Komnnekc nporpamm SMILE: MHCTpyMeHT Ans
pacyeToB pa3peXeHHbIX Te4YeHMU MeTo40M
NPSAMOro CTaTUCTU4YeCKOro moaenupoBaHus

A.B. KawkoBckun, 1.B. BaweHkosB, E.A. boHaapb
UHcmumym meopemu4deckou u npuknadHou mexaHuku um. C.A.
XpucmuaHosu4a CQO PAH, 2. Hoeocubupck

HTITM

CFD Weekend

NHCTUTYT npuknagHon matemMaTukm
um. M.B. Kengbiwwa PAH, r. MockBa
28-29 Hos6ps1, 2015




BBeneHue

* AKTyanbHOCTb UCCNeAoBaHUs TUMEP3BYKOBbLIX Pa3peXeHHbIX TeyYeHUn
obycnosrieHa HeobXoA4UMOCTbIO aHanunsa aspoTepMoanHaMUKN
opbuTanbHOroO M BLICOTHOrO MosfeTa NEePCNEKTUBHbIX KOCMWUYECKUX
annapartos (KA).

« DKCNEPUMEHTArIbHOE  MOOENUPOBAHNE  Pa3pPeXEHHbIX HepaBHOBECHbIX
BbICOKO3HTaNbMNUUHbLIX Te4eHUN 3aTPYyOHUTENBHO Kak C TEXHUYECKOW, TaK N C
9KOHOMWYECKOWU TOYKN 3PEHUS.

» CTeneHb pa3pexXeHHOCTU TeYEHUS XapakTepuadyeTtcsa Yncrnom KHyaceHa Kn =
AlL, roe A— gnnHa ceobogHoro npobera, a L — xapakTepHblin pasmep.

* YucneHHble mMetodbl OMHAMUKU pas3peXeHHOro rasa B HacTosllee BpeMms
dpakTnyeckn 4BnATCA OCHOBHbIM MHCTPYMEHTOM AN UCCreaoBaHUS
MHOIFOMEPHbLIX TEYEeHUN paspeXeHHOro rasa B 00NacTsiXx CO CROXHOou
reomeTpuen B CcBOOOAHOMOEKYSISIPHOM (Kn>10), nepexogHom
(10>Kn>0,01) n okono-KoHTUHYyanbHoM pexumax (0,01>Kn>0,001).



FLOW REGIMES
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FLOW REGIMES
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Mathematical Models of Gas Flows

Kn:i
L

Knudsen

Flow regime Mathematical model
number

Kn—0 | continuum (inviscid) | Euler equations

Navier-Stokes equations (without slip on the

Kn<1073 continuum
wall)

Navier-Stokes equations (1t order slip on the

102 <Kn<1072 near-continuum
wall)

Burnett equations

Moment equations (Grad equations, R13 and
10 <Kn<10 transition etc.)

Model equations (BGK, ES-BGK, Shakhov
model)

Kn>10 free molecular flow | Free-molecular Boltzmann equation
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Flow regimes and physico-chemical processes
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DSMC method

The Direct Simulation Monte Carlo (DSMC)
method was introduced by G. A. Bird (1963) and | °

first applied to the problem of translational | = %
relaxation in a homogeneous gas.

The method was originally based on physical
concepts of rarefied gas and on physical
assumptions which form the basis for the
phenomenological derivation of the Boltzmann
equation.

It has since been extended to multidimensional
flows, gas mixtures, flows with internal degrees
of freedom, and chemically reacting gas ionized
flows. In principle, it can contain all of the
physics needed for any problem.

In practice, the technique is computationally
Intensive  compared with its continuum
counterparts. However, with appearance of up- Prof. Graeme Bird
to-date parallel computers, this method acquires

new areas of application.




DSMC method

The DSMC method has become de facto the
main tool for the study of complex flows of
rarefied hypersonic aerothermodynamics.

The conventional treatment of the DSMC e e R AT e
method is based on considering the rarefied P A :
gas flow as a set of 10°-10° particles (each of
them represents a large number of gas
molecules) and on the principle of splitting of
permanent motion and collisions of gas
molecules within a small time step At into two
consecutive stages:

- free-molecular transfer;
- binary collisions in cells.

