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This project was funded by the U.S. Department of Energy, National Energy Technology Laboratory an
agency of the United States Government, through a support contract. Neither the United States
Government nor any agency thereof, nor any of its employees, nor the support contractor, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency thereof.
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Total U.S. greenhouse gas emissions by economic sector in 2019
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Source:

EPA - United States Environmental Protection Agency: Greenhouse Gas Inventory Data Explorer
https://cfpub.epa.gov/ghgdatal/inventoryexplorer/
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Electricity is Mainly Generated from Fossil Fuels

U.S. primary energy production by major sources in 2020
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Source:

EIA - United States Energy Information Administration
https:/Mmww.eia.govenergyexplained/us-energy-facts/
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Numerical Simulations are Necessary for N=|nAnonaL

Industrial-Scale CLR Design TL R8RSRy
NETL's 50 kW hot flow chemical Chemical looping combustion
looping reactor (CLR) Air
Reactor
:_";" . f) (vitiated air)
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Objective: CLRs to be Operative by 2026 TE ENERGY

The 2023 and 2026 values are rough estimartes.

2017 2023 2026
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() kK\X I 50 kW
POWER ' POWER POWER !
Particle Count: 60 x10° Particle Count: 5 x10” Particle Count: 100 x 107
Time to Solution: 600 davs Time to Solution: 0.5 days Time to Solution: 2 days
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Fluid phase Solid phase: particles
= Particle-unresolved multi-componentlow-Mach number formulation =  Soft-sphere spring-dashpot model
» Embeddedboundaries =  Forward Euler time integrationwith subcycling
= Finite volumesin space, Godunov scheme fortime integration = Conservation of mass
=  Conservation of mass » Conservation of inearmomentum
= Navier-Stokesmomentumequationin convective form = Conservation of angularmomentum
= Conservation of species mass = Conservation of species mass
= Conservationof energy = Conservationofenergy

= |ncompressibility orideal gas equation of state
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Hybrid Parallelism

Levels, Grids and Tiling

Without tiling

LeveIO

Level 1 ={Crd 0,

With tiling
MFlter Loop
lterations
: .. Kernel
. -| | Launches
T es
CPU Work
After Loop

Images source: AMReX online documentation
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CPU

GPU
Synchronize

GPU Stream 1

GPU Stream 2
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Improve Coalescence + Reduce Communication N=[VTIoNAL
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AoS > SoA “Halving” the neighborlist

”.'"”N‘eighborh ood
ParticleContainer<NStructReal, NStructint, NArrayReal, NArraylnt>

Array-of-Structs

| | Take advantage of particle-particle mutualinteraction:
8 bytes 4mes
if particle “i""is in particle *j” neighborhood,

1334}

then particle *|

is not in particle “i” neighborhood

Images source: AMReX online documentation
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Real domain extents
lower bound (m): (0, 0, 0)
upper bound (m): (0.64, 0.16,0.16)

particle-wall collisions

Computational domain

number of cells: (256, 64, 64) particle-particle

collisions
Embedded boundaries

geometry: cylinder
cylinder radius (m): 0.1016
cylinder center (m): (0.64,0.16, 0.16)

update positions &
velocities

Solid particles
initial volume fraction = 60% update enthalpies
Chemical reactions
4Fe,05+ CH,; » 8FeO + CO, + 2H,0
Fe,O3+H, > 2FeO + H,0
Fe,O;+ CO - 2FeO + CO,
4FeO+ O, > 2Fe,03

update species mass

fractions B AoS M SoA + "half" neighbors

0 2 4 6 8 10
kernel wall time (s)
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Dual Grids Load Balancing

Fluid Grids: one grid per GPU

Particle Grids:
« balance particle counts among GPUs.
*  minimize the communication between particle and fluid grids.

Fluid grids

Keep particles local to
Ll gl el Assign particles to underload GPU

Load Balance Example. Each colorrepresents a GPU.

Particles grids

Courtesy of Hengjie Wang
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Reduce Particle Communication

« We needto communicate particlesinthe ghost regions.

N=
TL

« Onlythe neighborparticles are usedin the computationin the destination grid.

 Reduce particle variables used in communication.

Ghost Cells

Transfer all the particlesin the ghostregion

Courtesy of Hengjie Wang
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Just tfransfer the neighbor particles (red)




Performance Evaluation of a Riser with 18 GPUs = [MTRYAL
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One fluid grid GPU
Particle distribution is very imbalanced! ne fiuld gnid per

Performance of MFiX-Exa's particle solver

BN computation Baseline Use the same grids for fluid and particles
— 081 BN communication
% BN other o _ _
2 06 Optimization 1 Use dual grids with load balance
g
2 . Optimization 2 Only communicate neighbor particles
= 02

Optimization 3 Reduce particle variables

0.0 -

baseline opt 1l optl,2 optl, 2, 3

Courtesy of Hengjie Wang
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Wet-bulb: water dropletin a humidified air stream

Droplet evaporation Water vapor condensation
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Musser, J., Syamlal, M., Shahnam, M., Huckaby, D., (2015). Constitutive equation for heat transfer caused by mass transfer. Chemical Engineering Science

Kulic, E., (1976). An experimental and theoretical study of simultaneous heat and mass transfer applied to steam dousing. Ph.D. thesis. University of Waterloo. Waterloo, Ontario, Canada




Numerical Resulls

Transient heat conductionin packed beds

sfrong source q = +0.5 J/(kgK)
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Schumann, T.E.W. (1929). Heat transfer: a liquid flowing through a porous prism. Journal of the Franklin Institute
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Salehi, M.S., Askarishahi, M., Radl, S. (2017). Analytical solution for thermal transport in packed beds with volumetric heat source. Chemical Engineering Journal
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Light Heavy
- : Usy [mis] = Usy [mi's]
e 120(exp) =—— 120 (DEM) e 120(exp) =— 1.20(DEM)
360 - « 154 (exp) - 154 (DEM) 360 . « 154 (exp) - 1.54 (DEM)
e 171(exp) =— 1.71(DEM)
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Patil, A.V., Peters, E.A.J.F., Sutkar, V.S., Deen, N.G., Kuipers, J.A.M. (2015). A study of heat transfer in fluidized beds using an integrated dia/piv/ir technique. Chemical Engineering Journal
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