GPUs TO MARS

Full Scale Simulation of SpaceX’s Mars Rocket Engine
Adam Lichtl, Stephen Jones, GTC 2015
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Background

=  |ndependent space launch company

Build and operate our own rocket & capsule

& T |
||

u Operations in CA, TX & FL

«a

= Founded in 2002, first launch in 2008

m 18 successful missions to date

—

/F'—\I:E)(










Launch

B
-
SPACEX

T+00:00:04
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Length of day
Length of year
Gravity

Distance from Sun
Mars Air

Earth Air
Atmosphere

Temperature

Mars

24 hours, 40 minutes

687 days

0.375g,

1.53 AU

CO, (96%), N, (2%)

02 (21%), N2 (78%)

1% density / pressure of Earth
-284 / +86 / -81 F (low / high / avg)




Human Mars Mission Classes

“Short-Stay” (“Opposition-Class”)

Depart Mars
1/25/32
Depant Earth

2/6/31

Arrive Mars
12/16/31

|
Outbound === 313 days
Stay 40 days
G

Total Mission 661 days

Credit: CollectSpace

Arrive Earth
12/11120

“Long-Stay” (“Conjunction-Class”)

Arrive Mars
/718

Depart Earth

118 \—%l)q\an Mars

MISSION TIMES
Outbound === 180 days
Stay 545 days
Return 180 days
Total Mission 905 days

6/14/20




Mass to Mars

-~

(111 T

Apollo Command & International Space Station
Service Module

NASA Mars Architecture

Mass: 450 tons
36x Space Shuittle,

Terrestrial assembly 5x Proton launches launches
\ J K / & In-orbit assembly /
Image Credit: NASA

Mass: 46 tons

Mass: 300 tons
3x heavy-lift

Image Credit: NASA

Image Credit: Mark Benson & Kerbal Space Program———
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Methane Fuel

Carbon dioxide from atmosphere

| SyntheSIze return-journey fuel on Mars




Rocket Engine Design




Why Simulation?

Investigate what cannot be measured

Reduce need for testing
Design optimisation: narrow design space

Proactive instead of reactionary design




Time scales vary by
8 orders of magnitude

Diffusion Advection Acoustics
mm

([ l‘ (*(I(I((«dwou
il

10 1071 10°° 1078 107 1076 1075 1074 103  seconds
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Chamber Reidence




Eddy Energy

Length scales vary by

//lnjection
6 orders of magnitude

Cascade

Combustion
Chamber: ~1m

______ \
Kolmogorov Scale: ~1um
Viscous
dissipation
min Eddy Wavenumber Kinax ”
Total points: (103)® = 108 =1,000,000,000,000,000,000 points
@1kB per point -> Yottabytes of data _
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Structure In Turbulence




Simulation Meshing

Adaptive Grid Unstructured Grid

SPaAaCE><



Fourier Transform: Spectral Compression

60 Hz
(h=1)
-+

180 Hz
ANANNANC  (hz3)
X 300 Hz
PV 25
-+
- 420 Hz
MAMAWWW. - (h=7)
+ 540 Hz
%) 660 Hz
wawwvwvmmwv (h=11)
' + 780 Hz
(h=13)

+
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Wavelets: Local Fractal Basis
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Wavelet Compression

sSPaACE><



Wavelet Compression




Wavelet Compression




Wavelet Compression
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Wavelet Compression

6>¢
(€ is some tolerance)




Wavelet Compression
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Wavelet Compression
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Transform Output




Wavelet Compression
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Transform Output
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Wavelet Compression
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Transform Output
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Wavelet Compression
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Transform Output
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Wavelet Compression
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Wavelet Compression

// ( I
/ AN LN
/ Se__~ \
/ = \
/ \
/ \
/ \
// \
\ ~
/ \ I\
/ \ I\
! \ [
i \ i \
! \ 1 \
! \ I \
| & I \
‘ ~¢ I \
\\ i \
| \ /
\\ i \ //
\
\ //\. II e} pd
- . i
A \
e /
(ON N J ( e O e [ I N J (ON N J
Transform Output

sSPaACE><



Wavelet Compression
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Transform Output
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Wavelet Compression
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SN N N o000 200