Considered as a numerical solution of the
system of generalized Boltzmann equations
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DSMC Method

Master Kinetic Equation (MKE)

—+Zv —_25(r r, )jdg”jb db, |V, =V, | {fy (t.V,) = f @, V)}
i<]j
Linear MKE for N-particle DF f (t,R,V) may be
transformed into nonlinear BE for the one-particle

: DF f (t,r;,v;) when N => e and molecular chaos holds
Boltzmann Equatlon
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@#Many researchers applied mathematlcal approach to development of DSMC numerical
schemes (Belotserkovsky, Yanitsky, Deshpande, Kondurin, Hisamutdinov, Nanbu,

Koura,...)

@DSMC uses a finite number of simulated particles, which prompted M. Ivanov and S.
Rogasinsky to construct DSMC schemes directly from MKE

@They also showed that one can use DSMC without splitting free molecular motion and
collisions

@Starting from MKE also allows assessment of statistical errors and also provides
connection between the N-particle gas model and the solution of BE

@Majorant Collision Frequency Schemes are mathematically strictly derived from the
MKE, in contrast to traditional phenomenological DSMC schemes.



SMILE Software System

@#To solve basic and applied problems of high-altitude spacecraft
aerothermodynamics, a software system Statistical Modeling In Low-
density Environment (SMILE) was developed at ITAM SB RAS.

@The objective of SMILE software system was — and still is, to provide
scientists and engineers with a modern, easy to use implementation
of efficient and accurate numerical schemes of the DSMC method that
can be applied to a wide range of challenging hlgh altltude
aerodynamic problems in 2D, axisymmetric, and 3D

SMILE uses the modern theory of DSMC and

features innovative developments in numerical | “("‘lzuﬁl‘ng‘;n“‘n‘c‘.‘u‘p‘(:’v"r‘ BO
algorithms and physical models o 2008511134
SMILE is a multi-purpose tool used for

eHue eII crnumym
A. Xpu HOBUHA
(llfll\l(()l AH) (RU)

simulations ranging from spacecraft/space station
aerodynamics to microscale flows

SMILE is a monolithic self-consistent system for
DSMC computations, designed to be easily used = 2 % .
even by a person not familiar with DSMC il




SMILE Software System

—

Statistical Modeling In Low-density

Environment

Installed and used at

@RSC «Energia» (Russia)
«Makeyev (Russia)

¢MIPT (Russia)

«KARI (Korea)

«PSU (USA)

“ESTEC (The Netherlands)
«VKI (Belgium)

and other space institutions and universities

Number of publications for most
popular DSMC codes since 2010

SMILE
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SMILE Subsystems

SMILE is split into several systems to simplify user interface

@3D Geometry modeling system
-ii-Co?tains a set of predefined geometry primitives (cylinder, sphere, cone,
etc.
=f=Combines primitives into one compound object
=fsGenerates complex 3D geometry models from primitives and compounds
(MIR station, ISS)
=isHas CAD Interface: STL import capability
@Interactive GUI pre-processing system (sets-up new computations)
=feSubsystems to define, manipulate, and store the geometry
=feAdvisor which gives recommended values of DSMC method parameters
=fElements (atoms and molecules) and collision properties (includes
reactions)
=feSaves current computation and imports previous computations
=f«|nterface to couple Navier-Stokes and DSMC computations
=§=Online help support
@Interactive GUI post-processing system (processes computation results)
=f«|nternal visualization tools for 3D and 2D plots
=f=\/isualization of surface properties and flow fields
==Output for Tecplot and VTK
=§=Online help support

@High-performance computation subsystem (DSMC computation core)
=2D/AS/3D, single / multiprocessor
=#=Runs on a variety of CPUs (both 32-bit and 64-bit families)
=#Runs on remote clusters



Geometry Modeling Subsystem

@ Element-by-element description
@ Parametrized model, such as rotation of solar arrays)

Primitives | Compounds Models
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Pre-processing Subsystem

Window

XSMILE manager
Job  Subsystems Directory Help

~ E fhomefMashen/Data

> E Computations

BRI
b L

~ E SpaceCraft

oadBalancing

Double click on the job opens

window to create initial parameters

=0 %]
Job window for 'Sphere-0_1' calculation —|O] x|
Run Opt Help
| Step 1: PreProcessing Run C|
Initial data Available Parameter
I: chemistry — unaval:aE:e l MNew calculation / Delete macro (nfd) n
eometry and domain unavailable
g . Y . MNew particles / Old particles (n/o) n
starting surface unavailable
flow data unavailable

parameters of numerical method unavailable
Parameters of remote run unavailable

| Refresh | |AII 2




Chemistry Window

Species, collision models and chemical reaction sets are selected here.

