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Presentation of the lecturer

* Vincent Moureau
— Since 2009: CNRS research director at CORIA
* Development of the finite-volume code YALES2

 2018: Grand prix of the French academy of science for aerospace &
aeronautics engineering

— Since 2016: scientific expert for SAFRAN TECH
— 2008: combustion engineer at Turboméca, SAFRAN group
* Design and modeling of combustion chambers in helicopter engines
— 2006: post-doctoral fellowship at Stanford University, California
* Modeling of premixed combustion and two-phase flows
— 2004: PhD thesis at IFP — ECP
* Large-eddy simulation of in-cylinder flows in piston engines
— 2001: Ecole Centrale Paris — option Air & Espace

* Fields of expertise
— Modeling of reacting and two-phase turbulent flows
— Thermo-acoustic instabilities
— Numerical methods and development of finite-volume codes
— Aeronautical and automotive engines



Plasma flows from the modeling
and simulation standpoint



Laser-induced plasma

* Multiple phases, high-temperature and shocks

(a) Impulsion nanoseconde (b) Impulsion picoseconde

Electron microscopy images of the surface of
a steel sample
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Formation and propagation of a shock wave and the
progressive formation of Aluminium droplets

Courtesy A. Bultel, CORIA
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Kinetics in out-of-equilibrium plasma

* Multiple species, ions, electrons and temperatures
*  Many types of chemical reactions

0-D simulation of laser-induced aluminum plasma
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A summary of the simulation and modeling challenges

Multi-regime

— Laminar/turbulent/transitional flows
— Subsonic / supersonic / hypersonic

— Continuous/rarefied, ...

Multi-physics

— Complex thermodynamics

— Complex transport

— Reactive, non-equilibrium flows
— Conjugate heat transfer

Multi-scale
— From meters to nanometers

— From hours to nanosecond

Complex geometries




e Context

— Plasma flows from the modeling and simulation standpoint

* Numerical methods for Navier-Stokes type equations

— Solving the compressible Navier-Stokes equations
— Shocks

— Solving the incompressible Navier-Stokes equations

* The YAL=S2 project



Solving compressible
Navier-Stokes equations



Mach number Ma=u/c

Some applications have a high Mach number
— Rocket engines, stato-reactors, supersonic planes, space shuttle...

Or moderate Mach number with compressibility effects
— Compressors, turbines, planes, ...

Many daylife applications have a low-Mach number
— Most burners (for flame anchoring...)
* Industrial furnaces
» Car engines
* Aircraft/Helicopter combustors
— Mixers, pipes, pumps, nuclear plants, wind-turbines, ...

Be careful: some Ehenomena happen at low-Mach number but need
compressibility to be explained

— Acoustics
— Combustion instabilities



Navier-Stokes Equations

« Conservative form with total energy E

op B

E + V- (,011) =0

0

%*V(puu) =—VP+V.7

OpE

—gt +V - (pFu)=—-V:-(Pu)+V -A\VT + V- (tu)
1 2

« Thermal Equation of State E = §U + CUT

Mechanical Equation of State P = ,OTT
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Navier-Stokes Equations

 Variables in a vector W to simplify notations

p
W = | pu
ol
OW
o7 -V (FE—I—Fv):O

* Fg: Euler Fluxes
* F: Viscous Fluxes

Eoia :



Euler Equations

« Conservative form with total energy E

op B
E—FV‘(,OU)—O

%‘%%—V-(puu):—VPer
OpE
%—I—V-(pEu):—V-(Pu)—I—M—FM

* HYPERBOLIC equations
+—PARABOUCeguations
+—EHHPHCequations
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Finding the waves from the 1D Euler equations

 Starting from the vector form: OW | OF — 0
ot Ox
p pu
W = oU F = ou? + P
pE (pE + P)u
1 P
P=prT  pE=-pu’®+ -
2 v — 1
L OW  OF OW
* Perform a linearization: | — ()
ot OW Oz

Eoia ;



Finding the waves from the 1D Euler equations

Why?77 oW  OF OW

5 T ow oz ?

OF

* If lucky, the jacobian matrix is diagonal! J = —_

OW

e This would mean that the components of W are independent
* They would be independent waves moving at given velocity

« If Jis not diagonal, then the components of W are a mix of
some waves that must be computed.

« How? Diagonalisation (which is just a change of basis...)
* Just rewrite the same equation with nicer variables. ..

Eoia :



Finding the waves from the 1D Euler equations

* For Euler equations, the Jacobian Matrix is:

0 1 0
OF
W —(3 —7)zu? (3 —7)u (y—1)
—Eu+ (y—1u? yE—-35(y—-1u®  qu

« We want to have INDEPENDENT variables = diagonalisation

acoustics

convection

Eoia "




What about 2D and 3D?

 Entropic transport is a 15t order hyperbolic problem

0o B
E+U°v¢—0

* Acoustic is a 2" order hyperbolic problem

526
— — C

Ot?

°V -Vo=0

« Consider someone throwing an object in a river:

—
—
acoustics
—
—

—>

entropy
—

—
—
—
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Explicit numerical methods and boundary conditions

« Classical numerical schemes can be used for time integration
(RK3, RK4) but a CFL condition must be set for ALL WAVES:

(Ju| + c)At

CF L,

Ax

* The spacial discretization is usually performed with UPWIND
schemes. However, special attention must be paid to the
direction of the characteristics!

