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PURDUE

Motivation

Similarities between shocks and turbulence
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LES Formalism
Incompressible Navier-Stokes
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How to find the cutoff energy in physical space?

Family of implicit Padé filters:

3
afi—1 + fi + afiy1 = aofi + Z %J(fwj + fi—j)
j=1
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Padé filter transfer function:

Quasi-Spectral Viscosity (QSV)
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Quasi-Spectral Viscosity (QSV)
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Quasi-Spectral Viscosity (QSV)
How to find the cutoff energy in physical space?

Family of implicit Padé filters:
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j=1
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Padé filter transfer function:

Quasi-Spectral Viscosity (QSV)
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Padé filter transfer function:

Quasi-Spectral Viscosity (QSV)
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afi-1+ fi+ afiy1 = aofi + Z ?(f”j + fi—j) The residual of a Padé filter operation can serve as an
j=1 estimate for the spectral energy content near the
cutoff

Ekc z (1 — a/pade) * B

1.00 | L L L L | L
Padé 0.15 F
*~ (a = 0.000)
0.75 4 Padé =
T ™ (a=o0.450) *
] Padé 73 0.10 7 r
o5 0.50 1 = (a = 0.499) { 8
I s
— | 0.05 4 N
0.25 - =
0.00 +
0.00 T T 1 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.3 0.4 0.5 0.6 0.7
k/ke z

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue Presenter: Victor Sousa Subfilter Closures For Compressible Flows Slide: 6 / 44




Unifying Shock and Turbulence Modeling PURDUE

UNIVERSITY

Quasi-Spectral Viscosity (QSV)

How to find the cutoff energy in physical space? In the end the kinetic energy near the cutoff can be

Introduce a scaling based on the residual’s area: estimated by:

2

Ala) = Ll (1 - gPade) d(k/kc) Ey. = [(1 B gp“”) * 7; } %
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Quasi-Spectral Viscosity (QSV)

How to introduce the desired wavenumber modulation physical
space?

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue Presenter: Victor Sousa Subfilter Closures For Compressible Flows Slide: 7 / 44




Unifying Shock and Turbulence Modeling PURDUE

UNIVERSITY

Quasi-Spectral Viscosity (QSV)

How to introduce the desired wavenumber modulation physical
space?

Introducing the Fejér filter

atroM e
For20D) if i =
2(2+2M)° .

Grejer,iy = { “CH2M) 2 (=) (1 1)i—i therwi 8 =6 -4 -2 0 2 4 6 8
S (2+2) ©5€ s~ ) (L= (=1)*77), otherwise.

e =2
- nw =4 71
Ny = 8 g
nw = N/2

02 04 06 08 10
&/ ke
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Quasi-Spectral Viscosity (QSV)

How to introduce the desired wavenumber modulation physical
space? 1.0
Introducing the Fejér filter
0.8
44+2M e
Grairi; = 4 2(+2M)7 o ifi=J £06
e 2M(21+2M) csc? (W(QZJCIJ)) (1 =(=1)""7), otherwise. (é ’
(304
Combine it with the Padé filter transfer function to obtain the desired (C :
curve:
Gqsv =w|l— BGPade (a) + (1 - B)GF‘ejer
00 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
k/ke
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PURDUE

Unifying Shock and Turbulence Modeling

Compressible LES Formalism

Compressible Navier-Stokes

(?i opu; 0
(% &:Bj N
opu;  Ou;uyj op Opoij
Jo_ _ 4 OHoij
ot a‘Ij ox; ax]'
8£ n 8(E+p)uj __ 0 <k6l) T (}‘,ucrijui
ot Exj 633‘7' 6xj 6;1:‘7-
ou; ou; 2 ou
Oij:<ql+ J>7*7« =655
ox; ox; 3 Oz
1 1
E = pCyT + —puu; = _P_ + —puju;
2 -1 2
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PURDUE

Unifying Shock and Turbulence Modeling A

Compressible LES Formalism

Compressible Navier-Stokes Grid filter operation

L )
ot Oz f(x) = ff(x’)é(x,x')dx’
opu;  Ou;uyj op Opoij
Jo_ _ 4 OHoij
ot a‘Ij ox; ax]'
08 AEED 0 (0T
ot Exj 633‘7' 6xj 6;1:‘7-
ou;  Ou; 20
S <u N w) _ 2o
ox; ox; 3 Oz
1 1
E = pC,T + 5pu¢ui = % + ipuiui
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Unifying Shock and Turbulence Modeling

Compressible LES Formalism

Grid Filtered Navier-Stokes

op opu;
ap f J -0
ot oz
opu;  Ouiu; _ 0p | Opoyy
ot al‘j N ox; aatj
oE N (E + p)u, 0 % oT N opoi;u,
ot dx; Oz \ oxj o

Nonlinear terms are unknown

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue Presenter: Victor Sousa

PURDUE

UNIVERSITY

Grid filter operation

flx) = ff(x’)é(x,x')dx'

Favre filter

flo) =

Subfilter Closures For Compressible Flows
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Unifying Shock and Turbulence Modeling PURDUE

UNIVERSITY

Compressible LES Formalism

Grid Filtered Navier-Stokes, solving for Favre components Grid filter operation
0p  Opi;
2 + _‘puj =0 — —
o ax 760) = [ <G x, i
opl; n Opti; U _ op n Oudij 0pTij )
ot ox; = o oz; ox; Favre filter
E AP+ _ 2 (lﬂ) | udigi_ 0Cya fy =2
ot 0x; ox; 0x; 0x; Ox; 14
p = 1__ 1_
ﬁ =FE- gpuiui - ngu
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Unifying Shock and Turbulence Modeling PURDUE

