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DEIS 1

Single pulse
Energy=75mJ
Duration = 0.5ms

DEIS 4

Single pulse
Energy = 150 mJ
Duration = 0.5 ms

DEIS 6
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Duration=1.2ms
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W EHE L (Genetic Algorlthm)
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- Execution Flow Chart

mage erc

® DMP ratio DMP 50| EGR ratio IcL <— 4 Input Paramete
(A) Individuals in
the Poputation
C(B)SnumeD |

@ Parameters
- - I (C) Tournament Case Unsaved, J Case replaces
last fittest case the curren t
@ remains, 8 3 fittest, 8
l (D) Parents random random
individual cases - individual
Algorithm
P generated for generated for
(E) Creates a new next generation next generation
individual for the
next gen

y < No Yes >
(F) R po tooenere e all ~F 1/
the next &
oeneratron, whrch includes
the fittest individuel of the
i naration

Merit = ISFC_target/ISFC - constraints (IMEP, knock index, COV_indicators)
knock index : maximum amplitude pressure oscillation for a CA window
icators : average of tke, stdev of phi
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W EHTE (Genetic Algorithm)

X 1st convergence

X 2nd convergence

X _ - 3rd convergence
'hh/( + 4th convergence

» 5th convergence

o M M Baseline

——

ISFC (g/ Kw-h)
Pressure (MPa)
Apparent Heat Release Rate (J/CAD)

IMEP (bar) v v v Cra:;( angI:(deg::es) N ’ N ”
4.4E-02 1.1E-02 7.6E-02 6.0E-02 197.6 183.7
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B 5 ERE T (High Performance Computing)
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Scaling Performance (compute time)
SOI-35° aTDC [0.66° - 0.74° CA]
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6
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3

2 -»-ldeal Speedup

*-Actual Speedup
1
512 1024 2048 4096 14
Number of Processors 128 256 512 1024 2048 4096
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AJ Co., LTD. All Rights Reserved. } ‘




*CSIfiIRescale & 1EHEH =it 5
* RescaleF & 1 —#1 5 H i) FHRZ A2 E 1T M 32 CONVERGER
&
* Z 43 F| CONVERGE K P ff e £
o AKilicensefffRescale I & IR
o DU/ SR As A A A A
* Convergef) = tHE G4 M I8
o FJEXRBERZTNRMIHE (R

in the cloud

.

o XTCFDHIMIEKIE KRR -
o FHICONVERGEZ /¥ (EARKIYAL) '}f' )rescale
o EIMARSHIBA

* Download output

)

*CONVERGE User

* Upload input files
itor simulations




i — NS RRGEN L TR 4k

« 8 SAGE VELIML 2 RN SR AR 2% 1 A P L R A — A R R
MlLE

. Zero Dimensional Cases are
» CONVERGE 35 443l [ 87 4 B A ER 45 Fid o amltions | . detrutadsmongs

processors
[ ] CSI%ET*}L@T“&JA{’KIQ Eﬁﬂ%i{{*ﬁgﬁfj\{{*ﬂﬂ%ﬂ*ﬁ DRGEI;IIOH all — Samplepointsare distributed
y sample points amongst processors

!

° iX/l\Iﬂ%jﬂPal’allel Directed Relation Gl'aph Wlth Search for optimal c=Zr:ro Dimensional Cases are
Error Propagation and Sensitivity Analysis mechanism e monest
(PDRGEPSA) !
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[ Final skeletal mechanism ]
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Diesel, 117 Species, 472 Reactions

r_.l'k _—

100 A

80 1
—e— Average

—=— Maximum
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NUMDEr OT dpecies

*Number of species vs crank angle
showing the computational speed
P O e provided by dynamic mechanism
10 0 10 20 30 40 50 60 70 80 90 100 reduction

Crank Angle (deg. ATDC)
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— Convergent Science integrates advanced soot modeling capability
into CONVERGE™

Convergent Science Inc. has announced that it is
collaborating with Professor Fabian Mauss of
Brandenburg Technical University in Cottbus,
Germany (BTU-Cottbus) to integrate advanced
soot models into the CONVERGE™ CFD software.
The advanced models will improve the accuracy of
emissions predictions by incorporating detailed
descriptions of the soot formation processes. For
example, soot inception is modeled through the
prediction of Polycyclic Aromatic Hydrocarbons
(PAHs) formed from a complex set of chemical
reactions.

Historically, obtaining accurate predictions of soot has been one of the most challenging aspects of
internal combustion engine modeling. Emissions mandates are becoming exceedingly stringent,
pushing soot levels lower and increasing the level of accuracy needed in predictions. As a result,
simplified two-step soot models, while still providing trends for traditional engine designs, often
break down when advanced combustion strategies are employed.