Transform Output
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Wavelet Compression
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Transform Output
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Wavelet Compression
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Transform Output
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Wavelet Compression
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Wavelet Compression
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Wavelet Compression
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Wavelet Compression
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Wavelet Compression
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Decompression
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Transform Output
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Decompression

e 000

BN N NON®

00 00000 00

Transform Output

sSPaACE><



Decompression

Transform Output
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Decompression
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Decompression
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S 00000”00000 200

Transform Output
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Decompression
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Decompression
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Transform Output
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Decompression

e 000 o000 0000000 00

Transform Output
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Decompression
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Transform Output
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Regular Grid: Direct Indexing

(x,y,2)
{

®
(x, y+1, z)

Index (x,y, z) =p
Index (x, y+1,z) =p + N,
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Sparse Grid: Difficult Indexing

(x,y, 2)
o

o
(x, y+1, z)

Index (x,y, z) =p
Index (x, y+1, z) = ???
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Sparse Grid Point Lookup

Linear search

Tree-based search

Hybrid tree search + dense indexing _
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Grid Point Contains Reference to Data

Grid Point 14

Location (x,y,z)
Data Reference




Grid Point Contains Reference to Data

Grid Point 14
Grid Index 14 15 16

(11,11,5) |(11,12,5) | (Location)

Grid Data ---- T
Data Reference 3 8 (Reference)

Location (x,y,z)
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Grid Point Contains Reference to Data

Grid Point 14

Location (x,y,z)

Data Reference

Grid Index

Grid Data ----

density
X-momentum
Y-momentum
Z-Momentum

Energy

14

15

16

(11,11,5) |(11,12,5)

3

8

Po| P1]| Py

P3| Py

Ps

Ps

P7

Ps

Py

PUg(pu,|pU,

pUs(puU,

PUs5

puUg

pu,

pug

pUg

PVo[PVy| PV,

PV3|PVy

PVs

PVg

pv;

pvg

PVq

PWy|PW4|PW,

pPWs|pw,

pPWs

pwg

pw,

pwg

pWy

Es | E,

Es

Es

Simulation Data




Grid Point Contains Reference to Data

Grid Point 14

Location (x,y,z)

Data Reference

Grid Index

Grid Data ----

14

15

16

(11,11,5) |(11,12,5)

3

8

density
X-momentum
Y-momentum

Z-Momentum

Po| P1]| Py

P3| Py

Ps

Ps

P7

Ps

Py

PUg(pu,|pU,

pUs(puU,

PUs5

puUg

pu,

pug

pUg

PVo[PVy| PV,

PV3|PVy

PVs

PVg

pv;

pvg

PVq

PWy|PW4|PW,

pPWs|pw,

pPWs

pwg

pw,

pwg

pWy

Energy

Es | E,

Es

Es

Simulation Data




Grid Adaptation

P P, Ps Py Ps

Pe P; Pg Py

Grid Index P,

XoYo[X1Y1/X2Y2X3Y3|XaYa|X5Ys| XsY 6 X7Y7

XgYs/XqY9

Location

Reference




Grid Index
Location

Reference

Grid Adaptation

P, P, P, P, P, P. P, P, P, Py
XoYo|X1Y1|X2Y2|X3Y3|X4Y 4| X5Y5|XeY6|X7Y7(XgYs|XoY9
o/1/2/(3|/4, 5/6|7|8]|9




Grid Adaptation

P, P, P, P. P, P, Py P,

Grid Index P, P,
X4Y4|X5Y5|XsY6|X7Y7|XgY 5| XgY9

Location  |XoYo|X1Y1(X2Y2|X3Y3

Reference




Grid Adaptation

/ N [ I
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[ \ .
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Grid Index P, P, P, Ps Pg
Location |X,Y, XY, X4Y4q XsYe XgYsg
Reference | O p) 4 6 8
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Grid Adaptation

PZ P3 P4

XgYs

Grid Index P, P,

Location |XoYo[X,Y2/X4Y4a(X6Yse

Reference




Grid Transformations Track Data

GridIndex P, P, P, P; P, Pc Py P, Pg Py

Location  |XoYo|X1Y1[X2Y2/X3Y3/X4Y 4| XsYs|XeYe|X7Y7/ X5 Y5 XoYo

Reference | 0| 1|2 |3 |45 ,6|7|8|9
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Grid Transformations Track Data

