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Overarching Application
PREDICTING RELIABILITY OF IN-SPACE LASER IGNITION OF CRYOGENIC PROPELLANTS

Ignition 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

à The ignition system must be nearly 
100% reliable! 

SpaceX Starlink-7 Main Engine 
Cutoff & Second Stage Burn 
(Onboard View)
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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
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Overarching Application
PREDICTING RELIABILITY OF IN-SPACE LASER IGNITION OF CRYOGENIC PROPELLANTS

compressible fluid dynamics 
low-p, low-T thermodynamics

turbulence
mixing

multiphase flow 
atomization

laser energy deposition
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O(0.01-0.1 ms)

combustor priming

O(0.01-0.1 ms)

Overarching Application
PREDICTING RELIABILITY OF IN-SPACE LASER IGNITION OF CRYOGENIC PROPELLANTS

construct spatial probability maps 
obtained from O(105-106) 

concurrent multifidelity samples 
on exascale machine
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Metrics, Quantity of Interest

chamber pressure, 
temperature, etc

O(0.01-0.1 ms)

combustor priming

O(0.01-0.1 ms)
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Uncertainties

O(0.01-0.1 ms)

combustor priming

O(0.01-0.1 ms)

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

• 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?

• 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
§ Turbulence is 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

TIME SCALES + 

LENGTH SCALES = 

RESOLUTION REQUIREMENTS….
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Exascale-Level Computing

• Preliminary information: pre-6Xty data from 2D jet calculation
- Momentum, energy, 4 species (reacting)
- Total of 37x106 (million) degrees-of-freedom (DoF)
- Time-step iteration requires approx. 0.3 node-seconds (Lassen machine)
- This corresponds to a throughput of 450x109 (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 100x109 (billion) (DoF x time-step)/(node x hour),

pre-6Xty
a task-based solver prototype



I N S I E M E  - P S A A P  I I I

Exascale-Ensembles

• Ensemble cost estimation: multi-fidelity concurrent & coupled samples
- A HF sample will consist of 10x109 (billion) DoF and 106 (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”

- Using an Exascale machine (Frontier),
ensemble calculation performed in ~1 day

• 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
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Our Track Record: PSAAP II Simulations

82% parallel efficiency
(1,024 GPUs)

Soleil-X exposes multiple parallel levels 
• Across physics modules: particle/flow/radiation
• In each physics module: i.e. domain decomposition
• Inside a subdomain: i.e. data parallelism within a tile
• Within specific algorithms: i.e. independent sweeps
• At the hardware level: GPU, CPU
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PHYS I C S ,  EXA S C A LE & VVUQ
I NTEGR ATI ON
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Integration

HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES

(INSIEME)

PREDICTING RELIABILITY OF IN-SPACE LASER IGNITION OF CRYOGENIC PROPELLANTS

Legion Task-based Programs
Software/Hardware Mapping

Software Integration
Resilience

Portability & Performance

Multiphysics Integration
Multifidelity Ensemble
Data Management
Machine Learning
Simulation Browsing 
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Integration

DEVELOPMENT & INTEGRATION ROADMAP

• PHYSICS FIDELITY: MODELING AT DIFFERENT (INCREASING) FIDELITY FOR CRITICAL PROCESSES TO ASSESS
SENSITIVITY AND GAINS

• ADAPTIVITY: CONSIDER BOTH PHYSICS & NUMERICAL MODELING ADAPTIVITY TO ENABLE A FLEXIBLE
SIMULATION FRAMEWORK

• ENSEMBLE: DEVELOP ALL THE COMPONENTS WITHIN THE
LEGION TASKING ENVIRONMENT TO ENSURE
INTEROPERABILITY

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

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

VVUQ
[JA, ED, PC, AD, GI,

CS, JU, MI, HW]   

LEARNING
[ED, SE, AA]

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

HW]

DATA 
ANALYSIS

[PC, AD, GI, DJ]

Integration
HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES (INSIEME)

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

VVUQ
[JA, ED, PC, AD, GI,

CS, JU, MI, HW]   

LEARNING
[ED, SE, AA]

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

HW]

DATA 
ANALYSIS

[PC, AD, GI, DJ]
Mixing  and Fluiddynamics
§ Mixing of O2/CH4
§ Shocks/flow coupling

Laser ignition 
§ Ionization
§ Thermal energy transfer 
§ Plasma chemistry

Multiphase flows
§ Propellant injection 
§ Breakup and atomization
§ Flash evaporation

Combustion 
§ Flame transition 
§ Heat release 
§ Chemical kinetics 

Turbulence coupling: Turbulence/chemistry interaction, turbulent scalar transport, turbulent mixing

Thermodynamics and transport: State equations, phase transition, molecular transport

MULTIPHYSICS
• COUPLED PROCESSES

• HIERARCHICAL MODELING

• DETAILED VALIDATION

• UQ-BASED PRIORITIZATION
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MultiPhysics

Underexpanded Jet LOX/CH4
§ Injector geometry
§ Mixing of O2/CH4
§ Shocks, turbulence 

Thermodynamics
§ Supercritical mixtures
§ Mixing rules
§ Response functions
§ Molecular structure

Ignition 
§ Spark ignition
§ Plasma Ignition
§ Pyrophoric, 

Hypergolic, 
Solid powder charges

§ Ignition pop

Nozzle exhaust
- Chocked flow
- Nozzle  exhansion

Heat transfer
§ Convective heat transfer
§ Flame wall/coupling
§ Radiation
§ Ablative heating 

Multiphase flows
§ Flash evaporation
§ Droplet and atomization
§ Subcritical and supercritical 

LOX injection 
§ Regenerative heating of LCH4 

à GCH4

Numerical and Modeling 
§ SGS and TCI for supercritical flows
§ Strong density gradients
§ Stabilization and solution regularization
§ Properties of numerical scheme: adiabatic 

mixing vs. isothermal mixing 
§ Fully vs. quasi conservative schemes

UQ
§ Everywhere, but 

biggest factors are 
§ Heat-transfer
§ State-equation 
§ Mixing rules 
§ Ignition probability 
§ Successful ignition 

(deemphasize --
Overlap with UIUC!)

