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ABSTRACT

The paper evaluates a method to prescribe synthesized turbulent inlet boundary con-
ditions. When doing LES, DES or hybrid LES-RANS a precursor channel DNS is often
used. The disadvantage of this method is that it is difficult to re-scale the DNS fluctua-
tions to higher Reynolds numbers. In the present work synthesized isotropic turbulent
fluctuations are generated at the inlet plane with a prescribed turbulent length scale and
energy spectrum. A large number of independent realizations are generated. A time
correlation at time step m is introduced through a linear interpolation of the running
average (time step 1 to m — 1) of the inlet profiles and realization number m. In this
way an autocorrelation is prescribed.

The method is validated for hybrid LES-RANS of channel flow at Re,; = 2000 on
a coarse mesh using different length and time scales of the inlet fluctuations. It is found
that the time scale is more important than the length scale. Furthermore it is found
that inlet time and length scales should not be equal to the correct, physical values, but
should be related to the grid.

The inlet boundary conditions have much in common with forcing fluctuations at
the interface in hybrid LES-RANS. In both methods the object is to trig the equations
into describing turbulence. The method to generate inlet boundary conditions is also
relevant in embedded LES, where LES is used on a mesh embedded in a global steady
or unsteady RANS computation.

Keywords: inlet boundary conditions, synthesized turbulence, embedded LES, hybrid
LES-RANS, LES, DES

INTRODUCTION

Inlet boundary conditions when doing Large Eddy Simulation are in many cases
important. In high Reynolds number flow the grid is mostly too coarse to resolve any
large portion of the turbulent spectrum. This is especially so near the inlet, where few
cells commonly are located in order to reduce the number of cells; the majority of the
cells are allocated to resolve boundary layers, wakes and recirculating regions. In hybrid
LES-RANS and DES the grids are even coarser and the grid spacing is often larger than
the turbulent integral length scale. The object of the inlet boundary conditions is then not
to supply turbulence with correct time and length scale, but to supply scales relevant to
the grid. In other words, the inlet turbulence should have integral length and time scales
related to the grid size Az, Ay, Az and the computational time step At, i.e. scales
that the Navier-Stokes equations on the given grid understand. The object of the inlet
boundary conditions is to frig the equations into describing turbulence.
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Figure 1: The LES and URANS region.

In hybrid LES-RANS, URANS (Unsteady Reynolds-Averaged Navier-Stokes) is
used near the walls and at a certain distance away from the wall LES is used (Xiao et al.,
2003; Davidson and Peng, 2003; Temmerman et al., 2005; Tucker and Davidson, 2004;
Tucker, 2003; Hamba, 2003). The location where the switch is made from URANS to
LES is called the interface. Instead of resolving the near-wall turbulent structures they
are modelled with the RANS turbulence model. A drawback with hybrid LES-RANS
is that at the interface where the turbulence model equations switch from URANS to
LES, the LES gets poor interface conditions from the URANS. The unsteadiness which
is convected from the URANS region to the LES region does not contain any proper
turbulent scales. In order to supply the LES region with proper turbulent scales it
was suggested to add turbulent fluctuations as momentum sources at the interface be-
tween the URANS region and the LES region. These fluctuations were either taken
from a channel DNS (Davidson and Dahlstrém, 2004, 2005) or from synthesized turbu-
lence (Davidson and Billson, 2004, 2005; Batten et al., 2004). The aim of these added
fluctuations is — as when prescribing turbulent inlet boundary conditions — to trig the
momentum equations into turbulent mode in which large-scale turbulence is resolved.

The present paper is concerned with turbulent inlet boundary conditions. Currently
the most popular method to generate turbulent inlet boundary conditions is to perform
a precursor DNS of channel flow or boundary layer flow. This is an accurate method
provided that the Reynolds number of the DNS (based on friction velocity and boundary
layer thickness) is relevant. If the Reynolds number of the DNS is too low, it is not clear
how to re-scale the DNS fluctuations. While it is easy to re-scale the amplitude of the
fluctuations, it is difficult to re-scale the turbulent length and time scales.

