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Summary

This work is dedicated to the resolution requirements ofgeadEddy Simulation
(LES) with near-wall modelling for attached and massivagarated flows at high
Reynolds numbers using the DLR THETA code. Two sensors agosed to mea-
sure the resolution quality of LES for statistically stedlibyvs. The first sensor is
based on the resolved turbulent kinetic energy and the slemoa considers the re-
solved turbulent shear stress. These sensors are appliathtdent channel flow
at Re, = 4800 and to the flow over a backward-facing stepfat, = 37500 on
successively refined meshes, and results are compared udthvargence study of
the mean velocity profiles.

1 Introduction

One of the major problems in large-eddy simulation of tuebtiflows concerns as-
sessing reliability of the LES results in terms of numerieablution. Even for fully
developed turbulent channel flow, results become poor ifrtish (or the time step)
is not fine enough, in particular if using methods that relylmm-order schemes.
This issue cannot be overestimated also from an industriat pf view. For indus-
trial applications of LES to flows in complex geometriesdgronvergence cannot
be reached or ensured by a global mesh refinement study dugrémely large
computational costs.

In the present work we focus on the spatial discretisaticor éor statistically steady
flows. As a solution strategy fatatistically steady flows, this work presents two
sensors to measure the resolution quality of the LES in dodemsure that turbulent
flow features are properly resolved. These sensors may thesda as a refinement
indicator for local mesh adaptation. The final aim is to easugh quality LES re-
sults by providing a tool for automatic grid refinement forg Bnd thereby reducing
the large expertize on proper use of LES demanded from the @b user.



The concept of sensor-based mesh adaptation for LES wasgediby [10] with
focus on a so-calleddaptive LES, whereA = A(x) is interpreted as a model pa-
rameter, and, if the ratib /A is fixed, A is adapted by varying the mesh spacing
until a desired turbulence resolution is obtained. In [T0jly an abstract formula
for turbulence resolution defined by the fraction of resdlietotal turbulent kinetic
energy is given. An operational formula was proposed infiff tested for free-shear
layers and regions of separated flow. In the present workawroach is extended
to attached boundary layer flows by investigating a senssedan the ratio of re-
solved to total turbulent shear stress. Alternative apgrea attempt to separate the
influence of the numerical error and the contribution of thieggid-scale model, see

(2], [6].

2 Basic discretization and turbulence modelling

The DLR THETA code is the unstructured solver for flows withadincompress-
ibility effects developed at DLR Gottingen based on a finitdume scheme on
collocated grids. It uses a projection method to split thewation of velocityu
and pressurg governed by the Navier-Stokes equations

ou—V - (2vS(u)+ V- (u®u)+Vp=Ff in2x(0,T]
V.u=0 1infx(0,7T]

with the rate of strain tens@i{u) = 1(Vu + Vu”), viscosityr and source term
f. The interpolation scheme by Rhie and Chow [11] is appliedvinid spurious
pressure oscillations.

The enhancement of the THETA code for LES-type simulatioas demonstrated
in [12]. Key elements of a proper numerical method are usingral difference
scheme (CDS) for the convective fluxes in divergence formeasecond order time
discretisation using the second order backward differenfdrmula BDF(2). Dif-
fusive fluxes are discretized with the CDS. The classical @iasky model is
employed as subgrid scale (SGS) model together with varsDdemping for wall-
bounded flows

v, = (CsD(y™)A)?S)|, D(yT)=1—exp—y"/A"), AT =26

with [S| = (2S(u) : S(u))'/? whereA : B = ijzl A;;jB;;, friction velocity u.,
and wall-distance in viscous uni§s = yu. /v with viscosityv.

Alternatively, we use the wall-adapting local eddy-vistp8NVALE) model [9]
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with S;; = (S(u)),; andSy, defined by
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where the constant i§,, = 0.1 for boundary layer flows.

Results for the low Reynolds number benchmark test casesymhecisotropic tur-
bulence (DIT) and turbulent channel flow Bt. = 395 are in very good agree-
ment with results found in literature, see Fig. 1- 2. Inténggy, for channel flow at
Re, = 395, even on the 64x64x64 mesh, the resolution is not fine enough.

