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Carbonaceous Chemistry for Computational Modeling (C3M)

We have the
chemistry but solving
It IS....

Up to 90% of Reacting CFD is Spent
in Implicit Solvers for Chemistry!!!




The Computational World Is Changing

Application Specific Intfegrated Circuits for Al/ML

Mixed Precision
Calculations

Exceptional Dense Matrix
Multiplication Efficiency
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Combined Operations




The Computational World Is Changing ¥L ENERGY
Advent of Powerful Multi-Accelerator Hardware LABORATORY

NVIDIA DGX-2

* 2 petaFLOPS per node!!!
* 16 V100s

* 1.5 TB system ram

* 512 GB GPU ram

* 81920 Cuda Cores

* 10240 Tensor Cores

* NVLink 2.0

* Needs Applications

https://www.microway.com/preconfiguredsystems/nvidia-dgx-2/dgx-2-explodingdetail/ Used by permission
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A new Paradigm
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Three Pillars of Future Computation
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Machine Learning
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A new Paradigm N

Three Pillars of Future Computation T

Not Just ML/AI

* A VERY powerful and optimized math library

il

* Hardware agnostic

* Spread Computation over multiple devices and
architectures

* No reprogramming for different devices
* Simple to incorporate ML into workflow
* Programs like Numpy

* Can be linked through C to any compiled
language
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Three Pillars of Future Computation LABORATORY

Good for Al = Good for Us

* All Scientific Computing benefits from very fast
Dense/Sparse Matrix Multiplication

* Exceptionally high throughput
* Low POWER
* VERY fast RAM

* Interconnect speeds growing

* Hybrid architectures evolving

U.S. DEPARTMENT OF
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A new Paradigm

Three Pillars of Future Computation

Judicious Al/ML Use

* AI/ML estimates can be very accurate and very

R S s AR R, ) quickly attained
g’*«&%@ﬁ%xﬁ%ﬁﬁ%ﬁ * Almost any kind of calculation can be replaced
?ﬁA“ iv":' § 4.-:4 N N 4.5 ‘.*4.\ $ "‘7'. b
3%:&;‘»" I TR, by AI/ML estimators
s Ben R DI

%iw?“‘%sﬁ@ﬁ%@iw%ﬁﬁ * Stochastic nature of AI/ML predictions
T e RSN T x x . ] .
vaggws- g}i‘v b -{*}%4.@"#%" demands use of correctors in scientific
A ‘JA(\\/"{'%;; " ° ° °
i computing to maintain accuracy




The Stabilized Explicit Variable-load Solver

The STEV Solver: Speed is Herel

104-5

* 14 Gas Spectes
* 4 Solid Species

* 11 Reactions

Time to Solution (s)

—e— | SODA MPI

Tloo 1ot 102 10* | 10+ 100 10°
Simulation Cell Count e Solve to 1 millisecond

200x Speedup on P100s

N
T

L
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* Standard C3M G/C Chemistry

* 2 Densities, 2 Temps, 2 Vol Fracs, Pg, dp

* PCCL Gasification, Char Combustion,
—— LSODA Serial Moisture Release, Devolatilization

P * MGAS Gas Phase Ox, WGS
e Random Thermochemical IC



https://arxiv.org/abs/1905.09395
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The Stabilized Explicit Variable-load Solver [N=f&

The STEV Solver: Time Step Stabilization TLJRs0rarory
r* = max(—r, 1.0 X 10-39) v i € (1...7) * Choose time step based on change in
(10 {F y0 < 1 x 10-20 concentrations
Yi 7109y, otherwise * Yituy', primary tolerance control (0.0001)
(min( max, y{")) * §™MY% helps ignition delay accuracy (0.01)
t* = min . , .
" i * Y. helps prevent negative overstepping

Atmay =ty - 5™ * Ensures solver only works hard during
h = min(t*, At,,.) stiff conditions
b=t = * Essentially makes solver stable for
R e : unlimited stiffness with irreversible
R 1--- Yip- | . o .
s IR X reactions provided numeric

T e £ Flme ¢ @E...  Over/underflow is not reached

Limited by change Limited by change Limited by
in concentration in time zero concentration

.S. DEPARTMENT OF



https://arxiv.org/abs/1905.09395

NATIONAL
ENERGY

The Stabilized Explicit Variable-load Solver ¥E ENERGY

The STEV Solver: Small Species Stabilization LABORATORY

* In most cases, small species

concentrations are not impotrtant
T * y(y;) = 1wheny; > a

« a =1x 107>, typically safe value

Vi * Helps reduce stiffness in limit of small
y(yi) = (@ + v;) species and transition to zero (prevents
' negative overstepping)

* May not be appropriate for all kinetic
models
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The STEV Solver: Reversible DFT Stabilization TL LABORATORY

* Detect ringing and equilibrium based on
the history of reaction progress and slow
down reaction in response