UNIVERSITY

Compressible LES Formalism

Grid Filtered Navier-Stokes, solving for Favre components Grid filter operation
o5 Opi;
9 :OUJ -0 B B
o 0 f(x) = ff(x')G(x,x’)dx’
65122 i aﬁﬂl’ft] _ 6? n al“}ij 8'7)7—7.]. .
ot ozj  ow oz Oxj Favre filter

0F | o(E +p)iy; [ duciit;  05Cyqs . o7

£+M:i<k£>+w,w{7z% Fay =P

ot ox aCCj axj a$j o 5

Non-negligible terms:

Tij = uju; — U;; is the subfilter stress tensor

qj = Tuj — T is the subfilter heat flux
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Unifying Shock and Turbulence Modeling PURDUE

UNIVERSITY

Quasi-Spectral Viscosity (QSV) Closure

_ c 8iaB8jyn D dig iy
Tig = Tij 2 ay O Yo s
Ony oxg
s
oT
4 = —C4djapPaps—
oxg
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0 otherwise.
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Unifying Shock and Turbulence Modeling PURDUE

UNIVERSITY

Quasi-Spectral Viscosity (QSV) Closure

1 Ol Otin No summation implied over
Tom = —Cr = Din o™ 4 Dy o e
mn Tmn o < ™ ok, M ot the m and n indices
oT
dn = 7Cann Py
OZn,
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Unifying Shock and Turbulence Modeling PURDUE

UNIVERSITY

Quasi-Spectral Viscosity (QSV) Closure

1 Ol Otin No summation implied over
T = —Crpn=|DPmne—+Dnm-—— nmp
mn Tmn o < T o " O Xm, the m and n indices
oT
dn = 7Can,n
0zn

Dynamic estimation of the dissipation magnitude
Dmn = Um (7771 )f'n

2Em 71)
U (Un) = A/ ; — Velocity scale
I AV”,

ln = A, — Length scale
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PURDUE

Unifying Shock and Turbulence Modeling A

Quasi-Spectral Viscosity (QSV) Closure

9l Lo .
_ L Oun No summation implied over
Tmn - anl - Dm n .\ Dnm, ,]7 . .
2 x O0Tm the m and n indices
Y
oT
dn = 7Cann o
Dynamic estimation of the d|55|pat|on magnltude Wavenumber Modulation
ol jalid
ot ot ~
. _’m:_’m*(lf(}qsv)
Dmn = Um (7171 )f'n O%n, On
oT oT ( ~
Py Y = (1-Gas)
qsv
~ 2 E ”r’ Un ) . Oxn, 0xn
U () = A | —== — Velocity scale
AV”,
ln = A, — Length scale
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Shock Dominated Flow PURDUE

UNIVERSITY

Shock/Wavywall Interaction

TK]

— 1600
1400
1200
1000

— 800

Vol [kg/m" |

— 100000

= 50000
20000
10000
5000

— 2000
— 1000
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Shock Dominated Flow

Shock/Wavywall Interaction

PURDUE

UNIVERSITY

Kawai and Lele, J. Comp. Phys., 2008.  Kawai et al., J. Comp. Phys., 2010.

e

o ) )/,"///V/”//////////

o

N

()

AN \.\\\m\.\\\\\\ Il
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Turbulence Dominated Flow PURDUE

UNIVERSITY

Subsonic Taylor-Green Vortex (TGV)

Initial fluctuation Mach number

My = Vo/+/vpo/po = 0.1
Reynolds number

Re = poVoL/uo = 5000
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Turbulence Dominated Flow PURDUE

UNIVERSITY

Subsonic Taylor-Green Vortex (TGV)

Initial fluctuation Mach number

o | <
= ]
Mz = Vo/r/vpo/po = 0.1 . H
= =
Reynolds number § §
= 'S
%102 Re = poVoL/,uo = 5000
1.6 . . s
14 o0
14 .
1.21
7o 1.01 ) i ©
= < o
SQO‘& I I
Z0.61 K] <
&
0.41 — 96° SMAG f’ f
—— 96° DYN + *
0.2 — 96° QSV
0.0 O 384* Filt DNS
00 25 50 75 100 125 150 175 20.0

tVo/L

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue Presenter: Victor Sousa Subfilter Closures For Compressible Flows Slide: 11 / 44



Turbulence Dominated Flow

PURDUE

UNIVERSITY

Subsonic Taylor-Green Vortex (TGV)

Initial fluctuation Mach number

Mz = Vo/r/vpo/po = 0.1

Reynolds number

tVo/L = 0.0

%102 Re = poVoL/uo = 5000
= e .

