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T0C o

®Recent trend of engineering fluid simulation
® Research background

® AMR methodology used
> Structured, Octree-based, Parallelization with load balance

® Computational results and discussion
® Summary
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History of Engineering Fluid Simylation S4KA
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 DNS: Direct Numerical Simulation

o LES: Large-Eddy Simulation
e DES: Detached Eddy Simulation
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Research Background LKA

® |n the researches on practical aerodynamic problems 1.e. aeroacoustics,
flow control, fluid-structure interaction as flutter, the need for high-
accuracy time-dependent unsteady flow simulation is being increased.

® For the unsteady flow simulations, DNS/LES/DES methods are
becoming popular these days.

® ()n these methods, structured grid approach is still mainly used because
high accuracy schemes like WENO, compact can be easily applied.

> Unstructured, although suited for complicated geometry, is at most 2" order.

® However, the proper mesh distribution for a structured grid is difficult
to realize in actual cases, particularly in 3D, memory and CPU time limit
is unavoidable.

RIS — 2011/12/9 1




Structured Mesh for DNS/LES/DES
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AMR Concept LA

® ANR: Adaptive Mesh Refinement is promising, effective
> Practical flow phenomena is of multi-scale in terms of space and time
> Area of required high resolution is limited
> But, uniformly fine mesh leads to the increase of memory usage and CPU time
> Fine mesh should be used only to where a high resolution is required

Ingle gr1
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AMR Concept(2) XA
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Current Situation LKA

® These days, there are many open AMR libraries freely available.
> e.g. AMROC, Chombo, PARAMESH, SAMRAIL ENZO0, Flash, RAMSES

® (Jur target s to apply AMR-based CFD to practical problems in
aerospace engineering we are faced with at JAXA.

® Then, we have two choices;

> to nea the anan AMR Lhrariee and annlv anv ane ta anr eacac
LtV U Lilv Ull\lll A ALVAAN 11WJ1 Q1 1VO Uil “lllll] uu] ViilVv LV Vul vulvouvvu

e (bject-oriented, Performance problem, Not easy to use

> to develop our own AMR framework.
e Flexible, Scalable, Practical, Work and time

RIS — 2011/12/9 11




AMR History .

® I5FNIFFEEH L
> M.J. Berger and J. Oliger, Adaptive Mesh Refinement for Hyperbolic Partial
Differential Equations, JCP 53, 484-512, 1984

> M.J. Berger and P. Colella, Local Adaptive Mesh Refinement for Shock
Hydrodynamics, JCP 82, 64-84, 1989

> M.J. Berger and R.J. LeVeque, An Adaptive Cartesian Mesh Algorithm for the
Euler Equations in Arhitrary Geometries, AIAA 89-1930

® (G, Computer Science, {XZRZE{faIH\EC)R 2

o KETEICHKE
> ASCIETE ([RIBDUZIaL—Y3Y) EB8%R ?
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AMR History(2) .

® SEER Bl

> Colella (LBNL) Chombo
https://seesar.Ibl.gov/ANAG/chombo/

> MacNeice ~ (Drexel .) PARAMESH

http://www.physics.drexel.edu/~olson/paramesh-doc/Users manual/amr html

> Hornmmg  (LLNL) SAMRAI
https://computation.llnl.gov/casc/SAMRAI/SAMRAI Applications.html

> Mtosmith  (NASA Ames) CART3D

http://people.nas.nasa.gov/~aftosmis/cart3d/

e HATIE(nZEFHTIL) HEN LN TV
> AR, XS HTEEA
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AMR Status .

® XX -F i M7 E Thrth

Authors Targets Grid type License MHD
ORION R. Klein Star formation A Limited Y
Enzo M. Norman Cosmology A Open Y
FLASH U. Chicago Any B Open Y
BATSRUS K. Powell Space weather B - Y
NIRVANA U. Ziegler Any B Open Y
RIEMANN D. Balsara ISM A Limited Y
RAMSES R. Teyssier Cosmology C Open Limited
ART A. Kravtsov Cosmology C Limited N
AMRVAC G. Toth Any A Open Y
SFUMATO T. Matsumoto Star formation B Limited Y

[imm |
WNJ

e A T DAY
= = B: BCAEMKXTAYD
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AMR Pros/Cons

® Ay
> DOV F CE A

T BFROAThF| A EE

>REOAT—IENKREMGEICH
> Mt § IJ, Mth.?F*E 'li Used to capture shocks. Compute scaled second

zone after Lohner (1987): WM seaREEAMEE

|, ,—2u+u,|

> Shock capturing ¥ 14 ==+,

> BBEDIEFERBE T

Derefine block if
max .. E;<C,

® THJYk

i+1 _ul'l+|“.'_H.'—]|+E|_|“|+I|+2|ur|+l“.'—]|

X by L5 1

values C, = 0.8, C, = 0.2, ¢ = 0.01 (FLASH defaults) -

> 7JO0I3IVTDEE, AEIBE

> ST E M REEHR
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Cell-based vs Block-based

LA

* Refine mesh cell-by-cell
(Cell-based AMR)

e Flexible and efficient refinement patterns.

e Cut-cell is mainly used, but hard to deal with
complex boundary shape.

o Large tree data structure to keep track of cells
and their neighbors.

e Need to develop own flow solver, own pre-
/post-software.

