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Exa CorporationOverview

= Founded In 1992

— Based on research at MIT

— IPO in June 2012

— Total investment in LBM technlogy >
S200M

= Focus on vertical markets
— Initial market: ground transportation
— Built strong industrial partnerships

= Targeted expansion to Aerospace
In past 5 years
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Presentation Notes

1 cm3 air  contain 2.69·1019 particles!  Boltzmann equation cannot be solved
More general: Boltzmann eq. Valid for arbitrary Knudsen numbers, Ns only Kn<<1
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LBM Key Characteristics
= Navier-Stokes physics are fully recovered

= Highly efficient unsteady flow solver
= Very low numerical dissipation
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Marié S., Ricot D., Sagaut P. “Comparison between lattice Boltzmann method
and high order Navier Stokes schemes for computational aeroacoustics”,
Journal of Computational Physics 228, 2009, p. 1056 — 1070.
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= Navier-Stokes physics are fully recovered

= Highly efficient unsteady flow solver
= Very low numerical dissipation

= Easy handling of very complex geometries
— Automatic generation of volume mesh
— Nested cartesion mesh with multiple resolution level

NS
sEXa
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Précess Flow Chart
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PowerFLOW Mesh-Structure




LBM Key Characteristics

= Navier-Stokes physics are fully recovered
= Highly efficient unsteady flow solver
= Very low numerical dissipation

= Easy handling of very complex geometries
— Automatic generation of volume mesh
— Nested cartesion mesh with multiple resolution level

= Stability Is a-priori guaranteed

= “LES-like* turbulence model
— Modified RNG model in regions of attached/steady flow
— Switch to hyperviscosity-type LES model based on local swirl
— Extended wall model

NEXA
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LBM Key Characteristics

= Navier-Stokes physics are fully recovered
= Highly efficient unsteady flow solver
= Very low numerical dissipation

= Easy handling of very complex geometries
— Automatic generation of volume mesh
— Nested cartesion mesh with multiple resolution level

= Stability Is a-priori guaranteed

= “LES-like* turbulence model
— Modified RNG model in regions of attached/steady flow
— Switch to hyperviscosity-type LES model based on local swirl
— Extended wall model

= Current version limited to low speed
. o ho . ‘
Update later in this presentation NE
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LAGOOM Benchmark by Exa Corporation
Surface probe pressure power spectral density, probe_K15
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me Noise:

FuWeployed NLG

Fully Dressed NLG

Frame = 0506, Time = 0.05002 sec

Sources

BANC-II Workshop » e et
AIAA 2012-2235 Velocity Magnane [dimless]
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Simulation – ~3 days on 500 Cores
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Simulation – ~3 days on 500 Cores
Prediction PNLT_max -2.4 dB
Prediciton EPNL -3.8


Simplified Geometry

NEXA
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Excellent agreement for
- lift in linear range

Jigh-Lift PredictionWorkshop-]

Lift detail at 28°:
Excellent prediction for
simulation with brackets
(as in experiment)

5 10 15 20

—-Experiments, Config 1
B PowerFLOW, Config 1 (no brackets)

¢ PowerFLOW, Config 1 (with brackets)

25 30 35

Source: High-Lift Prediction Workshop

(Chicago, 2010)
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-Experiments, Config 1
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These are results that were also published in the High-lift workshop. The red dots show the PF results for the geometry without brackets, the green dots show PF results with brackets, and the blue line shows the experiment, which was obviously with brackets. Most other participants only computed results without brackets since they cannot handle the geometric complexity of the brackets. The overprediction of the simulation without brackets is correct since the brackets reduce lift. PowerFLOW was the only code at the workshop (out of 15) to predict this correctly. The detail image on the bottom left shows how adding the brackets in the simulation brings the simulation into almost perfect agreement with the experiment.
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mFlow Control =
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Natural flow

AN Exa Corporation

N/ Minois Institute of Technology, Chicago, IL

California Institute of Technology, Pasadena, CA

40t AIAA Fluid dynamics Conference and Exhibit — Chicago , IL
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Actuated flow

