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Our interests

» High-speed flows
» Turbulence
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Fluid turbulence

» Fluid turbulence: ‘cahotic’ behavior of Navier-Stokes equations at
’high’ Reynolds number

» Reynolds number : inertial / viscous forces
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Direct numerical simulation (DNS)

» Ratio of integral-to-dissipative scale

670 ~ Re3/4
n

» By definition, DNS should resolve all energetically relevant flow
scales

» Mesh spacings in proportion to Kolmogorov length scale

Estimated number of grid points (in 3D!)

v

N ~ Re%*

» Flows of engineering interest have Re = 103 — 10*°
Estimated computational effort

v

FLOPS ~ Re!'?/4
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DNS and supercomputers

» Huge amount of memory and floating-point operations

» Pace set by computer power growth

Projected Performance Development
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Timeline - DNS of turbulent pipe flow
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» Exponential progress in time

» Expecting to reach Re, ~ 30,000 before 2030
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Turbulence and shock waves
0 . » Estimate of shock
thickness (Mahesh
= et al. 96)
D
My O Ot o 51 M
O
Ry >>1
O O
M = urms/cl <<1
)
N << 1

Conclusion: shocks cannot be resolved!
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Our requirements

Numerical schemes for DNS of compressible flow must be

» Efficient (billions of grid points)

» Accurate (turbulence does not forgive numerical errors)

» Robust (shocks are not resolved -> Gibbs phenomenon)

» Handle "complex" geometries (aircraft is the benchmark)
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Early work (late 90s)

» Interest was rising on STl and ‘ ,
SBLI m*

» CAA was in its early days

» Study prototype problems:
shock/vortex, shock/sound,
shock/entropy interactions

» FV schemes were used in the
compressible flow community
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Early work (late 90s)

» Interest was rising on STl and
SBLI

M1 = 1.2. My = 0.06

» CAA was in its early days

» Study prototype problems:
shock/vortex, shock/sound,
shock/entropy interactions

» FV schemes were used in the
compressible flow community
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Early work (late 90s)

» Interest was rising on STl and
SBLI

M1 =1.2.My=03

» CAA was in its early days

» Study prototype problems:
shock/vortex, shock/sound,
shock/entropy interactions

» FV schemes were used in the
compressible flow community
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WENO schemes

» ENO schemes became popular
in the 90’s

Efficient Implementation of Weighted ENO Schemes*

» Paper by Jiang & Shu (1996)
came in

» High-order was the keyword
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WENO schemes

» ENO schemes became popular
in the 90’s

» Paper by Jiang & Shu (1996)
came in

» High-order was the keyword

» Chi-Wang Shu in Rome: better
move to FD
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Early DNS

> D N S Ii m ited to i n CO m p ressi bI e 'D“ilrzﬁllenumericalms';n::;:lli«:: ;'n:d;;snlysis of a spatially evolving supersonic
flow
» Isotropic

turbulence (Blaisdell et al., 1996)

» Some early attempts based on
temporal
approach (Guarini et al., 2000)

» Developed my own DNS
(WENO-based) solver
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Early DNS

> D N S Ii m ited to i n CO m p ressi bI e 'D“ilrzﬁllenumericalagn;:;:lli«:: ;n:d;;;lysis of a spatially evolving supersonic
flow
» Isotropic

turbulence (Blaisdell et al., 1996)

» Some early attempts based on
temporal
approach (Guarini et al., 2000)

» Developed my own DNS
(WENO-based) solver
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Early DNS

» DNS limited to incompressible
flow

» Isotropic
turbulence (Blaisdell et al., 1996)

1 10 100 1000 10000
+
Yy
FIG. 2. Grid sensitivity study: distribution of mean streamwise velocity

normalized by shear velocity at x=8.8, Re,=4263) in inner scaling. (—), A
(seventh order); (——-) A (fifth order); () B: (-+) C; (---) D.

» Some early attempts based on
temporal 2N

approach (Guarini et al., 2000) e
» Developed my own DNS e E e

(WENO-based) solver

FIG. 11. Skin friction distribution as a function of Reynolds number based
on momentum thickness. (O) Present DNS; (0) Guarini ef al.; () Maeder
et al. (M=3); (V) Maeder et al. (M =4.5); (¢) Maeder et al. (M= 6).
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DNS of SBLI

» DNS with shocks

» SBLI prototype problem

0.5

> First DNS of SBLI N

0.29

» VERY slow! wﬁ o&

Incident shock

Wall

FIG. 1. Zoom of the computational domain in the proximity of the interac-
tion zone. §—boundary layer thickness in the absence of interacting shock;
B—shock angle.
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DNS of SBLI

» DNS with shocks

» SBLI prototype problem

» First DNS of SBLI

» VERY slow!
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Can we do better?

