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Pressure-gradient boundary layers in engineering

* In practical engineering flows, boundary layers are often skewed, undergo turbulent separation due to

pressure-gradients, curvature, shock effects
« Smooth body separation: Sepn. pointis not geometrically imposed; dependent on external forces.

* Reynolds number of such flows is large for high-fidelity, direct-numerical simulations (DNS)

* Cheaper simulation techniques:
* Reynolds averaged mean flow (RANS): solve for the mean flow, model entire turbulence
* Large-eddy simulations (LES): resolve large-scale flow, model smaller-scale motion

Pressure-gradient
driven separation
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Need of LES in engineering flows

* Growing evidence: conventional RANS produces large spreads and inaccuracies in engineering flows
« Large unsteadiness, three-dimensional separations

(From Rumsey et al.,

* In high-lift aircraft systems, RANS produces large 10, RANS . Aircraft, 2019)

solution variability across models, codes /

 Spreads as largeas AC; = 0.50 observed N JSM nacelle/pylon off -  Z

* Industry tolerance,A4C; = +0.03
(Clark, AIAA Aviation 2020) C;20

* Recent AIAA workshops have suggested smaller
solution variability across LES methods
(Kiris et al., HLPW5, 2024) p o Test data
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Governing equations for large-eddy simulations

* Filter governing equations (Navier-Stokes) to obtain evolution equations of
coarse-grained velocity, pressure, density and temperature fields

f = p_f/ﬁ where ~denotes Reynolds filtering

dp 0pi;
P n PY _ 0

ot aX]

dp; N dpui;  dp  0oyi(p, i) OT‘;GS Subgrid-scale stress:
ot 0x; ox; 0x;j dx; needs modeling

0E . o|(E+p)i;| o (koT a(u o (P, l)) 0Q; % a(u 08
Jdt 0x; B dx; \ 0x; 0x; dx; 0x;
Subgrid heat flux:
needs modeling
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Conventional subgrid-scale model: dynamic Smagorinsky model (DSM)

 Model form (forincompressible egns.):

Assumes the alignmentb/w 7;;, S;;
Clark, Ferziger and Reynolds, JFM 1979;
Meneveau & Katz, ARFM, 2000 showed

corr (rlfjgs, Eij) ~10 —20%

1 _ _
. sgs " o _Sgs _ 2¢g..
Approximation

* Germano et al., 1991 and Moin et al., 1991 developed a “dynamic procedure” for
determining the subgrid model coefficient on the fly.

1
Lij =5 Ly = —2 (Cs4%) My

Dynamic Smagorinsky 10°g .
—_= = =~ A 2 = — T= o model (DSM) o Filtered DNS
. ) 2 S Energy decay rate in
* Using le?st-squa res proc.edl.er allows.com.putlng .(CSA ) = 101} isotropic turbulence .
* Validated a-posterioriin canonical isotropic and/g//»
wall-bounded flows? -
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Different LES methodologies for wall-bounded flows

« Wall-resolved LES: resolve near wall energetic structures, coarser grids far from wall

* Energetic eddies near wall are much smaller than geometric scales
* NoslipBCs
* Grid-scaling: N, ~ Re18° (choi and Moin, 2012; Yang and Griffin, 2021)

« Wall-modeled LES: inner flow is subgrid, approximate boundary conditions
(BCs) applied to provide correct wall stress
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* Grid-scaling: N, ~ Re? (choi and Moin, 2012; Yang and Griffin, 2021) )
 Since BCs are approximate, the cost scaling is a function of their accuracy 5=

N
N

N

Marusic and Monty, ARFM, 2019
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Conventional (equilibrium) wall closure in wall-modeled LES

* Wall model: reduced order model for determining wall-quantities

* Equilibrium wall model!: RANS assumptions for mean velocity

dURANS T, Wall-stress

= RANS
dy vV + V;

Ug = Tw/p:U_l_:U/urr y+=yu‘c/v

Voronoi

Iterative solve for u, until the integration of | - LES gnid
the ODE leads to UR4NS matches the LES - Flow stress
velocity u; at the matching height / - 0,

i?

|

Wall model ]

Wall stress

T,

1: Cabot and Moin, Flow Turb. Combustion, 2000

Image from Goc et al., Flow, 2021




Recent observations from WMLES in separated flows:
Issue of non-monotonic grid convergence

Nonmonotonic grid convergence: a recent failure of Boussinesq models based WMLES in separated flows!?

