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Abstract

Scale Adaptive Simulation (SAS) based on k-
SST turbulence model is a more and more popu-
lar hybrid RANS/LES method in separated flow
simulations. We review the basic theory of SST-
SAS and present two approaches of improve-
ment for the problem of high wave number
damping. Numerical simulations show that the
situation of insufficient viscosity in high wave
number in the original SST-SAS is well reme-
died with the combination of the two above,
which could further strengthen the grid adapta-
bility compared with Detached Eddy Simulation
(DES) and make the turbulent viscosity deter-
mined adaptively according to the local flow
motion.

1 General Introduction

Separation together with the production and de-
velopment of vortex motion is a quite common
but complex viscous flow phenomenon. In the
field of engineering separated flow numerical
simulations, URANS (Unsteady RANS) usually
produces too large turbulent viscosity resulting
from the too large dissipation, masks the details
of tiny eddies and finally gets an unphysical
simulation, such as the single-vortex shedding
under high Reynolds number. However, if LES
(Large Eddy Simulations) is adopted to capture
the subtle vortex structure, the computational
power is a severe limitation because of the fine
grid distribution (especially in the boundary
layers) and high order physical simulation tech-
niques ™. Given this, Spalart [ has firstly put
forward a hybrid RANS/LES method called

DES (Detached Eddy Simulation) in which the
length scale in the SA turbulence model is rep-
resented as a controller of wall-distance func-
tion. On one hand, flow is still dominated by the
original turbulence model under RANS-type
gird in the boundary layer, which actually
avoids the increase of calculation; on the other
hand, the RANS turbulence model is simplified
as a Smagrinsky-like sub-grid model in massive
separated region or far flow field, which works
as LES instead and decreases the turbulent vis-
cosity greatly. Since it was proposed in 1997,
DES has already applied in a variety of engi-
neering flow simulations and got a lot of suc-
cessful results .

However it is worth noting that the transi-
tion between RANS and LES in DES is explicit-
ly controlled by wall-distance in SA-DES or
modelled length scale in SST-DES ™ which
means results of DES would be influenced quite
strongly by the given grid distribution. A num-
ber of numerical tests have shown that blind
grid refinement may lead to severe problems
such as GIS (Grid Induced Separation) © or
LLM (Log-Layer Mismatch) . Towards this
concern, Menter and his coworkers put forward
SAS (Scale Adaptive Simulation) ™ and
brought in a new and self-adaptive function
named Von Karmam length scale, which could
adjust the local turbulent viscosity according to
local flow freely and avoid the filter length scale
violently confused under some wrong local grid
distribution like what usually occurs in DES.
This potential method is more and more popular
among CFD researchers and a good example is
that the famous commercial software Ansys
Fluent has involved in it in its turbulence mod-
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ule since version 13 in 2010, and actually CFX
adopted it much earlier.

In this study, SAS based on k-w SST turbu-
lence model is chosen and its working principles
are reviewed. Concerning an attracting issue in
present SAS, namely high wave number dump-
ing, two remedies are shown and decaying iso-
tropic turbulence and massive separation around
cylinder are numerically simulated to test the
behaviour of SAS with these remedies.

2 SST-SAS Model Equations

The standard SST-SAS model equations can be
written as !
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Compared with SST turbulence model
equations, there is only one extra source term,
Qsas, added in @ equation and the rest remains
unchanged. In Menter’s paper [9], when local
flow becomes separated Qsas increases so as the
production terms in @ equation. That means
larger value of o will be got which leads to
larger magnititude of dissipation term in the k
equation. As a result, turbulent kinetic energy
decreases and high turbulent viscosity is sup-
pressed in separated region, and no doubt it is
also helpful to get a clearer vortex structure. In
this way how to formulate a reliable and effi-
cient variable working in Qsas is the core issue.
Generalizing the classical boundary layer length
scale proposed by Von Karman to arbitrary flow
field, Menter formulated a new length scale as
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On one hand, L can cover all the fluctuation

scale in the inertial sub-region, which is actually
the original meaning of L working as VVon

Ly =x
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Karman length scale; on the other hand, it is
self-adjusted all the time in unsteady regions
according to the previous known flow motion.
Compared with DES, the self-adaption of length
scale means not only the accurate flow predic-
tion in boundary layer but also the unnecessary
of the explicit chosen interface between RANS
and LES ™ which is totally dependent on the
grid dlstrlbutlon in DES. In other words, it is Ly
that divides the whole field into RANS region
(Qsas =0) or SAS region (Qsas >0). Finally the
formulation of Qsas reads
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Where L is the modelled stress length scale as
what it is in SST-DES.

