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INSIEME

ITALIAN: 1) TOGETHER, 2) AT THE SAME TIME
INTEGRATION & CONCURRENCY
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OVERARCHING APPLICATION
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/..
E\' '~ Overarching Application

PREDICTING RELIABILITY OF IN-SPACE LASER IGNITION OF CRYOGENIC PROPELLANTS

lgnition of upper stages occurs in harsh
environment AND is fundamental to space
missions :

- 80-120 km of altitude (near the edge of
space or in space) and very low pressures
and temperatures (nearing vacuum)

- Low Earth Orbit and missions to
Moon/Mars and Translunar/Transmartian
injection

SpaceX Starlink-7 Main Engine
Cutoff & Second Stage Burn
(Onboard View)

=> The ignition system must be nearly
100% reliable!
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'~ Overarching Application

PREDICTING RELIABILITY OF IN-SPACE LASER IGNITION OF CRYOGENIC PROPELLANTS

This project: Ignition using nano-second high-energy laser pulses

- Technology under active technological development
- Complex multi-scale multi-physics problem
- Current reliability assessment heavily experimental-based

“the 60M Km trip back from Mars starts with a nanosecond laser ignition pulse”
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PREDICTING RELIABILITY OF IN-SPACE LASER IGNITION OF CRYOGENIC PROPELLANTS

construct spatial probability maps
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System level (informed by experiments)
» propellant properties and conditions
time-scale of the injection valve actuation
timing of the ignition laser pulse

* pulse energy and spatial mode

Simulation level (assumptions)
* inherent stochasticity - turbulence, mixing

chemical modeling of energy deposition
liquid fuel atomization, drop distribution
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' Scientific Questions

e (CAN WE BUILD RELIABILITY MAPS OF A REALISTIC LASER IGNITION SYSTEM IN CONDITIONS
RELEVANT TO SPACE MISSIONS?

* CAN WE REPRODUCE THE FAILURE/SUCCESS FREQUENCY OBSERVED IN EXPERIMENTS?

e WHY DO WE OBSERVE FAILURE? AND WHAT ARE THE PHYSICS PATHWAYS AND THE
DRIVING UNCERTAINTIES?
» Mixture is outside flammability limits (composition and temperature bounds)
= Laser does not provide minimum ignition energy
» Turbulenceis too intense (too large strain rate)
= Laser beam energy is scattered by interfaces and spray droplets
= Ignition kernel develops but flame extinguishes before stabilization
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Exascale-Level Computing
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Exascale-Level Computing @/ A
pre-6Xty g g g \ b/
e

a task-based solver prototype o

* Preliminary information: pre-6Xty data from 2D jet calculation
- Momentum, energy, 4 species (reacting)
- Total of 37x10° (million) degrees-of-freedom (DoF)
- Time-step iteration requires approx. 0.3 node-seconds (Lassen machine)

- This corresponds to a throughput of 450x10° (billion) (DoF x time-step)/(node x hour)

* Year 5 milestone: will require
- complex thermophysical models
- interface-capturing with mass and energy transport + Lagrangian tracking and SGS
- high-fidelity ignition and reaction models
- on-the-fly analysis, post-processing and data compression at scale

- We assume throughput will reduce to 100x10? (billion) (DoF x time-step)/(node x hour),
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Exascale-Ensembles

* Ensemble of Multi-fidelity Computations: Efficient to perform UQ and reliability analysis
- ensemble adaptivity and stirring
- automatic search for low-fidelity
- optimal scheduling on heterogenous hardware

* Ensemble cost estimation: multi-fidelity concurrent & coupled samples
- A HF sample will consist of 10x10? (billion) DoF and 108 (million) time-steps
- Assume MF ensemble composed of HFs and LFs with total cost of ~10 equivalent HFs

* Y5 Calculations on an Exascale system: e.g., the upcoming Frontier-ORNL machine
- Throughput calculated based on Lassen node (similar to Summit node)
- Summit has 4608 nodes (GPU-accelerated)
- Frontier is expected to be ~5-10x larger,
resulting in ~45000 “Summit-nodes”
. . . ¥ OAK RIDGE
- Using an Exascale machine (Frontier),
ensemble calculation performed in ~1 day

peerey | A INTTER
ocﬁm, ,A-‘———»
AMDZ
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- Our Track Record: PSAAP Il Simulations