Flow over high-lift aircraft

(absence
of sepn)

Error| B
Nonmonotonic
c/\ A

o

Resolution

A

Improved models needed for reducing
computational costs of wall-modeled LES of

complex flows and to ensure monotonic
approach toward expts!

10° control volumes

1: Gocetal.,Flow, 2021
2:Goc et al., J. Aircraft, 2023
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Alleviating the eddy viscosity assumption: Dynamic Tensor
Coefficient Smagorinsky Model (DTCSM)?

* Aimed at reducing the misalignment problem of subgrid-stresses and strain rates.

* Anisotropic directionaldependence
S sgs .
leg —3 511 k?c = _(Cikskj + Cijki)|S|Aﬂ> No assumption of

alignment b/w 7;;, S;;

« Extension of dynamic procedure with realizability constraints leads to

(1) €11 = Cy3 = C33. (2) Cy; ji when i+ j 5
= = = A == T
Dissipative part Non- d|5$|pat|ve part Lij =ttt — i and M;j = (Z) 1S15i; — 1515y
I 2M 2M 2M 0

Sanity checks
1) a-priori correlations?

2) Canthis “dynamic” model adequately dissipate energy?
3) Can we predict canonical attached wall bounded flow?

1: Agrawal et al., Phys. Rev. Fluids, 2022
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Apriori correlations in turbulent channel flows at Re; = 395, 2000

Tensor level correlation

0.5 . . .
% DSM Re, = 395
0.4 -.“- x -+ DTCSM Re, = 395
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Our computational approach

dp O0pt;
3+ o =0
t xj Subgrid-scale model:

needs modeling
op; opu; 9p 06y Oty
« charLES flow solver pui  IPMYy 9P _ 9% T7Y
« 2" order finite-volume method
* Skew symmetric ops.: low-dissipation numerics __ L _ s SGS . scs
* GPU accelerated version OE n O|(E+p)| _ o (koT + o(;57;) _9g 07
aX] aX] aX] aX]

dt 6xj dx; 6xj an Subgrid heat flux:
needs modeling

* Meshing based on Voronoi tessellations

* Hexagonal close-packed topology
* Near-wall refinement




A-posteriori validation case I: Isotropic turbulence at Re, =70 and 315

Re; = 70 : Kinetic energy vs time

Re, = 315: Kinetic energy spectrum
10U T T T T T T T . 100 T 7 T =T
[ ] S~ O Filtered DNS
< O Filtered DNS| 1 B - 2 —A-DTCSM
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DTCSM is comparably dissipative to DSM; and produces reasonable energy spectra

Several previous non-Boussinesq models have been under dissipative, and unstable
* Bardina model (1980), Gradient model (1979)

A priori correlations > 80%, but underdissipative a-posteriori.
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Validation case Il: Wall-resolved LES of a channel flow at Re,

1

395

W 78 -o-DSM
- d’“‘sa o -o-DTCSM
s s —-DNS (Moser et al., 1999)
T 05¢
Ry
;
No-slip BC
h Reynolds stress
25 e . 0
- DSM
50| |-e-DTCSM |
—-DNS (Moser et al., 1999) 0 200 400
+
B N N 5 Turbulénce intensities
= Ax™ = AYCl = Az" = 3 -o-DSM
10+ A =2 -e-DTCSM
= -
Yw 2 Ari o o DNS (Moser et al., 1999 )
I /0//0" lSﬁ 30 Toooe %@9@:&&&@:&.
=" A e @08/
O‘,_._g—-g-.j"."_._l . g
10° 10? B

DTCSM accurately predicts first and second order
statistics in a low Re channel flow
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Validation case lll: Smooth body separation on the Boeing speed bump

* Recently designed canonical flow configuration: Boeing speed bump
* Gaussian shaped streamwise body
« Expts (shoulders tapered): Williams et al., Gray et al., AIAA Scitech, 2021
* Quasi DNS (spanwise-periodic): Uzun and Malik, AIAA J, 2021

