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Motivation : Industry 4.0
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Advanced numerical methods




Advanced Numerical Methods

Anisotropic and parallel 3D mesh adaptation

A priori and a posteriori error estimators
Boundary layers & multicriteria adaptation
Conservative Interpolation

Advanced Finite elements methods

Adapftive & monolithic framework
Multi-scale appraoch VMS
Conservative Levelset methods

Experimental and numerical characterization of dense suspensions

Massively parallel computing

Hierarchical mesh/domain decomposition
Load balancing
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Fluid Structure Interaction & Moving Mesh

2 Anisotropic large mesh deformation

= Inverse Wighting Distance
= Mesh quality-based appraoch
= Conservative a priori geometric features (i.e. boundary layers, ...)

Velocity (m/s)
2.77575

2

0 Multi-body configurations —

= Adaptive & monolithic framework
= Multi-scale appraoch VMS (iLES)
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Turbulent incompressible Navier-Stokes flow

Vitesse Magnitude
OODDe 00 0.5 1 1.5 2 lOOe 00

o< X

Vortex-Induced Vibration

M\NES R



Computing and simulation challenges examples

Challenge 1: Reduce environment impact of the civil aviation Challenge 2: Design of new stratospheric plateforms
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FSI and Industrial heat treatment
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Industry 4.0: Industrial partnership

Industrial Chair: INFINITY Bz

Title: « Multi-scale digital framework for safety design of
indutrial quenching processes »

12 industrial partners By S

Period: 2018 — 2022

INFINITY
ecosystem
Site web: www.chaireinfinity.fr

Test & Validation

: " (3 . ' ‘Faurecia
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Design of new high-quality material products
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Convergence of HPC and Data Science

Extract useful information from large data set to perform efficiently large scale simulations

» Convergence between:

» Models

» High performance simulation algorithms and data analyfics
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HPC vs BigData/Al

HPC

Big Data

Parallelism for scalability

Performance comes first

Low level programming (MPI+X)
Thin Software stack

Stable software libs

HPC centers

Jobs runs few hours on thoursands of cores

vV v v v Vv

Ease of programming comes first

High level programming (Spark, TensorfFlow
Thick software stack

Quickly changing libs

Cloud platforms

Jobs runs few days on tens of nodes
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HPC and BigData/Al Convergence

Two research directions

» Accelerating Al and Big Data with the help of HPC
» Accelerating ML/DL with task-based programming (Dask, StarPU)

» Al/Big Data analyfics for large scale scientific simulations
» Large scale parallel deep reinforcement learning (Turbulence models, optimization,...)
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Fast decision-making Tool - deep reinforcement learning

Geometry effect Orientation effect

o X
Time: 0.000000

Numerical Simulation — PhD M. Khalloufi, Tom Bell Prize 2017



Parallel Adaptive Finite Element Framework
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[11 G. Manzinali, E. Hachem, Y. Mesri, Adaptive stopping criterion for iterative linear solvers combined with anisotropic mesh adaptations, CMAME, 2018 ;/
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[2] Bazile, A., Hachem, E., Larroya-Huguet, J. C., Mesri, Y. Variational Multiscale error estimator for anisotropic adaptive fluid mechanic simulations. CMAME, 331, 94-115, 2018.
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Anisotropic and dynamic mesh adaptation yo 4

