Towards the Next-Generation CFD:

High-order, fully HP-Adaptive Methods
for 3-D Fluid Dynamics

Shu-Jie Li  (ZHIKR)

Mechanics Division, CSRC
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TTERENZFZEMEIE (NASA CFD 2030)

TRL . Low & Technology Milestone
MEDIUM
HIGH 2015

Demonstrate implementation of CFD
algorithms for extreme parallelismin
NASA CFD codes (e.q., FUN3D)

HPC

CFD on Massively Parallel Systems

* Technology Demonstration

2020

exascale system

Decision Gate

2025

Demonstrate efficiently scaled
CFD simulation capability onan

2030

30 exaFLOPS, unsteady,
maneuvering flight, full engine
simulation (with combustion)

SEFASCALE Demonstratesoluionofa EXASCALE
CFD on Revolutionary Systems
(Quantum, Bio, etc.) — YES | YES |
Improved RST models
RANS in CFD codes Highly accurate RST models for flow separation

1NO

Hybrid RANS/LES

Physical Modeling

Integrated transition

LES rediction

Unsteady, complex geometry, separatedfiow at
flight Reynolds number (e.g., high lift)

- -

WMLES/WRLES for complex 3D flows at appropriate Re

Chemicalkinetics

Combustion _calculation speedup
—

Chemicalkinetics
in LES

Unsteady, 3D geometry, separated flow
, rotating turbomachinery with reactions)

Convergence/Robustness

<

Automated robust solvers

Grid convergence fora
complete configuration

Multi-regime
turbulence-chemistry
interaction model

Production scalable
entropy-stable solvers

Scalable optimal solvers

of real-time mul

Largescale stochasticcapabilitiesin CFD

Uncertainty propagation

Il Fl
capabiliiesin CFD Automated in-situ mesh

with adaptive control

delity database: 1000 unsteady CFD

Creat
simulations plus test datawith complete UQ of all data sources

Algorithms
Uncertainty Quantification (UQ)
Charaterization of UQ in aerospace Reliable errorestimatesin CFD codes
Large scaleparallel
: Fixed Grid TighterCAD coupling mesh generation
Geometry and Grid g
Generation Adaptive Grid Production AMRin CFD codes
Simplified data
Integrated Databases _ "éPresentation
Knowledge Extraction
Visualization On demand analysis/
10B point unsteady CFD simulation
Define standard for coupling )
1o other disdipines, Incorporation of UQ for MDAO

MDAO

High fidelity coupling

Robust CFD for

MDAA of

isualization of a

L otinn nf an antire

On demand analysis/visualization of a
1008 point unsteady CFD simulation

*
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HA3D: Parallel scalability

Strong scaling :

Strong Scaling on the TianHe2 supercomputer
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Weak scaling :
il TR | BN S | BOK 4 | ERE B AT BB | ek Gn
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#) ) T 24 ) | FBHO
nacas2 79872*8 | 3062 3470 2 4285 1x 100%
nacas3 79872%64 | 2882 3460 2478 4395 7.80x 97.5%
nacasd 79872*512 | 2186 3492 24%64 | 436s 62.83 | 98.2%

Vectorization :

(@iflopsWF
Memory%
(GBI emRW
flops
__ CPUsywa)%
Suapth cPUGEn
{
1
NevF(MB/Giops)
(MB/s)Disk Read 7 Ie senaes)
(MBs)Disk Wrte 18 Recy(MEls
(MBISINFS Send R Net Send(uss)
(MB/SINFS Rec: Net Recv(MBis)

(MB/Giops)IOF

Memory usage :

1.4 BHUZTIHAER:
. I
0 [T T




HA3D Ry &4 B IhEE: Shu-Jie Li, Mesh curving and
refinement based on cubic Bézier surface for high-order
discontinuous Galerkin methods, Computational
Mathematics and Mathematical Physics ( 2019 in

press, a RAS (R ZETEEPx) journal ).