RICH & COUPLED MULTIPHYSICS ENVIRONMENT
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Tailored Experiments for Validation 

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

2) COMPLETE A PARAMETRIC SURVEY OF IGNITION
PROBABILITY (100S REPETITIONS)
§ VARY KEY PARAMETERS: SPATIAL LOCATION, LASER PULSE

ENERGY, PULSE TIMING, AND FLOW CONDITIONS.

3) PERFORM HIGH-FIDELITY, MEASUREMENTS OF THE

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

VVUQ
[JA, ED, PC, AD, GI,

CS, JU, MI, HW]   

LEARNING
[ED, SE, AA]

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

HW]

DATA 
ANALYSIS

[PC, AD, GI, DJ]

Integration

TASK-BASED ENVIRONMENT
• LEGION RUNTIME

• REGENT PROGRAMMING MODEL

• BACK-ENDS FOR DIVERSE ARCHITECTURES

HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES (INSIEME)

Realm

High-Level Runtime

Soleil-X

Legion

Regent
ExaFel
FleCSI Lux

FlexFlow
S3DLegate QChem

Cori Summit Aurora FrontierQuartz Sierra

Ap
pl

ic
at

io
n

Ta
sk

 G
ra

ph
Ex

ec
ut

io
n

Ti
m

el
in

e



I N S I E M E  - P S A A P  I I I

Physics solvers in Regent/Legion: how

Triggers the 
auto-parallelization
(decomposition) 
algorithm of Regent

Tells the compiler to optimize 
the loop with OpenMP

Asks the compiler to 
generate a CUDA kernel

A task in 
pre-
6Xty

Data Declaration 
& Permission
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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. A single 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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porting the solver on the two systems did not require source code changes

Physics solvers in Regent/Legion: what

QUARTZ (CPUs) LASSEN (GPUs)

Pre-6Xty Weak Scaling Tests
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Integration

MULTIFIDELITY ENSEMBLE IN LEGION
• DIFFERENT FIDELITY IN NUMERICS, PHYSICS, ML, ETC.
• DYNAMIC SCHEDULING

• DECISION MAKING, STEERING

• START/END/RESTART SAMPLES

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

VVUQ
[JA, ED, PC, AD, GI,

CS, JU, MI, HW]   

LEARNING
[ED, SE, AA]

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

HW]

DATA 
ANALYSIS

[PC, AD, GI, DJ]

Integration

MANY-WORLD SIMULATION BROWSING
• EXASCALE EXPLORATORY DATA ANALYSIS (EDA)
• QUERIES FOR SPATIAL/TEMPORAL AND PARAMETRIC ANALYSIS

• INVESTIGATE PATHWAYS TO FAILURE

• …. 

HETEROGENEOUS SIMULATIONS ON EXASCALE ARCHITECTURES (INSIEME)

DUMITRACE ET AL, SCIENTIFIC REPORTS 2017
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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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Development and Integration Roadmap
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/O2 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(10^3 – 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(10^5 – 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.
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PHYSICS/MODELING

NUMERICAL METHODS

COMPUTER SCIENCE

UQ

Y1 Y2 Y3 Y4 Y5

gas-only, high-T 
laser kernel

adaptive combustion 
models

multiphase
off-line ignition 

model

high-fidelity 
ignition model, 

tailored  kinetics
-

3D, TENO 
schemes

adaptive time 
integration unstructured grids dynamic grid 

adaptivity -

task-based 
ensembles

off-line browsing, 
data compression

extended automatic 
parallelization 

automatic mapping, 
dynamic ensemble 

on-line browsing, 
search-based 

parallelization 
-

MF by coarsening MF by physics 
adaption

MF by data-driven 
surrogates

MF by machine 
learning , 

autoencoders
-

apparatus & 
diagnostics setup gas-fuel experiment spray 

characterization
liquid-fuel 

experiment -EXPERIMENTS

Roadmap and Principal Milestones

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

ignition probability map
O(103-104) ensemble members

ignition probability map
O(105-106) ensemble members 
on full-size Frontier

gas-phase ensemble 
dry-run

multiphase-phase 
ensemble dry-run
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Development and Integration Roadmap

INTEGRATION PRINCIPLES

• FOCUS SOFTWARE DEVELOPMENT ON
LEGION/REGENT FROM DAY 1

Realm

High-Level Runtime
Legion

Regent

Cori Summit Aurora FrontierQuartz Sierra

6xty

Data Compression

Low Rank Approximations

Simulation Browsing

Data Workflow, TensorFlow

Exascale EDA
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Team
G. IACCARINO (GI): FLUID MECHANICS, UQ, HPC, NUMERICAL METHODS

A. AIKEN (AA): PROGRAMMING MODELS, RESILIENCY, HPC
J. ALONSO (JA): COMPRESSIBLE FLOWS, UQ, ROMS

E. DARVE (ED): NUMERICAL ANALYSIS, HPC, MACHINE LEARNING,
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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T H A N K Y O U F O R Y O U R A T T E N T I O N

Q U E S T I O N S ?