In order to assess the spatial resolution quality of a l&dgy simulation, the aim
is to design a sensdf which takes a value if0, 1] for each control volume of
the finite-volume mesh. Moreover we have to specify thraskialuessy, s;. Then
S > s indicates that the local mesh resolution is sufficiently indS < s, if the
mesh is too coarse.

Recently, an indicator based on the resolved turbulentikieeergy to measure the
resolution quality of statistically steady free-sheakel@has been proposed, cf. [7],

k
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where(-) denotes the filtering operator in homogeneous directiodsratime and
the spatial average is defined by the convolution integral

aet) = [ oal@-yuly.tiy

with g o being the top hat filter function. The turbulent kinetic enein the residual
or subgrid scale motion cannot be computed from resolvedtdies and hence
requires modelling. The idea of (1) is to use a scale sintylarsssumption for the
subgrid scale velocityg,s ~ u(x,t) — w(z, t).

An alternative indicator considers the ratio of resolvetbtal shear stress and may
be defined by

SS(EL‘) = T , T = <UIU/> y o Tsgs = _<Vt><d_u>' (2)
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For channel flow aRe, = 395, these two grid quality indicators (1) and (2) are
shown in Fig. 3. Values of indicator (1) are close to 1.0 evethe coarsest mesh.
Therefore an improved resolution with decreasing grid sgpecan hardly be judged
from this sensor for wall-bounded flow. On the other handicatr (2) shows a
clear trend of improved resolution with decreasing gridcapg On the 96x96x96
mesh, the indicator for resolved stresses takes valueQaxept in the viscous
sublayer. This seems to be the minimal required value fokmgablved LES.

3 Presentation of results for high Reynolds number flows

For flows at higher Reynolds number, wall functions are usdxtitige the near-wall
region. The wall node is shifted to a user specified posijioimto the cell adjacent

to the wall. Denotey(1) the wall distance of the first node above the wall. Then we
useys = 0.27y(1), which ensures that botjy andy(1) are close to the center of



their respective control volumes. The universal velocityfile of RANS-type by
Reichardt is matched with the instantaneous LES solutitimeashifted nodes for
computing the wall-shear stress, see [7].

3.1 Turbulent channel flow at Re, = 4800

We consider turbulent channel flowiae, = 4800. Numerical results are compared
also with the data by Comte-Bellot [1]. However, for the thoases considered by
Comte-Bellot Re, = 2340, 4800, 8160) the values obtained for slope'x and
constant” of the log lawu™ = log(y™)/x + C show a significant spreading and
also deviate from the standard values.

The role of the time discretisation error for this flow wasdétal in [7], showing
thatstt = Stu/v = 1.75 is required to ensure that time discretisation error is
sufficiently small. Regarding the spatial discretisatioethree meshes are con-
sidered with varying mesh size in streamwise and spanwigetiin. Meshes of
N, x 24 x N, nodes withN, = N, € {64,96,128} correspond tadAz+ =
2AzT = 470,317, 235. For all mesheg = 50 for the shifted node. The pro-
files for mean velocity and for the sensor based on resolvedss{2) are plotted in
Fig. 4. The log-layer mismatch on thé, = 64-mesh appears in conjunction with a
too low resolution of the turbulent shear stress. A resoiutif 90% of the turbulent
shear stress appears to be necessary to remove the logriayeatch, which can be
achieved only on the finest mesh. Note that the corresporsgiagingAz", Az™

is already little coarse compared to existing best pragfigdelines for LES with
near-wall modelling using wall functions.

3.2 Flow over a backward-facing step atRe;, = 37500

Then we consider the turbulent flow over a backward-faciag at Reynolds num-
ber Re, = Uph/v = 37500 based on step heiglt, studied experimentally by
Driver and Seegmiller [4]. Regarding the computational donused, the length of
the inflow part isth before the step with channel heidtit and the channel length
after the step i85h. At the inlet, the mean velocity profile is prescribed by lolieg

of DNS data in the near-wall region and experimental dat&n[#je outer part. The
method by [5] is used to generate turbulent structures anfteav boundary.

The mesh spacing is almost equidistantrih and z—direction and only a small
stretching is applied in—direction near the outlet. Wall functions are used on top
and bottom wall. The role of the time step size was studiedjstiowing that for

5t = 1 x 1079[s] the time-discretisation error is sufficiently small. Aftrflow
developing time oB48h /Uy, which is around 12 "flow through” times, the average
is computed over a sample tirBé8h /Uy, and in spanwise direction.