(F4> % 3=RFE Springer Book «Numerical Geometry, Grid Generation and
Scientific Computing) % 15 &, £2:& Voronoi iR 150 BF, EHF,
2018 £ 12 A)
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Center for. Integrated
Turbulence Simulations

About CITS

Rosearch Projects  Simulation Gallery  Publications  Software

h Projects
Ll Research Projects

RANS 1
= Simulation Framework | Software Engineering | Physics Modeling | Verification & Validation
Integration Integrated Multicode Simulation Framework
Merrimac
1 Compressor. RANS Combustor: LES Tubine: RANS
43 CITS Hom 1= |
S Home |

CHIMPS, Coupler for High-performance Integrated Multi-Physics Simulations

CITS overarching problem is the simulation of the complete aero-thermodynamic flow path
through a jet engine. CITS simulation environment is based on Python and built around the
Center's flagship codes, CDP (Large Eddy Simulation approach) and TFLO (based on Reynolds-
averaged Navier-Stokes equations). It also includes a set of general-purpose interpolation and
communication libraries (CHIMPS, Coupler for High-performance ~Integrated Multi-Physics
Simulations).

Basic concept: a parallel, scalable, distributed module that automatically takes care of mesh /
solution interpolations to exchange information between CFD solvers, Structral dynamics codes,
etc. The code-interfacing is designed around a distributed "interpoiation server”. Participating
codes "register” the required data and their locations and "provide” their local mesh and solutions
to the other components in the integrated environment. Information exchange (volume/overlap,
surface/minimum _distance and failsafe) happens ~transparently to the user through
straightforward API




High-order methods for 3-D Navier-Stokes?

High order ( spatial ) methods are getting popular for the CFD community
such as the Discontinuous Galerkin (DG), Flux Reconstrcution (FR) ... J

1. PROCS: spatially high accuracy
e rich flow details

e suitable for turbulence and aeroacoustic simulations (DNS, LES)

@ resolve boundary layer and vortex transportation

2. CONS: time marching could slow down the whole performance

Total efficiency = Spatial discretization + TIME MARCHING
HHEEE, N, 8%M%, ERE



High-order solvers are expensive

Towards arbitrarily high-order, 3-D turbulence simulations
HA3D: highly parallel, high-order Discontinuous Galerkin code
( Author: Shu-Jie Li, 2012—present )

Strong Scaling on the TianHe2 supercomputer
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Shortcomings of traditional time discretizations

HA3D has the following traditional options

@ TVD-Runge Kutta, Jameson Runge Kutta (2-4th order)

@ Point Jacobi
Lower-Upper Symmetric Gauss Seidal (LU-SGS) and SGS
e Backword Differential Formula (BDF2)

V-cycle p-multigrid (up to 11th order)

Fully implicit restarted ILU-GMRES with exact Jacobians




Why high-order methods so slow?

An inefficient time marching leads to massive time steps

@ Severe time step restriction for viscous flows,

e.g., Discontinuous Galerkin : Atyjscous = CFLW

@ The term (p+ 1)?> makes the time step even worse

@ Aty—g is at least 100X smaller than At,—o and suffering a
dramatically drop of CFL number

o At least, we want to get rid of the term (p+ 1)? to make DG more
efficient




Outside Explicit and Implicit, the Exponential Schemes.

Predictor-Corrector EXPonential time integrator (PCEXP)

Q EENBEDK, REIRE, ASjEDER, YR

o S.J. Li, et.al, Adaptive Exponential Time Integration of the
Navier-Stokes Equations.. (AIAA-2020 submitted)

o S.J. Li, Efficient p-Multigrid Method based on Exponential Time
Discretization for Compressible Steady Flows. arXiv:1807.01151

e S.J. Li, et.al, An exponential time-integrator scheme for steady and
unsteady inviscid flows. Journal of Computational Physics 365
(2018) 206-225

e S.J. Li, et.al, Exponential Time-Marching method for the Unsteady
Navier-Stokes Equations.. (AIAA-2019-0907)

e S.J. Li, et.al, Fast Time Integration of Navier-Stokes Equations
with an Exponential-Integrator Scheme. (AIAA-2018-0369)

o S.J. Li, et.al, Explicit large time stepping with a second-order
exponential time integrator scheme for unsteady and steady flows ,
(AIAA-2017-0753)