Synthesized fluctuations have previously been used in the literature by e.g. Le et al.
(1997); Smirnov et al. (2001). Recently a new vortex method has been presented by
Jarrin et al. (2005). One advantage of using synthesized turbulence is that the turbulent
length and time scales can be prescribed independently.

Channel flow is a common test case for testing hybrid LES-RANS. Since this flow
is entirely dependent on the near-wall turbulence, it is a challenging test case. It is also
a useful test case for evaluating inlet boundary conditions. In the present study we are
using hybrid LES-RANS, and the computational grid is — on purpose — very coarse. A
mean velocity profile is prescribed, which is taken from the law of the wall. Turbulent
instantaneous fluctuations are superimposed on the mean profile. These fluctuations are



taken from synthesized, isotropic turbulence prescribing the turbulent integral length
scale. A large number of independent synthesized velocity field are created, which are
independent of each other, which means that the time correlation is zero. By using a
suitable linear combination of the running time average (from zero to time ¢) of the inlet
fluctuations and the fluctuating field at time ¢ the turbulent integral time scale can be
prescribed. The influence of different integral length and time scales of the turbulent
inlet boundary conditions is investigated.

The paper is organized as follows. First the equations and the standard hybrid LES-
RANS model are presented. Next, the method to generate synthetic fluctuations is de-
scribed. Then the results are presented and discussed and finally some conclusions are
drawn.

EQUATIONS.
The Navier-Stokes equations with an added turbulent/SGS viscosity read
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where v = 14 (14 denotes the turbulent RANS viscosity) for y < y,,,; (see Fig. 1), and
for y > y,; we use v = vggs. The coefficient 3 = 1 for channel flow simulations
with periodic streamwise boundary conditions; when inlet-outlet boundary conditions
are used 8 = 0. The density is set to one in all simulations.

HYBRID LES-RANS
A one-equation model is employed in both the inner URANS region and outer LES
region which reads

okr 8 ,_ 0 Okr K3/
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o+ o, k) = 5 [(”+”T) axj]  Phr = e 3)
Py, = —TijSij, Ty = —2vrSij

In the inner region (y < yy) kr corresponds to the RANS turbulent kinetic energy
k; in the outer region (y > v,,;) it corresponds to the subgrid-scale kinetic turbulent
energy kqs. No special treatment is used in the equations at the matching plane except
that the form of the turbulent viscosity and the turbulent length scale are different in the
two regions, see Table 1. At the walls k7 = 0 and at the inlet Ok /0z = 0.

URANS region LES region
l 2.5n[1 — exp(—0.2k'?n/v)] (=A=(6V)/3
vr | 0.09-2.5k2n[1 — exp(—0.014k/2n /v)] 0.07ks)20
C: 1.0 1.07

Table 1: Turbulent viscosities and turbulent length scales in the URANS and LES re-
gions. n and §V denote the distance to the nearest wall and the computational cell
volume, respectively.
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Figure 2: The probability of a randomly selected direction of a wave in wave-space is
the same for all dA; on the shell of a sphere.
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Figure 3: Definition of the unit vector o' so that o'} = 0 (superscript n denotes
Fourier mode n). The unit vector o7 is defined so that o7 is parallel to 7’ (i.e. o5 = £%).
The direction of 7' in the £ — £ plane is randomly chosen through c.

SYNTHESIZED TURBULENCE
The fluctuations of a time-space turbulent velocity field can be simulated using NV
random Fourier modes as
N
ug(z;) = 2 Z 4" cos(kjT; +Y")o; 4)
n=1
where 4", 4" and o' are amplitude, phase and direction of Fourier mode n. The syn-
thesized turbulence at one time step is generated as follows. The notation follows that
in Billson (2004); Billson et al. (2003); Davidson and Billson (2004, 2005) and more
details can be found in these papers.
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1. For each mode n, create random angles ¢™, o™ and 6" (see Figs. 2 and 3) and
random phase 9".