3 Remedies for High Wave Number Damp-
ing

However, the numerical simulation under SST-
SAS introduced above is usually not stable,
which is due to the problem of high wave num-
ber damping (HWN) M. Actually L. adopted in
SAS is aimed to symbolize the smallest eddy
scales, and produce turbulent viscosity small
enough accordingly to allow the formation of
even smaller eddies until the grid limit is
reached and no smaller eddies would be formed
afterwards. That is just an ideal situation. Unfor-
tunately there is no self-adjusted mechanism
involved in original SAS to help get the infor-
mation about the cut-off limitation. That means
when it comes into cut-off wave number length
scales, the eddy that translates from big to small
may exceed the limitation of grid resolution,
and the kinetic energy cannot go on translating
and finally accumulate at the high wave number,
for the continuously produced turbulent viscosi-
ty together with so small dissipation (L is very
small and Qsas is very large accordingly).
Moreover, when a mesh has been given, the
higher Reynolds number for computation is, the
lower gird resolution and the severer unbalance
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of viscosity production and dissipation are. It
can worsen the simulation stability directly and
it is quite necessary to add some remedies to
increase the eddy dissipation in high wave num-
ber and limit the minimum of turbulent viscosity.
Balancing the production and dissipation
term in turbulence model equations is a routine
way for some derivation and thus when both
source terms in k and « equations are set to zero,
following relationships can be got
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two equations above can be simplified as
w=p((Ble,~a)l(x5,))5LS  (@®)

Obviously the formulation of turbulent vis-
cosity in Eq. (8) is very similar with that in
Smagrinsky sub-grid model equation which
reads
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Therefore, when £ < 1= Eq. (9) can be
used as a remedy and final formulation for L is
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Actually Eq. (102 is also the remedy in
Menter’s latest work P! about SST-SAS. Unlike
DES which adopts either RANS or LES in fixed
region as the grid is fixed, it is possible that
SAS with this remedy may degenerate into a
potential DES-like method overall, since the the
new length scale itself is very sensitive and the
ubiquitous vortex motion, including production,
development, transition, dissipation and van-
ishment of eddies, means this remedy may also
reach throughout the entire field all the time.
Concerning k equation itself does not resolve
local length scale and only the change of w indi-
rectly affects the dissipation term of k equation,
the formulation of k equation in DES can be
taken as reference and finally we can get
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Namely the new length scale Ly is also
adopted instead of original one Cpesd. When the
value of L is small, the magnititude of dissipa-
tion term in k equation will be quite large which
can directly suppress the accumulation in high
wave number. That is to say L works as a pa-
rameter to scale local kinetic energy and this
new remedy is independent on the grid distribu-
tion and anymore, without adding other defined
variables. In particular, although Lk has been
coupled in k equation and functions as a com-
mon length scale for both k and w equation to
detect local turbulence, SAS seems still sensi-
tive to flow changes without any information
about grid because of its weak dissipation. Ac-
tually the following tests show that the combi-
nation of both these two remedies is better than
either one.

4 Test Cases

4.1 Decaying Homogenous Isotropic Turbu-
lence

In this paper simulation of Decaying Homoge-
nous lIsotropic Turbulence (DHIT) under the
computational conditions of Samtaney M %4 js
chosen as the test for the damping characteris-
tics of SAS. Using an equidistant grid of 128°
volumes, the recommended parameter Cs=0.11
from Menter is adopted firstly. Fig.1 shows the
flow structures and the color of the structures is
the Von karmam turbulent length scale, L, di-
vided by the grid spacing 2z/128. That the ratio
is of the order of 0.18 means SAS is returning a
length scale much smaller than the domain size.
Moreover, it is clear that the combination of the
two corrections (L limiter and turbulence ener-
gy localization) above has remedied the behav-
ior of insufficient damping effectively from
Fig.2 (a). Different from the Von Karmam
length scale, which is totally dependent on local
flow, Cs in the Ly limiter is an independent pa-
rameter that should be calibrated. To a given
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mesh, a larger Cs means smaller cutting wave
number k. because of the inverse proportional
relationship k. ~ 7/CsA, which further leads to
the decrease of resolved scale and the increase
of subgrid viscosity and suppress of high wave
turbulent energy accumulation. Given this, next
we present four solutions to test influence of
different values of C,.

Solver 1: SST-SAS + L limiter (Cs=0.05)
Solver 2: SST-SAS + Ly limiter (Cs=0.5)

Solver 3: SST-SAS + Ly limiter (Cs=0.05) +
turbulence energy localization

Solver 4: SST-SAS + Ly limiter (Cs=0.5) + tur-
bulence energy localization

Turbulence length scale / grid cell size
0.05 0.0716667 0.0933333 0.115 0.136667  0.158333 0.18
Fig.1 Resolved structures in DHIT case for SST-SAS
model (Grid 128x<128x128)
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Fig.2 Spectra of the reso(lv)ed kinetic energy (t=1.5)

As what shown in Fig.2 (b), relative error
in Solver 1 and 2 are greater than the other two
and their respective trend profiles are consistent
with the analyses above. It proves that unsuita-
ble Cs may play a negative role in this remedy,
which is similar as the influence of Cpgs in DES.
Conversely, Solver 3 and 4 are obviously less
influenced by the different values of C,. That
means the new remedy, turbulence energy local-
ization, can effectively improve robustness of
Ly limiter.