« f Ma <1 , noboundary condition is a pure inlet or outlet!!!

u -+ c upwind to | Ma <1 downwind to |
g > > —_—>
U upwind to i i downwind to |
— — —r>
U — C downwind to | upwind to |
D e (—I— €1
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Waves and boundary conditions

18



Quizz on waves & boundary conditions

P= Py+dP

P= Po Outlets
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Quizz on waves & boundary conditions

P= P,+dP

P = Po Outlets
T=P/(r*p)
u=50m/s
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Quizz on waves & boundary conditions

P = Py+dP

p= po+dP/c? Outlets
T=P/(r*p)
u=0m/s
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Quizz on waves & boundary conditions

P= Py,+dP

p= po+dP/c? Walls
T=P/(r*p)
u=0m/s

— -

! | | | | | 1
9.0e+04 90100901509020090250903009035090400 9.0e+04
Pressure (Pa)

—. ! I ! | | | | [ U _
-14e+00 -1 -0.8 -06 -04 -02 0 02 04 06 08 1 1.4e+00

Velocity (m/s)

M —
1.0e+00  1.039 1.04 1.041 1.042 1.043 1.044 1.045 1.046 1.047 1.048 1.0e+00

Density (Kg/m3)

| | | P
3.0e+02 300.5 301 301.5 302 302.5 303 3.0e+02
Temperature (K)

Eoria 22



Quizz on waves & boundary conditions

P = Py+dP
P = Po -|(-)dP/C2 WG"S WGVG

T=P/(r+p) Reflection coefficient = 0.2

u=0m/s
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Quizz on waves & boundary conditions

P = Py+dP
p= po+dP/c? Outlets
T=P/(r*p)
u=uy+dP/(p*c)
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Shocks



What can be described with Navier-Stokes equations?

« Shock / Boundary Layer Interaction
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What can be described with Navier-Stokes equations?

* Shock waves around supersonic planes (NASA)




Riemann problem

* A good example: the Sod tube problem (courtesy Y. Bechane)

low pressure

membrane
expansion wave shock front
/ /
2 3 4 5
A
contact surface
T T 1.0
1.0 4 1.0 . .
pressure density | velocity
0.8} g 0.8}
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2ost ] zos6t 1 Z
s ¢ 0.4}
0.4} 1 0.4}
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Riemann problem

* A good example: the Sod tube problem
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Riemann problem

 Characteristics for the Sod tube problem

¢ ‘ contact

/
/

/
shockivave

sim wav

Roe P.L. (2015) Riemann Problem. In: Engquist B. (eds) Encyclopedia of Applied and Computational
Mathematics. Springer, Berlin, Heidelberg.

Eoria 0



Riemann solvers

rarefaction shock contact discontinuity

;/\k / tn+l

* Numerically, one can
solve a Riemann

1
|
|
problem at each |
!
|
[

....-C.-.-..—.—.—.—..—.—.—.—.-—

interface
n
] o
* Many options:
X Xj+1/2
— Godunov ! o
— HLL
continuos solution
- HLLC discrete solution / IR St P
— TN boo s
- _QT'J . s : \\\
RN L
« Enables to treat e L
shocks and I | I | I | I,., .
discontinuities
Xi-1 Xj Xi+l Xj+2

« Often very dissipative

Godunov’s scheme: local solutions of Riemann problems

Eoia !



Application of Riemann solvers

Supersonic step at Mach = 3.0 Laval nozzle

S IAT K
e
Vi P 447

A Vs
\VAVAVAV v ysA
AT,

TITYT YTTTTITY
RN AN

\
IRRAAIK)

Preservoir/Pa =6

PPMLR, Woodward and Colella (JCP 1984) * Prowie/Pa=0.21
coplia 32
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Application of Riemann solvers

2D H2/air rotating detonation by Y. Bechane, CORIA
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 Useful links:
— https://en.wikipedia.org/wiki/Riemann_problem
— https://en.wikipedia.org/wiki/Roe_solver
— https://en.wikipedia.org/wiki/Godunov%27s scheme

* Books:
— Finite Volume Methods for Hyperbolic Problems by s
Randall J. Leveque (Cambridge) P
— Riemann Solvers and Numerical Methods for Fluid Fﬂéﬁ%’:&’;‘ﬁf
Dynamics by Eleuterio F. Toro (Springer) Hyperbolic Problems

* Online Course:
— Springel & Dullemond (Heidelberg)

http://www.ita.uni-
heidelberg.de/~dullemond/lectures/num_fluid 2011/

— Frangois Dubois (CNAM) RANDALL 4 LEVEQUE
https://www.imo.universite-paris-

saclay.fr/~fdubois/travaux/volumesfinis/volfi2k/dubois-
volfizk-hal-2011.pdf

Eleuterio F. Toro

Riemann Sqlvers
and Numerical

Methods for
Fluid Dynamics

A Practical Introduction
Third Edition

@ Springer
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https://www.imo.universite-paris-saclay.fr/~fdubois/travaux/volumesfinis/volfi2k/dubois-volfi2k-hal-2011.pdf
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https://www.imo.universite-paris-saclay.fr/~fdubois/travaux/volumesfinis/volfi2k/dubois-volfi2k-hal-2011.pdf
https://www.imo.universite-paris-saclay.fr/~fdubois/travaux/volumesfinis/volfi2k/dubois-volfi2k-hal-2011.pdf

Solving incompressible

Navier-Stokes equations
(i.e. low-Mach number flows)
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Low-Mach number asymptotics

* Reference and dimensionless variables / equations:

op*
+ V.- (p*u*) =0
or TV ) p* = p/Poo
8/0*11* * kK 1 * *
* [rx *x 2
apat I vE (,O*E*ll*> N v (P*U_*) E™ = E/COO

M, P*:P/Poocgo

P*:p*(’y—l) (E*_Toou2)

* Perform an asymptotic development in Mach number (small parameter)
p* = pb + Moopt + M2 p5 + ... E* = E} + Mo Ef + M2 ES + ...
ut =u} + Muf + M2 ul+ ... P* = P¥ + M P} + M2 Py + ...