2. Define the highest wave number based on mesh resolution Kp,q; = 27/(24)
where A is the smallest grid spacing.

3. Define the smallest wave number from x1 = k./p where k. = 97/(55L;), Ly =
Ck3/? /e and C' = 3. The factor p should be larger than one to make the largest
scales larger than those corresponding to k.. By mistake p was in the present
work set to 1/3.5 which means that the spectrum has been shifted towards larger
wave numbers.

4. Divide the wavenumber space K4 — K1 into N modes, equally large, of size
Ak.

5. Compute the randomized components of 7 according to Fig. 2.

6. Continuity requires that the unit vector o;" and £ are orthogonal. o7 is arbi-
trarily chosen to be parallel with 7' (see Fig. 3), and « and the requirement of
orthogonality give the remaining two components.

7. A modified von Kdrman spectrum is chosen. The amplitude 4™ of each mode in
Eq. 4 is then obtained from 4" = (E(|x"|)Ar)'/2.

8. Having 4", £}, o and 9™, the expression in Eq. 4 can be computed.

In this way inlet fluctuating velocity fields (u’,v', w’) are created at the inlet y — 2
plane.

At each time step a fluctuating velocity field is generated as described above. How-
ever, they are independent of each other, and thus their time correlation will be zero.
This is unphysical. To create correlation in time, new fluctuating velocity fields ', V',
W' are computed as (Billson, 2004; Billson et al., 2003)

(ul)m — a(ul)m—l +b(ul)m
(Vl)m — CL(Vl)mfl + b(’l)l)m (5)
(Wl)m — CI,(WI)m_l + b(wl)m

where m denotes time step number, a = exp(—At/7T). The time correlation of U] will
be equal to exp(—At/T ), where T is proportional to the turbulent time scale k/c. The
inlet boundary conditions are prescribed as

w(0,y,2,t) = Un(y) + uin(y, 2,7)
(0,9, 2,t) = Vin(y) + vin (y, 2,1) ©6)
@(0,y,2,t) = Win(y) + win(y, 2,t)
where v}, = (U')™, v}, = (V')™ and w},, = (W')™ (see Eq. 5). The mean is set as
Vin = Wi, = 0 and (Welty et al., 1984)
y* yt <5
Ul =< —3.05+5In(y") 5<yt <30 (7)
Lin(y™) + B yt > 30
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(a) (m) profiles. o: 2.5 In(y™) + 5.2 (b) Shear stresses. 7, denotes viscous stress.
Thick lines: resolved; thin lines: modelled.

Figure 4: Mean velocities and shear stresses. Periodic streamwise boundary conditions.
Solid lines: forcing with isotropic fluctuations with Mg = 0.25; dashed lines: no forc-
ing; dash-dotted line: LES with a one-equation k45 model.

where s = 0.4 and B = 5.2

THE NUMERICAL METHOD

An incompressible, finite volume code is used (Davidson and Peng, 2003). For
space discretization, central differencing is used for all terms. The Crank-Nicolson
scheme is used for time discretization of all equations. The numerical procedure is based
on an implicit, fractional step technique with a multigrid pressure Poisson solver (Emvin,
1997) and a non-staggered grid arrangement.

RESULTS

The mesh

The mesh has 64 /32 cells in the streamwise (x) direction for the inlet-outlet/periodic
case and 32 cells in the spanwise (z) direction. The size of the computational domain
i Tmaz = 87 /4w (inlet-outlet/periodic case), Ymazr = 2 (geometric stretching of 17%)
and 2,4, = 27. This gives a Azt and Az ™ of approximately 785 and 393, respectively
and yT < 1 near the walls. The location of the matching plane is at y = 0.075 (lower
wall) which corresponds to y™ = 150 and 16 cells (= j,,; — 1) in the URANS region
at each wall. The time step was set to 7u, /6 = 4.91 - 103, The Reynolds number is
Re; = u,6/v = 2000.