MINES Y
fech

R T T AN L FL Ry e gyl VL AVARRAYR A8 Al Py TETAYi g o LS e Pawavarvg A i S AR el oL v ey v S Ly
b e R e e b s s
i e N AT Loy e ey A VAW w o o e 1y v T et A e LA N g B vy AN S vy
o L 0 e e A 52 g Py B b RS AL, v S A A A S S A A o R A R A DR o,
e, B eSS Ay A g 5 8 R AV A b i M T A Vaval i e o e o S TP SV g ATATATS
P e e S P O AT AT R ey o e T A T R R e SO o L S R A R
e A D R P e R A O e L A B
SO e e R I A S e a Ao ek e e v W O TNy Tl et ATl FA L P N L S St
R T NN R TN v, v v TP R 1 S AV o o Ly Y R AW, 8 e e 17 i Y v Wi gt
ORISR e T v AV A VAT ey S A Lyt Ry T i e W e A AT AT SVt R e ATy v S i et AV
R P PR R S e KD R BTyt e A B i AP o S T B e i e B R oo g
g e b A ATV ke ko VA e AT Ry e Ay, ST B A e Do e A e R Ll
P 2 rorava o SN T gy ATt s e S e AT et B o £ O A R o I SR DR N ek
s T T A O g e S e e T e S iy ANt A N ey S AN e S e e Sl st
e e o R e O e e ey Ty L e e A AT A e S A S
N e e e B S e A, O R e L e T S R e o e i B
e o N vl S S e S s S A b A vivaseaveces Seru Tum s e e il T S ST
e L B e ST AN AN SR FATAT S AC LLs lea ere B N M vk e A kSR i 8 e
1 PaTAVATA VLN AV vin, Ay S e n Ny AV T A bam w8 o STy S e g Y A e vy Kkt ! TN e A e A AP v 8o HIC Y e g e
e S AT AATAT A, AT,y NIRRT, e N P A OO oo 0 ity St AN e A5 W, s N B e gy e A s e v
e D o B o e R A U DSl e
B A o A o e e B AR \DO ORI A X A SR A A D REIARAA Ty o A e W e LAY E e ST e WAt AT oy A v VAN B 1 i Qe Nava i b S T
o N e R e O e AR A e R R I R A o e O A o T S eSS LA D R DL SR )
AN e oy AN v oY P AV A W s o g N sy S A WA A, et oy A e B e e st T i s e S v e
P a0 e S e B e s e vt s A e o gt R e M S S S
T AP WA AV Yy 8 A APATAVA Y, e Aarar Ve e e KW 5 e AR Re cl T ily, RiaRO Sle SUSTAR B cniachc By Copvam TAR AD  aha VS mcecwMeama 8 MPy vi S S S R e
T T AT YAV e AV o T NP SO ANy A o v AN e sty S vy Al v i oY RO 0 S st AR 0w et e G
UL el o ey 4 B RN vt Ly S O oy v VAT v i mal vt S RS s 8 vt et Bt S o s T S
R e s T o A A o o A X A e T A A B e o sy b D e e oy O N T R ety
T e v Ty e Oy e M Syt e e N A vy A saraariy e aa SNty e aNpTA e S Ry S e SN e O e o P e Yt sl o )
et B e U e e S TSI e i e s SRS e T e e o e e e e
A T T i L i P LB T AVA AN . A o T AT S ST o S S Bt e i S o St 7
Tt Tt o s ke b T e A SO P i v O A g s ool s B A v umamp o el vt Pt S s s et
¥ A VN T Ob 5 A e 0 ey AWy Al A i Nl e TR D A A s T N e iy
PP w1 O s ek P2 o e VT S e WA A S o e AT g e o EPATAT S S S Al Sy oy et ey it
¥l e o T ara syt b D S S Wy S YA v e AT AN Y v A 03 NP T AV e Wi A N gty b L v S W s A Pt g L e, S80S 474 A
I A S T A R R A TR AR AR AR A A A A e e AN SAEAVAWATA i DN Ve PAAST b WA e K B P AT
e e P e i e ST e e i T AV X g v iV by i VA St b g AT v A Pt VOB by A ATyt AR AV el ey i K AW S AU e
AT Lo A L e e vy W AP YR o e A LYV s vav st A e ot et eV B vt A
B D A o A e T o e e A N DA S A A PO T RE
g A Eseati o AT e g S e S S PL  cla BV  ERe S a TA B VAR, o YA g e P it i B S Wy P A ST
N e A L T S e e o T T T T ke A P R AT ]
A aah o= T Wi S AT v T g e o P sl v S o B e S B R iy e et S, e L
e AN AT e Py P P I e S 0 T s e AT 4 ey W A P AT T, g P W v v g 0 T b Sl VT
N e 0 e Ay B b v A iy AR o b e T Y e sy e AT S e, o TtV g e BT v e i S
a7 Ty SR T B L Y AT b g P st i L VARt e ol o v b e G e O A S Ty i T e v S R g
e SV AN R 8 4 S AV A P e by, o i ST XY e A VAW 075 Dy 0Py 8 ot O e gt L AT T Y AVt B Vi AT, U S v eaVa Vo AV ST VAV g T SR G,
e St A L A P e T T T S oy SR ST 5 Y e 0 e O, SO e g A T S b
e A e o e e e e R T e L e e P L D B LR
R e e R R e e e F o P i b R R e KSR A P N DR
i i o 0 A 0 P o e A M N S w4 S v oA LUy 9 1 5 O Ty g VAT S Y oy Pt T K S AR AT
A R S R T AS T P o ] R A A B R R A A TR B Ry DR ATA Y Y O K R RO
R S o e S A A S e s e =2 AR VEARRKE RO