» Problems with LES

Numerical Methods for

High-Speed Flows

» Start searching "old" papers
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Can we do better?

» Problems with LES

NUMERICAL S!MULATION OF A COMPRESSIBLE,

C o an HOMOGENEQUS, TURBULENT SHEAR FLOW
» Start searching "old" papers

" NASA-CR-164953
v 19820003523

W. J. Feiereisen,
W. C. Reynolds,

» Feiereisen et al. (1981) and

J. H. Ferziger

Actificial production or dissipation by means of finite-difference
approximations to the convective terms is still possible and must be
elininated for a valid simulation. I shall again rewrite the convec-
tive terms in the momentum equations in a different but equivalent form
that not only prevents artificial kinetic emergy production but regains
the total energy conservation that we lost earlier.

e must ensure that the numerical method that we shall use s in-
capable of artificially creating kinetic energy. To show this, we shall
write the kinetic emergy equation and integrate it over the periodic

domatn.

® 18 3 3
}Tjouiuj -7 k—jpuiuj+niﬁ?wj¢aujgrjul (2.2.5)
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Can we do better?

» Problems with LES

APPLED

» Start searching "old" papers S

. . The effect of the formulation of nonlinear terms on aliasing
» Felerelsen et a/. (1 981 ) errors in spectral methods

G.A. Blaisdell*, ET. Spyropoulos, J.H. Qin
Schoolof Aernautics and Astronauics, Purdue Univrs, Wt Lafoete IN 47907-1282, USA

The convective terms in the momentum and intemal energy equation were written in the general

» Blaisdell et al. (1996) o .,

age o)+ -0 (i

where in the momentum cquation f; = pu; and g; = uj, while in the energy equation f; = pC,T and
;= ;. (Note that the intemal energy equation is solved in LES of compressible turbulence, rather

@n
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Can we do better?

» Problems with LES

COMPUTATIONAL
PHYSICS

» Start searching "old" papers

Reduced aliasing rmmul ations of the convective terms within
the Navier-Stokes ations for a compressible fluid

» Feiereisen et al. (1981)

by example of the cubically nonlincar

» Blaisdell et al. (1996) i

V()] + 116h + fh0g + S| (46)

v

Kennedy & Gruber (2008)
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Energy consistency

» FD discretization of mass and momentum equations

dp;

T TP o), =0

d(pu); _
a1 Ds (ou u®),+ Dp; =0

Dgs denotes suitable approximation of the convective derivatives
» Convective derivatives can be expressed as
dpugp
ox
where ¢ = 1 for continuity and ¢ = u for momentum

» Discrete energy consistency can be achieved by expanding the convective
derivative
¢

Opup _ 1 9pugp 1 Opu , L
oz 2 or 2%z T2 s
» ... and applying a SBP discretization to each term

1 1
Ds(pup); = 5 D (puw); +1 5 i D (pu); + 5 piju;Dp;
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SBP operators

» Integration by parts

b/ dw v b
/a (va—x —l—wa—x) dz = — [vw],

» Summation-by-parts (SBP)
N

hy_ (V;DW; +W;DV;) = — (Va Wy = ViWi)
1

» Any Cn operator is SBP in periodic domains

» More cumbersome to build SBP operators in finite domains
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» Discrete total kinetic energy

N N
K= gijU? = %Z (pu,)

= =1 Pj
» Combine mass and momentum equations
N
dK h
G "3 > (=2u;Ds(pu®); — 2u;Dp; + u3Ds(pu);)
j=1

» Use expanded form of convective derivative

N

dK h

* =3 > [=uy (D(pu®); + u; D(pu); + pju; Dug) +ui D(pu); — 2u; Dp;] =
j=1

N
h
b} > [~u;D(pu®); — pjui Du; — 2u; Dp;]
j=1
» Assume D € SBP
dK 3 3 al
ap = ~(pnun/2+prun) + (prui/2 +prus) + h > piDu;
j=1

which proves discrete conservation of K.
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A new splitting

» Splitting of convective terms (¢ = 1, u;, H)
Feiereisen et al. (1981)

Ipujp _ 1 9pujp +1 Opu; n 1pu, O¢
Ox; 2 Ozj 2 Ox; 2 ox;

Blaisdell et al. (1996)

Opujo 1 0pujo 1  Opp 1 Ou;
== [ T V) s
Ox; 2 Oz; 27 x; 2 ¥ ox
Pirozzoli (2010)
dpuje 1 Opuje 1 ( Opyp Oujp Bpuj) 1 ( Op Ou; 8,0)
Ox; T4 Ox; 4 i ox; + Ox; T Ox; + 4 Pt Ox; T Ox; +u]¢8acj

» Replace 9/0x; with D € SBP yields discrete kinetic energy
preservation, if applied to both mass and momemtum egn
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Locally conservative formulation