Channel flow with period streamwise boundary conditions
In Fig. 4a the velocity profiles are presented using three different models: hybrid

LES-RANS with and without synthesized isotropic forcing fluctuations (Davidson and Billson,

2004, 2005) and LES with a one-equation k45 model. The coefficient Mg = 0.25 ar-
tificially increases the streamwise turbulent length scale of the added fluctuations by a

12



L T Ur,22.9/Urin a b
L1 0.257 0.91 0.90 0.43
L1 Ti 0.95 0.974 | 0.223
L1 471 0.97 0.994 | 0.113

0.1£4 0 0.80 0 1

L1 0 0.81 0 1
0.1£4 T 0.84 0.974 | 0.223
2L4 T 0.94 0.974 | 0.223

Table 2: Presentation of test cases. The friction velocity u; 22,9 is evaluated at z =
22.94. The turbulent length scale is set to £; = 0.8 = L; and the turbulent time scale
is set to 71 = 0.2 (see Section ”Synthesized Turbulence”). The constants ¢ and b from
Eq. 5 are also given.

factor of four. As can be seen, the agreement with the law of the wall using hybrid LES-
RANS with forcing is excellent. Without forcing, agreement is less good and using pure
LES a laminar profile is obtained.

The resolved and modelled shear stresses are shown in Fig. 4b for the two hybrid
models (since the resolved stress is zero for LES it is not included). The resolved stress
using forcing is larger than without forcing. The reason is that the forcing fluctuations
trig the resolved turbulence in the LES region. Since the total shear stress must follow
1 — y, the modelled shear stress with forcing is smaller than without forcing.

Channel flow with inlet-outlet boundary conditions

Inlet boundary conditions are set as described in Section ”Synthesized Turbulence”.
Neumann boundary conditions are prescribed at the outlet. In all simulations presented
in this subsection, the hybrid LES-RANS without forcing has been used.

Different time and length scales of the synthesized inlet turbulent fluctuations are
evaluated, see Table 2. In Fig. 5 the base-line turbulent scales 77 and £ are used. The
velocity profile (scaled with the local friction velocity u, ;) is fairly well predicted and
resolved turbulence is created. Further downstream the velocity in the centre region in-
creases slightly. Reasonable levels of turbulence are generated and they increase further
downstream. Note that u,,s is scaled with Uy since the bulk velocity is constant for
all x as well as for all test cases. The circles in Fig. 5b illustrate the amplitude of the
prescribed isotropic turbulence at the inlet. It is tempting to re-scale the amplitude so as
to fit RMS-profiles of DNS data. However, any re-scaling with RMS profiles affects the
two-point correlations of the synthetic fluctuating velocity field. Re-scaling was indeed
tested, but the predicted results were worse.

When the turbulence length scale of the inlet turbulence is increased from £ to 2L,
the predicted velocity profiles and turbulence are not much affected, see Fig. 6. Next we
test to take away all turbulent spacial structures by setting the turbulent length scale to
0.1L;. This is same as setting the length scale to zero since 0.1£; = 0.08 < Az = 0.2.
Figure 7b shows that compared to Fig. 5b the turbulence generated is reduced by a factor
of two close to the inlet (z/J = 7.3), but that further downstream this ratio decreases
to approximately 1.6. Consequently the velocity in the centre region in Fig. 7a is much
too large due to the reduced resolved shear stress.

13
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(a) (@) profiles. o: 2.5 In(y™) + 5.2 (b) Streamwise RMS fluctuations.

Figure 5: Mean velocities and streamwise RMS fluctuations. Inlet-outlet boundary
boundary conditions. Inlet time scale 77 and inlet length scale £1. — : z/§ = 7.3;
—e-ix/0=15.2;-.-: x/§ = 22.9; o: inlet.