1.6 L
1.4 oo
1.2
7o 1.01
-
o8]
=
Ca 0.6 1
0.4 —— 96° SMAG
0.2 —— 96 DYN
] — 9% QSV
0.0 Za O 3843 Filt DNS

tVo/L = 4.8

00 25 50 75 100 125 150
tVo/L
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UNIVERSITY

Shock/Turbulence Interaction Flow PURDUE

Supersonic Taylor-Green Vortex (TGV)
Initial fluctuation Mach number Reynolds number
M = Vo/r/vpo/po = 1.2 Re = poVoL/po = 5000

> tVy/L =104

x10~2

1.6
1.4

96° DYN+LAD
— 96° QSV
1) O 384% Reference |

1.24
1.0
£ 0.8+
(<06 Vo
0.1
0.4+ 0.05
0.02

0.001
- 0.0005

0.0001

00 25 50 75 100 125 150 175 200
shock dominated tVo/L turbulence dominated
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Outline PURDUE

UNIVERSITY

-
Unified shock capturing and LES approach for
finite-differences schemes

“A unified Quasi-Spectral Viscosity (QSV) approach to shock capturing and
large-eddy simulation”, J. Comp. Phys. (2022)

00 25 50 78 50 175 200
K shock dominated turbulencé dominated

Filtered Navier-Stokes as a shock capturing
method for flux reconstruction schemes

“A Legendre spectral viscosity (LSV) method applied to shock capturing for
high-order flux-reconstruction schemes’, J. Comp. Phys. (2022)

-
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Flux Reconstruction E—1 k,th Cell kE+1
____________ —

-0 —05 0.0 0.5 1.0
Let {¢&; ;V:O the Gauss-Legendre quadrature points.
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

-0 —05 0.0 0.5 1.0
Let {¢&; ;V:O the Gauss-Legendre quadrature points.

Such points:

Decrease the importance of the Runge’s phenomenon (Karniadakis and Sherwin, 2013)
Minimize aliasing errors in nonlinear flux reconstruction schemes (Jameson et al., 2012)
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Shock capturing closure of the fNS equations

Flux Reconstruction k

-0 05
Let {&;}¥, the Gauss-Legendre quadrature points
Such points:

Decrease the importance of the Runge’s phenomenon (Karniadakis and Sherwin, 2013)
Minimize aliasing errors in nonlinear flux reconstruction schemes (Jameson et al
N
Let {h;(§)};10

., 2012)
be the set of Lagrange polynomials associated with {£; }] 0

Z (§3)h; (€).
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Shock capturing closure of the fNS equations

Flux Reconstruction k

-0 05
Let {&;}¥, the Gauss-Legendre quadrature points
Such points:

Decrease the importance of the Runge’s phenomenon (Karniadakis and Sherwin, 2013)
Minimize aliasing errors in nonlinear flux reconstruction schemes (Jameson et al
N
Let {h;(§)};10

., 2012)
be the set of Lagrange polynomials associated with {£; }] 0

Z (€5)hj (£1).
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

} .
-1.0 =05 0.0 0.5 1.0
A unique flux value at each interface is constructed via a numerical flux algorithm, e.g., Lax-Friedrichs flux:

fe™ 1 = Numerical Flux[fr—1(+1), fe(=1)], f:zl = Numerical Flux [fx(+1), fr+1(—1)].
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

} .
-1.0 =05 0.0 0.5 1.0
A unique flux value at each interface is constructed via a numerical flux algorithm, e.g., Lax-Friedrichs flux:

un _ fea () + fe(=1) —ap—1,k(Ux — Up—1) wn _ Je(FD) + fer1(=1) — ag k41 (U1 — Ug)

.1 o
k—3 2 ’ k+3 2
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ock capturing closure of the fNS equations PURDUE

UNIVERSITY

Flux Reconstruction E—1 kth Cell k+1

‘
-0 —05 0.0 0.5 1.0
A unique flux value at each interface is constructed via a numerical flux algorithm, e.g., Lax-Friedrichs flux:

un _ Je=1(+1D) + fio(=1) —ap—1,5(Ux — Ug—1) wn _ Je(FD) + fer1(=1) — ag k41 (U1 — Ug)
k=3 2 T Tkty 2

Continuous flux function construction

7@ = 5@ + (7" = £e-D) 0w + (17~ R(+D)) an(e).

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue Presenter: Victor Sousa Subfilter Closures For Compressible Flows Slide: 14 / 44



Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Flux Reconstruction E—1 kth Cell k+1
M _________
—1 (l. .70 5 ' ()f(l ' 0 ). ' L

Divergence of the continuous flux

0§ le=¢;

= Difule) + (17 = (D) g€ + (74 = AG+D) sl
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Flux Reconstruction E—1 kth Cell k+1

Divergence of the continuous flux

ofg

2| o = Dalle) + (5 = (D) g6 + (75 = AGD) sl

1.0 15
0.8 10
0.6
< 04 <
S 02 =
0.0
—0.2
—0.4 T T T
—1.0 —0.5 0.0 0.5 1.0
4
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ock capturing closure of the fNS equations PURDUE

UNIVERSITY

Idea:

Exploit the relationship between FR schemes and the Legendre orthogonal basis to:
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Idea:

Exploit the relationship between FR schemes and the Legendre orthogonal basis to:
Estimate the energy near the cutoff,
CuLny 1S

i = Llu] = ILnl2 ~ kgou(fk)Ln(ék)wk;
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Idea:

Exploit the relationship between FR schemes and the Legendre orthogonal basis to:
Estimate the energy near the cutoff,

(uyLny 13

iy = Llu] = o— 3 w(ER) L (€ )wr,

u [ ] H["LHZ Tn kzou(gk) (gk)uk
Epy ( - N§ *1 S (€))L (€p)w
n( = 2 k k) Wk
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PURDUE

Shock capturing closure of the fNS equations

Idea:

Exploit the relationship between FR schemes and the Legendre orthogonal basis to:

