
directions is used.

The evolution of the turbulent kinetic energy downstream

Figure 2: Isoprofiles Q@ = 3 for different methods, from top to
bottom computation RAND, SEML02, SPECL02 and PREC

the inlet for all the computations is given on Fig. 1(b). It can
be seen that for equivalent length scale of the inflow bound-
ary conditions Fig. 1(a), the spectral methods and the SEM
have the same rate of decay. The more the length scale of
the inflow data is reduced, the faster the energy is dissipated.
The random method does not produce any two-point corre-
lation as can be seen on Fig. 1(a) thus all the energy of the
inflow is quickly damped after the inlet. The SEM and spec-
tral method appear to be identical as regards as the evolution
of the turbulent kinetic energy. However the energy spectrum
corresponding to the SEM does not match exactly that of the
spectral method, because the tent function generates more
energy at higher wave numbers than the ktexp(—(x/k0)?)
spectrum.

PLANE CHANNEL FLOW

The quality of a synthetic turbulent inlet methodology is
measured by its capacity to maintain and/or produce self-
sustaining turbulence after the shortest possible development
period. The theoretical distance of development after which a
laminar flow entering a channel is considered as turbulent is
more than 110§ where § is the channel half width. It was re-
ported (Le et al., 1997) that about 105 were needed to recover
correct intensity levels for a DNS of a turbulent boundary layer
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Table 1: Computations for the spatially decaying isotropic
turbulence case

Computation  Method Shape L
COSPECLO08  Spectral x%exp(—(k/k0)?) 0.8
COSPECL04  Spectral siexp(—(k/ko0)?) 0.4
COSEML.08 SEM tent function 0.8
COSEML.04 SEM tent function 0.4
CORAND Random X 0.0
20
!— PREC
s i—— RAND
——- SPECL02
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1.0 Ll L Ll
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Figure 3: Plane channel flow - Evolution of the mean velocity
profiles downstream the inlet for the different methods

with an inflow data generated with a spectral method.

The chosen Reynolds number of Re* = 395 in combination
with a fairly coarse mesh makes the case more challenging
(real LES rather than quasi DNS). The mesh dimensions are
244 X 26 X 35 to allow a fully developed flow to establish form
the inlet. The number of cells is 160 x 30 x 30 and Azt = 60,
AyFean = 24, Ayt. =1, Azt = 40. Periodic boundary
conditions are used in the spanwise direction and a no-slip
boundary condition is used at the walls. The Smagorinsky
constant is set to its recommended value (Cs = 0.065) with
Van Driest near-wall damping. The various inflow methods
are listed in Tab. 2. The so-called precursor simulation uses
a periodic simulation carried out on the same mesh; veloc-
ity fields from a plane perpendicular to the mean flow were
stored and injected at the inlet of our domain. The simu-
lation with the synthetic eddy method SEMLO1 corresponds
to tent functions with a characteristic size of 0.15, SEML02
and SEML04 correspond to 0.26 and 0.45. Note that SEMLO01
correspond roughly to the Prandtl mixing length at the top of
the log-layer. However the mesh step in the spanwise direc-
tion is Az = 0.1§ so SEMLO01 generates the smallest possible
structures for the chosen mesh. Case SEMLVR is an attempt
to insert a more detailed physical description of channel flow
structures: first the length scale is variable and similar to a
Prandtl mixing length, also streamwise vortex shape functions
are used exclusively in the near wall layer while tent func-
tions generating jettal eddies are used at the centre. A mix of
both structures is used in-between. For the spectral method,
a spectrum of the form x%exp(—(k/ko)2) is used over the
whole domain (SPECL02). The value of kg is chosen to have
the same length and time scale as the simulation (SEML02).
All the simulations use the same mean velocity and Reynolds
stresses profiles obtained from the periodic calculation.

On Fig. 2, isoprofiles of Q = Q2 — §2 show that SEML02,
SPECL02 have realistic wall structures similar to the ones
found in PREC whereas in RAND the fluctuations decay con-
tinuously. The random method does not manage to produce
self-sustaining turbulence whereas the three other methods
do. Fig. 3 shows the mean velocity profiles and it can be

Table 2: Computations for the turbulent channel flow case at
Re* =395

Computation Method Shape LiNnT
SPECL02 Spectral rte(—(k/K0)?) 0.2
SEML02 SEM tent function 0.2
SEML04 SEM tent function 0.4
SEMLO01 SEM tent function 0.1
SEMLVR SEM vortices/tent  variable
RAND Random X X
PREC precursor cal. X X

seen that RAND tends towards a more laminar profile. The
channel is too short for the mean velocities to be strongly af-
fected by changes in the turbulence shear stresses so we focus
on the later. On Fig. 4, PREC shows no streamwise vari-
ability as could be expected. Clearly RAND should never be
used for channel or boundary layer turbulence. The SEM and
the spectral method show very similar results. One cell after
the inlet plane, the stresses have lost 30% of their prescribed
value. This is certainly due to some adaptations of the syn-
thetic structures to the numerical scheme and Navier-Stokes
equations. At z = 104 the fluctuations have recovered the
levels of the periodic calculation. To remedy the initial loss
one could simply overestimate the target stress levels.