4.2 Massive Separation around Circle Cylinder
This case ™ is set up to compare the different
simulation results between SST-SAS and SST-
DES and keep on testing the effect of remedies
above in SST-SAS at the same time. The circle
cylinder model has a low Mach number of
Ma=0.2 and a high Reynolds number of
Re=1.8x10°. The far-field domain boundary is
approximately 20D (D means the diameter of
the circle cylinder) away from the wall. There
are 200180 points distributed in an O-type to-
pology in the streamwise slice, and the 3D mesh
is an extrusion in the spanwise direction of this
2D mesh, with 40 elements uniformly distribut-
ed over a spanwise length of 2D. The first layer
of mesh in the wall-normal direction maintains
y'=1.5, as the order of 1x10°D. Noting that
here SAS involves both the remedies above, and
the parameter CDES in SST-DES reads

CDES = Flclggg + (1_ Fl)Cl';E;

(13)
Ck2 =0.78,C5% =061
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where F; is the shielding function in SST turbu-
lence model itself. Fig.2 and 3 show the pres-
sure distributions on the surface and the vortici-
ty magnitude in the mid streamwise slice.

15k o EXP
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Fig.2 Pressure distribution (standard mesh)
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Fig.3 Vorticity magnitude (SAS, standard mesh)

Obviously SAS with remedies for high
wave damping works well, as well as SST-DES.
That may result from the suitable mesh distribu-
tion recommended in reference [13]. Then, a
poor mesh for SST-DES is chosen purposely to
further investigate the difference between these
two methods. The new mesh has a less gird
number, 200140 in streamwise slice and its y*
equals to 0.1 rather than previous 1.5, which
means the points distribution in wall-normal
direction is unreasonablely finer near the sur-
face and coarser far away. The simulation re-
sults are shown in Fig. 4 and 5. Although we
also get vortex shedding from SST-DES, the
small-scale vortex are dissipated seriously be-
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cause of the too large subgrid viscosity con-
trolled by the poor mesh. As a comparison SAS
still maintain similar result that the downstream
vortex has fully developed. Noting that Cs and
Cpes adopted here are same with what used un-
der the standard mesh above. Noting actually if
we adjust the Cpgs to some degree to decrease
the mesh-caused viscosity artificially, SST-DES
may also simulate better. Of course this does not
conflict with the conclusion that SAS is more
adaptable and stable.
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(b) SST-SAS
Fig.4 Vorticity magnitude (poor mesh)

Fig.5 shows the pressure distributions un-
der the poor mesh, in which SST-SAS-1 means
only Ly limiter is adopted in that case and SST-
SAS-2 involves both the two remedies. On one
hand, unreasonable mesh distribution leads to a
potential grid induced separation in SST-DES,
and negative pressure peak is ahead of the ex-
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periment results. However, SST-SAS-2 gets a
totally similar simulation with the above test
case under standard mesh, which adds credence
that SST-SAS is more robust. On the other hand,
comparing the results in SST-SAS-1 and 2, sin-
gle L limiter remedy cannot fundamentally
prevent the trend that SST-SAS degenerate to
SST-DES under some poor mesh. At the same
time, instant detail monitor shows that about 8%
grid cells are still remedied by Ly limiter. Tak-
ing into account all the factors above, remedy of
turbulence energy localization is a generation of
scale adaptive simulation from only k equation
to both k and w equations, and plays a decisive
role to improve the mesh adaptation by combin-
ing the whole SST turbulence model with one
parameter, Von Karman length scale. While not
bringing in any information for mesh resolving,
SAS itself with only turbulence energy localiza-
tion cannot solve the problem of high wave
number damping completely. That is why we
still need L limiter to force the minimum of
viscosity explicitly. Maybe there are few cell
numbers controlled by L limiter, however, the
influence of it for a stable simulation is great. A
good example is that if we choose a SST-SAS-3
which only involves the remedy of turbulence
energy localization in this test case, it could be
easily found the simulation would diverge at the
end.
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Fig.5 Pressure distribution (poor mesh)

5 Conclusions
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A new and popular hybrid RANS/LES method,
SST-SAS, is basically reviewed. Concerning the
issue of high wave number damping we com-
pare two main remedies, L limiter and turbu-
lence energy localization. Specifically turbu-
lence energy localization integrates the whole k-
o turbulence model by Von Karman length
scale and improves the grid adaptation, increas-
es the high wave number damping entirely. Alt-
hough L limiter keeps the inherent defect of
DES to some degree, it remedies the local insuf-
ficient viscosity forcedly and is great helpful for
a stable simulation. The complementary rela-
tionship between these two remedies is tested by
two typical cases, decaying isotropic turbulence
and massive separation around circle cylinder.
With the remedies both, SST-SAS shows more
grid adaptive than original SST-DES and even if
under some poor grid distribution, SST-SAS can
also get satisfactory simulations.
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