Estimate the energy near the cutoff,

N
i o] = () 1

" Lals ~ 5 6 PG
EL ( LS 1 L
N = ViN kgo 5 5k)) N(fk YWk | 5

Modulate the SFS flux terms,

Mlo,u] = L7 o, L[u]],
N

L7 o, @] = ) o (n) inLn(&;).

n=0
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PURDUE

Shock capturing closure of the fNS equations IfYhDUL

Filtered Compressible Navier-Stokes equations
Sharp spectral Legendre filter

dp , Opl;
ot oz; =0 operation
pi; . dpu;i;  Jp | Opdi;  OpTij
ot ox; T ox; ox; f(x) = Jf(x/)é(x,x/)dx/
Yol T =\ A U ) Favre filter
0E  O(E +Dp)uy 0 oT OpG ;5 o |1 [ ymj  _
v ——k— |+ 5 + pChpy; _
ot 0x; ox; x 0x; ox; [2 \y—1 ’ } of
flz) = >
P = 1__ 1_
ﬁ =E- 5P ili — 5p7—ii
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Shock capturing closure of the fNS equations PURDUE

Filtered Compressible Navier-Stokes equations

op  Opiy Sharp spectral Legendre filter
ot oz; =0 operation
opt; Opti; i _ op Oudij 0pTij
ot ox; Oz Oy o F(x) = J FNG(x,x")dx'
Yol T =\ A U o o Favre filter
0E  O(E +Dp)uy 0 oT OpG ;5 o |1 ([ ymj  _
e L o Ol .2 IR otk A o — +5Cpy; _
ot amj ax]’ 8$]' (%cj orj [2 \v—1 ; of
flz) = %

Non-negligible terms:

Tij = Uilj — Uit; is the subfilter stress tensor

q; = Tu; — '["1),_, is the subfilter heat flux
T; = pu; — pu; is the subfilter pressure work
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ock capturing closure of the fNS equations PURDUE

UNIVERSITY

Legendre Spectral Viscosity (LSV) closure

L Ol Jtn No summation implied over
= —M|oe,= | Dmn—r +D , nimp
T [ae 2 ( TS T the m and n indices
oT
qn = -M |:0'57/Dnn£:|,
op
T = — —
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Legendre Spectral Viscosity (LSV) closure

L Ol Jtn No summation implied over
T = -M Oes Dmn —-— + Dn,m s B . . P
" [ 2 ( 430 0&m the m and n indices
oT

qn = -M |:0'57'Dnn£:| s

o
Tn = —Dnn ﬂip

0én

Ly, = wp — Length scale
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Shock capturing closure of the fNS equations

PURDUE

UNIVERSITY

Legendre Spectral Viscosity (LSV) closure

Tmn =

dn =

Tn =

-M [(761-, 1 (Dm n %lll + Dnm 671" )],

2 (]gn 05771
oT
-M |:057Dnna£7n]7
o
—Dnn 727
0&n

No summation implied over
the m and n indices

Dynamic estimation of the dissipation magnitude

Dmn = Um (’an)ém

U (Tp) = | ?ET (@) — Velocity scale

Ly, = wp — Length scale

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue

Presenter: Victor Sousa

Wavenumber Modulation
Mlo,u] = L7, L[u]],
e/l'r] -1

ed —

oe(n) =0.240.8

)
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Sod shock tube problem

14 K =10 Cells .
1:27 1.24 0475 5 ° 2 1.24 . LSV
1.04 1.0 roeese==ss o5 LOp=====3 4% —— Reference [
0.81 0.81 030 0.81 v
= 0.6 0.6 - 0.6

0.41 -

] 0.41

0.2, O_l w0 | Naceesccezecer § e

~1.0 =05 0.0 05 1.0 ~1.0 =05 00 05 1.0 ~1.0 =05 00 05 1.0
xr xr T
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Shock capturing closure of the fNS equations PURDUE

Sod shock tube problem

K =20 Cells

1.4 S -

1.24 L . — 0.475 LSV

1.0- 1.01 0450 Reference |
0.8 0.81 o
0.6 0.6

044 = o T

T 0.4402 T . >
0.21 |
0.0 : . e 0.2 700 Iu.f’.n 0.75 _ -
-1.0 R . . . —1.0 —=0.5 0.0 0.5 1.0
T T T
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Sod shock tube problem

K = 40 Cells
14 _ —_—— , '
1.2 n 1.2
1.4 | 0475 g LSV
1.04 1.01 0450 1.07 Reference |
0.8 0.81 050 0. 100 0.81
= 0.6 - 0.6 =0.6
8-21 0.4 0T, 0.41
U:O’A ' — i i i 0.2 o0 Vlu.f“.n 0.'7|5 . : 0.2 i i |
—1.0 =0.5 0.0 0.5 1.0 —1.0 =0.5 0.0 0.5 1.0 —1.0 —=0.5 0.0 0.5 1.0
x xz xr
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Sod shock tube problem

K =80 Cells

1.4 * * " * 1.2 . * o '

1.2 L . 0.475 LSV

1.04 1.01 0450 Reference |
_ 0.8 0.8 "
= 0.61 L QU.G'

0.41 N (0.4102751

0.21=

0.0 += . . _ 0.20:20 Iu.f’.n 0.'7|5 i

—1.0 . . . . —1.0 =0.5 0.0 0.5 1.0
x xz xr
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Shock capturing closure of the fNS equations

PURDUE

UNIVERSITY

Sod shock tube problem

LSV
LSV (w/o modulation)