Soleil-X exposes multiple parallel levels

*  Across physics modules: particle/flow/radiation

* Ineach physics module: i.e. domain decomposition
* Inside asubdomain:i.e. data parallelism within a tile
*  Within specific algorithms: i.e. independent sweeps
*  Atthe hardware level: GPU, CPU

Weak Scaling (67M Cells/Node, 32M Particles/Node)

121

Soleil-X: Turbulence, Particles, and Radiation in the 101

Regent Programming Language

Hilario Torres Manolis Papadakis Lluis Jofre
Depanment of Mechanical Engineering Computer Science Deparmment Center for Turbulence Research
Stanford Universiry Stanford University Seanford University
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catirely In the high bevel Regent programming kanguage and  challenges with an MPE+X type appeoach would put a major

is one of the largest and most comples applications writien In oot L ¢ them o be
Regent 10 date. At this workshop we will give an overview of the roc® 00 the application programmers, requiring them to b




PHYSICS, EXASCALE & VVUQ
INTEGRATION
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Integration

“@

PREDICTING RELIABILITY OF IN-SPACE LASER IGNITION OF CRYOGENIC PROPELLANTS

HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES

(INSIEME)
Multiphysics Integration [RERMERTNN Legion Task-based Programs
Multifidelity Ensemble i . Software/Hardware Mapping
Data Management LEARNING  ANALYSIS Software Integration
Machine Learning A A Resilience
Simulation Browsing EXASCALE Portability & Performance

[AA, JA, ED, SE, AD, DJ]
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Integration
HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES (INSIEME)

DEVELOPMENT & INTEGRATION ROADMAP
e PHYSICS FIDELITY: MODELING AT DIFFERENT (INCREASING) FIDELITY FOR CRITICAL PROCESSES TO ASSESS

SENSITIVITY AND GAINS
e ADAPTIVITY: CONSIDER BOTH PHYSICS & NUMERICAL MODELING ADAPTIVITY TO ENABLE A FLEXIBLE

SIMULATION FRAMEWORK
PHYSICS * ENSEMBLE: DEVELOP ALL THE COMPONENTS WITHIN THE

G, MI'HS\;} PM, JU, LEGION TASKING ENVIRONMENT TO ENSURE
] INTEROPERABILITY

DATA
LEARNING ANALYSIS

EXPERIMENTAL MILESTONES: DESIGNED A LOGICAL
SEQUENCE OF EXPERIMENTS BUT RETAINING AGILITY TO
ADJUST SCHEDULE BASED ON SIMULATION SHORTCOMINGS

[ED, SE, AA]  [PC, AD, GI, DJ] .

EXASCALE
[AA, JA, ED, SE, AD, DJ]

Stanford University
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Integration
HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES (INSIEME)

MULTIPHYSICS

. COUPLED PROCESSES
. HIERARCHICAL MODELING

. DETAILED VALIDATION
. UQ-BASED PRIORITIZATION

PHYSICS
[GI, MI, SL, PM, JU,
HW]

y/d y/d
o © o
holn Lol Lo

S

E

§§

i."‘
y/d

S o
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MultiPhysics

RICH & COUPLED MULTIPHYSICS ENVIRONMENT

Ignition Numerical and Modeling

Multiphase flows

= Flash evaporation

= Droplet and atomization

= Subcritical and supercritical
LOX injection
Regenerative heating of LCH4
- GCH4

Spark ignition SGS and TCl for supercritical flows

Plasma Ignition Strong density gradients

Pyrophoric, Stabilization and solution regularization
Hypergolic, Properties of numerical scheme: adiabatic
Solid powder charges mixing vs. isothermal mixing