Tl — 2 x 106

° ReL:

L4

y/L ~ exp(—x*/x()

Stanford University
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Boeing speed bump - prediction of skin-friction and wall pressure
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Boeing speed bump - distribution of near-wall SGS model coefficients
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° CD : / “Ysgs
Vsgs if not larger 2 10l % | .
Solution with \G@’Q ‘9'013,59822‘S|/V
. . . . — sgs A% |S
* Mean cq, tracks with mean shear in 1-2 direction. 15 noflow separation __._.._ ~ B S1/v
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Grid-point scaling (with Reynolds number) of WMLES of separated flows

- Existing estimates?:2 of grid-point estimates (N, ~ Re!) rely on equilibrium phenomenology

« Use viscous resolution, y* to determine if grid-refinpement is necessary

* lIgnore Qol’s dependence onresolutic

* lIgnore explicit dependence of § on %

~ a=17.05°103 Mcv

Where to target ~ fromGocetal,,

1'8. grid-refinement - J.Aircraft, 2023
toimprove C; prediction?

U
> U

1.  ChoiandMoin, Phys. Fluids, 2012
2. Yangand Griffin, Phys. Fluids, 2021

19



Separating flow over flat-plate: region of influence around separation pt.

50 Abe, JFM, 2017

02 0 02 04 06 08 1.C

Separation point
over aflat-plate

Near-wall equilibrium region that
affects the separation point?

CTR
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Green’s function approach to determine equilibrated flow-scales

A pPy), du;/dx;
. du; 0u; y J e : { fdm
* Solve the Poisson system, (p——) = —V“ (p) in a semi-infinite domain Ig \
ax]' axi x n:
*2 — A" i "b
log(r ) out ou; ~ N\t
* — i ] * * V . Y i—
<psep> - fy*ZO fx*eRl 21T P ax; 9x; dx"dy /s _ ’6)//
J Psep = p(xsep:
Semi-infinite domain
r* =distance from separation point, quantities non approximation for a flat-plate
dimensionalized by u = min(%i—i) andl, = —) separating BL
/]

*

i : , . o log(r?) | aufow\ |
» For a “finite sphere of influence” assumption at the separation point, = <A* A€ER

P
axjaxl-

* Invoke Stratford’s! velocity profile for a separating flow to arrive at L*—A—lp—l%%/?’

4/3
1. Stratford, JFM, 1959 p

CTR

For nested grids, N, ~ ,.—12 ~ Re,'” = Ny ~ Re;1
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Proof of concept on the Boeing speed bump

 Experiments of Gray et al: approximately Reynolds number invariant separation profile (Cp)

e In WMLES, we increase Reynolds number from 2 x 10 upto 10 x 10°
« Grid refinement per A ~ Re~2/3 metric

* If C, across multiple Re agree with reference data at a fixed A, then the hypothesis is verified.

1: Gray et al., AIAA 2022

_ CTR
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Forincreasing Re, when grids are refined such that 4/, # f(Re), WMLES converges
to reference data for a constant value of 4/1,,

o Coarse Grids 0.5 -Medium Grids
oo, 22" %g 8é
°o® Y LI 26 5% <pBPE P59
0 lesse Qo ;'B . ©903 9. 0|ee Q%—\jﬁ?{%?o_ﬁw‘w
% é c>o°o 00°
o S . A 9 o
<505 % g% #Ncv changes with Re, but at the samel—p 5-0.5 %’ j
?} o } Rep =2 x 106 ‘{, g? } Rep =2 x 10°
1t A A ¥ Re;, =5 x 10° 1t 4 oo ¥ Re;, =5 x 106
— ~ 40 3% I Rer = 10 x 10° — ~20 (§§ i Rer = 10 x 10°
lp % o Expt., Rer = 3.4 x 10° lp % o Expt., Rer = 3.4 x 10°
-1. I I — N -1.5 I I j— =
" 05 0 0.5 1 -0.5 0 0.5 1
° o L
=/ L 0. Fine Grids =/
‘ﬂ:’“., .
NETI L ; LEPI? i pagq, C, across multiple Re converge
% j ] > . A
. gspid toward expts. at fixed —
Grid counts for Re; = 2 x 10° case s & P L
D -