* Refine mesh block-by-block
(Block-based AMR)

* May enable reuse of most of a legacy code
designed for a structured mesh .

* Data communication only at block boundary.

* Easy data manipulation for statistical analysis

in DNS/LES/DES.

e Hard to deal with complex boundary shape.

TEHFEESF— 2011/12/9
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Data Structure by Self-Similar Tree LKA

* A block is divided into Quadtree in 2D,

AT A (Octree i 3D.

) i 141 *Self-similarly organized tree
] : — Each block has the same number
1 ] of grid points.
: 12 .

(o0

57® @ @ m@
43 14 (15 (16
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Managing Octree-Based Data Structure LA

/ 2 13
— AiE ) 41
...... ; 9 - 10
| neigh(1, 9) = 1
""" neigh(2, 9) = 10
neigh(3, 9) = -20 = Physical Boundary
]- 2 neigh(4, 9) = 11
Child block neigh(5, 9) = -20 = Physical Boundary
4 I I neigh(6, 9) = 13
i Facmlock D
A work block with BlockID has, AT | ey | 13 12
Parent(BlockID) e 9 | 10l F . :
Child(LocallD,BlockID) B P * Ifneighbors of a block include
1<LocallD<8 child(,2)= 9 parent(9) = 2 a physjcal boundary, any negative
Neigh(FacelD, BlockID) | | chid(2,2)=10 parent(10) = 2 value is set there.
1<FacelD<6 child(3, 2) = 11 pareni ) * If Lbtype=1, then the block is a
Rlevel(BlockID) : : leaf block, if =0, it has children.
Lbtype(BlockID) Chi'<1/('f%2_3\= 16 parent(16) = 2 o IfFlag refine=1, then refinement,
= 1 —_— —
Flg_refine(BlockID) Local ID Block ID Block D 1, derefinement, =0, no Cha“%

kB SF— 2011/12/9 19




Refinement/Derefinement

LA

® Refinement Interpolation/Prolongation

® Derefinement  Averaging/Restriction

Refinement

ﬁ

CJ& Dereﬁnh«

TEHFEESF— 2011/12/9

T e®

A linear interpolation with
limiter is used considering
monotonicity preservation of
the data across the boundary.

o Use physics-based refinement criteria,
eg. Vp, AM

o Need experience for proper refinement
* Error estimation with Richardson extrapolatiop,

20




Refinement/Derefinement(2)

® (uardcell (Ghostcell) filling nterplation

> Used as the boundary condition for a block
> Interpolation needed when refinement

Guardcell region ——>

Compute block

® Proper nesting

TEHFEESF— 2011/12/9
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Parallelization and Load Balance LKA

® Space filling curve (Z-ordering) :
> Assign 2D/3D blocks to a 1D ordering g§;\\j~¢\
> Preserve locality >> Less communication T
[13(14[15]16] 6178 23] 9 10]11]12 R Eaione e
® Domain-based partitioning

> For load balance
> MP1 only between processes

|13]14[15]16] 16/718]12] | (I3]9]10]11]12]

< ~ -
[ Proct ] =) [ Proc2 ] () [ Proc3 |

MPI MP| : ‘:

[ Proc1 ] [ Proc2l]
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Code Structure LKA

[ Initialize AMR package ]

"

[ Set initial condition, boundary condition, and refinement level for all blocks ]

[ Guardcell filling ]

| @ deparate the AMR framework
LTransfer data from AMR framework to flow soIverJ Cﬂmpletely from the kernel Sﬂlver

Compute numerical flux / time integration [~— Legacy code

® Written by Fortran90 using
module, allocatable array, etc.

"

"

f

Transfer data from flow solver to AMR framework

"

o

Refinement/Derefinement

: Transfer data to neighboring blocks}— MPI ® NO p()mter, no structure element ’
considering compute performance

8

D

@l

Output data

"

Finalize AMR package

RIS — 2011/12/9 24




Additional Implementations for Practical Use ~ %4

® Introduce body-fitted curvilinear coordinate system gﬁ

> Allow for anisotropic mesh, treat thin boundary and shear layersT—’ x

® Use efficient initial block assignment
> Multiple roots

® Reduce and optimize memory usage

Block 2

> A process has only related local arrays

® Reduce and optimize MPI communication
> Communicate only guardcell data among blocks

kB SF— 2011/12/9 25




Kernel Solver for Single Grid S4XA

® (;overning equations
5 2D/3D Compressible Navier-Stokes for perfect gas

® Numerical method

> Spatial discretization

e Finite volume approach
* Roe/AUSM numerical flux with MUSCL/WENO interpolation

e i’ VY Sama v

> Time integration
* [mplicit LUADI or Explicit Runge-Kutta

kB SF— 2011/12/9 20




1D Shocktube

® Sod’s standard problem (Weno 5%-Roe+RK 3r)