« Equations must be true at each power of Mach number!
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Low-Mach number asymptotics

* Order 1/M§O : The background pressure is constant in space

VP =0
« Order 1/MOO : no steady acoustics
VP =0

* Order 1:
— At each instant, density only depends on the local energy:

Py = po(y — 1)Ey

— The velocity divergence is a function of the density only:

1 D
V-ou = — PO
po Dt
— The pressure appearing in the momentum equation is hydrodynamic:
dpoug
1 | V - (pououo) = _VPQ
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Projection of incompressible N.S. equations

« Solenoidal and irrotational parts of the velocity field are independent and
can thus be solved separately.

* The projection method of Chorin (1968) is based on that decomposition.
 First, a prediction step advances the vortices.

= 0 FV - (uu) =0

At

« This prediction is not exact and it introduces an (unwanted) irrotational field
whose divergence is not zero.

* The correction step removes this part of the field

un—l—l _u* 1 1 V'u*
— _ZVP (Zvp) =
At p v <pv ) At

Poisson Equation

This is an ELLIPTIC equation
* The boundary conditions must also be taken into account...

Eoria o



Generalisation to variable density flows

* Pierce and Moin (2004) generalized the previous method to variable
density flows (combustion...)

 Prediction

pu” — pu”

At

Rva (pun—l—l/2un—|—1/2) —0

 Correction

ntl pu* _ _vpn—l—l/2

At

pu

Poisson Equation

n+3/2 _pn—|—1/2 ) 1

At2 N

v ] VPn—I—l/Q _ P

V- (pu”)

* The density must be provided through an Equation of State

Eoria i



Solving the Poisson Equation

0

v, (lwa) _

V- -u*

At

« The Poisson equation is elliptic: very hard to solve...

|

\

( :

0

0 1/Axz* —-2/Azx?
0 0
0 0 0

0

0
1/Ax?

0

0
0

)

* The A matrix is symmetric with non-dominant diagonal.
 Specific linear solvers must be used (PCG, MG, DPCQG, ...)

(

\

/

40



The YAL=S2 project



A multi-physics & High-Fidelity platform for complex flows

Gaseous combustion Aerosol dlsper8|0n

Sloshing in tanks

Time: 0.000000

Bio-mechanics

Vort. mag.
300

-200

Spray
combustion @
i3m
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. 2012
Time: Oms

& SAFRAN
GE Renewable Energy AFIANEGIOUP
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RENEWABLE .NERGY‘,, /UNIVFRSITY
UMR 6614 Airliquide u-_v

YOG soww (feeme WP U]

TotalEnergies

LABORATOIRE DES ECOULEMENTS
SEoThYelaues EriNousTRIELS

EBKZATOIE == U M UMONS mﬁwswm TU Delft P - | EACTO

THE FRENCH AEROSPACE LAB Université de Mons Delft University of Technalogy  S¢Cired & Optimized

* Developed by CORIA, the French Combustion Community and others
600+ researchers/engineers trained at CORIA since 2009
300+ articles (Google Scholar)
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Context: HiFi CFD in aeronautical and aerospace industry

Pressure swirl atomizer

R. Mercier, SAFRAN TECH """ &

H2 combustion

IMFT HYLON
H2/air burner

EM2C/CORIA W mmm -

SAFRAN TECH % A t |- =
. Air Air - Imo
H, Lswer Miper
(L—X EYC T
coQia

~
J. Vernier, J. Leparoux, AL S S

Sloshing cryo-tanks
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The YAL=S2 objectives

1) Fast, agile and open development for innovation

2) High-performance computing for multi-physics & multi-scale problems

3) Large documentation resources and test cases for minimal training.
Everyone can contribute !

4) Fast industrialization even for 10’000+ core simulations

@ SN

coQia 44

ime: 0.400098 1.0e-07 mglo?f' dg‘?:'i'es 5.08-0¢

g




A modular CFD platform

Hybrid parallel
communications

Object-oriented
& parallel data
structures

/{é
&

'

Look-up table
management

Tabulated
chemistry

Ucmgmia

Dynamic load
balancing

Differential
operators

Turbulence
models

Stiff integrators

Parallel IOs

DoE / workflow
management

Transported
chemistry

Dynamic Mesh
Adaptation

Lagrangian
transport

YAL=S2

Automatic Mesh
Refinement

Automatic

library

post-processing

Fully parallel
meshing

External
coupling

Heat & Mass
transfer / level-

set

Level-set
interface

Discrete

Element
Method

s
Ka

YALE=S2
45 solvers

t

VDS
Incompressible at
variable density

ICS

Incompressible at constant
density

SPS

Spray with level-set and ghost-
fluid method

ALE

Arbitrary Lagrangian Eulerian

MFS

Explicit compressible
Multifluid method

ECS

Explicit compressible
with shock capturing

MHD
Magneto-hydro-dyn

ACS

Acoustics

cﬁ-ri-allzrri!ch. ’))