The aim of a sensor is to assess the mesh resolution withedtag@erform a global
refinement study. Profiles for mean velocity at 8 cross sesténd the correspond-
ing experimental data are shown in Fig. 5. The resolutioatisfactory on the finest
mesh (219x89x32 nodes), but not on the medium mesh (11024Yoes). Fluctu-
ations, omitted here due to lack of space, are shown in [frdier todevelop such



a sensor, we proceed in opposite direction. The first stepperform a convergence
study, and to consider the corresponding distribution efs&nsor values. The dis-
tributions for the sensors in (1), (2) averaged over time iargbanwise direction,
on the medium mesh and on the finest mesh are shown in Fig. 6, 7.

An appropriate sensor has to satisfy the following propdttyvalues should in-
crease monotonically when refining the mesh. This propegy be observed only
for special flow regions, e.g., attached boundary layer flomisee-shear layers. In-
deed, the two sensors (1) and (2) appear to be suitable feretit flow regions.
The sensor values for resolved turbulent kinetic energyndnease clearly in the
region of the free shear layer and in the recirculation negiben refining the mesh.
The sensor values also increase inside the boundary ldyggnsot so obvious as in
the other two regions, see also the results for channel flddeat= 395.

On the other hand, the sensor values for resolved turbltiear stress (2) are mono-
tonically increasing in the attached boundary layer flovobethe step with increas-
ing spatial resolution, confirming results for turbulenénhel flow atRe, = 4800,
see Fig. 4. But the sensor values do not show monotonicallgasing behaviour
in the free-shear layer and in the entire recirculationaegi

The next step is to specify threshold valugss,. S > s; indicates that mesh res-
olution is sufficiently fine and < s if the mesh is too coarse. For the indicator
(1) we suggesty = 0.8 ands; = 0.9, see also [7]. Regarding indicator (2), it
takes values aroun@875 in the largest part of the boundary layer before the step
on the finest mesh. Little uncertainty in the results may dem using synthetic
turbulence at the inlet. Together with the results for clehflow at Re, = 4800,
we suggest, = 0.8 ands; = 0.9 which might be little conservative.

4 Conclusion

The resolution requirements of LES for attached and magseparated flows have
been considered. For statistically steady flows, two sansomeasure the resolu-
tion quality of LES have been presented and compared. A érstar based on the
resolved turbulent kinetic energy appears suitable far §fgear layers and regions
of separated flow. A second sensor based on the resolvedsthessr seems suitable
for regions of attached boundary layer flow. The predictioithe sensors are sup-
ported by a mesh convergence study and with existing bestipe guidelines for
attached equilibrium boundary layer flows.
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Figurel DIT testcase by Comte-Bellot [3]: Energy spectrum. Stagd@magorinsky
model for N = 64 with Cs = 0.1 and for N = 128 with Cs = 0.094 (left). WALE
model forN = 64 with C,, = 0.55 (right).
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Figure2 Channel flow atRe. = 395 by [8]: Mean velocity profile for different spatial
resolutions. Standard Smagorinsky wity = 0.1 (left). WALE with C\,, = 0.1 (right).
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Figure3 Channel flow atRe,. = 395 by [8]: Profile for sensor for LES resolution quality
based on resolved turbulent kinetic energy (1) (left) arskdaon resolved stress (2) (right).
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Figure4 Turbulent channel flow ake, = 4800. Left: Mean velocity profiles for different
spatial resolutions. Right: Sensor based on resolved sheass (2).
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Figure5 Flow over backward facing step &e;, = 37500 by [4]: Convergence study of
mean velocity profiles at several streamwise positionsgudifierent meshes.
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Figure6 Flow over a backward-facing step Be, = 37500 by [4]: Sensor based on the
resolved turbulent kinetic energy (1) on medium mesh (ki) on a fine mesh (right) using
the Smagorinsky model and wall-functions.
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Figure7  Flow over a backward-facing step Be, = 37500 by [4]: Sensor based on the
resolved turbulent shear stress (2) on medium mesh (leftpara fine mesh (right) using the
Smagorinsky model and wall-functions.
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