Reference

K =80 Cells
1-21 1.2 o 1.2 —
1.0 1.01 0.450 + 1.01 R
0.84 0.81 030 0.81
= 0.6 =06 FT06) N
84‘21:7 0'_170273’ OTL’
0:0 L= | 0.2 40250 Tt 0.21
-1.0 =05 00 05 1.0  —10 —05 0.0 05 1.0 ~1.0 —0.5
x xz
1 /. O, Olm, - 71 %
Tmn = -M {U( 5 (Dmn a + Dnm m)} 3 Tmn = 2 <Dmn afn +D
. T
dn = -M {0’«;, Dnn (,\57”:| y Adn = nn 657,, 5
Tn = —Dnn Q Tn = —Lnn Q
30 23
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Shu-Osher interaction problem

ZI( = 4p Cell§

9 o LSV
s LSV (w/o modulation)
14 —— Reference

—0.75—0.50—0.25 0.00 0.25 0.50 0.75

X
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Shu-Osher interaction problem

K = 4Q Cell§ . . K =80 Cell§

o] o LSV
s LSV (w/o modulation)
141 — Reference 1
—0.75—0.50—0.25 0.00 0.25 0.50 0.75 —0.75—0.50—0.25 0.00 0.25 0.50 0.75
a M
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Shu-Osher interaction problem

K =56
K =56
Reference |
4 Asthana et al.
LSV
03 02 01 0.0, - .
—-0.5 -04 —-0.3 —-0.2 —-0.1 0.0 0.1 0.2

X

Asthana et al., "Non-linear stabilization of high-order Flux Reconstruction schemes via Fourier-spectral filtering”, J. Comp. Phys., 2015.
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Shu-Osher interaction problem

K =56
K =112
Reference |
4 Asthana et al.
LSV
1_ 3 T T T bt N
=03 =02 =01 0.0, . . .
—-0.5 -04 —-0.3 —-0.2 —-0.1 0.0 0.1 0.2
X

Asthana et al., "Non-linear stabilization of high-order Flux Reconstruction schemes via Fourier-spectral filtering”, J. Comp. Phys., 2015.
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Shock capturing closure of the fNS equations PURDUE
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Shu-Osher interaction problem

K =56
K =224

Reference
4 Asthana et al.
LSV

:70‘3 ' ' R ﬁ '
—05—04—03—02—01 0.0 0.1 02
X

Asthana et al., "Non-linear stabilization of high-order Flux Reconstruction schemes via Fourier-spectral filtering”, J. Comp. Phys., 2015.
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Shu-Osher interaction problem

5 : —
; K =56
41 %%g K=448 |
3 i A ¢ Reference L
Q A\ \ 4 Asthana et al.
| | moalih o )
11 . R é i ]
iy 02 01 00, , ,
0.5 —04 —0.3 —02 —0.1 0.0 0.1 02
i

Asthana et al., "Non-linear stabilization of high-order Flux Reconstruction schemes via Fourier-spectral filtering”, J. Comp. Phys., 2015.
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Very high-order Burgers’ problem

6 NGO 6 ‘ N120 ‘ 6 N =240
1.4 1.4
124 1.21
- L0 - 1.0
0.81 0.81
0.6 0.6
0.41 0.4 k=1
1.0 —0.5 0. ~1.0 =05 0.0 05 10
X X T
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Shock/vortex interaction
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Double Mach reflection
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Shock capturing closure of the fNS equations PURDUE

UNIVERSITY

Double Mach reflection

K, =256; K,=64

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue Presenter: Victor Sousa Subfilter Closures For Compressible Flows Slide: 22 / 44



Outline

PURDUE

UNIVERSITY

-
Unified shock capturing and LES approach for
finite-differences schemes

“A unified Quasi-Spectral Viscosity (QSV) approach to shock capturing and
large-eddy simulation”, J. Comp. Phys. (2022)

-

2 5 75 200
shock dominated turbulencé dominated

)

Filtered Navier-Stokes as a shock capturing
method for flux reconstruction schemes

“A Legendre spectral viscosity (LSV) method applied to shock capturing for
high-order flux-reconstruction schemes’, J. Comp. Phys. (2022)

-

Ke=256; K, =04 B

-
LES of hypersonic BL transition delay

“Numerical investigation of second-mode attenuation over carbon/carbon porous
surfaces”, J. Spacecraft and Rockets (2019)

“Delay of hypersonic transition to turbulence over broadband wall impedance”,
KSubmitted to J. Fluid Mech.

Impermeable

Porous
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HBLs Transition Background M

Second Mode

Principal transition mechanism for
hypersonic flows (M > 5) in canonical
geometries

Visualization window
iy

830 mm

Instability wave-packet

\ f ~ 350 kHz
W A S e A

time [ms]

Wagner, PhD Thesis, 2014; Fedorov et al.: AIAA 2001-605.
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HBLs Transition Background M

Second Mode

Principal transition mechanism for
hypersonic flows (M > 5) in canonical

geometries Ultrasonic acoustic waves “trapped” below the sonic line

Visualization window
R

p [kg/m"]

0.011 0.033 0.056
,J‘ LIl H\‘

Instability wave-packet

0.07¢ 0.10
HHHH‘H

time [ms]

Wagner, PhD Thesis, 2014; Fedorov et al.: AIAA 2001-605.
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HBLs Transition Background

PURDUE

UNIVERSITY

Acoustic control of second-mode waves

Can acoustic energy absorption be used for transition delay?