— 224steps
- ! 1 1.3sec
K ' Without AMR (uniform 256 points)
298points
1768steps ]
| 18.7sec
E : i ' o a's ; o's o's
With AMR (Rlevel=3) 1801steps
. 67.4sec
*CPU Time: 256pts < AMR < 2,048pts -l
oShock becomes steepened o

*Contact surface remains with initial gradient G W;:hout AMii (u,,ifonn; 2,048 pomts)

kB SF— 2011/12/9 27




1D Shocktube(2)

® Shu-Osher’s entropy wave (Weno 5t-Roe

L

5%)5points
NN A AV AYVAVAVYA
261sec
E E T :a DI.‘Z o.‘a 0?5 D.Ia
With AMR (Rlevel=3)

*AMR is useful for capturing complex waves
*AMR consumes more CPU time than expected

TEHFEESF— 2011/12/9

Without AMR (uniform 256 points)

SN NN\

111sec

Without AMR (uniform 2,048 points)
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2D Forward Step .

Inlet Mach number: 3

Initial grid size : 240pts * 80pts

Initial number of blocks: 55 = 48 * 16/block

Max AMR level : 2(Dynamic)

AMR criteria : AM_. /block>0.15, then refinement
(50 steps each) AM_ .. /block<0.05, then derefinement

......

29



2D Double Mach Reflection LKA

Inlet Mach number: 10

Initial grid size : 120pts * 30pts

Initial number of blocks: 33 — 40 * 10/block

Max AMR level : 2(Dynamic)

AMR criteria: AM_. /block>0.2, then refinement
(50 steps each) AM_. /block<0.05, then derefinement

oo

..............................

————————————————————————————————————————————————————————————

.........................................

______________________
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2D Double Mach Reflection(2) JHXA

Without AMR, uniform 1920 = 480 With AMR, initial 480 * 120 and Rlevel=2

Almost same resolution can be obtained locally with/without AMR. J

TSI F— 2011/12/9 31




Mach number : 0.3

. . Angle of attack: 20degree
ZD Alrf()ll Reynolds number: 1.0 = 106

| Initial grid size: 252pts * bdpts

%W‘ﬂ Initial number of blocks: 144 = 18 * 16/block

M,'Tu Max AMR level : 3(Static Fi tially)

WM ||||||” I

i
_=,!=" -li "’E"!m

i
il |||IIIIIIIIII||l
im,»m | ||||IIIIHIHHIII

64=(

Mach Numlboer Mach Number
0.4 0.8 1.2 0.4 0.8 1.2
HIIIIIII|IIIIIIIII|IIIIIIII HIIIIIII|IIIIIIIII|IIIIII||
0 1.4 0 1.4
%
- -
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2D Circular Cylinder

Mach number : 0.95

Reynolds number: 1.35 s 106

Initial grid size : 64pts * 64pts

Initial number of blocks: 3«3 = 40 * 10/block

Max AMR level: atic, Fixed iitially)

Grid

TR FEESF— 2011/12/9

VelocityMagnitude
|\\\\I\\\??q\l\l\;\*ﬁ‘ﬁlo II||___-..'

0.00667

VelocityMagnitude
200 400
| LI O A B O ‘ LI B

0.00667

Snapshot of the velocity magnitude

Experiment

33




Mach number : M,,.=0.76, M, =0.58
Re=5 * 106

3]) SUPETSOl]iC Coaxial Jet E.‘i%‘ii";’éj‘ ls'?zlkfr: 128pts + 32pts * 40pts

Initial number of blocks: 44 %2 = 32§ s 20/block
lll===llllIIII---- Max AMR level : 2(Static, Fixed initially)

(32+8+20)%32  0.16Mpts (32*8*20))(*752 3.8Mpts

Rlevel=0 Rlevel=2

TEHESF— 2011/12/9
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3D Atmospheric Reentry Capsule(2) LA

® Time-dependent unsteady flow fields [ vach number 038
ooy Angle of attack: 20degree
- s Reynolds number: 1.2 % 107
Initial grid size : 96pts = 60pts * 40pts

Max AMR level : 2(Static, Fixed itially)

VelocityMagnitude
V IHI\II\]I?\OII\IHg‘?P\H 300|\||\|ﬂ?9\

At=0.145 = 10° (CFL~100)
20,000 steps computed by ILES y ——
(10hrs/32CPU@JSS)

Movie: snapshot every 500 step

As the refinement level enhances, fine scale vortical structures P
can be captured in the separated region behind the capsule.
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Summary and Future Work LKA

® The AMR framework based on structured mesh is depicted,
and the extension for its practical usage is shown.

® | is found that the AMR is effective to clearly capture complex
fluid flow phenomena with less grid points in total.

® It is shown that the AMR framework could be used to the
practical aerodynamic problems at JAXA.

® Future work is associated with the completion of the AMR
basic functions not yet implemented, and further V&Y.
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Entropy fix’ 5 FB L3 L V5 & Dh—n"U 4 L HHXA
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M=2, AoA =-30 deg M=2, AoA =-20 deg
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