GridIndex P, P, P, P; P, Ps Pg P, Pg Pg

Location  |XoYo|X1Y1[X2Y2/X3Y3/X4Y 4| XsYs|XeYe|X7Y7/ X5 Y5 XoYo

Reference | 0| 1|2 |34 5,67 |8]|9




Grid Transformations Track Data

GridIndex P, P, P, P; P, Ps Pg P, Pg Pg

Location  |XoYo|X1Y1[X2Y2/X3Y3/X4Y 4| XsYs|XeYe|X7Y7/ X5 Y5 XoYo

Reference | 0| 1|2 |34 5,67 |8]|9

GridIndex P, P, P, P; P, P Pg P, Pg Pq

Location |X,Y4|X;Y7{XgYo|XoYo|X5Ys|X1Y1(XaYs[X3Y3|X6Ys | XaY2

Reference | 4| 7|90 | 518 3|62




Losing Coalesced Memory Access

GridIndex P, P, P, P; P, P; Pg P, Py Py

Reference | 0| 1|2 (3|45 ,6|7|8]|9

A A A 4 A 4 A\ 4 A 4 A 4 A\ 4 A 4

Po| P1|[P2| P3| Ps|Ps|Ps|P7| Psg| Py

PUp[PUL[PU,|PU3|PU,|PUs|PUg PU7 PUg|PUg

PVo|PV1|PVy | PV3[PV4|PVs|PVe| PV | PVg|PVy

PWo|PW1|PW,[PW3|PW 4| PWs|PWe QW7 DWg|PWy

Eo | E, | E, | E5 | E4 | Es| Eg | E, | Eg | Eq

Coalesced Simulation Data




Losing Coalesced Memory Access

GridIndex P, P, P, P; P, P; Pg P, Py Py

Reference | 4 | 7|9 (0| 51| 8|3|6]|2

Po| P1|[P2| P3| Ps|Ps|Ps|P7| Psg| Py

PUp[PUL[PU,|PU3|PU,|PUs|PUg PU7 PUg|PUg

PVo|PV1|PVy | PV3[PV4|PVs|PVe| PV | PVg|PVy

PWo|PW1|PW,[PW3|PW 4| PWs|PWe QW7 DWg|PWy

Eo | E, | E, | E5 | E4 | Es| Eg | E, | Eg | Eq

Uncoalesced Simulation Data




Restoring Coalesced Memory Access

GridIndex P, P, P, P, P, P P, P, Pg Py

Location XY |X;Y7|XgYs|XoYo|XsYs[X1Y1|XsYs|X3Y3[XeYe|XaY2

Reference | 4 | 7|9 |0|[5|1|8|3|6]|2

Po| P1|[P2| P3| Ps|Ps|Ps|P7| Psg| Py

PUg[PU[PU,|PU3|PU,|PUs | PUgPU7 PUg|PUg

PVo|PV1|PVy | PV3 [PV4|PVs|PVe | PV | PVg|PVy

PWo|PW1[PW,[PW3|OW,4| QW5 | PWg|PW,|PWg|PWq

Eo | E, | E, | E5 | E4 | Es | Eg | E, | Eg | Eq

Uncoalesced Simulation Data
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Restoring Coalesced Memory Access

P, Py P P, P, P, P, P, P P, P, Py P
7 8 9 0] 1 2 3 4 5 6 7 8 9

GridIndex P, P, P, P, P, Ps P

X4Y4/X7Y7|X9Y9|X0Yo0| X5Y5|X1Y 1| XgY8[X3Y3|X6Y6|X2Y2

Location XY |X;Y7|XgYs|XoYo|XsYs[X1Y1|XsYs|X3Y3[XeYe|XaY2
6| 2 Reset Indices o123, 4|5,6|7,8|9

Reference 41719105183

A 4 A 4 A 4 A 4 A 4 A 4 A A 4 A 4 \ 4

Ps| P7|Pg|Po|Ps|P1|Ps| P3| Ps| P2

Po| P1|[P2| P3| Ps|Ps|Ps|P7| Psg| Py

PUg[PU[PU,|PU3|PU,|PUs | PUgPU7 PUg|PUg PU,4[PU7|PUy[PUG|PU5PU, | PUg | PU3|PUG PU,

Reorder
PVo|PV1|PVy | PV3 [PV4|PVs|PVe | PV | PVg|PVy Simulation PV4|PV7[PVg|PVo|PVs|PV1|PVg|PV3|PVe| PV,
Data
PW,|PW7[PWoPWo|PW5|OW1|DWg W3 PWe|PW,