Sources
AIAA 2010-4713
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Comparison RowerFIOW - Experiment

= Transient increase iIn lift AL
— Only one cycle of actuation in simulation
— About 60 cycles, phase-averaged in the experiment

0.5
0.4l Experiment
a / Simulation
0.3 il e Good agreement overall
> 0.2}
. == |.peak value and length of
<] 017 the transient lift well
0 mat, captured in simulation
I
N
—0.2

12 14 16 18 2

t(s) NEXa
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Source = NASA Experiment
AlAA 2012-2287 | == powerFLOW Simulation

— Direct results from simulation
— Peaks captured at expected frequencies
— Broadband content levels in close agreement
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Fan Nojse: Banddfilteéred results

= Filtered pressure on narrow bands

Centered on f;
Filtered [470-490Hz]

Centered on f
Filtered [1420-1460Hz]

— Strong diffraction patterns
— Modal content more complex at 3 BPF SEXxa
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Jet Noise (SMCO00O, Ma:[}_._35. New Setup)
vel_mag

| I I I _

0.00 0.25 0.50 0.75 1.00
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Jet Noise (SMCO000, Ma=0.35, New Setup)
vort_mag

[ | [ |
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Frame = 0000, Time = 0.07999 sec

28

FilterBandPass(Pressure, MKS) [400 -
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ECS: Auxiliary. Powet Unit cooling

.. T T
RANS MODEL PowerFLOW MODEL
~ (no simplification required) 5
7 LT '~

Preparation Time: 25 Days Preparation Time: 2 Days
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Extension.of LBMtoHigher Mach Numbers

37

L—
l‘zl I i /(F

D3Q19 Model D3Q39 Model

(freestream Ma,,,,,~3.0)

(freestream Ma,,,,,~0.4)

Shan,X., Yuan, X.-F., and Chen, H. “Kinetic theory representation of hydrodynamics: a
way beyond the Navier-Stokes equation”, J. Fluid Mech., vol. 550, pp. 413-441, 2006.

Nie, X.B., Shan, X., and Chen, H., “Lattice-Boltzmann/Finite-Difference Hybrid Simulation

of Transonic Flow”, AIAA-Paper 2009-139, 2009. ¥ E
© Xa
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Summary.of CurcentPF Status

= Current technology limited to subsonic flow
— Freestream Mach < 0.4 (local max Mach < 0.9)

= Prototype for High Mach number
— Based on “fractional advection”
— Limitations due to slow performance and higher
numerical dissipation
— Available today

= Full High Mach number version
— Based on “direct advection”
— Removes all limitations of fractional advection code
— Development ongoing, Beta version planned this year

NEXA
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Collision of a Planar Shoek*with a Finité'Wedge

This study is named after the experimental results presented by Schardin [1]

y {mm)

y (mm}

0.8

1 ' f L I 1
=20 0 20 40 60 -20 0 20 40 60
% (mm) x [mm)

from [3]Fig.1: Density contourplots for the Schardin problem at the following time steps a) t = 28, b) t =53, ¢) £ = 102
and d) £ = 120 ps. There were 27 contour levels used, with a minimum of 0.4 and a maximum of 1.1.
[1] H. Schardin: High frequency cinematography in the shock tube , J. Phot Scie , 5:19-26, 1957

[2] S-M. Chang and K-S. Chang: On the shock-vortex interaction in schardin’s problem, Shock Waves, 10:333-343, 2000

[3] M. Omang, S. Boerve and J. Trulsen: Numerical Simulation of Shock-Vortex Interactions using regularized smoothed particle
Hydrodynamics, Computational Fluid Dynamics Journal, 12(2):32, July 2003

NEXA

© Exa Corporation Confidential




Collision of a Planar ith a Finite Wedge

Mach_local distribution at a time before the planar shock reaches the finite wedge

: Planar shock
Planar shock moves with Mach 1.34 Finite Wedge

o AN
N\

] | Mistl] Contact surface
= ' =
0.0 0.3 0.7 Planar_Shock_Start_Mjet_MS_Chang_Ms1point34.avi