5 »

. . {
:> Transition on smooth surface
e »

Mach-5 flow / ]

I:> * _Laminar flow on porous surface © | /iy -

Rasheed et al.: AIAA 2002-481. Fedorov et al.: JFM 2003-99.
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Acoustic control of second-mode waves

Can acoustic energy absorption be used for transition delay?

Mach-5 flow

& ey

Rasheed et al.: AIAA 2002-481. Fedorov et al.: JFM 2003-99.
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HBLs Transition Background

Carbon-fiber-reinforced carbon ceramics (C/C)
Excellent thermal properties; can be made resistant to oxidation
by-product of fabrication.

4.‘ b i

Inherent random porosity as a
s B R

Subfilter Closures For Compressible Flows

Presenter: Victor Sousa

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue
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PURDUE

HBLs Transition Background A

Carbon-fiber-reinforced carbon ceramics (C/C)

Excellent thermal properties; can be made resistant to oxidation

Inherent random porosity as a by-product of fabrication.
. T N y

Question:
Can the acoustic response of realistic C/C be accurately characterized and implemented in a high-fidelity simulation?
Subfilter Closures For Compressible Flows Slide: 26 / 44
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Impedance Characterization PURDUE

UNIVERSITY

Dr. Alex Wagner’'s benchtest experiments
Numerical Schlieren (left); benchtest setup (right)
Max frequency is 0.5 MHz; Tranducers operate a discrete frequencies;

Vacuum chamber allows pressure variation

Density Gradient

0.0 0.01 0.02 0.05 0.1
el L LLLLLLE LEETri
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Impedance Characterization PURDUE

UNIVERSITY

Pressure Domain Data
0.25

0.20 |

w/2m = 125 kHz

0.05F = 8
HEG Test Conditions
—— Re, x107% | —
1.4 m! 9.8 m~!
0.00 — ’ L ; L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Py [x10° Pal
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Impedance Characterization

PURDUE

UNIVERSITY

Pressure Domain Data
0.25 : :

0.20 |

w/2m = 405 kHz

0.05}
HEG Test Conditions

~—— Rep x 1070
1.4

w/2m = 289 kHz

w/2m =125 kHz

9.8 !

0.05 0.10

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue

0.15 0.20 0.25

Py [x10° Pal

0.30

Presenter: Victor Sousa
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Homogeneous Absorber
Theory (HAT)
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PURDUE

Impedance Characterization R O REREARR

Frequency Domain Data
0.25 . . . ; Homogeneous Absorber

Theory (HAT)

0.20 1+ e 72kl

Z =Zopop————
HAT T

w
ke = —Vk 17]—

4]

¢

W = —
pok

0.05 HAT

e e KExperiments

H — Depth
¢ — Porosity

! I 1 I = — Flow Resistivity
0 200 400 600 800 1000 Kk — Tortuosity
w/2m [kHz]
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Impedance Characterization

PURDUE

UNIVERSITY

Frequency Domain Data

0.25

0.20

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue

— HAT

e o KExperiments

200

4(I)() G(I)() 8(I)(]
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Presenter: Victor Sousa
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Frequency Domain Data
0.25 : : , : Homogeneous Absorber
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0.20 | 1+ e i2kaH
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w
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| ao
|
= Zop = Zo ¥ Ve “k
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Axisymmetric Stability Simulations PURDUE

UNIVERSITY

Sharp Cone
Flow Parameters (Wagner et al. 2013):
Re,, [1/m] 2.40 - 10°  4.06 - 10°
Mo [—] 74 74
peo [Pa] 1453 2129 Y
To [K] 285 268
poo [g/m?] 17.7 27.6 Y
L, [m] 0.8 0.6 2; = 0.045 m
Ly [m] 0.07 0.05
Color/Symbol < o

X =0.182m

Base Flow: Conical Blasius

N z=01Tm z=042m
4

y [mm]
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Axisymmetric Stability Simulations PURDUE

Sharp Cone
Flow Parameters (Wagner et al. 2013):

Re., [1/m] 2.40-10°  4.06 - 10°

Mo [—] 7.4 74

pe [Pa] 1453 2129 Y
Tw [K] 285 268

poo [8/m°] 17.7 27.6 Y

L, [m] 0.8 0.6 2; = 0.045 m

Ly [m] 0.07 0.05

Color/Symbol < °

n T ] X =0.182m
Base Flow: Conical Blasius 7 )

z =0.50 m z=0.59m

r=0.17Tm
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Axisymmetric Stability Simulations PURDUE

UNIVERSITY

Sharp Cone: Broadband pulse advection

quction

wc = 7° z; = 0.045 m

Pose [P
0.005 002 00501 02 05 1 22
P —
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Axisymmetric Stability Simulations PURDUE

UNIVERSITY

Sharp Cone: Broadband pulse advection

QSV-LES: Impermeable wall (—)

—0.5 —0.5
_ _ - e, fl= 540 kHz
L0 L0 F =760 ki, =690 kHz f1=5 z
—1.5 £ — 660 Kz . 510 kHy =420 kHz —1.5
£ 20 : £ 20
= 25 — —25
= -3.0 =30
&35 &35
—4.0 —4.0
_:LJ Rey = 2.43-108 m—1 _%J Rem = 4.06-10% m—1
8] 0.2 0.3 0.4 05 0.6 1 0.2 03 0.4 05 0.6
x [m] x [m]

Scalo et al. PoF, 2015; Lin, Scalo, Hesselink JFM, 2016; Douasbin, Scalo, Selle, and Poinsot JCP, 2018
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Axisymmetric Stability Simulations PURDUE