YALE=ES2
features

High fidelity
Multiphysics
High performance




CORIA commitments to the YAL=S2 community

/ Training \

» General training
sessions: 3-4/year

« Two-phase flow
training sessions:
1x/year

e Tutorials:
many/year

 Integrated in the
INSA of Rouen
curriculum

« 700 people trained
* 25% from industrﬂ

/ Events & \

dissemination

* Extreme CFD
workshop: 1x/year

* YACKATHON:
2x/year

* Participation to
HPC projects: CVT
GENCI and H2020

CoEC

= GENCI

’ Center of Excellence
\ in Combust io"/

@« Support a

* YAL=S2 users
meetings: 2x/year

« Management of
yales2.coria-cfd.fr:
gitlab + centralized

documentation

e Dedicated
contracts with
industrial partners

* Support for

submission of
K EuroHPC projects/

46




Training: more than 700 persons trained since 2009

coia Thanks to Jérome, the team and others for the help !
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The Extreme CFD workshop

ECFD1 Workshop, July 2017, ENSEEIHT
Toulouse, 23 participants
7

e EXTREME CFD January 27t — February 7t 2025

WORKSHOP & HACKATHON | Houlgate, FRANC
January 22 — February 2 2024 b : f S J— E—T

EXTREME CFD

WORKSHOP & HACKATHON

Merville-Franceville, FRANCE

Ve
Thanks o Christophe and all the admin staff !
% GENCI . 4 copia  SIEMENS Gamesa ONERA

UMR 6614 RENEWABLE ENERGY

arianeGcrourP
R =
R ,2 Y=
CoO, I =/ SAFRAN NETHUNS | s s

UMR 6614
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Support & agile development: coria-cfd.fr

joles2-devel > @ yales2-devel > Graph

naster v

« Dedicated forge since 2010

Q Search or go to.

You can move around the graph by using the arrow keys.

. Y Project
It a Corl a_ r — Git revision B O seonwintme seecad commit ] o .
Ld L] = - -
% Pinned v [@verge conmit *60a81c2d89bb5240d57F2b084513703e811009d"
Issues 69 [@Verge commit ' f2b70b5c1b3fda85S53feblaab5a7737aa6c1989"
. .
mattermost.coria-cfd.fr 0
—_— - e
° . Mg Toaleats - i fix for install of petsc and slepc
) [+ add files
Pipetines | =
fii* add adastra_gnu as custon platforn
. . .
2t f e -
— Milestones
y2training.coria.fr
& Manage > minor correction for adastra
. . & Pian §* read ADAPTATION_TARGET_SKEWNESS in restart_adaptation
a es CO rl a C r S I nx lerge branch 'master’ into LEGI/custon_platform_adastra
—_— - < code v
. . [73* wip custon platforn for adastra
Merge requests s [+ update jz_intel for custom.platforn
. Repository 9 Merge branch 'LEGI/AMC_ANALYSIS_CRISTOS' of gitlab.coria-cfd.fr:
— Available from Irene, Topaze, Adastra B
Vi Vi 7 °°° Commits [+ jz_intel custom.platform - wip
Tags + W
. 8 % custon for jz_intel in progress
s 5
— [ verge branch 'master’ into LEGL platforn_jz_gnu
Compare revisions 4
add jz_gnu.py for workflow
ELTON [+ update custon install for jz_gnu
@ Build &+ gitlabci
D secure > 2 1+ wip
@ Deploy " . B + Add RESIDUAL_CALC to advance_velocity_rk_4th
& Onerate >
. ——
. ey flg ures for YAL=S2
J D+ @ @ yales2-devel > @ yales2-d #23273
D3 e @ " .
° 4 . * gitlab-ci [oetete
— objlect-oriente Ines R PRI . oo e s i o commis 7z 3 s s o
°
Project For mastor
. B yeteszdevel Scheduled latest 0358 Jobs ® ()13 minutes 8 seconds, queued for 20 seconds
# Pinned @
—_— Pipeline Jobs 358 Tests 0
Issues 6
Issus boards & Only the first 100 jobs per stage are displayed
.
1 5 Werge requests s To 500 the amaining obs, 9ot the Jobs ta.
+ commits per day e
Groupjobs by | Stage | Job dependencies
Members
. Milestones.
+ active branches
& M >
anage © create_yales?_dir © compiation (= © makedoc  (C o 2 © acs_20_eigenmode
& Plan >
B code X © v G) © python G) © 4qNASG.thermo.eq_convergence &) © acs_20_pipe
— 2 OOO + me rg e req uests @ o ; o o 5 © cwpLyv2 paseate st 9 (@ semamnme
D secure >
© CWIPLY2Y2.3D_Poiseuille_vol G) © ale_2D_wallinduced_f
. @ Deploy >
— 120+ contributors Cow i
g Moritor : © actions_events G © ale30_dma_piston
. L Analyze >
© anisotropic_mesh_adaptation & © boi_2D_computed_mas
-_ @ settings >
© arays &) © boi20_film_boiling
© biochemicaLreaction & © boi20_imposed_mass
© budget_equations &) © boi_2D_imposed_mass
= = /4 ~
anks to Alexandre, Ghislain & Jérome
y [

ole)
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Development dynamics in the community

