Designing Large-Eddy Simulation of
High Reynolds Number Wall-Bounded Flows*




Fundamental Errors in LES Prediction of the High

1.0

0.8

SN

0.6

0.4

0.2

Reynolds Number Boundary Layer

neutral
boundary

layer

ABL heutral boundary layer

what
should be
predicted

surface ‘(//,

layer

rough wall

a

1’ 1 1’

LES of
high Reynolds number
boundary layers

= the viscous sublayer is
unresolvable or nonexistent

= plus units not useful




Fundamental Errors in LES Prediction of the High
Reynolds Number Boundary Layer B

1.0

0.8

SN

0.6

0.4

0.2

neutral

boundary

ABL

layer

neutral boundary layer

—— Pl model
24| —8— Smagorinsky
—a— DL

9| —+ DRM-ADKD

7 20}
7 U
» U, 15t
) U(z) 14}
12}
rough wall 10¢
180" 0 /S 0 0
what - neutral boundary layer &
should be | ot F 7
predicted :Zz o Vi
) S e
/ s Y / { Two Issues:
300
, gzsn 1 }; 1 LGW'Of'The'WG”
surface e gy is not predicted
layer 150 i
% ) 100 ; 2. Overshoot
50 .
1 i T —
what is M i 12 18 1715 2
"~ kz dU actually 4 =K dU
- u, dz predicted "oou, dz Chow, Street, Xue, Ferziger 2005 JAS 62




The Importance of the Overshoot Zimi
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> correlations, turbulent kinetic energies, ...
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16-year History of the Overshoot in LES of the ABL Bzt

Relevant to any LES of
boundary layers where the
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The Overshoot is Sensitive to the SFS Stress Model
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Observation 3: The Overshoot is Tied to the 6rid
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Observation 4: Inertial Law-of-the-Wall

is also not Captured with Smooth Wall BLs
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Observation 5: The (true) Viscous Overshoot
in the Smooth-Wall Channel Flow
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Smooth-Wall Channel Flow
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DNS data from Iwamoto et al. (Int. J. Heat and Fluid Flow, 2002), Hoyas & Jimenez (Phys. Fluids, 2006)
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Smooth-Wall Channel Flow im
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DNS data from Iwamoto et al. (Int. J. Heat and Fluid Flow, 2002), Hoyas & Jimenez (Phys. Fluids, 2006)
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In the smooth-wall channel flow the overshoot in ¢, is real.

the characteristic viscous scale

L =v/iu

2. The overshoot arises from applying inertial scale z in a frictional layer that has




The First Discovery: Scaling

stationary, fully
developed, mean:

Extract Viscous Content

of ANY SGS Model:
define “LES viscosity”
for strong shear flow

Inertial Scaling Iy
... Integrate 0 > z: |

Mean LES of high Re or Rough-Wall Channel Flow e
N 4
VA
OP / Ox T =7,+T
U |:> 48 inertia-dominated |\ 7 Ty ot RS
= \y. throughout S
ou’ Oy’ ); 1 6p’ @TfF D under-resolution of integral scales
o Lo B - et at first few grid levels
ot Ox; p ox,  Ox,
I, = —p<ur'wr'>
6P uf aT 8T 6T SES
_ P _ tot RS TS :—p<z'l3 >
ox 0 0z 0z Oz
T,
T,(2) IF 7, =-2v,8], Iy = 12
Vles (Z) = —r’ VLES = Vles (Zl) p ¥
2<S13> we find v, = <Vz >1
o= "
LES =
= Vies .
Z Z
#(1 -7, — —j Gz % (1 T, ) near the surface
Vles (Z) 5 ‘7 _ Vles (Z)
les —




03

The First Discovery:

A Spurious Frictional Surface Layer

DNS: Smooth-wall Channel Flow
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The First Discovery:
A Criterion to Suppress the

Overshoot

LES of the Rough-wall ABL
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The overshoot arises from
"numerical-LES friction” at the surface

akin to the real frictional layer on smooth walls

— To eliminate the overshoot

the ratio Ty/T< must exceed a
critical value ~ O(1) at the first grid level.




The Second Discovery:
MORE IS NEEDED TO PREDICT LAW-OF-THE-WALL!
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A Second Requirement:

Relative Inertia to LES Friction in the Simulation
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back to observation 3:

Why the Overshoot is Tied to the 6rid
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- A Third Requirement -
Increasing Re s by Increasing Resolution
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The Third Discovery

The R —Re,, . Parameter Space
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First Tier in Designing High-Accuracy LES

The R —Re,, . Parameter Space %
For any SFS stress model: Scaling on Smag:
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Numerical Experiments
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Simulations with High Accuracy

> N, from 96 to 160
> Smagorinsky model with C, = 0.10

> Aspect ratio 1.6 10 2.0
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Convergence of LES Over the Entire ABL i
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This is a necessary process in designing LES

.. but NOT ALL ISSUES ARE RESOLVED!
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These require consideration of

(1) the lower surface BC
(2) the SFS model
(3) algorithm and numerics
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Analysis of the Lower BC
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The prediction of the Von Karman
Varies with SFS Model

(c)

"High-

Porte-Algel 0( )
Accuracy

1.5 | [Andren 94 Zone o151 I
. B naren 1
14 HAZ
SR:[T_RJ a .
T ). . Drobinski 01 75 |
1
0.1
0.5 | . Sullivax 94 ]k ~0.35 K ~0.33
° ° . :
° o o ° 0.05 b

0 100 200 300 400 500 600 700
Re| ks

.. we are now initiating a systematic analysis Py



Conclusions T

> Accurate Prediction of Law-of-the-Wall =
1. removal of the overshoot in mean gradient
2. proper scaling in lower 15-20% of boundary layer

» To Capturing the Law-of-the-Wall, the simulation
must be in the "High-Accuracy Zone” (HAZ) by
* vertical grid resolution
* grid aspect ratio
* friction in the discretized dynamical system: model constant, algorithm

> Other issues to resolve after LES is in the HAZ:
* lower boundary condition
* details of the closure for SFS stress
* algorithmic issues: dealiasing, numerical dissipation

> We find that Adjusting BC and SFS Closure affects:
* |location of the LES on the HAZ
* Von Karman constant