UNIVERSITY

Sharp Cone: Broadband pulse advection

QSV-LES: Impermeable wall (—),  Porous walls via TDIBC (——)

|
=
at
|
o w»

760 kHy = 690 kHz F=540 kiiz

I

o O
o ot

logy |p| [Pa]

I
S ot

log, [p| [Pal

|
(Ll»J—»J—C;QC/Q!\')l\')»—‘t—*
S ot

|
o Ot
|

o g

|
t
ot

Rey, = 2.43 - 106 /m—1 \:/:/ \\
0.1 0.2 0.3 0.4 0.5 0.6 1 0.2 0.3 0.4 0.5 0.6
x [m] x [m]

=)
|

m
=

Scalo et al. PoF, 2015; Lin, Scalo, Hesselink JFM, 2016; Douasbin, Scalo, Selle, and Poinsot JCP, 2018
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Axisymmetric Stability Simulations PURDUE

UNIVERSITY

Sharp Cone: Broadband pulse advection

QSV-LES: Impermeable wall (—),  Porous walls via TDIBC (——)
Laguerre-Galerkin LST: Impermeable wall (<, ®), Impedance B.C. (<, O)

—0.5 —0.5
-1.0 1.0 F =760 ki 4 = 690 kilz f =540 kHlz
ﬁ—l‘o £ = 660 kHz £ — 540 HI/'/ 120 kHz ﬁ—l.S ’
F 20 ’ F 20
= 25 = 25
=—3.0 =—3.0
2 -35 &35
—4.0 —4.0 .
_f'o Rem = X _J:“) Re = 4.06 - 108 m~ 1™ )
=507 0.2 03 04 05 0.6 =507 02 03 04 05 0.6

x [m] x [m]

Scalo et al. PoF, 2015; Lin, Scalo, Hesselink JFM, 2016; Douasbin, Scalo, Selle, and Poinsot JCP, 2018
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Axisymmetric Stability Simulations PURDUE

UNIVERSITY

Blunt Cone

Flow Parameters (Wagner et al. 2013):

Re,, [1/m] 4.06 - 10°  6.43-10°

Moy [—] 74 74 ,

Poo [Pa) 2129 2129 Yy

To [K] 268 268

poo [g/m?] 27.6 27.6 Y .

Lo [m] 0.8 0.6 x; = 0.045 m

Ly [m] 0.07 0.05

Color/Symbol ° * X =0182m
Base Flow: DLR Flower precursor 7

5

y [mm]
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Axisymmetric Stability Simulations PURDUE

Blunt Cone

Flow Parameters (Wagner et al. 2013):
Re,, [1/m] 4.06 - 10°  6.43-10°
Moy [—] 74 74 ’
Poo [Pa) 2129 2129 Yy
To [K] 268 268
poo [g/m?] 27.6 27.6 Y .
Lo [m] 0.8 0.6 x; = 0.045 m
Ly [m] 0.07 0.05
Color/Symbol ° .

Base Flow: DLR Flower precursor 7

'é z=0I1m z=020m B =030m & z=039m F +=049m B 2=059m

- T/T,—1
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PURDUE

Axisymmetric Stability Simulations e

Blunt Cone: Broadband pulse advection
QSV-LES: Impermeable wall (—)

—0.5 ‘ —0.5 S
Rep, = 4.06 - 106 m—1 . Lot Rey = 6.40-108 m—1  f =590 kHz
~L0 / =460 kHz ~L0 F = 630 kHy
_ Lo _ Lo f =670 kHz
£ 20 £ 20
= 29 — —2.5
& &
=30 = —3.0
235 235
—4.0 —4.0
—4.5 —4.5
73% ‘ = 73% ‘ < =
1 0.2 0.3 0.4 0.5 0.6 1 0.2 0.3 0.4 0.5 0.6
x [m] x [m]

Scalo et al. PoF, 2015; Lin, Scalo, Hesselink JFM, 2016; Douasbin, Scalo, Selle, and Poinsot JCP, 2018
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Axisymmetric Stability Simulations e

Blunt Cone: Broadband pulse advection
QSV-LES: Impermeable wall (—), Porous walls via TDIBC (——)

Rem = 4.06 - 106 m—1! g ; — p m 40107 m ™1 o
0 kHz f
? = 610 l(l{/

,,,,,,

Scalo et al. PoF, 2015; Lin, Scalo, Hesselink JFM, 2016; Douasbin, Scalo, Selle, and Poinsot JCP, 2018

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue Presenter: Victor Sousa Subfilter Closures For Compressible Flows Slide: 34 / 44



Axisymmetric Stability Simulations PURDUE

UNIVERSITY

Blunt Cone: Broadband pulse advection

QSV-LES: Impermeable wall (—), Porous walls via TDIBC (——)
Laguerre-Galerkin LST: Impermeable wall (®, ), Impedance BC (O, ©)

—05 e ~05
10 Rey, = 4.06 - 106 m—1 = 460 k7 10
~15 ~15
g —2.0 g —2.0
=25 =25
= —3.0 = —3.0
&35 &35
—4.0 —4.0
—45 7 45
=507 0.2 03 04 05 0.6 =507 0.2 0.3 04 05 0.6
 [m]  [m]

Scalo et al. PoF, 2015; Lin, Scalo, Hesselink JFM, 2016; Douasbin, Scalo, Selle, and Poinsot JCP, 2018
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Hypersonic Transition to Turbulence PURDUE

UNIVERSITY

Computational Setup
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Hypersonic Transition to Turbulence PURDUE

UNIVERSITY

Volumetric Forcing

Imposed noise in the transitional simulations follows the frequency distribution of freestream noise measured in the
HEG wind Tunnel

Forcing amplitude — prms/po = 3%
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Hypersonic Transition to Turbulence PURDUE

Yo op

Sharp: Grid Sensitivity
Thin — ng = 2048;ny = 96;n, = 48 Y

Yi top.