0.8M

0.6M

Lines of code

0

YAL=S2 Moore's law: the number of commits doubles every 2 years

2012

v
UMR 6614

_—

2014

Commits 2725

Modified lines 291 513

Contributors 37
IM@ Anubis

A.Dauptain
CERFACS

2016 2018 2020 2022 2024

40

4

Strongly helpe

| 2022.10vs2023.10 | 2023.10vs 2024.10 2024.10 vs 2025.10

3633
323 326

5073
12 398
50

d by the

involvement of all labs

Bienvenue sur la documentation de YALESZHYDRO

YALES2HYDRO

—_

50



The YALES2 solvers



g YALES2

Incompressible solver - ICS Ml Solvers

Qo
» Low-Mach projection method (Chorin) (&
* Prediction N n
i +V-uu=V-71
At
= Correction
n+1 _ [ x 1 1 V - u*
= U SvP V. [(VP)=——
At P 0 At

= Explicit or implicit time advancement N
= TFV4A, RK, BDF, ...

l 0.0

= Highly-efficient linear solvers
= DPCG, PCG, GMRES, ...

= Lagrangian point particle model
= Scalar transport

= Turbulence models

» LES: Dynamic Smagorinsky, WALE, SIGMA
= RANS & U-RANS: k-epsilon, k-omega
= PANS

Eoria w2




g YALES2

Variable Density Solver - VDS MM Solvers

= Mass conservation:

5t B
= Momentum conservation:

aﬁﬂj 8ﬁﬂzﬂ] _ OP 87_'7;j 0Tsas = _»
ot i ox; 8xj+8xi+ 0x; TPl

= Sensible enthalpy conservation (finite-rate chemistry)
dphs  Opuihs  0Q, DP 9
o, G _09 |

(—pthS) + wp + ghs

» Low-Mach projection method
» Lagrangian point particle model
= Combustion models
 Finite-rate chemistry: TFLES, VOM

+ Tabulated chemistry: PCM-FPI, FTACLES, TFLES-
FPI

[1] P. Bénard et al. — 2015
[2] L. Boulet - 2018

MMMMMM



g YALES2

Radiation Solver - RDS Ml Solvers

/
o -
= Radiative Transfer Equation in spectral space: {3_

% = 2R (x8) + o (1) 1o, (x)

Absortion Emission

= Full spectrum SNB Correlated-k (FS-SNB-Ck)
= Includes CO2, H20, CO & CH4 species
= 7-point quadrature method Gauss-Lobato

» Discrete Order Method . )
= Spatial resolution relies on angular quadrature
= 3D-S4 quadrature with 24 angular points

= High performance

[1] Goody (1989). J. Quant. Spectro. & Radiative

= Domain decomposition Transfer
. [2] Lacis & Oinas (1991). J. Geophysical Research
=  BICGStab(2) linear solver [3] Liu (2000). Int. J. Heat Mass Transfer

[4] Riviere & Soufiani (2012). Int. J. Heat Mass Transfer

Eoria o



g YALES2

Heat Transfer Solver - HTS Ml Solvers

Sk
=  Heat transfer in the solid

=  Solving of the unsteady heat equation with an implicit FV method

» Thermal conduction equation

oT oT
= Discretization with Cranck-Nicolson scheme
Fourier number: At = FO—M
Dy,

= Wall treatment
Dirichlet , Neumann, Robin conditions

1.0e+03
800
600

— 400
— 2.9e+02

Eoria o



g YALES2

Spray Solver - SPS Ml Solvers

Low-Mach projection method from ICS [D_

ou 1 1
et : — _ VP4 _V.
5 + V- (uu) pV +pV T

|Plr =0k + Q[M]Pnt -Vu-n e

. o AEE oo
= [nterface capturing &iﬁ{? iy
» Accurate Conservative Level Set " e f’i\x o,
= Algebraic VOF (under development) TR e

= Surface tension models
»  Ghost-Fluid Method (GFM)
»  Continuum Surface Force (CSF)

= Coupling with Lagrangian point force model

» Dedicated mesh adaptation algorithms /

= Static/dynamic contact angles

coplia 56



g YALES2

Phase Change Solver - PCS MMl Solvers

— 298

= Based on spray solver (SPS) w

» [nterface capturing
= ACLS

= Two-fluid transport
OpduHu
N@t
Op,d,H,
ot

TEMPERATURE

+V- (ﬁlaalj—:fl) =V- ()‘ZQSlvT’l) - )\lVTl . VQSZ + mcondﬁl(Tsat)ﬁl V_le

+V - (p,udyHy) = V - (A\g@gVTy) — AV, - Vg — ticonaHy(Tsar) Ty - Vg,
= Phase change models
= Thermodynamics

e NASA
 NIST tables

o= TEMPERATURE
co 29e+02 295 296 297 298 299 300 301 302 303 304 305 306 307 308 309 310 311 3.le+02 57
Time: 0.00000 | il T e S S R

UMR 6614



N YALES2

Explicit Compressible Solver - ECS Ml Solvers

= Mass/momentum/energy conservation

BpY; ;
ot
8 7 =
L+ (pi0T+ PT) = Sn "
8E . ‘égé
= +V-((pPE+P)®) = S. + 5.,

7
TSI KT

K ORISR

3 TAVAVATAS G SIS AV

CELEEAS, SIEARRK]
e S S S e

asTAT
K

= High-order schemes
» TFV2A, TFV4A, 4t'-order V4

= Shock capturing schemes
= Time integration: RK, HLLC, SLAU, SLAU2
= Space integration: 4™, 2nd-order MUSCL
= V4 gradient reconstruction [Dervieux et al.]