In Fig. 8 the two-point correlations of the resolved turbulence at the inlet and at
x = 22.96 (both at y* ~ 60) are presented for the inlet turbulence scales 0.1L1, £
and 2L;. At the inlet (Fig. 8a) it can be seen that for 0.1L£; the correlation is zero be-
tween two adjacent cells (the circles indicate the spanwise cell spacing), and the inlet
fluctuations with 2L, have larger spanwise correlations than those with £;. However,
far downstream (Fig. 8b), there is no difference in spanwise correlations between the
L1 and 2L cases. It can be seen that also for the case with no spanwise inlet correla-
tion (0.1L£1), some spanwise structures have been generated. In Fig. 8a the two-point
correlation of channel DNS at 4™ ~ 60 is also shown. The two-point correlation of the
DNS fluctuations is actually zero at  /§ = Az, which means that the integral turbulent
spanwise length scale is smaller than the computational cell. The spanwise length scale
of the inlet fluctuations is much larger than that of the DNS fluctuations, and at first,
it may seem that the turbulent length scale of the inlet fluctuations should be smaller.
However, as mentioned in the “Introduction”, the purpose of the inlet turbulent fluctu-
ations is to trig the equations into resolving turbulence. This triggering must be done
at a scale which the equations understand. There is no point in using inlet turbulent
fluctuations whose length scale is smaller than the grid scale. The turbulent length and
time scales of the inlet fluctuations should not be as correct as possible, but they should
be related to the grid scale and the time step.

Figure 9 presents velocity and u,,s profiles with the turbulent time scale of the
inlet fluctuations set to zero (¢ = 0, b = 1 in Eq. 5, see Table 2). As can be seen the
equations have even bigger problems to cope with zero time scale than with zero length
scale. Throughout the channel the resolved streamwise stress (u,,,s) remains smaller
than the amplitude of the fluctuations prescribed at the inlet. The inlet fluctuations in
Fig. 9 have structures in space with a length scale of £;. In Fig. 10 we impose white
noise by letting also the turbulent length scale approach zero. The generated resolved
fluctuations are now even smaller (compare with Fig. 9).
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(a) (@) profiles. o: 2.5 In(y™) + 5.2 (b) Streamwise RMS fluctuations.
Figure 6: Mean velocities and streamwise RMS fluctuations. Inlet-outlet boundary

boundary conditions. Inlet time scale 7; and inlet length scale 2£,. — : z/6 = 7.3;
—eoix/6=15.2;-.-: x/d = 22.9; o: inlet.

(a) (@) profiles. o: 2.5 In(y™) + 5.2 (b) Streamwise RMS fluctuations.

Figure 7: Mean velocities and streamwise RMS fluctuations. Inlet-outlet boundary
boundary conditions. Inlet time scale 77 and inlet length scale 0.1£;. —: z/§ = 7.3;
—--rx/6=15.2;---: /6 = 22.9; o: inlet.

In Figs. 11 and 12 the influence of the time scale of the inlet turbulence is inves-
tigated. An increase of the time scale to 47; improves the predicted velocity profile
somewhat and increases the generated turbulence. A corresponding slight degradation
of the predicted velocity profile is obtained by reducing the time scale by a factor of
four, see Fig. 12.

The autocorrelations for the three cases 0.25771, 71 and 477, are presented in Figs. 13-
15. The autocorrelation at the inlet (solid lines) obviously increases when increasing the
prescribed timescale via a and b, see Table 2. However, the autocorrelation far down-
stream x = 22.9§ in the URANS region (dash-dotted lines), does not increase much
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DNS (Davidson and Billson, 2004, 2005).
Figure 8: Two point correlation B(C) = 1/(Zmactims) Jo ™" v/ (2)u'(z — {)dz. yT ~
60. Time scale 77. — : 0.1Lq;0: Lq;---: 2L4.
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(a) (@) profiles. o: 2.5 In(y™) + 5.2

(b) Streamwise RMS fluctuations.

Figure 9: Mean velocities and streamwise RMS fluctuations. Inlet-outlet boundary
boundary conditions. Inlet time scale 7 = 0 and inlet length scale £1. — : /4 = 7.3;
-1z /0 =15.2;-.-: z/§ = 22.9; o: inlet.

when increasing the inlet timescale from 0.257; to 71, see Fig. 13 and 14. They both
are close to exp(—t/71). Thus the URANS equations do not respond to the short pre-
scribed inlet time scale 0.2577 and the reason is probably that the short timescales are
dissipated by the high turbulent RANS viscosity. In the LES region the equations re-
spond better to the inlet time scale (dashed lines); the autocorrelations far downstream
increase as the inlet timescale is increased.