Ruip X

(111'/(]“'.1;1111(5131)

q“'/Qu'.lam(I,’)
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Hypersonic Transition to Turbulence PURDUE

. ege . yo_wP
Sharp: Grid Sensitivity
Thin — ng = 2048;ny = 96;n, = 48 Y
Inter. — ng = 2560;ny = 120;n, = 64
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<
Q:‘ -
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Hypersonic Transition to Turbulence PURDUE

UNIVERSITY

. ege . yoﬁxop
Sharp: Grid Sensitivity ~
Thin — ng = 2048;ny = 96;n, = 48 Y T
Inter. — ng = 2560;ny = 120;n, = 64 yisor_
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Ruip X
2.5
20
215
> -
1.0
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Hypersonic Transition to Turbulence PURDUE

UNIVERSITY

Yo op

Blunt: Grid Sensitivity
Thin — ng = 2048;ny = 96;n, = 48 Y
Inter. — ng = 2560;ny = 120;n, = 64
Thick — ngz = 3072;ny = 144;n, = 80

Yi top.

Ruip X
Rem — 4.06 - 106 m—1 o= o8

(111'/(]“'.1;1111(5731)

q“'/Qu'.lam(I,’)
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Hypersonic Transition to Turbulence PURDUE

UNIVERSITY

Blunt: Turbulent spots
<400
o b
T A S S
Z 200,
K 1001
400
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Impermeable

Rem = 4.06-10% m—!

\ P
P //,/M.\%gwg
= 2001 A |
oy S e T
[— o et e s 15 ’,w‘ pad
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Hypersonic Transition to Turbulence PURDUE

Blunt: Turbulent spots

Impermeable

Rem = 4.06 - 106 m—1
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Hypersonic Transition to Turbulence PURDUE

UNIVERSITY

Blunt: Frequency content

L L L L L L

Reyp, = 4.06 - 106 m—1!
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E 0
N
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L L L L L
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7 1030014 0.02 018 034 0.50
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Dr. Scalo’s Compressible Flow and Acoustics Lab @ Purdue Presenter: Victor Sousa Subfilter Closures For Compressible Flows Slide: 40 / 44



ic Transition to Turbulence PURDUE

UNIVERSITY

Blunt: Frequency content
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Hypersonic Transition to Turbulence PURDUE
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Blunt: Frequency content
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Hypersonic Transition to Turbulence PURDUE
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Blunt: Frequency content
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Unifying Shock and Turbulence Modeling PURDUE
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Conclusion

QSV algorithm successfully extends LES framework from turbulent flows only to shock dominated flows and their
interaction for finite-differences schemes
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Conclusion

QSV algorithm successfully extends LES framework from turbulent flows only to shock dominated flows and their
interaction for finite-differences schemes

QSV was works well for hypersonic transitional boundary layer simulations, showcasing its dynamic property
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Unifying Shock and Turbulence Modeling PURDUE

UNIVERSITY

Conclusion

QSV algorithm successfully extends LES framework from turbulent flows only to shock dominated flows and their
interaction for finite-differences schemes

QSV was works well for hypersonic transitional boundary layer simulations, showcasing its dynamic property

Impermeable “ g -

LSV is the first step of extending the the unified shock capturing/subfilter turbulence modeling framework to
unstructured solvers
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Thank you
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Porous Surface Modeling

PURDUE

UNIVERSITY

Time-Domain Impedance Boundary Conditions (TDIBC)

Acoustic impedance (p = Z(w)?) imposed via multi-pole (or multi-oscillator) expansion, via complex poles (px) and

residues (ug), of the softness coefficient:
2 S| ek i
~ — 4 _ "k

S = — 2 o
S T A0 Rl

)

Poles and residues are obtained by Vector fitting technique described by Gustavsen (1999).
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Fung and Ju, 2001,2004; Scalo et al. PoF, 2015; Lin, Scalo, Hesselink JFM, 2016; Douasbin, Scalo, Selle, and Poinsot JCP, 2018
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UNIVERSITY

Time-Domain Impedance Boundary Conditions (TDIBC)

Acoustic impedance (p = Z(w)?) imposed via multi-pole (or multi-oscillator) expansion, via complex poles (px) and

residues (ug), of the softness coefficient:

$w) = ————~ HZO ey M S(t) ~ g: [#ke’)“’ +u*€p:t]
T+ Zs(w)  Zls—pe s—pf] Fot k

Poles and residues are obtained by Vector fitting technique described by Gustavsen (1999).
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Porous Surface Modeling PURDUE

UNIVERSITY

Time-Domain Impedance Boundary Conditions (TDIBC)
The reflected wave AT (t) is calculated as a causal convolution integral of the incident wave A~

AT () = —A~(t) + JOO S(r)A™ (t — 1)dr
0

[A™(t) + AT ()]

N | =

v (t) =

0.10 0.10
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0.08¢| —  VectorFit ; 1 008F| —  VectorFit 1
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