Ignition pop Fully vs. quasi conservative schemes

4

Nozzle exhaust

Underexpanded Jet LOX/CH4 - Chocked flow

- Nozzle exhansion

Injector geometry
Mixing of 02/CH4
Shocks, turbulence

Thermodynamics
= Supercritical mixtures
Mixing rules

|
= Response functions
= Molecular structure
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=

‘ = Tailored Experiments for Validation

\ I SION

1) DEVELOP A PURPOSE-BUILT EXPERIMENT TO ENABLE CROSS-PLATFORM ‘APPLES-TO-
APPLES’ COMPARISON WITH COMPANION SIMULATIONS IN THIS PSAAP |ll PROGRAM,

2) COMPLETE A PARAMETRIC SURVEY OF IGNITION
PROBABILITY (100S REPETITIONS)

('3@*@@@7 ' | Dy et = VARY KEY PARAMETERS: SPATIAL LOCATION, LASER PULSE

0) Y)
| )l .H) ENERGY, PULSE TIMING, AND FLOW CONDITIONS.
5) 0) 51 0) O

TR o e sy 3) PERFORM HIGH-FIDELITY, MEASUREMENTS OF THE
g / FLOW, FLAME, AND PLASMA PROPERTIES

= SIMULTANEOUS MIE SCATTERING AND PLANAR LASER-INDUCED
FLUORESCENCE (PLIF)

= SIMULTANEOUS DUAL-PUMP COHERENT ANTI-STOKES RAMAN
SCATTERING (DP-CARS), LASER-INDUCED BREAKDOWN
SPECTROSCOPY (LIBS), AND CHEMILUMINESCENCE IMAGING.
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Integration

HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES (INSIEME)

emand( parallel, cuda, leaf)
ask UpdateUsingFluxX(Fluid : region(ispace(int3d), Fluid columns),

TASK-BASED ENVIRONMENT

Fluid _bounds : rect3d)
4 where My_Application.rg
5 reads(Fluid. {cellwidth, Fluxx}),
o LEGION RUNTIME 6 s u1 c:,:e“:§[F1uxd.‘(‘:nserved t) Launch3 - C c
8 - demand(__openmp) Launch 4 N\ . g %
f i d
*  REGENT PROGRAMMING MODEL RN g | wencm MB MBS RS
11 var cml = (c+{-1, 8, 0))%Fluid bounds N L
12 for i=6, nEq do taunch2 @l — X
. BACK-ENDS FOR DIVERSE ARCHITECTURES 1 FRULe] Conserved 131 4= (((Fliglc Launch 2 I N Qv
- ul om
15 end Launch W -/ <<
16 end f 1 p
17 end Launch .}
PHYSICS noce 1 [ O I S o
~ C
6 0l 2L P U voce 2 NN N O £z
HW] Y €
vode 3 [N N [N I g .=
- W =
time

EXASCALE
[AA, JA, ED, SE, AD, DJ]

Aurora Frontier
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Physics solvers in Regent/Legion: how

Asks the compiler to
generate a CUDA kernel

1—demand( 'parallel, eaf) .
UpdateUsingFlux Uid : region(ispace(int3d), Fluid columns), Data Declaration

i 3 Fluid bounds : rect3d) . .
Ataskin 4 wiere - & Permission
pre- 5" | reads(Fluid.{cellWidth, FluxX}),

GXty 6 reads writes atomic(Fluid.Conserved t)
7 do
: %%L Tells the compiler to optimize
10 var xCellWidthInv = 1.0/Fluid[c].cellwidth[0] the loop with OpenMP
11 var eml = (c+{-1, 0, 0})%Fluid bounds
12 for i=0, nEq do
13 Fluid[c].Conserved t[i] += (((Fluid[c ].FluxX[i] -
14 Fluid[cml].FluxX[i]))*xCellwidthInv)
15 end
16 end
17 end
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Physics solvers in Regent/Legion: why

1. Mathematical and numerical formulations are separate from the execution

model of the solver
the user can optimize the performance of each task without changing the

source code that define its functionality

2. Asingle source file produces executables for completely different architectures
avoids duplication

3. The compiler distributes the work among different nodes of the machine
scheduling the required communications in order to preserve correctness:
Multiple parallelization strategies can be easily implemented without
programming the explicit communications strategy
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Physics solvers in Regent/Legion: what