» Look for numerical conservative flux f;,

Opup 1 4 .
o ~ E(fj-i—l/z — fi—1/2)

» Assume general C'n operator (n = 2L)
» Arrive (...) to (Pirozzoli, JCP 2010)

L -1

. — —~— 1

fiv12=2D ar > (0w 9)j-m.er (0, 9)j0 = g (P i) (uj +ujre) (@5 + jve)
=1 m=0

» Forn=2
; _ (pj +pj+1) (uj +ujrr) (w5 +@jt1)
Fit1s2 = 2 2 2

» Primary conservation properties automatically follow
» Easy hybridization with shock-capturing schemes
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Euler turbulence, M; = 0.07

» Under-resolved simulations on 323 grid at v = 0
» Divergence form with C6 and UW7
» Energy-consistent form with C6

2
[ ———— DIV-C6
15 DIV-Uuw7
I ————— SPLIT-KG C6
o
< 1
~
<
05k
0 [ 1 1 n 1
0 10 20 30 4ac

t/T



Introduction Some (personal) history Energy-consistent discretizations Boundary conditions Complex domains Conclusions F
0000000 00000 0000008000000 000000 000000000

Time reversibility test

» Taylor-Green flow

u = ug sin (ko z) cos (ko y) cos (ko z)
v = —ug cos (ko z) sin (ko y) cos (ko z)

w =0

» Velocity vectors reversed at
t=38.0

u(t,x) = —u(—t,x)

» Energy-consistent discretization
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Time reversibility test

» Taylor-Green flow

u = ug sin (ko x) cos (ko y) cos (ko z)
v = —ug cos (ko z) sin (ko y) cos (ko z)

w=0

» Velocity vectors reversed at
t=28.0

u(t,x) = —u(—t,x)

» Non-conservative discretization
(DNSFoam)
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Boundary layers

» Much greater efficiency

J. Fluid Mech. 011, vol. 688, pp. 120-168. © Cambridge Universiy Press 2011 120
0110101732011 368

» Start Of P RAC E H PC in matlve Turbulence in supersonic boundary layers at

moderate Reynolds number

Sergio Pirozzolit and Matteo Bernardini

Dipartimento di Ingegneria Meccanica e Acrospaziale, Universith di Roma “La Sapienzar,
8, 00184 Roma, luly

via Eudossian:

(Received 24 March 2011: revised 6 July 2011; accepted 1 September 2011

» Could use for first time billions of I
grid points T (

Probing high-Reynolds-number effects in numerical
boundary layers
~ Se Pir li and Matteo Be dini
» Reach Re; ~ 4000 Soo P TN BT s

(Received 22 October 2012; accepted 20 January 2013; published online 25 February 2013)

Reynolds- havior i the

DNS).

Tow supersonic regime through very-large-scale direct numerical s
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TBL at M = 2, Re, = 4000 - side view
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TBL at M = 2, Re, = 4000 - wall-parallel plane
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Shock-boundary layer interactions

2. Fuid Mech. (2010), vo. 657, pp. 361-393. © Cambridge Universiy Press 2010 361

> Hybridization with WENO UL

Direct numerical simulation of transonic

SChemeS shock/boundary layer interaction under
V- u)? conditions of incipient separation
0= ( ) — 0<0=<1
(V- u)z + (V X u)z + (um/éi“)~ SERGIO PIROZZOLI{, MATTEO BERNARDINI

AND FRANCESCO GRASSO

Dipartimento di

(Received 1 Octo

» Retain computational efficiency
of baseline solver

N o Technical Notes
» Could use billions of grid points _ o
Direct Numerical Simulation Database

for very long time integration for Impinging Shock Wave/Turbulent
(|OW-frequenCy dynam|CS) Boundary-Layer Interaction

Sergio Pirozzoli and Matteo Bernardinit
University or Rome “La Sapienza,” 00184 Rome, ltaly

DO 10.2514/1.J050901
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Normal shock/boundary layer interaction M = 1.3
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Numerical boundary conditions

» Behavior of non-dissipative solvers strongly dependent on quality of
numerical boundary conditions (NBC)

» Soft NBC enforcement fundamental to avoid appearance of
saw-tooth waves

» Stimulate incoming disturbances with good fidelity and no spurious
‘noise’

» Characteristic decomposition -> LODI approach (Poinsot & Lele JCP
1992)
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One-dimensional characteristic projection

» Project in normal-to-boundary direction (say x)

ou of Ou ou
a—l—% E—FRE C, L= AL%

» Wave decomposition: incoming + outgoing
c—co4 o= aen, 2% A, 98
¥ ox Ox
» Discretization

Vg —Vp

A

L~ A°L, Dyuy + n,ALL,P
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Semidiscrete ODE system