Basic ideal of Exponential schemes

du

= R(u) (1)
du . OR(u)
T Jou+ R(u)N(—)Jnu, o = Su (2)

At
Uy = ertu, + eAtJ"/O e N(u(x,t,+ 7)) dr

numerical approximation

(3)




Basic ideal of Exponential schemes

& R() (@
QU R =, 3, = RW g

Upr = e~ u, , EXACT for linear equations (6)



The PCEXP scheme

S.-J. Li et al. AIAA-2017-0753, JCP-365(2018) 206-225

W= u,t Atdy(At),)R(u,) ()
Upt — u*—l-;Atcbl(AtJ,,) (N(u") — N(u,)] (8)

where ®1 is a matrix function defined as

1
di(At)) = 4 [ eaen g (9)
5 J71
= = At)) — | 1
~p e (At)) — 1] (10)
< (At))™

Matrix Exponential : exp(Atd) := > - (11)

m=0



How to compute ®; times the vector such as R
u* = u,+ Atd(Atd,)R(uy) (12)

Ups1 = u*—i—%Athl(AtJ,,)[(N(u*)—N(u,,)] (13)

Krylov subspace projection

At) 2 3
oy (AR =318 g (I L(at) | (AU)7 (Ad) ) R,

At 2! 3! 41

Km(J,R) = span{RjJRjJZR,,” ,Jm_lR},




PCEXP for unsteady flows: accuracy and cost

3 3
(p=2) _ PCEXP —e—
o — = BDF2 —e—
K =,
< — R e
c R L\
2. \\ lope = 2° | T
s N 5 \ 7
5 7 S 6
s s | N
g 8 PCEXP —e— g \
8
5 BDF2 —o— N 57 N
i =
TVDRK3 —&—
%4 sw 1e0 om o4 02 o o005 o 1 w0 . 4w s e 70 80 s 100
CFL number CPU time
3 3
(p=3) _ PCEXP —e—
S = BDF2 —e—
= e =4
) o ‘\j\( < x\i
c <
E S = —
o 5 —
2 £ [—
& 7 3 6
3 > T
g 8| PCEXP —e— g
5 BDF2 —o— K .
TVDRK3 —&—
-10 8
640 320 160 080 040 020 010 005 ° 50 100 150 200 250 300
CFL number CPU time
(a) Convergence order (b) CPU time

B]: Vortex transportation on a 24 x 24 uniform mesh with CFL = 0.1 x 2",

0 < n < 5. Left: Temporal convergence of PCEXP, BDF2, and TVDRK3
schemes. Right: Evolution of the errors versus CPU time for PCEXP and BDF2
schemes. From top to bottom: 0 < p < 3.



Comparison: TVDRK3 and BDF2 v.s. PCEXP

[&: Vortex transport on a 24 x 24 stretched mesh. Density Contours of 15
iso-lines in the range of [0.99691, 0.99974]. Top: BDF2 (black solid lines) versus
TVDRK3 (red dashed lines). Bottom: PCEXP (blue solid lines) versus TVDRK3
(red dashed lines). From the left to the right: p=1, 2, and 3.



Unsteady flows: speedup gain

%% Vortex transportation on 24 x 24 stretched mesh in one period. The tp, tg,
and t1 are the CPU times (in minutes) corresponding to the PCEXP, BDF2, and
TVDRK3 schemes, respectively.