Job window for 'Sphere-0_1' calculation O

Bun Opt Help

Step 1: PreProcessing Run <

Molecural properties and it dete A

Mew calculation / Delete macro (n/d) n

chemical reactions sets are geometry and domain unavailable New particles / Old particles (n/o)

starting surface unavailable

1 1 flow dat Lnssilabla

stored in Chemistry database. SRS - e Chermeio
Parameters of | Select

i ommon data
This database can be expanded commen d3t |
Element Mame Comment

by experts. o =

C | Continuous internal energies | < | | WHS | O |
cl
H | Zr, Zv are constants ] | [] Chemical reactions Off/0
He
Kr
M
Me
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— Xe
Refrash ‘ | clz
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Chemical Data Base

=

Chemical Data Base

i

Select

Elements | Collision data  Reactions |

Selected elements are; N2 O 02

Save changes

Overview | Reactions for selected sets  Reactions for selected elements |

L-|

Set Name Type D/E|Reagent1 |Reagent2| Product! | Product | Product3|  Ea | A ‘ B Emin | Heat

1 |air D NZ NZ N2 N N 1561e-18|7.968e-13|-05 |1.561e-18 -1561e-18
2 |Air D NZ 02 NZ 0 8.197e-19/1.198e-11[-1 8.197e-19|-5.197e-19
3 |air D 0 NZ 0 N 1561e-18|3.178e-13[-05 |1.561e-18 -1561e-18
4 |AIr E 0 NZ NO N 5.175e-19/1.12e-16 |0 5.175e-19)-5.175e-19
5 Air E Q0 0 0 0 0 0 0 0 0

& |A&ir D 0 0z 0 0 0 3.197e-19/1.498e-10[-1 8.197e-19|-8.197e-19
7 Air D 02 MZ 02 M M 1.5961e-18|3.176e-13/-0.5 1.561e-16-1.961e-18
B |Air D 0z 0z 02 0 0 8.197e-19(5.393e-11|-1 8.197e-19/-8.197e-19
9 Gala D MNZ MZ MNZ M M 1.961e-15|7.966e-13|-0.5 1.561e-16-1.961e-18
I~ J -~




Processing Subsystem Window

Job window for 'Sphere-0_1' calculation =]

Run QOpt Help

Step 2: Processing Run :
Initial data Available Parameter
Max. calculation time {min.)? 2830:00
List of available computers unavailable
) ) . Mum. cores per node: a
Options for qsub command file unavailable

MafFs far caler ilariam
Data for calculation _ | Ol x|

Select

Maximum number of time steps
(0 -the change in the time step is not used):

Refresh ‘ | All = | Refarence number density: 1.002+20

File name Data q

Name Value
AParamO.orsl 13:52 28.8.9 R -
Cxod.dat 13:57 98.8.9 [ 1 Mumber of steps before sampling (MACS) 1000
ParamsO.rsl 13:52 28.8.9 R 2 Mumber of sampling steps 1000
ParticO.rs1 13:52 28.8.9 R 3 Periodicy of Restart,Info,Adaptation 200
ProtO.dat 13:52 28.8.9 P 4 DXL value after doubling 4,00
stderrtxt 13:52 28.8.9 ( 5 Mumber of particle doubling 0
stdout.bxt 13:52 28.8.9 (




Post-processing Subsystem

Window

Job window for 'Sphere 01' calculation = ﬂ o
Bun Opt Help
PostProcessing for Flow Fields - l
Initial data Available
E
List of available compy .
Choose Flow fields -0l x|
File
Flow Fields Output data Mormalisation Min value Max value

(<]

All

File name Dat
Cx.dat 20:2
stderrtxt 20:2
Prot0.dat 20:2
Cxod.dat 20:2
Prot.dat 20:2
stdout txt 20:2

aver species

[] Level_of cell_partition
MNumber_density [#/m™3]

[ overall_temperature [K]

[[] Translational_temperature [K]
[[] Rotational_temperature [K]
[] wibrational_temperature [K]
[[] Collisions_per_particle [#/sec]
Mach_number]

[[] Flow_direction_{X0Y) [deg]

[[] Mass_fractions

[[] Maole_fractions

o ooodododd

[1.0

ll.D

[1.0

[1.0

[1.0
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[1.[]