» Return to conservative variables

d . _
W R AL, Dy + naR,ALL,P Y2 Ve

. C
dt & A The

» In terms of characteristic variables

dwy

awy (W — wy)
dt

= —A) D,wy, + nmAix A

+ La:be

» Akin to addition of a relaxation term

» Reminds of previous, primitive-based relaxation techniques (e.g.
Rudy & Strikwerda JCP 1980, Yoo et al. CTM 05, SBP-SAT)

» Characteristic-based relaxation yields substantial improvement in
terms of reflection and response to incoming disturbances (Pirozzoli
& Colonius, JCP 2013)
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Advection of cylindrical vortex

My =0.3, M, =04

Pressure-based relaxation

Vi
o
T
1
¥,
o
T
¥r
o
T

T T T T T T T 10 T T T T T T T 10 T T T T T T T
5 B 5F 5 -
o @ T I o
5k - S sk 1 4

L 1 L s L L L 10, L 1 L I L 1 | 10 L L L L ‘n L L
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Advection of cylindrical vo

r.m.s. vertical velocity

My =0.3, M, =0.1 My=0.3,M,=04

77777 M=0.3,Mv=0.1,BCNR

.1,BCNR-relax J
e M_O.S,Mv=0.1.BCNR yoo
EXACT

N
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Numerical tests

Sound generation from a cylinder

100
4 50

2 % 0
50 . . .

-50

-2

-4+ pre— T T T T T — —-100

L ) 100 -50 0 50 100
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Curvilinear coordinates

.
aessiust)
Physical space Computational space
Cartesian coordinates (x, y, z) Curvilinear coordinates (¢,7,{)
eteicraeaceezaen - "j\’q
e /\
Coordinate
i i, J transformation
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Strong conservation form (Vinokur, 1974)

Lon, 0 (1) g

p pu;
pU; ,fj: puiti; +pJy | ,i=1,...,d
pE

» 4; = Jj;, uy contravariant velocity
> J;, = 0¢;/0x) Jacobian matrix

> J= det(ij)
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Energy preservation (Pirozzoli, 2011)

» Split convective terms in generic transport equation (¢ = 1, u;, H)

A (pﬁjw) _10pio 1 (p BﬂjsoJrA Bpso+ 39%)
&\ J 1 0g; 2 \"Tag T g 9¢;
+l (pu 8 +p¢£+ﬁwﬂ)

7 og; og 7T og

with ’llj = ﬂj/J
> Apply to each equation and discretize
2D;j(ptj) + 2pD;(ity) + 204D5(p)
duy _Jy | Di(pwity) + &Ds(pw) + pDj(uitty) + wDy(ptly) + puiDy(th) + Dy (p) + piyD(up) +
dt 4 +2Dj(pl;) +2pD;(J;) + 2J;:Dj(p)
Dy(ptsH) + pDi(iH) + D; (pH) + HD;(pty) + i HD;(p) + pHD; (i) + ptyDi(H) 1

> Total kinetic energy is preserved

S 1 1



Introduction Some (personal) history Energy-consistent discretizations Boundary conditions Complex domains Conclusions F
0000000 00000 0000000000000 000000 000@00000

Locally conservative form

d
dun . .
T —InY (fj;1/2 - fj;71/2)N
j=1
(pﬁfl)
) L £—1 J=mt
(fj;1/2>N =2 Zae (py ﬂj7ui) ';—m,Z+ <p7 inyl)j;—m,ﬁ 5 1= ].,...7d
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Numerical test

Taylor-Green vortex on distorted mesh

«
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Flow over transonic airfoil

DNS of turbulent
flow over the V2C
supercritical airfoil

il Numerical setup

» Mach number My = 0.7

29¢ » Incidence angle a = 4° — 7°

» Reynolds number Re. = 3 - 10°
» Grid ponts 4096 x 512 x 256
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Flow over transonic airfoil

Shock wave
Numerical tripping
Turbulent wake

Cross-stream plane: numerical Schlieren; wall-parallel plane at y* = 15: velocity magnitude
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ansonic airfoil
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The STREAMS solver

Follow us on social media:
B @streams_cfd
D @streamscfd6365

P4 streamsdns

Documentation: https://streams-cfd.github.io/STREAmS-2/
Github: https://github.com/STREAmS - CFD/STREAmMS-2

Main features®:
® Open source GPL-3.0 license
® Direct numerical simulation of wall bounded flows
® Three different backends: CPU, NVIDIA, AMD, Intel GPU
® Object oriented framework, modern Fortran

“Bernardini et al. (2021). Comput. Phys. Commun., 263, 107906.
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Conclusions

» Energy preservation principles leveraged to achieve numerical
stability

» Shocks handled through hybridization with shock-capturing schemes
» Proper treatment of boundary conditions

» Can handle moderately complex geometries with use of curvlinear
coordinates

» "Almost" unbeatable computational efficiency
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