= Combustion models from VDS
» Tabulated chemistry models (with TTC)
» Finite-rate chemistry models

» Pressure gradient scaling for low-Mach number

= Coupled to ALE




g YALES2

Multifluid solver - MFS Ml Solvers

«® ®
S
. 0.06
= 4-equation model
ot | g. <pﬁ®ﬁ+P?) —0
ot
8g_tE_|_V.((pE+P)ﬁ) =0 t=0.004938 s
0pYg .1 .
2 o Y =
5 TV (pYeuu) =0
0pY;
p@f,g + V- (pYr i) =0

= Exact thermodynamic equilibrium
= NASG equation-of-state

= ECS time integrations + Pressure gradient
scaling

Co)<<ia 59



Granular flow solver - GFS

N YALES2
Ml Solvers

DEM/CFD model
= Gas phase

(ap) +V-(epu) =0

(epu) + V- (epu ® 1)

<€ph ) V. (gpﬁhs)

( ka) +V. (sﬁﬁffk>

\E (P_ch

Q’|®Q°|QD STESIES

=—VP +V - (e7) +epg + Fpy

( /\Vf) + ewr + @p%f

dPy
)+d—+v

v ( VYk) V. (sﬁDkvffk> + el
SCk’t

= 4-way coupling for particles

du,

m_
Podt

Newton’s second law

dt

7 dw,,

dT,

Heat transfer : mpCpp b

Xy

Pdt

=Fp +Fg+Fc
:up
= Mc+Mp+ Mg

=0

=  Soft sphere model for collisions

Time: 0.284

CTTTTTTTTTarTTTT

N

e, »
.....

e, »
.........

., o'
tannt’ ttannr

Contact duration

Collision course

Time: 1.71 sec

Fluid
fraction

1.00

EU 84256

068511

Eo 52767



Dealing with multi-scale flows

HP-dynamic adaptation

61



Adaptive simulations

H-adaptation

— Topological changes of the mesh PRECCINSTA bumes

BFER scheme - DTFLES model - non-adiabatic walls
d on

— MMG: https://www.mmgtools.org

* P-adaptation
— Discretization order change [1]

« HP-adaptation
— Combination of both
coQia [1] Mossier, Beck, Munz, JSC, 2022 62
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https://www.mmgtools.org/

H-adaptation: Mesh metric definition

B
A continuous metric is defined [1,2] L (AB) = / VvV M(s)ds
A A

* The isotropic metric is linked to the local cell size M(%) = 1/A5’7z2

« Example of cell size
distribution to track a
gas/liquid interface

\//Py ‘/ N
DN/ 3

NPT
A
iy i = X al

s Am?%

A A X

* Remeshing is triggered
by the interface going
out of a protected region
(CFL-like condition)

Z

¥t

AN
i
R 00

>4 A .&y NZ/

7T SIS

Y > = "

f\\/ W A
e %ﬂm
3

b AW X

COQid [1] Courty et al., ANM, 2006 [2] Alauzet et al., Proc. IMR, 2006 63
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UMR 6614

H-adaptation: High Performance Computing

e A combination of several kernels

Moving interface method [1,2]

DAA/TKTN
. . AN
Mlmt A7

I
|

Ny 4/"‘
il

:

ioah

SN
INAT]

Z5A %
hmm;,‘% ‘4‘ 1

e SvalN

Parallel edge-cutting

AN A RN/ N/
N N A A

b DAL
O\ N\ ’%“‘:‘smg::
n: VAV S
/ &
P
%> AN -
¢ SVAVAVAYANRNAN.
L] : SARAAAN
RS | pan. VANANANLY, v;
N N PANZANANAVINAY,
RIS TR PN
S e S Y
?‘%ﬁ’ gﬂﬁis 1§?§§ hﬁ“}% %Y
Nz AN 4 2 ¥ ]
i CPKX KPR s i
4 Ty, ARy i 44
o 2 B AR g Y,
h y“}‘V r‘»‘b SN ﬂa’ v
; P SKT KD LN W
e () yY a4
PR ' T
%
| ;ﬁ‘k Vi, S5

[1] Digonnet et al., IJHPCA, 2017

PROC_COLOR
0.000e+00 0.75 1.5 2.25

3.04e+00

HHHH.‘,,’ | | | LrHHHll
[2] Balarac et al., Maths in Action, 2022

Mtarget

Lpgrade

your meshes

mmgtools.org
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H-adaptation: Application to the PRECCINSTA burner

» Volume/surface adaptation with MMG5.3 and YAL=S2 2018.11

» Metric definition based on a calculated progress variable gradient
» Same resolution as 110M (300 microns) but with 38M cells: global x3 speed-up

T K]
2200.0
2000.0
1800.0

— 1600.0
— 1400.0
— 1200.0
— 1000.0
800.0
600.0

300.0

PRECCINSTA burner

BFER scheme - DTFLES model - non-adiabatic walls
Dynamic mesh adaptation with surface based on flame sensor