Coarse grid: 3 Mcv
Medium grid: 12 Mcv
Fine grid: 52 Mcv
Quasi-DNS: 10 Bcv

-1.5

} Rey — 2 x 10°

g ; t Re; =5 x 106
A ~ 10 éj} i RBL:]_UX 106 ‘
lp o Expt., Rer = 3.4 x 10°
-0.5 0 0.5
x/L

I CTR

*All cases were simulated
using DTCSM/EQWM
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Nonequilibrium effects in turbulent boundary layers

Due to a pressure gradient, the boundary layer suffers “history effects!”
e Local Reynolds number, pressure gradient is incomplete

representations of flow state. Up, A
2
» Lagrangian integration of Navier-stokes equations - l
—- H (x*): local measure of non-egbm ’ l—[ Wall model J

\ ﬂ [ A |
\ ',/ ‘ x+ fx+fA+ u_1?5+u+du++v+du+ d +dx+
Yo s e b o [ e gy |
> i)
‘/ ooy

~ 1+
) =, 72 Y. t T,dxt dx*
«’:ﬂ / o fw Jo
Is the stress across ,"','2‘,,/ .
" ' ”
these layers equal? ’(/a/»:
) ) A

+ +
75 (%) | fFH(xT) =~ 0> f: Tidxt ~ f: Tdx™ , or a constant
stress layer holds across the flow up to height A*

1. Bobke et al., J. Fluid Mech., 2017

CTR
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Determination of imminent separation tendency of a given boundary layer

6 dp : :
e Alber’s parameter!, A = P outer measure of impending
e

flow separation. Ua A
e Alber (1971): A = 0.004, flow close to imminent separation’? e I
Wall stress
Tw
« Alinear Taylor’s series expansion of the Von-Karman integral momentum —[ el ekl J
balance for attached boundary layers can be shown to follow?
*
¢ C [ 5] 9 dP
~ 2
2 2Ree 2 0 |pU; dx
A £S A
IS \ J
NP '
model coefficients of linear A
Taylor series expansion In limit of high Rey, for an impending

sepn. (Cf ~ 0), /A describes
proximity to onset of sepn.

1: Alber, Aerospace Sci. Meeting, 1971
2. Agrawal et al., Flow, 2024

CTR
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Constant stress layer closure breaks down with increasing H

+ A+ uP + du + d +. 6 dpP
H(x) = fo —tut——+v dy local measure of non-egbm A= 0% — y*: measure of separation
T
% Error in 7,, from a wall-model ) ) ) .\
assuming constant stress layer Height of matching location (A™) 50
4 |_ Separation 60 4| Separation __________ o DM 40
A Separaton______ S | L o )
=S A‘ o N ® o 30
SNy o’ H ~ 5, 40 %%Qj o® At =~ 12
OQQ V Error =70% S 91 | 20
— ¥ ~ 1.5, 20 = A* ~ 14 10
Error =40% A —-0.1
0 C 1 1 1 6991 O * * : : O
0 1 2 3 4 5 0 1 - 3 4 Z
HG&) . _
A, B, C denote different As H (x™) T, modeling errors significantly
BLs in Bobke et al., JFM, 2017, . f « 11 tchi l ti
and NACA4412in Tanarro et al., JFM, 2020 INCrease even fora sma matcning tocation

Stanford University
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Opportunity: Can we use H to detect non-eqbm. near separation?

* Consider Hagain,

+
du du” 3 _vadp Tw
}[(x-l_)_f [_+u +U —dy+ up_pdxandur
dx* dy*
UAJ A
o * Kamogawa and Kawai, Phys. Rev. Fluids, 2023 provide a model closure for
r’/,,/“,’/"' o ’ the convective terms as
W r
all st ESS‘ { Ldu’ Lt dut  uj f ]
T . Wall model ] u v =~ —
W dx* dy* u? UZ A

* Usingthis model form, and performing algebra to bound the integral in H leads to:

3
Thus, when = s > 1, we consider flow

‘[

non-equilibrium sensor to be active.