Modity the mesh anisotropically and dynamically according to a criteria.

add, along a in the course of via an error estimation,
remove, certain time or the solution’s variation.

stretch cells. direction
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Dynamic anisotropic mesh according to velocity variations: velocity field (left), adapted mesh (right).




Dynamic and parallel mesh adaptation algorithm %*

Mesh Partitioning

4 ¢ 4
¢ & ¢
Solve Solve Solve
4 & ¢
plecscssssany Adapft Adapt Adapt
§ U g L
E Update <= Update &= ... &= Updafe
; § ] §
5., ... NewAdapted Mesh and Solution...._
Adapt: Error Indicator:

1. Estimate the error at each iteration step.

2. Correlate the error with the mesh geometry. E 1 9
S Generate a new mesh in the metric space. 7796 — d’ Qe ’ p ’)\d (3’)0) ’ hd




Type 1: Interpolation error estimator /%/Z*

er ech
Interpolation error estimator: Ju=up|p@ < Clu-Tufpg)
» d the dimension of the problem,
» A4 the eigenvalue of the recovered Hessian matrix Hg (u)(x), \

» h, the size of the element in the direction d.

Anisotropic metric definition:
H =RAR" = |Mlet ®@eq + ...+ | Milea @ eq

[ Find ht = {h11.,--- ., har}., T € .2}, that minimizes the cost function
F(ht) = E (nr)?
) TeZh
1
- =1
under the constraint Ngj-lf = C, E 1_[ - dT

TeZh 5 i=1

»Modification of the mesh according to this geometrical transformation.

Mesri, Y., Khalloufi, M., & Hachem, E. (2016). On optimal simplicial 3D meshes for minimizing the Hessian-based errors. Applied Numerical Mathematics, 109, 235-249.



Type 2: A posteriori subscales error estimator

A posteriori subscales error estimator: 1! |] L (2)

Variational Multi Scale framework: ¢ =y, +u' w;, € Sy, v € &

/

resolved part (coarse scales) unresolved part (subscales) = Error

. . . / ! /

Two conftribution to the error: U (y,,bub(xj + Uy (x)
Internal residual error Inter-element error
(inside the element) (outside the element)

X/

% negligible for convective-dominated heat transfer

We obtain an explicit expression of the error* |

/ / b Irisarri, D., & Hauke, G. (2017). Pointwise Error
U (X) ~ ubub(x> = Z C; b; (X) Estimation for the One-Dimensional Transport
i—1 Equation Based on the Variational Multiscale

Method. [JCM, 14(04), 1750040.

> We compute explicitly the a posteriori subscales error estimator.