Nje =40M — A =300pm

elem T, min
P. Benard, G. Lartigue, V. Moureau - CORIA

wp [W.m™3]
— 5.0e+09
— 4.5e+9
— 4.0e+9
= 3.5e+9
3.0e+9
2.5e+9
2.0e+9
1.5e+9
1.0e+9
5.0e+8
cop 0.0e+00

UMR 6614 —



H-adaptation: Application to primary atomization

* Pressure swirl atomizer | A,‘ .
— 390M elements, 2176 cores, Ax=10 um at interface

Courtesy J. Vernier, J. Leparoux, R. Mercier, SAFRAN TECH N i ‘.
copia [1] Janodet et al., JCP 2022 66
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H-adaptation: DLR jet-in-cross-flow [1]

* Liquid jet in cross flow

. ° s - o° ’,‘
I T B

-+ Zoom in dilute region -

AZpin = 10pum o

min K - B ARy e &
o . ® .. L, Lo e .

2 o '.. N N ° - .0

pgu dan ‘. 5 e = )

We, = —L— = 1470 e e . B P
o e ¥ o £ s H ... A
:. s o '. . . Bl % .‘

2 . P e L, e .

u O ° " .
:—pl L :6 : v e, e ._ R s L .
- L) .'

2
pgug

e
i G Sl
%

V'@ ¥
- )
’!AA’,AVvA‘Vg" ’y{(“
AN ST
SRS T ATk
N NI RO LT CRY
< - NPK 47‘ %7‘5 an ﬂ‘%’{;‘

£
N2
A Ay b
»
20

S N
e ST T
/) >

D
SNLH

4

0
ek

a5

S

1B cells, 15 600 liquid structures
10’000 cores of Irene AMD, TGCC, CEA

Co)<ia [1] J. Becker, C. Hassa, Atomization and Sprays 11 (2002) 49-67. [2] R. Janodet et al., JCP 2022 67
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Spray combustion in the CRSB burner

* N-heptane spray burner
« Experimental data: https://crsb.coria-cfd.fr

120 120

( 100
80—

5
~ b
r

100 100

N-

80

10 E 40

9-10 / : 9—10 —20 0 20 40 9-10
1000 1500 2200 0.000  0.00L  0.002  0.003  0.004  0.005 i 5 1. ) 5.0
Temperature (K) OH mass fraction (-) Metric (mm)

COQiG A. Stock, G. Lartigue, V. Moureau, IJNMF, 2023 A. Stock, V. Moureau PROCI, 2024 68
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https://crsb.coria-cfd.fr/
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https://crsb.coria-cfd.fr/

Fluid/struct. int. with LEGI (T. Fabbri, G. Balarac)

« DYNEOL ANR project
* Structural mechanics solver (SMS) + incompressible solver (ICS)
« 3D Turek case [1] with dynamic mesh adaptation

Q criterion (s72)
1,0e+5 3,0e+5 5,0e+5 7,0e+5
|

VORTICITY (s71)

-A - X
e 4 AN
Y A L EES2 AN

co iq [1] A. Kalmbach, M. Breuer "Experimental PIV/V3V measurements of vortex-induced fluid— 49
structure interaction in turbulent flow—A new benchmark FSI-PfS-2a"

UMR 6614



P-adaptation: Pair-based Finite-Volume Formalism

= Discrete Finite-Volume conservative Navier-Stokes equations

on unstructured meshes

—n+l ==mn Neighbors

U; — U; 1

N -+ VZ Z FZJdA’&J =0

j=1

Pair-based flux estimation

F’ij — f(ﬁiaﬁﬁ )

1-D independent flux estimations

Pair-based schemes can be:

— Central transport: Kinetic-energy conserving [1]
— Central diffusion: Necessarily dissipative
— Upwind transport: Maximum principle preserving [2]

— Higher-order: k-exact [3]

2D barycentric control volume

O Element center

% Edge center

@® Control volume

== Control volume edge

[1] Morinishi et al., JCP 1998 [3] M. Bernard, G. Lartigue, G. Balarac,
[2] Debiez & Dervieux, C&Fluid 2000 V. Moureau, G. Puigt, INMF 2020



P-adaptation: Pair-based Finite-Volume numerical schemes

How to compute the flux F; ;1 at face ?

W

Flame front Mixing-layer Turbulence

Continuous phenomenon

Taylor expansion (continuity hypothesis)

= Polynomial approximation of Uiz = f(Ui, Uiy, ...)

= Compute F; 1 =F(U,; 1)

rAdvantages:

 High order (4t-order in YALES2)
| Non-dissipative

p
Drawbacks:
* Not Total variation diminishing (TVD)

. Fz+% Ui
(]
|
| ° I °
i ity it

Shock wave or gas/liquid interface

Discontinuous phenomenon

Solving a Riemann problem

=  Godunov schemes
= V4 reconstruction [1]

rAdvantages:

* Total variation diminishing (TVD)
S Robust to high gradient

" Drawbacks:
 Low order

_*Not robust to high gradient (Gibbs problem )

_* Dissipative

COQiG [1] P.H. Cournede, B. Koobus, A. Dervieux, Revue européenne de mécanique numérique, 2006 /1



HP-adaptation: how to choose metric H and order P?