[1.0

ll.D
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Adaptive rectangular mesh




Structure of the DSMC Computation

Generation Move Communication Index

Dump Adaptation Sampling Collision

Generation: initialize new model particles on the domain boundaries (Flow)
or on the starting surface (Jet)

Move: move all particles (including interaction with the geometry model and
deleting molecules leaving the domain)

Communication: exchange particles between computational nodes in
multiprocessor computations

Index: localization of particles in cells (determination which particles belong
to a given cell)

Collision: collide particles in each cell (including elastic collisions and
various inelastic processes)

Sampling : collect statistical information on molecular properties over cells
and geometry surface panels

Adaptation : adapt cells according to the local mean free path

Dump : write computational data (particles, cell, etc.) and sampled properties
to back-up files
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MES DSMC collision algorithm

set time variable to zero
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Shock wave structure: formulation of the problem

Kn:&~0.1
o)

(1) i (2)
H r o
| Boundary conditions at

the upstream and
downstream boundaries:

Maxwell distribution of
incoming molecules,
Rankine-Hugoniot relations

A 0 B

Density profile: initial conditions (black line) and DSMC solution (green line)
Parameters of the problem in case of monatomic gas:
« Mach number of the shock

» Molecular interaction law (hard spheres, Maxwell molecules, VHS/VSS, inverse power
law potential, Lennard-Jones ....).



Shock Wave Structure in Argon
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Shock wave structure
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Comparison of the profiles of temperature components obtained on the basis of the
deterministic solution of the Boltzmann equation and by the DSMC method, M=4
(top) and M=8 (bottom).
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Mach number flow fields at different times
DSMC computations

Mach_number

1,147e-01

1,419e-01

2,128e-01

2,838e-01
d) t=0.039 us 3.547e-01
4,257e-01
4,366e-01
5.676e-01
Symmetry plane 6. 3856-01
7.,094e-01
7.804e-01
8.513e-01
9,223e-01
9.932e-01
1,064e+00
1,13%e+00
1,206e+00
1,277e+00
1,348e+00
1.,419e+00
1,430e+00
1,561e+00
1,632e+00
1,703e+00

a) t=-0.005 ys

b) t=0.011 ps e) t=0.06 us

c) t=0.025 ps f) t=0.074 us

Initial parameters: M,;=2.03, y=1.4, P,=1 atm, T,=293 K, Kn=8.2x10-3 -
P, T, - the quiescent gas pressure and temperature.
t=0 corresponds to the instant when the incident shock wave enters the microchannel.



Comparison of NS and DSMC computations

y 6 o DSMC
[ NS
} R-H
X

DSMC

NS with slip il

= & =
AN | -2 0 g 2 4
Symmetry plane Density distribution near the
Density contours upper wall of the microchannel

Initial parameters: M,;=2.03, y=1.4, P,=1 atm, T,=293 K, Kn=8.2x10-3
Py, Ty - the quiescent gas pressure and temperature.
t=0 corresponds to the instant when the incident shock wave enters the

microchannel.



Examples: Re-entry Aerodynamics
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SMILE++ software system

Our experience achieved during development of the SMILE software
system clearly demonstrates the fact that the greater the capabilities of the
DSMC system are, the harder it is to modify the system by implementation
of new models, methods and algorithms. The necessity of creation of the
DSMC software system of the new generation based on the OOP approach
became evident to us more than a decade ago.

As a result the SMILE++ software system has been developed at the
Computational Aerodynamics Lab of ITAM (the main developer: A.\V.
Kashkovsky). The SMILE++ is based on the OOP approach and
completely written in C++. It is the descendant of SMILE and incorporates
most of the capabilities of the latter. At the same time, it has new
capabilities and significant advantages offered by OOP.

The SMILE++ system provides a complete lifecycle of computations
starting from a geometry model, pre-processing, going through the
computation, and finishing with post-processing and presentation of results.

M.S. lvanov, A.V. Kashkovsky, P.V. Vashchenkov and Ye.A. Bondar. Parallel Object-Oriented Software
System for DSMC Modeling of High-Altitude Aerothermodynamic Problems (INVITED), AIP
Conference Proceedings Volume 1333, Proc. of RGD27, pp. 211-218 (2011).
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Co3gaHune KOMMNNEKCOB a3poaAuHaAMUYECKUX MporpamMm Ans pacyeToB
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