Dr. P. Kelly Senecal, Vice President at Convergent Science stated “ We are very pleased to integrate
Professor Mauss’ advanced soot models into CONVERGE™. The models are a natural extension of
our SAGE detailed chemistry solver which efficiently calculates large sets of chemical reactions.
Our goal is to provide our users with the most predictive combustion and emissions models
available. We believe that the combination of CONVERGE™'s industry-leading CFD technology and
Professor Mauss’ cutting edge models will deliver this level of accuracy.”

Dr. Fabian Mauss, Professor at BTU-Cottbus commented “7 am glad to see the results of our
research integrated in CONVERGE™. I am excited that the model integration will support engineers
to meet their emission targets in the future.”

CONVERGE™ is innovative CFD software that automates the meshing at runtime with a perfectly
orthogonal Cartesian mesh, eliminating the need for a user defined mesh. This combined with its
Adaptive Mesh Refinement technology allows for easy analysis of complex geometries and moving
boundaries. CONVERGE™ is also equipped with extremely fast and efficient detailed chemistry, an
extensive set of physical sub-models, a genetic algorithm optimization module, and fully
automated parallelization.

no_ (M

M,
—_— 3+ (M. - =F-
(M, -v) S

at

«CSIA R FAMFA B T K% (BTU-
Cottbus) HJFabian Mauss ##ZZ&V)&1E
ROt mFT Fsoot A

20 40 60 80 1

*Soot Data from LM Pickett & DE Siebers,
Combustion and Flame 2004
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Putting the Pieces Together for
Urea/SCR }

- Complicated geometries ™
- No-User Meshing and AMR i CONVERGE Capabilities Today

* Detailed chemistry

i * Turbulence models
- RANS and LES

. * Atomization models i
i - Liquid breakup
\ - Spray-Wall Interactions !

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

--------------------------------------

- Urea wall deposition «——— Requested feature in v2.3

* Cata |y5t simulation +——— With future GT-Power link and CSI surface chemistry tool
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Integrated Up-front Combustion System @ Research and
Optimization Methodology Advanced Engineering

Numerical Modeling * Ford’s upfront combustion system
— 2 development tool integrates CFD
i modeling, optical experiments and
i { dyno testing

i « The CFD modeling codes leverage

| Ford internal development and

l _ user-friendly, highly parallel, auto-
meshing commercial software.

Optimized Design

=

Optical Engine

u
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« fEEHFE: Cameron Compression Systems, Cummins, Argonne National Lab, Caterpillar,
Sandia National Lab, Chrysler Group LLC, General Motors, University of Perugia Italy,
Mississippi State University, Carnegie Melon University

o THARE: KEARARIRFER, BILmsi A, EVSmibZEa) 1%, SEmmkEE, Sms ik
M RZIHIAERL, SIS, RANSVSLESHEMGE NIRED, LESBIZEER, HCCHRKEZ

[
N
w
o

=) A —Experiment DMP3 § 18 E
é,. 15 -Simulation ] i L. .. Diesel
= =3 5 P4 . -
2 0 P B o Micro Pilot
] ry ]
ﬁ § : i: Baseline for current study @, )
“a = 3 = =1
P ] 3 B0 Diesel Assisted Spark Ignition
T 5 [ el
€ 26 [ s
§ & § 2-
T 2 3 z 6 e
g , ; ; Spark Ignition
g a :
< o g 1 S
-50 -25 0 25 50 0

1600 2000 2400 2800 3200 3600 4000 4400 4800

Crank Angle Degree Engine Speed (rev/min)

o NS YT Lo X Q) OCTOBER 13-16, 2013 = DEARBORN, MICHIGAN

INTERNAL COMBUSTION ENGINE ¢

/

FALL TECHNICAL CONFERENCE @&

2015 IDAJ Co., LTD. All Rights Reserved.



H

e — 2 [ R B S RO T A 21

Lawrence Livermore National Laboratory
*20144E6 H, RERRIRHEATEE gcnne

Chemical Kinetic Models for Advanced Engine Combustion
EE-}‘& ANy /,f AN . . :
ém)‘ ‘[,:F 5 KD( CFD Simulations and Experiments to

William J. Pitz (P1)

Marco Meh, Charles K. Westbrook Determine the Feasibility of Various Alternate

\ i ; Fuels for C ion Ignition Engi
° 174j&ij:l:%‘%&co NVE R G E Lawrence leimzrie1[:lgg1u:al Laboratory uetls tor Dn;z::;:z::?ongsnl ion Engine
FTE VR & TR R L ...