Different sizes and shapes of eddies will now be tested to try
to reduce the development section. Fig. 5 shows isoprofiles of
Q for the smaller (SEML01) and larger (SEML04) inlet struc-
tures. As noted previously SEML01 corresponds to structures
projected only to spanwise mesh steps. These tend to decay
rather than to evolving towards larger scales. In opposition
SEML04 starts with too large structures (in comparison to
Fig. 2) but in the second half of the channel these are seen
to readapt (or possibly generate new structures) with correct
lengthscales. Fig. 6 shows that the skin friction coefficient
seems to manage to recover its initial value only for SEML04
and SEML02. The structures generated with SEML01 seem
too small to generate fully developed turbulence by the end of
the domain. The Reynolds stresses are shown on Fig. 7. In the
first cell after the inlet plane all four simulations surprisingly
lead to the same sudden drop of 30% below the prescribed
levels. This would indicate that the issue is not so much a
question of adaptation of the imposed structures to the spe-
cific numerical scheme (which would be less sensitive in case
of larger structures), but perhaps the fact that structures are
not divergence free. SEMLO1 has clearly too small scale struc-
tures for the given spanwise resolution. SEMLVR is barely
superior for the same reason. Because SEML04 contains large
structures easily discretized by the mesh and corresponds too
smaller values of dissipation, it was expected that it would
develop faster than SEMLO02 but this is not the case except
perhaps at the centre of the channel.

PLANE ASYMETRIC DIFFUSER

The plane asymetric diffuser corresponds to a more indus-
trial case than the two previous ones. Details of the geometry
of the case is given in Kaltenback et al. (1999). The Reynolds
number based on the friction velocity and the channel half
width is Re* = 500. The inlet of the diffuser is a fully de-
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Figure 4: Evolution of the Reynolds stresses profiles down-
stream the inlet on the top half of the channel for different
inflow generation methods, (a) z + u2/3.5 (b) £ + v2 X 4 (c)
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Figure 5: Isoprofiles @ = 3 for different size and shape of
structure using the SEM, from top to bottom computation
SEMLO01 and SEML04
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Figure 6: Evolution of the skin friction coefficient cs(z)/cs(0)
downstream the inlet for different size and shape of vortices -
Channel Re* = 395
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Figure 7: Evolution of the Reynolds stresses profiles down-
stream the inlet on the top half of the channel Re* = 395 for
different size and shape of vortices (a) z+u2/3.5 (b) z+v2 x4
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(b)

06

04 — Precursor -
X SEM i
02  Kaltenbach et al. (1999) | o002 -
00 4 o000 \ Gan i el
L L s 1 " L L -0.002 L L L 1 L
02 15 35 55 75 35 55 75

Figure 8: Plane diffuser skin friction and pressure coefficient
along deflected wall (a) ¢, normalized by Uy (b) ¢; normalized
by Uy



Figure 9: Plane diffuser first part - Mean velocity z/§ + 10 x
U/Uy (top) and /8 + 50 X vrms (bottom)

veloped turbulent channel flow and is located 5§ before the
diffuser throat. The domain used has 272 x 64 X 64 cells and
corresponds to the medium LES of Kaltenback et al. (1999).
The mesh is refined at both wall in the y direction and around
the diffuser throat in the z direction.

Three calculations are carried out, one with a precursor
calculation, one with the SEM and one with a basic random
method. In the last two cases the mean profiles and energy
levels are the one obtained from the precursor calculation. In
the case of the vortex method, a tent function is used with the
same size of structure as the case SEML02 (L = 0.2).

Results are shown on Fig. 8 and 9. The random inlet
method fails to reproduce the features of the flow. On the
contrary, the precursor calculation and the SEM predict fairly
well the separation and reattachment. There is hardly any
difference between them. Differences with the Kaltenbach et
al. (1999) data can be attributed to the finer mesh, dynamic
SGS model and higher order numerical schemes used by the
later.

CONCLUSION

A new method for generating turbulent inlet boundary
conditions has been developed, presented and compared to
existing methods on three test cases. The method is based
on the classical view of turbulence as a superposition of ed-
dies. Each eddy is represented by specific shape functions of
position and time which describes its spatial and temporal
characteristics. The method is able to reproduce specific first
and second order one point statistics as well as autocorrelation
functions.

Compared to the random method it can produce spatial
and temporal correlations which enable to produce fully-
developed turbulence in a channel flow a few diameters down-
stream of the inlet. It gives similar results to the spectral
methods for the three test cases simulated but has some ad-
vantages over it. It is much faster than the spectral method,
enables a better control of the coherent structures within the
flow but most of all it is also applicable to completely unstruc-
tured grids.

The importance of the size of the structures in the inflow
has been shown on the channel case. Further research to find
. an optimum function describing the coherent structures in the
channel flow is being carried out, based proper orthogonal
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decomposition findings.
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