* History of 13 most recent reaction progress

[ —
Tstore = 7"‘r'evh

Dyey, = |DFT(Tsitore)|

0
fring = Djrev changes
mar (D’"e”|n<i<N ) * Calculate f;jnq by comparing high/low frequency
rOF, = 1.0 magnitudes ofg DFT

y fr Lo l * Update a rate oscillation factor
. V10/7¢ if fring < Tolying and Dy, < Tolg .
roF = {rfac - o T herwise T e Calculate effective rate

* Tolying (0.6), Toltyeq (0.0014), Trqc (1.03)

. * Works well as long as there aren’t large

e [ ] L]

Trev = Trev * O numbers of stiff AND reversible AND
competitive reactions

rOF;., = min(rOF; x rOF*,1.0)

. U.S. DEPARTMENT OF
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The Stabilized Explicit Variable-load Solver

The STEV Solver: Variable-Load

* All cells evolve at their own time step

-
il
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* Unfinished cells are gathered and removed from active

calculation when final time is reached

* Finished cells are gathered and written to storage variable

* Allows for maximum vectorization, warp convergence,
and minimum computational effort



https://arxiv.org/abs/1905.09395

The Stabilized Explicit Variable-load Solver ¥E ENERGY"

The STEV Solver: Laminar Flame Example LABORATORY

(*))]
o
1

* Estimate thermodynamic properties
(CP and H) with a shallow network

* Use Levenberg-Marquardt Second
order solver for training

(9]
Ul
1

w
o
1

o
U

* Trains in a couple minutes

o
o
1

* Saves anywhere from 10-50% of
— nasa7 | computational effort per solver
— ML Est. . . .

iteration depending on model

Heat Capacity (J/mol/K)

W
(S,

6 560 10100 15100 ZOIOO ZSIOO 3OIOO 35I00 40100
Temperature (K) * Insignificant difference in accuracy

% U.S. DEPARTMENT OF
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The STEV Solver: Linking to CFD

Chemistry Solver

Siiff

ODE Pack

LSODA Solver

Map
Initialize Fluid Solver Thermochemical
State

L .

TensorFlow
Read TensorFlow
Graph

Python Interface

TensorFlow Graph

T

LABORATORY

@
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The Stabilized Explicit Variable-load Solver [N=[er
The STEV Solver: Laminar Flame Example TL LABORATORY

n "]-\ N
- 22

MEPOX
CH, + 150, —> CO + 2 H,0

~0.015

OROX

¢ L 001
CO+050, «——CO,

0.005
—Ea/RTCo.S C9-65

"mepox = kmepoxe cH, L0,

C
_ 0.7 ,—E,/RT 0.5 CO,
rcorox = kcoroxT%7 e Ea/ (CCOCO2 -

K
AN
K = <1 atm) e_Aern/RT

Gas Temperature Percent Difference

RT
Reaction k E, (cal/mol)
MEPOX 4.9E+09 35500
COROX 2.00E+08 12000

seememmsnmess  |\|atched LSODA to within 0.02%

.S. DEPARTMENT OF
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The STEV Solver: PSDF Gasifier LABORATORY

* Simulated the riser of the PSDF TRIG
gasifier at multiple grid resolutions

e Standard C3M G/C model

* See arXiv paper for full mechanism details

Syngas

Cyclones

Domain Modeled

8

Riser

d | |

Loop-seal :
Start Up ‘ |

Solids Conc. (kg/m?)

Coal—»}: Standpipe : |
0, /Air i Benchmarking
Steam . Verification
Coarse S
AN 0 : T s % %= »

TRIG™ Schematic ( www.kbr.com)

0, /Air Simulation Time (s)
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The STEV Solver: PSDF Gasifier T LABORATORY

12

Il | SODA Serial
EEm CPU STEV
| mmm GPU STEV
EEm LSODA MPI

=
o

P

100 - / —

—e— | SODA Serial
—e— CPU STEV
—e— GPU STEV
—e— |SODA MPI

o]
1

Wall Time (hr)

Chem. Wall time (hr)
\

10000 20000 30000 40000 50000 60000 5568 11117 22212 41811 66093
Simulation Cell Count Simulation Cell Count

~10x faster than LSODA in Serial
~5x faster than LSODA in MPI
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The Stabilized Explicit Variable-load Solver

The STEV Solver: PSDF Gasifier

[ ]
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] 1234
0.0 -
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E 0.0 © = 1261 u
= ] =
00 o w °
— — s 1224 L & — LSoDA
— STEV — STEV — STEV — STEV
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Matched LSODA runs to within 2.8% relative error
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The STEV Solver: Linking to Barracuda

Barracuda

Chemistry Solver

Siiff

ODE Pack

LSODA Solver

Map
Initialize Fluid Solver Thermochemical
State

L .

TensorFlow
Read TensorFlow
Graph

Python Interface

TensorFlow Graph

T

LABORATORY

@
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