New isotropic & anisotropic metric mesh adaptation based on subscales yor i

padYecn X

New isotropic metric based mesh adaptation:

We propose the following new isotropic meftric fensor:
H:., = RAR! = |l|le, ® e + ... + | ey ® e,

With:
1 "Nz~ (L2, 1
AP B /G S Y
Nier Uror h

Where R is the orthogonal matrix built with eigenvectors (e;)¢i=1, 43 Of Hr(up(x))

New anisotropic metric based mesh adaptation:

We propose a new anisotropic local error indicator:

1 |ze"|| - (€2¢) >
With Q. new = deelf’ X |/1d(-x0)| X 7 X hd,new
' TOL
new 2" || £ (€2¢) 22" || 2= (£2,)
Warfiso = RAR" = }f lAiler ® e1 + ... + I: |Aaleq @ eq

. UroL UroL
Where R is the orthogonal matrix bullt with eigenvectors (e;)i=1,.q} Of Hg (up(x))

Bazile, A., Hachem, E., Larroya-Huguet, J. C., & Mesri, Y. (2018). Variational Multiscale error estimator for anisotfropic adaptive fluid mechanic simulations: Application to convection—-diffusion problems. CMAME, 331,

94-115.



Numerical benchmarks with analytical solutions Zg

Numerical example in 2D: Isotropic mesh 2 Anisotropic mesh 1 Anisotropic mesh 3

| U_Analytic
0.992182

o
o
o
=]

00.60

0.004

00.40

00.20

0.000000

[ler||z2 with a = 0.001

N=20798  N=20932 N =23182

@ Fixed mesh

i@ [8OLTOPIC mesh 1

1 @ Isotropic mesh 2
—a— Anisotropic mesh 1
—a— Anisotropic mesh 2
45} ‘ ‘ . . ‘ ‘ ‘ : ‘ -1 —¢— Anisotropic mesh 3
32 34 36 38 4 42 44 45 48 5 52

log(N)

Bazile, A., Hachem, E., Larroya-Huguet, J. C., & Mesri, Y. (2018). Variational Multiscale error estimator for anisotropic adaptive fluid mechanic simulations: Application to convection—diffusion problems. CMAME, 331, 94-
115.
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Numerical benchmarks with analytical solutions s
PazisDech

Numerical example in 3D: Isotropic mesh 2 Anisotropic mesh I Anisotropic mesh 3

Error

Error Error <
U_Analytic 0010 % a01o 0.010
1.00 E . E n
LY
E_ EUDUT ‘.‘ - Ecm‘f 20.007
—00.75 g E . E
E 0005 ! 0.005
0,005 \
00.50 :*.
0.003 z 0003 0.003
00.25 = - S
0.000 oo00 0.000
0.00

|lenl|zz with @ = 0.001

log(|len||z2)

--@- Fixed mesh

@~ [SOtTOPiC mesh 1
- [sotropic mesh 2
—&— Anisotropic mesh 1
—e— Anisotropic mesh 2
—6— Anisotropic mesh 3

3. ' L
4.5 5 55 6

log(N)
Bazile, A., Hachem, E., Larroya-Huguet, J. C., & Mesri, Y. (2018). Variational Multiscale error estimator for anisotropic adaptive fluid mechanic simulations: Application to convection-diffusion problems. CMAME,
331, 94-115.



Application to the impingement jet cooling f{

Capturing the thermal activity due to the secondary vortexes with the new anisotropic mesh
adaptation based on the subscales error estimator.

Multiscale adapted mesh (using ng, new):

0001020304050607 080910111213

.
l Velocity field:

N
e
i : A Gl
# ]| g~ (£2,.)
! TSR SR B AT, SR Slice view on plan XY at z=0

A posteriori subscales error estimate:




Adaptive Stopping Criteria for Iterative Solvers




AFEM framework — Adaptive Stopping Criterion 6

lterative algebraic solvers

Stopping criterion

G. Manzinali, E. Hachem, Y. Mesri, Adaptive stopping criterion for iterative linear solvers combined with anisotropic mesh adaptation, application to convection-dominated problems,



Adaptive stopping criterion — Error estimate based

The main idea is to stop the iterative resolution when the algebraic error is lower than to the estimated error