Argonne National Laboratory

DOE National Laboratory Advanced Covr:ﬁ;;lli]c:‘n Engine R&D Merit Review and Peer 19' June, 2014
Washington, DC . i
This presentation does not contain any proprietary, confidential or otherwise restricted information Team Leader: Kevin Stork Project ID # FT022
This work performed under the auspices of the U.S. Department of Energy by
L Lewrence L Y under Contract DE-AC This presentation does not contain any proprietary, confidential, or otherwise restricted information
- - ' ‘ (2 ENERGY
VEHICLE TECHNOLOGIES OFFICE Model Deve[opment and Analysis

of Clean & Efficient Engine Combustion

Russell Whitesides (P1),
Nick Killingsworth, Guillaume Petitpas, Matthew McNenly, & Dan Flowers

B Lawrence Livermore
National Laboratory

CHRYSLER

A MuiltiAir / MultiFuel Approach to Enhancing
. Engine System Efficiency

L - . o
Overview of the DOE Advanced Gurpreet Singh, Program Manager

Combustion Engine R&D Program Advanced Combustion Engine R&D
Team Members:

lune 16, 2014 Ken Howden, Roland Gravel, and Leo Breton

h ese, Il
DOE Technok

MAHLE 2 Lawrence Livermore National Laboratory
ESEARCH
Powertrain FACILITY 4

Low-Temperature Gasoline Combust
(LTGC) Engine Research

Improved Solvers for Advanced Engine
Combustion Simulation

Next-Generation Ultra Lean Burn Powertrain

Lis s — Previously known as HCCI/ SCCI —
M. J. McNenly (PI), S. M. Aceves, D. L. Flowers, N. J. Killingsworth
John E. Dec G. M. Oxbenry, G. Petitpas and R. A. Whitesides
Jeremie Dernotte and Chunsheng Ji
Sandia National Laboratories
Project ID # ACEO76
:““" Bl";“'- £l A June 17, 2014 - 12:00 p.m. w !
ichael Bunce, Presenter
MAHLE Powsrtrain, LG U.S. DOE, Office of Vehicle Technologies 2014 DOE Vehicle Technologies Program

Annual Merit Review and Peer Evaluation Annual Merit Review and Peer Evaluation Meeting

June 17, 2014 - Washington, DC

This presentation does not contain any proprietary, confidential or otherwise
Thi does not tair % or otherwise tricted restricted information

8/20/2014

Project ID: ACE08T Program Managers: Gurpreet Singh & Leo Breton  Project ID: ACE004
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Approach: Mechanism Reduction Methodology Needle wobble: near-nozzle hole-to-hole variation
» Directed Relation Graph (DRG] and Directed R

Detailed Biodiesel Mechanism Graph Aided with Sensitivity Analysis (DRGASA) tool
(from LLNL) appiied for mechanism reduction in collaboration

Prof. Tianfeng Lu et al.at Uriversity of Connecticut
3329 species, 10806 reactions

DRG
2

Isomer lumping

L2

DRGASA & Error
Cancelation

—

~ 30 times reduction

Computational times scales with N*~N* | ¥ Equivalence ratio: 0.5-2.0
a

T ¥ aNon regulara iqud distribution .

- ¥ Damand for near-notzle validation data —

115 species, 460 reactions* } ¥ Pressure: 1-100 atm : 5 kst ot o, (86N, 2914] " "
H ] 0 2 courteny ot Peer b, infinwum 134

Fuel Economy Opti

Project Impact Cyclic Variability with Large Eddy Simulations

Acerasch &

N—

e i ST Initial CFD runs tevear vanaom imroauces ov Tecnnica: accomousnments

H . " et e hetenre ey wcion i
Highly dilute c P o) Y . AMR13 A | LLNL's new solver brings well-resolved
L L [« i Sci il etamodel approach require: . - "
i PR e S ot and 3D CFD to 1-day engine design iterations
oy combuston nstabilty
ik apgroachto._. S -
prosaros, ~ Pagulate initial site and veiod Simulation time (chemistry-only) for
— Understanding the causesufrstabllty evable potenta fo rdesign anclo cordol ~ Determine outcome of collisic 10¢ ne\ls on 32 wmssnrs
- HPCand CF y + introduces ynconuolied sochastic g S Hneltyinensde
= Thousands of simulated cycles required to s\udy prw\em with statistical accuracy ~ Rancom components impact | 7‘1" g
- Previous analytical fation ¢ - Harkenshucktoperturbation g R paioy
* ORNLi HPC CFD arder * - - Traditonal dense matix
impr Less out still subseantial) vark 5 w ODE solvers still found in
Resl phyacs or rumerical artl 3 KN 3d OpenFOAM
Perform acational sivuiation § 108 -90 years
i & S dihitian i New commercial solvers
a i bt i wsing sparse systoms
[ s 150 days
i New LLNL solvers creatod
H for ACE program FY13
i k <11 days
el This project and ACED12
. have coupled our sol
Lawerence Livermare Hational a0 orsiory CONVERGE™ CFD. ‘
. e Mlerh, o s LLNLSRES 452960 B
Multi-hole Nozzle Two-phase Flow Simulations F -,q
FY2013 Accomplishments
Project Impact Computations! Detaits 013 Accomp