* Two main strategies

4 User-defined A
=  QOrder P and metric H are chosen
by the user
\_ J

Example: Based on a transported variable

X % NRVA S VA ) TSR

N7

| | 7% s R

Droplet convection with level-set

[1] Bénard et al., IINMF, 2015

4 Physics-based criteria A

= Flow and turbulence criteria
— (QC1,QC2,QC3) 1123
=  Combustion criteria (S2R3)

[2] Daviller et al., FTaC 2017.

\_ s

Example: Using a shock sensor

T .
8.0e+01 150 200 2.9e+02
Temperature (K)

| m
0.0e+00 0.4 0.6 1.0e+00
SHOCK_SENSOR

2D-axi nozzle symmetric simulation

[3] Celik et al., J. Fluid Eng., 2005 72



HP-adaptation: Simulation of shock bubble interaction

Numerical set-up Shock

-—

o ECS : Explicit compressible solver

o Time discretisation: TFV2A 2-step, 24 order @
Air
o Space discretisation :

« Central 4" order scheme
* HLLC + MUSCL shock capturing scheme.

«  P-adaptation (shock sensor [1])

Schematic representation

o Mesh adaptation (H-adaptation)

Boundary conditions

o Walls : No-slip
o Inlet: Velocity — Temperature (NSCBC)

o Outlet : Static Pressure

Schlieren images [2]

° [1] Henry et al., 2015, Journal of Computational Physics.
coplia i . 73
UMR 6614 -F. Haas, B. Sturtevant, 1987 J. Fluid Mech.



HP-adaptation: Simulation of shock bubble interaction

HLLC — MUSCL S HLLC — MUSCL
Ca Ax = 0.5mm e ety (kg/ma) C2  H-adapt Ax = (0.5mm,0.2mm)

—
P-adapt 4™ - HLLC — MUSCL 1:0e+05 140000 2.0e+05 P-adapt 4™ - HLLC — MUSCL

Pressure (Pa)

C3 H-adaptAx = (0.5mm,0.2mm) Cy Ax = 0.2mm

N Cq4
Case Turnaround (20 Proc) Cost %
Ca 6 min -15 sec
C : 3 C2 C3
2 20 minutes - 38 sec RN R
C3 20 minutes — 17 sec gél
Cq4 54 minutes — 26 sec » Precision

Eoria 7



HP-adaptation: LES of High-Speed low-pressure turbine

1

o [1] P. Tene Hedje, L. Bricteux, Y. Bechane, and S. Lavagnoli. “Large Eddy Simulations of a high-speed low-pressure turbine cascade 75
CO 1a at subsonic and transonic Mach numbers”. In: ASME Turbo Expo 2024: Turbomachinery Technical Conference and Exposition (2024).
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HP-adaptation: Rotative Detonation Combustion

Exhaust
Numerical set-up 4 b4 K 4 4 4
Closed I 1 I R I I T I 1 Ope'n o
. . : Products . Products
o ECS: Explicit compressible solver Bouncany I n ) closed
(predet. " Vortexshedding . — Oblique shock wave boundary
. . exit plane) b : g ; :
o Space discretisation : Planc S k.g Bor. N Bar
[ 80y, xy. %y, -
th Predet. [ on = P Sy
* Central 4" order scheme injection x s Detonation —2 =0/ Frasitic def,
. ion — a9rat;
«  SLAU2 + MUSCL shock capturing location —gyo || 1 {11743 T Fe—=ton
y Injection plane

+ HP-adaptation (shock sensor [1])

o Kinetic scheme :

{ SHOCK_SENSOR
. 1.0e+00
0.9
038

—07
—06
—05
—04
—03

0.2
0.1
0.0e+00

 H2-air mechanism

(5 species, 3 reactions)

Hot gases

* * * %

Temperature (K)
3.3e+03

2500
— 2000
1500

[ 1000
2.5e+02

Courtesy of Said Taileb
SAFRAN TECH

* * *+ *

COQ ia [1] Henry et al., 2015, Journal of Computational Physics. Fresh gases 76
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HP-adaptation: high-pressure leakage flows

Multi-tluid solver: 4-equation model
NASG equation-of-state

——

1.2e-04
|

Schlieren
001 01 1 10 100 1000 5.3e+04
[RATT[RRRH HW

Liquid NH3 leak
Po/P1=11.5

190.0

Temperature
2200 250.0 280.0

0.0e+00

Liquid water mass fraction
3.0e-3 5.0e-3 7.0e-03
|

Carmona, Raspo, Boivin, Moureau, IJMF (2025)

)
4
I

Gas H2 leak
Po/P1=10.0

Hydrogen mass fraction
-00 02 04 06 08
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tongy S
St ¥ e
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= svify ORI
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Ruggles and Ekoto (2012) 77



Conclusions
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Conclusions & perspectives

Proposed methodology

« Pair-based Finite-Volume scheme adaptation (P) and mesh-
adaptation (H) method for the simulation of fronts and interfaces

The scheme adaptation (P) involves using:
 High-order non-dissipative centered scheme in smooth regions
* Low-order positive Godunov-MUSCL scheme in high gradients regions
* Discontinuity sensors

Dynamic mesh adaptation (H) near areas of significant variation to
enhance resolution and minimize numerical errors.

Demonstrated for

— Compressible flows with shocks
— Incompressible flows

— Combustion / detonation

— More to come...
79
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