Pre-6Xty Weak Scaling Tests

1.0 1.0
5. 0.91 5. 0.9
g QUARTZ (CPUs) 2 LASSEN (GPUs)
2 2
& 0.81 & 0.8
© ¢ 512 GPUs
0.7 18000 CPU 0.7 2.4B points
T A s 7 A :
---- Optimal 400M points ---- Optimal 0.5 s/time-step
—e— Measured |1 s/time-step —e— Measured
0.6 — . . . - . . : - . 0.6 — ; - . - : ‘ -
1 2 4 8 16 32 64 128 256512 1 2 4 8 16 32 64 128
nodes nodes

porting the solver on the two systems did not require source code changes
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Integration
HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES (INSIEME)
MULTIFIDELITY ENSEMBLE IN LEGION T
EENE ENEENEEE N
. DIFFERENT FIDELITY IN NUMERICS, PHYSICS, ML, ETC. MMNE WA N i EE =
«  DYNAMIC SCHEDULING -»*. -- -
. DECISION MAKING, STEERING ‘l-,'

*  START/END/RESTART SAMPLES
voce NN 1 ) S 11 | -

noce 2 | | | O O I 1] -
wooe 3 | NN NN 1| I N -

High Fidelity

EXASCALE -
Output
[AA, JA, ED, SE, AD, DJ] %
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Integration
HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES (|NS|E|V| E)

MANY-WORLD SIMULATION BROWSING

*  EXASCALE EXPLORATORY DATA ANALYSIS (EDA)
. QUERIES FOR SPATIAL/TEMPORAL AND PARAMETRIC ANALYSIS
. INVESTIGATE PATHWAYS TO FAILURE

10 ps

PHYSICS
[GI, MI, SL, PM, JU,
HW]

500 ps

10
DATA b

ANALYSIS

[PC, AD, GI, DJ]

100 ps

EXASCALE
[AA, JA, ED, SE, AD, DJ]

Stanford University
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Relevance to NNSA and the Broader Community

PHysICS

* DETONATIONS

* INERTIAL CONFINEMENT

*  PROPULSION TECHNOLOGIES

*  MIXING AND COMBUSTION

* DIRECTED ENERGY DEPOSITION

* Low-PRESSURE, LOW-TEMPERATURE EOS
* INSTABILITIES OF MATERIAL INTERFACES

*  MULTIPHASE FLOW AND PHASE TRANSITION

SYSTEM ENGINEERING

*  RELIABILITY PREDICTION

*  MULTIFIDELITY STRATEGIES FOR UQ

*  EXASCALE EXPLORATORY DATA ANALYSIS

COMPUTER SCIENCE

* RUNTIME AND PROGRAMMING MODELS FOR HETEROGENEOUS ARCHITECTURES
* ENSEMBLE SIMULATIONS MANAGEMENT AND ACCELERATION
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ROADMAP & TEAM
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Development and Integration Roadmap

INSIEME -

PSAAP

YEAR 1. INVOLVES THE DETERMINATION OF THE IGNITION PROBABILITY UNDER PURELY GASEOUS INJECTION
CONDITIONS FOR BOTH PROPELLANTS. THE RESEARCH EFFORT WILL CENTERED AROUND THE DEVELOPMENT AND
DEPLOYMENT OF 6XTY. FINITE-RATE CHEMISTRY, COMPRESSIBILITY, AND A SIMPLE REPRESENTATION OF THE
IGNITION KERNEL WILL BE CONSIDERED. COARSENING WILL BE USED WITH THE GOAL OF CONSTRUCTING
MULTIFIDELITY ESTIMATES OF THE IGNITION PROBABILITY. THE FIRST PROTOTYPE OF TASK-BASED ENSEMBLES
WILL MANAGE O(10 - 100) SIMULATIONS.