+ Specific fuel consumption was optimized
using genetic algorithm based tools and
CONVERGE CFD code for Chrysler LLC

+ Predicted optimized speed-load conditions
carroborated very wel with experimental
measurements on & Chrysler Dual-fuel
combustion engine at Argonne

+ The optimized conditions also showed
considerably lower emissions compared to
the baseline

Project Im

+ High-fidelity Large Eddy Simulations
(LES) can capture flow structures
which lower fidelity (RANS}
approaches cannol predict

* LES can predict cycle-to-cycle
variations during each injection event

et research 1o predict engine
ol

Injection 1

Computational Details
Injection 2 * High-temporal and spatial resolutions results
in ess sub-grid scale modeiing with the LES
+ Each cycle: 1 month on 256 cores; need at
least 8-10 cycles
+ Simulations performed at Fusion cluster at
Argonne together with Cummins Engine
. Company and Convergent Science Inc.

Computational Needs

+ 400 engine simulations performed to
achieve optimized fuel economy and
emissions

* Each simulation generation takes
about a week on 24 cores

Injection 3

EMERGY - EERGY
Technical Accomplishments IMAHLE Simulation Details
Correlated Fueled Pre-Chamber Simulation i Effect of grid resolution on cycllc varlabﬂlty

= Iso-surface temperature
(1500 K)

= Main chamber combustion
primarily controlied by.

- Pro-chamber
combustion event

- Nozzlo goometry

u Multiple. distributed
ignition sites

®  Gas exchange resonance
betasen chambers

mn nal A ignificant {1
numerical results but n imulat i

* Implamerted schanced soharswih
g mut-zane, orders of magnitude
reduction in lhwuhﬂm time

+ Partnered with Cummina/Converge to

* Plume-to-plume varistions In Muktihole . jgn e biodtsndiqssarion

nazzies can now be captured I grid-convergent salutions

+ Iafiuence of needie transients on fusl spray
deveiopment <an now be predicted]

* Each Simolation: 1 month on 64 cores;
Need 20+ simulations

integrate GPU-based solver into
Tema = 0.000100 mutidimensicnal CFD, developed and
chemistry with
potantial 10x speacup

+ New license agreement for avanced
CPUGPU saivers with Gonvergent
Science Inc.

+ Valigated Muit-dimensional simuations of

iso-octane PCCI using Converge muti-zone
with dataded chemistry

+ Demonstrated CFD/mult<zone appiied o
GDI Sl and PCCI operation |

* Vaiidatod new mut-zone schema., quantiied.
sy Sty o 2one s

Production Gi4 multi-hote giessl injector simulation st Argonne

EnERGY T Lemence Livermors ateonsl Laborsory

Technical accomplishments
Ignition and Cyclic Variability
What causes higher variability in flame
propagation?

Prediction of Soot Distribution

(a) T =1000 K

a ity

* Adeitional contribution of mexture distribution (GO

* Combustion has an eff iext gas exchange phase
*  PFlcases show similar variations and the charge

pact of charge motion
the near-spark region)

How do multiple pulses reduce
variability?

variations because of reduced dependence on charge h‘,m,,.m, mmnu--u

115 species mechanism

C,H, is used as a soot pre-cursor a

rlogies-ottice-annual-merit-review-and-peer-evaluation
AJ Co., LTD. All Rights Rese
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Gasoline DI fuel injector Cycle-to-cycle variation in Cycle-to-cycle variation in
design optimization highly dilute ICEs dual-fuel locomotive engine
Understand and optimize the design of Understandthe stochasticand Investigate key factors promoting cyclic
GDI fuel injectors for improved deterministic processesdriving cyclic variability in a dual-fuel (NG/diesel)
efficiency and reduced emissions. variability in highly dilute SI engines. locomotive application.

Computational framework to automate Novel approach to parallel simulation  Industry-driven with ORNL providing
labor-intensive tasks through the of a serial phenomena. methodology, HPC resources, and
iterative design process. limited support.
Detailed CONVERGE simulations at
Coupling models of internal injector intelligently selected sample pointsin  Similar approach to high-dilution effort
flow and cavitation with in-cylinder parameter space. with CONVERGE simulations feeding
spray and combustion. metamodel development.
Enables creation of low-order
Enables massively parallel simulations  metamodelsthat retain key dynamics  Stable dual-fuel operation will enable

for thorough and rapid investigation of CFD model but greatly reduce significant displacement of petroleum-
and optimization across operational and computational time for thorough based diesel fuel with NG.
geometric design spaces. exploration of parameter space. —

2
S
2
&
a

Graphics courtesy of GM

Graphics courtesy of GE
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