Stanford University
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Pressure-gradient, convective terms inclusive wall-stress augmentation

 Time-averaged form of LES equations under the thin-boundary layer approximation:

a(us) —\dws) [P\ 8%(uy)  [ous un 0Ty
%@Eﬂ Ua & (ts) n) o = <as>+v on? < on >_<an

g o R s — n:Streamwise and —. . . A
Wall stress wall-normal coordinates where (..) Isafitered variable, ¢} s time-mean operator

11 model
-I' Wa ]
W

* Integrate up to a matchinglocation (4, U,)

oP : O(L on
(1) ~ —<E> (1@ 25 252 g, 2
0

—(@m )|~ ()

A A A

f Total stress at outer
LES matching location

* Near a separation point, two regions of the mean velocity profile are known
Near wall - sqrt law (in pressure units)?
Overlap region - log law (in pressure units)?
- Stratford, JFM, 1959 In this model, t,, is linked to outer stress.
2: Nickels, JFM, 2004 * We use DTCSM in this work

CTR
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Validation Case I: Boeing speed bump Ue u/u,

e Recall, DSM/EQWM produces a non-monotonically converging result _p.¢

« DTCSM/EQWM provides monotonicity upon grid refinement but
convergence is slow

0.5 x DSM/EQWM 0 ~ DTCSM/EQWM o DTCSM/SWM
Coarse to .
o~  Coarge to medium Coarse to medium
(-2 ”
0 p==00==C & ‘_\; %
. %
) % ﬁ’ Medium b %
Shas 2{ tofine | T-05; 3 : . 3
g 8 g ]
1 3,' —= Coarse %‘ — = Coarse 3 — Coar.sc
-1F Surface 8.' - = Medium ] -1t == Medium 1 -1r q —_— M'cdu_lm
pressure f —= Fine —=Fine — = Fine .
- coefficient ) o Quasi-DNS o Quasi-DNS , o Quasi-DNS
-1. : * -1.5 x x -1 1
-0.8 -0.5 0 0.5 1 -0.8 -0.5 0 0.5 1 -0.8 0 1
z/L z/L x/L
Coarse grid: 3 Mil CVs . .
Medium grid: 12 Mil CVs * Sensor-based, non-egbm. wall model provides improved accuracy
Fine grid: 52 Mil CVs on a 2x coarser grid (8x computational cost savings)

Quasi-DNS: 10 Bcv

CTR
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Skin-friction prediction and activity of backflow sensor

 Skin-friction converges toward reference data monotonically
* Agrees on fine grid, much improved predictions on medium grid.

* Asthe grid is refined, the extent of resolved non-equilibrium contribution increases
* The backflow-sensor is expected to vary its activity based on resolved non-egbm. content

%10-3 Skin-friction

10 Sensor-activity
T T 1 T T ?? T
|
ol — = Coarse | ﬁ |
. —eo- K H ! 1
— = Medium 0.5 o-Fine | |
6l — = Fine . | N
, i '
0 Quasi-DNS i |
4= ' P
O 49 o ] ?\ 0 s i 1
o 2 e |
e --‘m-,a~ - I | i ‘
(Y 50O ¥ i
2 Coarse grid: oY 4;7{,9' . i ll : |
I\/!edium grid: 12 Mil cv ,>§$9\’ Coarse to 0.5+ .1: sensorinactive : : o
o Fine grid: 52 Mil cv ~.__/,/9' \Medium to fine 1: Sensor active | | : |
il .
i .




DTCSM/SWM converges at N, ~ Rel even for separated flows

* Animproved non-equilibrium wall-model is expected to have improved grid-point
scaling (with Re) than EQWM (N, ~ Re?/3)

« Scaling arguments:! wall-normally integrated non-egbm terms near a sepn. point scale

dc
asA X Re%> x —E
dx
N Su rface pressure coefficient
* A-posteriori WMLES using SWM converges to
reference expts. for A ~ Re™ %> resolution L™ X%
between Re;, = [2 — 10] x 10°

Proposed sensor-based wall model O -05¢

converges at N, ~ Re! for separated flows

3.9 [—- Fine grid, Re=2Mil.