YEAR 2. FLEXIBLE TIME-INTEGRATION STRATEGIES AND ADAPTIVE COMBUSTION MODELS WILL BE FINALIZED.
FOCUS WILL SHIFT TO EXTENDING THE LIQUID/GAS DIFFUSE-INTERFACE APPROACH TO INCLUDE SPECIES
TRANSPORT AND VAPORIZATION. A MORE COMPREHENSIVE UNCERTAINTY ANALYSIS WILL BE CARRIED OUT BY
CONSIDERING BOTH INFLOW AND LASER CHARACTERIZATION INFORMED BY EXPERIMENTS. THE ENSEMBLE
SIMULATION ENVIRONMENT IN LEGION WILL BE COMPLEMENTED BY DATA COMPRESSION/RETRIEVAL AND
BROWSER-ANALYSIS CAPABILITIES TO ENABLE THE IDENTIFICATION OF SYSTEM PATHWAYS TO SUCCESSFUL
IGNITION. EXPERIMENTS OF THE FULL CONFIGURATION UNDER PURELY GASEOUS INJECTION WILL BE COMPLETED.

YEAR 3. INCORPORATE MULTI-PHASE EFFECTS IN THE FULL-SYSTEM SIMULATIONS AND TO INCREASE THE FIDELITY
OF THE IGNITION MODEL. THE DIFFUSE-INTERFACE METHOD AND THE SUBGRID-SCALE MODEL FOR PRIMARY
ATOMIZATION WILL BE DEPLOYED IN 6XTY TOGETHER WITH AN UPDATED KINETIC MECHANISM FOR PLASMA-
ASSISTED CH4/02 IGNITION AT LOW PRESSURES. VALIDATION OF THE SPRAY DROPLET SIZE AND VELOCITY
DISTRIBUTION WILL BE CARRIED OUT BY COMPARING TO SLIPI LIF/MIE SCATTERING MEASUREMENTS. THE
MULTIFIDELITY ENSEMBLE WILL BE ENRICHED BY PHYSICS-BASED COARSENING BASED ON THE ADAPTIVE
COMBUSTION MODEL AND WILL TARGET O(1073 - 10"4) COORDINATED SIMULATIONS.

YEAR 4. REFINEMENTS OF THE MULTI-PHASE MODEL VIA EULER-TO-LAGRANGE TREATMENT OF THE ATOMIZATION
PROCESS AND A DETAILED REPRESENTATION OF THE IGNITION KERNEL WILL BE COMPLETED. VALIDATION WILL
INVOLVE OH=CHEMILUMINESCENCE AND OH-PLIF IMAGES TO DETAIL THE GLOBAL AND LOCAL FLAME KERNEL
EVOLUTION. HIGH-ORDER DISCRETIZATION STENCILS, IMPLICIT TIME INTEGRATORS, AND ENSEMBLE
PRECONDITIONERS WILL BE COMPLETED. DATA-DRIVEN MODEL AND MACHINE-LEARNING STRATEGIES WILL BE
EXPLORED AS ELEMENTS OF THE MULTIFIDELITY ENSEMBLE TO ACCELERATE THE ESTIMATION OF THE IGNITION
PROBABILITY. AUTOMATIC DATA-PARTITION IN REGENT

YEAR 5. THE MULTIDELITY ENSEMBLE ENVIRONMENT WITH O(1075 - 10"6) MEMBERS WILL BE DEPLOYED ON
FRONTIER (OR EQUIVALENT EXASCALE SYSTEM). DETAILED EXPERIMENTAL VALIDATIONS OF THE SIMULATIONS OF
THE IGNITION KERNEL AND FLAME PROPAGATION WILL BE PERFORMED USING SIMULTANEOUS CARS AND LIBS TO
MEASURE THE TEMPERATURE AND EQUIVALENCE RATIO AT THE POINT OF INITIATION IMMEDIATELY BEFORE AND
AFTER THE LASER IGNITION PULSE. THE LASER-INDUCED IGNITION PROBABILITY MAP WILL BE CONSTRUCTED FROM
THE VSIMULATION ENSEMBLE FOR A RELEVANT SPATIAL REGION OF THE COMBUSTOR. EXASCALE SIMULATIONS
BROWSING AND QUERYING WILL BE EXERCISED TO ELUCIDATE SUCCESSFUL IGNITION PATHWAYS. WILL BE
DEPLOYED AND DEMONSTRATED AT LARGE SCALE.