Animation of the moving planar shock

x| MeH

0.0 0.3 0.7

NEXa
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Cm)f a Planar Shoek*with a Finite \Wedge

dRho_s [-]

j—-"ﬂ —

0.0 1.0 2.0

NEXa
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Collision of a Planar with a Finite Wedge

@ |
<

' ' Experiment -
Simulation P NExa
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Collw heck'with a F|n|te Wedge

Comparision of triple point trajectory TP1 and TP2 and locus of vortex center V

Sinulation Hs=1,34 {setup res256)}

3
TP1 {PouerFLOM} —i— | | .
TP2 {PowerFLOH} —%— /__\
| ¥V {PowerFLOM} —&%— | TP1 —°
2.3 "1pg {Experinent} & B =
TF2 {Experinent} ¥ i

Infinite Hedge

2 1F & _
E "
1 Graphic with PowerVIZ
a.5
A

5
w/1 NEXa
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Collision of a Plan_gr heck"With a Finite Wedge

Density fields

PowerFLOW Experiment
N
sEXa
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Collision of a Planar Sheck'With a Finite- Wedge

Density distribution along the x-axis behind the wedge

Sinulation Hs=1.34 {setup res256)
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NASA-CRM (Common-.Research-IVIodéI)

——m——
Setup Model moved in y-direction

-17nto-3mm

k),

Simulation Parameters:
L ref =0.18914 m P_ref =100000 Pa
Area_ref =0.13985 m"2 Rho_ref = 1.161 kg/m”
Ma =0.85 T ref = 300°K
Re = 5E+06
AOA =0°, 2° 3°

Sym- Blane

Sim-Time = (55 to 144) * L_ref/Velocity _Inlet [Secj‘

Windtunnel (NTF National Transonic Facility, NASA Langley) :
CL = 0.5 at AOA (Angle of Attack) 3.02° with CD = 0.0275, CM = 0.0378

DPW-4 :
CL = 0.5 at AOA (Angle of Attack) 2.34° with CD = 0.027, CM = -0.04025 NEXa

42
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NﬁSA(CRIVI (Common-Research-Model)

P Preliminary-Results
Pressure distribution on the wing upper surface
AOA 2°
Simulation Pressure-sensitive paint measurements

NEXA
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Enablin tures=

= Moving geometry
— Rotation available today
— Arbitrary movement: 1-3 years

= Fluid-Structure Interaction
— Static coupling: available today (prototype)
— Dynamic coupling: 2-5 years

NEXA
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G550 - Model scale 20% B747- Full Scale
Ma=0.2, Rey;5c~3M Ma=0.2, Rey;,c~40M
Aerodynamics case size ~200M cells Aero case size ~10B cells
Acoustics case size ~2B cells Acoustic case size 50-100B cells

NEXA
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5 times more Re# ~ 10 times bigger size
13 times more Re# ~ 25 times bigger size
Add factor ~2 for added complexity


= /
Simulations-of.EullAircraft

Today Future Requirement (5 years)
(Business Jet) (Jumbo Jet)

26 hours on 1000

12 hours on ~ 27,000 cores
cores

Aerodynamic Case

(200M cells) (10B cells)

165 hours on 2000

12 hours on ~170,000 cores
cores

Aeroacoustic Case

(2B cells) (508 cells)

A
NEXa
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5 times more Re# ~ 10 times bigger size
13 times more Re# ~ 25 times bigger size
Add factor ~2 for added complexity


Drag Coefficient

8,22

8.2
8,18
8.16
8,14
8,12

8.1
8,88
.86

Automatic local refinemen
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Accuracy

= LBM offers high accuracy for unsteady & separated

flows (including smooth surface separation)
— Now including supersonic flows

= Open question: Is the use of a wall model limiting?

Speed
= LBM Is a very efficient unsteady solver

= Full plane (aerodynamics) will be possible long before
2041

Robustness
= Key advantage of LBM

NEXa
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