PCEXP BDF2 TVDRK3
porder Steps CFL tp Steps CFL  tg/tp Steps CFL tr/tp

12 1000.0 0.03 12 1000.0 3.90 | 9696 1.2 48.97
35 1000.0 1.10 35 1000.0 1.13 | 29106 1.2 10.70
52 1000.0 12.10 52 1000.0 1.00 | 48507 1.2 4.98
84 1000.0 76.50 84 1000.0 1.60 | 67893 1.2 3.80

T T T T
I
w N = O




Unsteady viscous solution with PCEXP

v.s. Analytical solution ( rotating concentric cylinder flow )

CFL=1000,t=02T ©
Analytical, t=0.2T
CFL=1000,t=1.0T
Analytical, t=1.0T
CFL=1000,t=2.0T
Analytical, t=2.0 T
CFL=1000,t=4.0T ©
Analytical, t=4.0 T

ngential
—
A

1 12 1.4 1.6 18 2
Radial Distance

[&: Quasi-2D large-aspect-ratio mesh and velocity profiles comparsion
(40 x 40 x 1 = 1600 cells )



Unsteady viscous solution with PCEXP

v.s. Analytical solution ( rotating concentric cylinder flow )

3% Results statistics of the PCEXP scheme for the rotating concentric cylinder

flow.

Time (T=A2/v) 02T 10T 20T 40T

#Time steps 16 79 158 315
CFL 103 108 10% 103
Ly Error (%) 028 024 026 0.29




Unsteady laminar flows past a circular cylinder

(a) Re =60

(b) Re =180

& Vorticity field for the laminar flow past a circular cylinder with- CFL = 500:



Unsteady laminar flows past a circular cylinder

3%: Results statistics for the laminar flow past a circular cylinder.

Re 60 80 100 120 140 160 180

Present 0.139 0.155 0.168 0.178 0.185 0.191 0.197
Experiments 0.135 0.152 0.164 0.173 0.181 0.186 N/A
Karniadakis 0.153 0.168 0.178 0.185 0.192 0.197 0.203




Flow past a sphere at Ma = 0.3, Re = 300

TS
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(a) Q contour colored by the velocity magnitude

(b) Velocity magnitude contour on the cut slice at z=0



Flow past a sphere at Ma = 0.3, Re = 300

Method #Cell  Sorder  Torder Cy ACy St
Present 80093  3rd 2nd  0.674 0.0033 0.133
Gassner 160000  4th 4th  0.673 0.0031 0.131
Johnson 428442  2nd 2nd  0.656 0.0035 0.137
Haga 54312  4th 3rd  0.670 0.0032 0.131

%% Results statistics of the PCEXP scheme for the flow past a sphere at

Re = 300.



Turbulent flow past a square cylinder at Ma = 0.15,

Re = 22000

VIS g
‘L
L= A

&: Turbulent flow field for the flow past a square cylinder: Ma = 0.15,
Re = 22000, DG p = 4.
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Turbine Flow Simulation, a demonstration. X
By Shu-Jie Li & Hang Si {Meshing), July. 2018
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Summary

0 AHFEENEXEIT hp BENIEHN EEHSHBE KB =4
TRoha] R

Q XIFiE¥:, Zihizn), MiE, BE (hp) F2ERENRZRIMNE
#3%, MPI/OPENMP/OPENACC SR&F4T

QO ABT —RBRE-HAEREN, TUHRIMNENTTZE (S5 HE W
MAER, AAEITE, T2 10 FITAIHk)

Ongoings
0 REIEFERHNBRESLHITEITE

e S.-J. Li. arXiv:1807.01151 (p-multigrid exponential for steady )
e S.-J. Li et al. AIAA-2019-0907 (3-D unsteady NS)

e S.-J. Li et al. AIAA-2018-0369 (3-D steady NS)

e S.-J .Lietal. JCP, 365(2018) 206-225 (3-D steady, unsteady inviscid)
e S.-J. Li et al. AIAA-2017-0753 (3-D steady, unsteady inviscid)

Thanks to Prof. Pierre Lallemand , Z.J. Wang, Li-Shi Luo, Hang Si.