1/2
2
IV (up, — w2 < el D 7
17Ty,
Assumptions
« Algebraic error approximated to the residual error
1/2
2
\V4 A AN S |2 »| [[r"]| < 0.01 ( Z T]T)
IV (up, — w72 = [lx"]]7 D3y

 Scaling factor . — 01

[3] Marco Picasso. A stopping criterion for the conjugate gradient algorithm in the framework of anisotropic adaptive finite elements. International Journal for Numerical Methods in
Biomedical Engineering, 25(4):339-355, 2009



Numerical results - Steady Problems

We start from a coarse uniform mesh and we perform 30 adaptation steps

e Vg T T kR AT T A S SOLVER:
i e e
=4 7 o | :
s

- Conjugate Gradient (Laplace)
GMRES (Convection — diffusion)
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We compare the total number of linear iterations needed for the solution of all the steps

« Using a classical stopping criterion
« Using the proposed adaptive stopping criterion
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—Au=f, inQ,

u=0, inlI .

T T 1 | T T T T T T 11T | T T T T LI I_I:}G i T T | T T T T LI | T T T T T I:
=l Classical - == (Classical |]
10* | =®= Adaptive E - —e— Adaptive |
|-+ Picasso . -t - & Picasso |
[ | 107" E E
= | B ’
g E i ]
[+

:-1_.1-3 10° | = M i 1
; . 1072 ¢ E
3| i
]ﬂ?,llll 1 1 L1111l 1 1 [ | ]ﬂ R 1 1 [ 1 1 Lo

10° 104 103 104

Number of nodes Number of nodes

[3] Marco Picasso. A stopping criterion for the conjugate gradient algorithm in the framework of anisotropic adaptive finite elements. International Journal for Numerical Methods in Biomedical Engineering, 25(4):339—
355, 2009
[4] Luca Formaggia and Simona Perotto. Anisofropic error estimates for elliptic problems. Numerische Mathematik, 94(1):67-92, 2003



Steady Problems - Convection-diffusion

Problem equations

—V - (aVu) +v-Vu=f, in €
u =g, 1inl

T T T T T | T T T T T T T T | ]U_3 [ T T T T T | T T T T T T T T | ]
== Classical - == Classical |
== A daptive - =g= A daptive |-
]{}3 N . : 4
e | . s
= i i 10t -
Z = -
]ﬂz_llllll 1 1 N I T N | N ]D—j I I I | 1 1 1 I I I |
10° 104 103 104
Number of nodes Number of nodes

G. Manzinali, E. Hachem, Y. Mesri, Adaptive stopping criterion for iterative linear solvers combined with anisotropic mesh adaptation, application to convection-dominated problems,



ll= 1l

Problem equations

) CPU time .
(a) Final residual. (b) Estimated error. Stopping criterion lota Ratio CEU Hime reduction SEUtime
102, s 1072 v ] :
oo, T e Issical 13633 / 158s / 803s
LY I e I
104E - - 104 - 1 |
- e “c=0.01" 7245 1.9 91s -42% 710s
| | [P PR AT [ F_——A _—-_—_———
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AFEM Framework — Load balancing
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Dynamic load balancing (lid-driven cavity)

Load balancing based on local topological mesh repartitioning




Estimate the expected dynamic workload 36

Error Estimatol 1)1 > MetricM(T) > Mesh Quality in Metric space
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Predictive load balancing
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Predictive load balancing

Y. Mesri, Parallel High-Reynolds
Incompressible Flow with Adaptive
Anistrotropic Meshing, submitted
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Parallel NS with predictive load balancing

3D lid-driven cavity
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Potential Collaboration topics?

Methods

Numerical Methods and their implementation
Experimental prototyping and calibration
Data analytics

Technology

Cloud computing
HPC and big data processing
Artificial Intelligence/DL/ML

Applications

Muti-phase flows
Fluid Structure Interaction
Heat transfer

Targets new applications

Digital Health
Mobility

Solve over 100 billion unknowns
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