Theoretically the autocorrelations of the inlet fluctuations should follow the expo-
nential decay exp(—t). The agreement is fairly good for 77 in Fig. 14 but less good for
477 in Fig. 15. The reason for this discrepancy is simply insufficient statistics. The co-
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(a) (@) profiles. o: 2.5 In(y™) + 5.2 (b) Streamwise RMS fluctuations.

Figure 10: Mean velocities and streamwise RMS fluctuations. Inlet-outlet boundary
boundary conditions. Inlet time scale 7 = 0 and inlet length scale 0.1£,. — : z/§ =
7.3;---:x/6 =15.2;-.-: 2/ = 22.9; o: inlet.
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(a) (@) profiles. o: 2.5 In(y™) + 5.2 (b) Streamwise RMS fluctuations.

Figure 11: Mean velocities and streamwise RMS fluctuations. Inlet-outlet boundary
boundary conditions. Inlet time scale 47; and inlet length scale £1. — : z/6 = 7.3;
—--rx/6=15.2;---: /6 = 22.9; o: inlet.

sinus function with random numbers as arguments converges very slowly. If sufficiently
long time series are used the agreement should be perfect.

In Fig. 16 the predicted skin friction for all test cases are presented (numerical values
of the friction velocity at z = 22.94 are given in Table 2). As has been observed from
the velocity profiles, worst results are obtained for the cases for which the time scale
T is set to zero. It can also be seen that it is better to prescribe a timescale with zero
length scale (77 and 0.1L£1) than vice versa. With an inlet turbulent length scale of £
the predicted skin friction gets better the larger the time scale. When the inlet length
scale is increased to 2L, the predicted results deteriorate slightly.
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(a) (@) profiles. o: 2.5 In(y™) + 5.2 (b) Streamwise RMS fluctuations.

Figure 12: Mean velocities and streamwise RMS fluctuations. Inlet-outlet boundary
boundary conditions. Inlet time scale 0.2577 and inlet length scale £,. — : /6 = 7.3;
—e-ix/0=15.2;-.-: x/§ = 22.9; o: inlet.

0 0.2 0.4 0.6
T" = TUrin/d

Figure 13: Autocorrelation B(7) = 1/(Tu2,,;) OT u'(t)u/(t — 7)dt. Time scale 0.257;
(see Eq. 5). v7: 962 channel DNS (Davidson and Billson, 2005); o: 0.25 exp(—t)/71;
+: exp(—t)/T1; — : inlet; ---: x = 22.75, y* = 840;-.-: . = 22.76, y ™ = 37.

The solid line in Fig. 16 exhibits typical odd-even oscillations. This is due to the
coarse mesh and central differencing. These oscillations could easily be damped out
using a wiggle detector (Dahlstrom and Davidson, 2003), but since they are not causing
any problems no damping has been used. Oscillations are present for all cases but
all lines/markers except the solid line are plotted for every second x node to enhance
visibility.

CONCLUSIONS
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Figure 14: Autocorrelation B(7). Time scale 77 (see Eq. 5). /: exp(—t)/T1; — :
inlet; - —: z = 22.75, y* = 840; - - : z = 22.76, y* = 37.

0 0.2 0.4 0.6 0.8 1
T = TUrin/d

Figure 15: Autocorrelation B(7). Time scale 477 (see Eq. 5). o: exp(—t)/(47T1); v:
exp(—t)/Ti; — : inlet; ---: x = 22.74, y* = 840; - .- : £ = 22.75, yT = 37.

In the present paper synthetic fluctuations have been used for generating inlet tur-
bulent fluctuating boundary conditions. The mean profile was taken from the law of
the wall. It has been found that this approach is an efficient method to generate inlet
boundary conditions. The role of the fluctuations is not to be as physically correct as
possible, but to trig the equations into resolving turbulence.

By mistake the spectrum of the synthetic fluctuations used in all the simulations was
shifted towards higher wave numbers. It is not clear how large an influence this shift
has on the predicted results. The predictions are currently being repeated with a more
correct spectrum.
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Figure 16: Skin friction. — : 77 and £1; o: 77 and 2£1; +: 477 and Ly; v7: 0.257;

and £1;0: 7 and 0.1L4;---: 7T =0and L1;---: T =0and 0.1L;.
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