& | == RS scaled grid, Re=5Mil.
1: Agrawal et al., under review, Phys. Rev. Fluids, 2024 —= Re% scaled grid, Re=10Mil.
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B \ \
o
e
N
\

of separated boundary layers

Corner flow )\
X

e
Sensor based wall model
Burrows et al.,

AIAAJ,2021 _~"second-turn separation for predicting smooth-body
separation
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ii &\‘ ‘\\ ’
- e O

WMLES of complex engineering
<. flows underdoing separation
first-turn separation y c'"l Stanford University
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Application I: High Lift Common Research Model - QinetiQ

* Test casein high-lift prediction workshop at AIAA SciTech, 2022

* Half-span, free-air configuration Lift curve
U, (MAC) 6 20—
° ReMAC = T = 549 x 10 , Ma = 0.2
e Wind-tunnel corrected data available 9.4l i
92l o

Gocetal.,
J. Aircraft, 2023

J. Aircraft, 2023 |

Workshop summary!: WMLES can predict maximum lift, but at low angles of
attack, predicting smooth body separation over flaps remains '
a challenge in both accuracy and grid-to-grid monotonicity. §/

-&-Medium - 384 Mcv _
-/-Fine - 1.50 Bev _
— Experiment, Corrected |

L " " 1 " " " " "
0 5 10 15 20
Angle of Attack, o

— &) --Coarse - 102 Mcv

1: Kiris et al, J. Aircraft, 2023




Gridding practice on CRM aircraft geometry

Targeted refinement

s

1
nnnnn

Targetedr

uuuuuu
I

around leadmie ies an ais :

. around wing-tip, wing-root

- Coarse grid

Stanford University
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DTCSM/SWM models predict lift, moment and drag accurately for
low angles of attack, and on coarser grids than DSM/EQWM!

2.5
2.5t
2+ ol
ErrorinC; = 0.1
<) Industry tolerance, 0.03! S
Lift 5] %4 Pa DSM/EQWM, 103 Mcv - Lift 1.5} m DSM/EQWM, 103 Mcv
\ » DSM/EQWM, 384 Mcv » DSM/EQWM, 384 Mcv
N o DTCSM/SWM, 103 Mcv 0 DTCSM/SWM, 103 Mcv
> DTCSM/SWM, 384 Mcv > DTCSM/SWM, 384 Mcv
fQinetiQ Exp (Corrected a) —G—anetlQ EXp (Corrected Oé)
Nose do¥vn . . : 1 . . .
moment g4 0.3 0.2 0.1 0.2 0.3 Drag0'4
Cm Cp >

« DSM/EQWM: Non-monotonic grid-dependence of CL/CD, and CL/CM
* Alsoreportedin Goc et al., J. Aircraft 2023.
« DTCSM/SWM models predict reasonable solution for 384 Mcv grid
« DTCSM/EQWM monotonically converges, but requires at least 1500 Mcv grid (not shown)

I TR

Stanford University
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Surface streamlines corroborate DSM/EQWM result in weaker flap separation

Row A (n =0.15) ; Row F (n =0.69)
W 5 | A :
B PN, : ; R Blue and Grey
L 12 .. curvesoverlap |
)N Y I ) ]
- . i
S, ¢ Blue and Grey ] -1
[+ -curves overlap [ :
0 of
[ [ [
1 | hgee=mrr 11 P T T T T
5.2 5.25 5.3 5.35 6.05 6.1 6.15 6.2
x/MAC x/MAC

® DSM/EQWM (384 Mcv)
@ DTCSM/SWM (384 Mcv)
A DSM/EQWM (1500 Mcv)
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Surface streamlines corroborate DSM/EQWM result in weaker flap separation

Row A (n =0.15)
[ DSM/EQWM (384 Mev) DSM/EQWM, 384 Mcv
o & DTCSM/SWM (384 Mcv)
ob il A DSM/EQWM (1500 Mcv)
S ’
1EN . . | \/
5.2 5.25 5.3 5.35
x/MAC

Row F (n =0.69)

DTCSM/SWM, 384 Mcv




Application ll: Transonic flow inside serpentine duct

inlet top surface  bottom surface .

fuselage / /

| I -

| Il []