PWo|PW1[PW,[PW3|OW,4| QW5 | PWg|PW,|PWg|PWq

E,|E, | Eo | Eo | Es | Ey | Eg | E5 | Eg | E,

Eo | E, | E, | E5 | E4 | Es | Eg | E, | Eg | Eq

Uncoalesced Simulation Data Coalesced Simulation Data
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Coupled Multi-Physics

Diffusion



Real Gas Properties

Extreme pressure requires real-gas
properties, evaluated at each grid node

= \iscosity

Pressure
= Conductivity
= Diffusion constants

= Per-species diffusion rates

Independent Calculations

Temperature
M assive ly Pa ra I l S I 1Za b I S O, phase diagram, Z-axis is density
(colour: liquid is blue, gas is white)
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Strong Temperature Dependence

Arrhenius equation includes
temperature in exponent

Wl
e
3
U
X
o
_Bg E, £
k:Ae RT or lnk:——+lnA -
RT s
| .
v
Where: 0
k= Chemical Reaction Rate E ,
A= Pre-exponential Factor e shaded greas
E.= Activation Energy | proportional tp number
R= Gas Constant i of moreculﬂ{ls z E,.
T=  Temperature in Kelvin

kinetic energy —»
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Chemical Kinetic Model

3@ ; O ¢ ®
H, 0, H,0
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Chemical Kinetic Model




Chemical Kinetic Model

Reaction

A

E4

-] & U = W b =

O 00~ U W= O

20
21
22
23

H,+ 0, — 20H
OH+ Hy; = H,O+H
O4+0OH=0s+H
O4+Hy=0H+H
H+0Oy+M=HO; +M
OH + HOy = HyO + Oy
H+HOy = 20H

O+ HO = Oy + OH
201 = O + 1,0
HeH+M=Hy+M
H+H-+Hs; = Hy + Hy
H+H -+ H;O = H; + H,O
H+OH+ M= H,O+ M
H+O+M=0H+M
O4+04+M=0,+M
H+ HO3 = Hy + Oy
HO; + HO9 = Hy05 + Oy
HoOs + M= OH+OH+ M
HsO3 +H = HO5 + Hy
Hy0y + OH = H,0 - HO,
O 4Ny =NO+N
N+O;,=NO+0
OH+N=NO+H

0.170 x 10
0.117 x 100
0.400 x 103
0.506 x 104
0.361 x 108
0.750 x 1013
0.140 x 1015
0.140 x 10
0.600 x 10°
0.100 x 10
0.920 x 1017
0.600 x 10%0
0.160 x 10%
0.620 x 1017
0.189 x 10
0.125 x 104
0.200 x 1013
0.130 x 108
0.160 x 1013
0.100 x 10
0.140 x 1015
0.640 x 1010
0.400 x 10

47780
3626
0
6290
0

0
1073
1073
0

0

0

0

0

0
—1788
0

0
45500
3800
1800
TH300
6280
0

o°

0O,

H,0




Methane Chemistry

. o
%+6:Q—> g+ ﬁwzﬂw

CH, 0, co, H,
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Methane Chemistry

53 Species, 325 Reactions

CH, 0,

vnroeonos=A2uonfTnasy

C3H7+H202<=>HO2+C3HS
CH3+C3H8<=>C3HT7+CH4
CH3+C2H4 (+M) <=>C3HT (+M)
0+C3H7<=>C2H5+CH20
H+C3H7 (+M) <=>C3HS (+M)
H+C3H7<=>CH3+C2H5
OH+C3H7<=>C2H5+CH20H
HO2+C3H7<=>02+C3HS8
HO2+C3H7=>0H+C2H5+CH20
CH3+C3H7<=>2C2H5

—_—> Q+c.ﬂc.'b

)
I\)O

NN B WO N O WL

« LOVETUY

.T60E+02
.903E+00
.550E+06
.640E+13
.613E+13
.060E+06
.410E+13
.550E+10
.410E+13
.927E+13

=W N e

H,O

. 120
. 650
. 600
.000
.000
.190
.000
.255
.000
-0.

320

«p‘w

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

1500
7154
5700

890

-943
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(Actual simulation data, rendered with a ray tracer)
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Want To Help?

If you have a software or physics background and
you’re interested in working with us, please contact

research@spacex.com
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