Stanford University



PHYSICS/MODELING

NUMERICAL METHODS

COMPUTER SCIENCE

uQ

EXPERIMENTS

Roadmap and Principal Milestones

Y1l Y2 Y3 Y4 Y5
gas-only, high-T | adaptive combustion myltlphqsg . h'.g.h-flde“ty
off-line ignition ignition model, -
laser kernel models > o
model tailored kinetics
3D, TENO at.japtlve .tlme unstructured grids dynamlF grld )
schemes integration adaptivity
off-line browsing, . .
- . . on-line browsing,
task-based data compression automatic mapping,
. . search-based -
ensembles extended automatic dynamic ensemble

parallelization

parallelization

MF by machine

MF by coarsening MF by physms MF by data-driven learning, )
adaption surrogates
autoencoders
apparatus & ) . spray liquid-fuel )
diagnostics setup B e el characterization experiment

INSIEME - PSAAP

gas-phase ensemble

dry-run T

ignition probability at selected locations
0(10-100) ensemble members

multiphase-phase
ensemble dry-run

ignition probability map

0(103-10%) ensemble members

ignition probability map
0(10°-10°%) ensemble members
on full-size Frontier

Stanford University



Development and Integration Roadmap

INTEGRATION PRINCIPLES

e FOCUS SOFTWARE DEVELOPMENT ON
LEGION/REGENT FROM DAY 1 Data Compression |

Low Rank Approximations

PHYSICS
[GI, MI, SL, PM, JU,

Exascale EDA |
HW]

DATA Simulation Browsing |
LEARNING ANALYSIS

[ED, SE, AA] [PC, AD, GI, DJ]

EXASCALE
[AA, JA, ED, SE, AD, DJ]

Cori Quartz Summit Sierra Aurora Frontier

INSIEME - PSAAP 111 Stanford University



: ! PHYSICS

! [GI, MI, SL, PM, JU,
Team e
G. IACCARINO (Gl): FLUID MECHANICS, UQ, HPC, NUMERICAL METHODS DATA
LEARNING ANALYSIS
A. AIKEN (AA): PROGRAMMING MODELS, RESILIENCY, HPC [ED, SE, AA] [PC, AD, Gl, DJ]
J. ALONSO (JA): COMPRESSIBLE FLows, UQ, ROMs
EXASCALE
E. DARVE (ED): NUMERICAL ANALYSIS, HPC, MACHINE LEARNING, [AA, JA, ED, SE, AD, DJ]

S. ERMON (SE): MACHINE LEARNING, STOCHASTIC MODELING

M. IHME (MI): COMBUSTION MODELING, HPC, NUMERICAL METHODS
D. JAMES (DJ): COMPUTER GRAPHICS, REDUCED ORDER MODELS, DATA COMPRESSION

S. LELE (SL): COMPRESSIBLE MULTIPHASE FLOWS, TURBULENCE, NUMERICAL METHODS

P. MOIN (PM): TURBULENCE, SUBGRID SCALE MODELING, MULTIPHASE FLOWS, NUMERICAL ANALYSIS, HPC

J. URzAY (JU): COMBUSTION MODELING, MULTIPHASE FLOWS, TURBULENCE
H. WANG (HW): CHEMICAL KINETICS MODELING, THERMODYNAMICS, EXPERIMENTAL COMBUSTION

P. CONSTANTINE (PC) UC BOULDER: UQ, STATISTICAL ANALYSIS, REDUCED ORDER MODELS
A. DOOSTAN (AD) UC BouLDER : UQ, ROMs, DATA COMPRESSION

C. SLABAUGH (CS) PURDUE: EXPERIMENTS IN REACTIVE FLOWS, DIAGNOSTICS
R. LUCHT (RL) PURDUE: EXPERIMENTS IN COMPRESSIBLE, REACTIVE FLOWS, DIAGNOSTICS
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