Ge et al., I0OP, 2020

Pressure
(Pa x 104)
8.1

Stahl et al.,

3.8 AIAA Aviation, 2023

* Relevance: Propulsion applications, high-speed aviation

* AIAA 2017 Propulsion Workshop summary?*: RANS, DES struggle to capture flow recovery at exit planes
that result from complex, three-dimensional separations in the duct

1. Winkler and Davis, AlAA, 2017 Quantity of interest: Flow recovery at exit

Stanford University
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Schematic of grid topology

Downstream
Of AIP

stanford University
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DTCSM/SWM: Grid refinement sequence for top-wall surface pressure

Top Wall
,.a;‘m

5 _:::g-"
9:#«0 o

\F,’
4

« DTCSM/SWM approaches the expt. monotonically with grid-refinement

L3: 31 Mcv B
L4: 89 Mcv ] . .
L5: 350 Mcv * L7 grid agrees reasonably with experiments
L6: 1500 Mcv
L7: 3000 Mcv

CTR

Stanford University
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DTCSM/SWM: Grid refinement sequence for bottom wall surface pressure

L3 --14 ._'_'L5 --—-L6 j-—-L7 = Expt.

-2 -1 0
,t/D

« DTCSM/SWM approaches the expt. monotonically with grid-refinement
* Unlike DSM/EQWM (not shown)

L3:31 Mcv

L4: 89 Mcv L7 grid agrees reasonably with experiments

L5:350 Mcv * DSM/EQWM underpredicts separation on all grids (not shown)
L6: 1500 Mcv

L7:3000 Mcv

Stanford University
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DTCSM/SWM: Grid dependence of mean flow recovery at AIP

w

P/P;

L5grid, PR: 0.961 + 0.01 (rms) L6grid, PR: 0.957 + 0.01 L7 grid, PR: 0.951 + 0.01

* On both walls, the pressure loss at “midspan” increases with grid-refinement
* Increasing separation intensity on top wall leads to higher loss in dynamic pressure

* Onset of separation on bottom wall leads to more losses on bottom wall
1 Z:Ndyn.rakes p AIP
t

Separations  Lowered net pressure recovery as the grid is refined (PR = Ndynrakes

CTR

P inlet

Stanford University
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DSM/EQWM vs DTCSM/SWM: Mean pressure recovery

L7, DSM/EQWM L7, DTCSM/SWM Experiment
J X 2 1.00
0.98
0.96

0.94

- 0.92
- 0.90

- 0.88

- 0.86

0.84

0.82

PR: 0.961 + 0.01 (rms) PR:0.951 + 0.01 (rms) PR: 0.953 + 0.01
(uncertainty per Burrows et al., 2020)

0.80

Previous recovery results: Lakebrink et al. , AIAA Aviation, 2019: DES: 0.959 L6, DTCSM/SWM

om separation)

DTCSM/SWM outperforms DSM/EQWM in predictions of separations
e DSM and flow recovery at exit of the SD-2 serpentine duct! 3 M/SWM |




Concluding remarks

Dynamic, non-Boussinesq subgrid-scale model?
* Alleviates the classical misalignment problem between subgrid-stresses and strain-rates
* Validated and verified in isotropic turbulence, channel flow
* Boeing speed bump: Smooth body separation predicted, rectified issue of nonmonotonic grid convergence

Grid-point requirements for equilibrium assumptions based WMLES of separated flows?
e N,, ~ Re*3:moreexpensive thanclassical N, ~ Re! scaling for attached equilibrium flows

Localized backflow sensor?:* to identify imminent flow separation and augment z,,
* Boeing speed bump: Demonstrated improved accuracy than EQWM
e Recovers N, ~ Rel even for separated flows

Applications in complex engineering flows

. . oap o @ 1: Agrawal et al., Phys. Rev. Fluids, 2022
Obtained solutions within industry tolerance bounds. 2: Agrawal et al., AIAA J, 2024

Wall clock times < 1 day using 3-4% Frontier nodes. Sipgrawa ¢ 2l PIVS: Rev. Fluids, 2024
: Agrawal et al., Flow, 2024

CTR
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Prediction of loads in Common Research Aircraft models
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