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Overview

Timeline Barriers
- Project provides fundamental researchto = Increases in engine efficiency and
support DOE/ industry Advanced Engine decreases in engine emissions are being
Combustion projects inhibited by an inadequate ability to
*  Project directions and continuation are accurately simulate in-cylinder combustion
evaluated annually and emission formation processes

 Chemical kinetic models for fuels are a
critical part of engine simulation models

Partners
Budget + Project Lead: LLNL - W. J. Pitz (PI)
*  Partof Advanced Engine Combustion (AEC)
Project funded by DOE/VT: working group:
. _ «  —15Industrial partners: auto, engine & energy
FY15: 532K « -5 National Labs & 10 Universities
«  FY16: 532K »  UConn: RCM data on diesel surrogate mixtures

«  Sandia: Provides engine data for validation of
detailed chemical kinetic mechanisms

«  AVFL18a working group of the Coordinating
Research Council (CRC)
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Objectives and relevance to DOE objectives

= Objectives:

* Develop predictive chemical kinetic models for gasoline, diesel and next
generation fuels so that simulations can be used to overcome technical
barriers to advanced combustion regimes in engines and needed gains
in engine efficiency and reductions in pollutant emissions cgc avri-15 biesel surroaate palette:

FY16 Objectives:

* Develop remaining kinetic model for CRC
AVFL-18 nine-component diesel surrogate
palette

* Develop and improve surrogates

meChan|SmS for h|gh OCtane gaSO“ne fue|S 10-component gasoline

and gasoline fuels with ethanol

* Improve iso-cetane mechanism using
fundamentally-based rate constants
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Chemical kinetic milestones

v Improved mechanism for iso-cetane _|

(December, 2015)

v Go/No-go Milestone: Pursue higher-
accuracy AVFL-18a diesel surrogate
palette with 4 additional components?

(March, 2016)
No

n-alkanes iso-alkane

-hexadecane (CigH34)
i 4.4.6,8,8-heptamethyinonane|
sHaa)
n-octadecane (CygH3g)
T P g T T .
naphtho-aromatic|
n-gicosane (CyHaz)
NN NN tetralin
. (C1oHi2)
cyclo-alkanes aromatics

n-butylcyclohexane 1,2,4-trimethylbenzene
O\N {C1oHzo) (CoHy2)

trans-decalin © 1-methylnaphthalene
CO {C1oH1) (C11H10)

CRC AVFL-18 Diesel Surrogate palette’

Reason: There is a need to focus on the surrogate model based on the
9-component palette which will be available for testing in FY17. This
focus is expected to have a higher impact on the development of
improved diesel surrogate kinetic models in the next 1-2 years than
work on the higher accuracy palette.

' Coordinating Research Council (CRC) AVFL-18 Working Group. Mueller, C. J., Cannella, W. J., Bruno, T. J.,
Bunting, B., Dettman, H. D., Franz, J. A., Huber, M. L., Natarajan, M., Pitz, W. J., Ratcliff, M. A. and Wright, K., Energy

& Fuels 26(6):3284-3303 (2012).



Approach

= Develop surrogate fuel models for gasoline, diesel, and next-generation
fuels to enable the prediction of the effect of fuel properties on advanced
engine combustion

=  Develop chemical kinetic reaction models for each individual fuel component of importance for
surrogate fuels for gasoline, diesel, and next generation fuels

=  Combine mechanisms for representative fuel components to provide surrogate models for
practical fuels

« diesel fuel
« gasoline (HCCI and/or DISI engines)
e addition of ethanol and other biofuels

= Reduce mechanisms for use in CFD and multizone engine codes to improve the capability to
simulate in-cylinder combustion and emission formation/destruction processes in engines

= Use the resulting models to simulate practical applications in engines, including diesel, HCCI and
DISI, as needed

= |teratively improve kinetic models as needed for applications
= Make kinetic models available to industry

Addresses barriers to increased engine efficiency and decreased emissions by
allowing optimization of fuels with advanced engine combustion

(=
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Technical Accomplishments
Diesel components selected for mechanism development in FY16

Components selected from the CRC AVFL-18 Diesel Surrogate
palette:

Previous o
n-alkanes iso-alkane Improved

n-hexadecane (C

n-octadecane (C13H33

NN NN

n-eicosane (CpgHgs2)

2,2,4,4,6,8,8-heptamethylnonane
(C16H34)

ho-aromatic
@O tetralin
(C10H12)

1,2,4-trimethylbenzene
(CoH12)

cyclo-alkanes 1- & 2-ring

n-butylcyclohexane

O\/\/ (C10H20)
C(j trans-decalin
(C10H1g)
This year

" Coordinating Research Council (CRC) AVFL-18 Working Group. Mueller, C. J., Cannella, W. J., Bruno, T. J.,
Bunting, B., Dettman, H. D., Franz, J. A., Huber, M. L., Natarajan, M., Pitz, W. J., Ratcliff, M. A. and Wright, K., Energy
& Fuels 26(6):3284-3303 (2012).

1-methylnaphthalene
(C41H10)




Improved heptamethylnonane (HMN)

kinetic model developed |- |- | |-

» Updated thermodynamic properties of species,
reaction rates, and added additional reaction

pathways

Components selected from the CRC AVFL-18 Diesel Surrogate

palette’:
n-alkanes iso-alkane
n-hexadecane (CqgHaq)
NN »2/44.9,8,8-hoptamethyinonane
CisHaa)
n-octadecane (CqgHsg) e
NN

naphtho-aromatic
n-gicosane (C20H42)

tetralin
(C1oH12)
cyclo-alkanes 10

n-butylcyclohexane

O\/\/ (C1oHz0)

C() trans-decalin
(C1oH1g)

1- & 2-ring aromatics

©© 1-methylnaphthalene
(C14H10)

1,2,4-trimethylbenzene
(CgH12)

100 g—

[gnition delay (ms)
[o—
— -

S
[a—

0.01 |

TR

® Experiment E
—— Old mechanism ]
——New mechanism

0.8

0.9

1

1.1 12 13 14 15 1.6

1000/T. (K1)

Mechanism update
performed by LLNL
student employee
G. Kukkadapu

New RCM data from Kukkadapu and Sung, UCONN, 2015

Shock tube (ST) data taken from Oehlschlaeger et al., Combust. Flame, 2008. UL'
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Decalin: Developed high-temperature kinetic mechanism
and will finish low-temperature mechanism this year

1000

Ignition delay [us]

100
0.70 0.80 0.90
1000/T[K]

1000

100

Components selected from the CRC AVFL-18 Diesel Surrogate
palette!

n-alkanes iso-alkane
n-hexadecane (CqgHyq)
W 2,2,4,4,6,8,8-heptamethylnonane
(C16Hsa)
n-octadecane (CygHag) 1o
NN NN

naphtho-aromatic
n-eicosane (CzoHq2)
tetralin
. ) (C1oHs2)
cyclo-alkanes 1- & 2-ring aromatics
n-butylcyclohexane 1,2,4-trimethylbenzene
O\/\/ (C1oH20) _©_ (CgHy2)

trans-decalin @@ 1-methylinaphthalene
(C1oHya) ! (C1aH1o0)

/

_ e v
] ()
. oy Ny
T ® /

3 s0am
0.70 0.90 1.00

1000/T[K]

Experimental shock tube ignition data: Oehlschlaeger, Shen et al. Energy & Fuels 2009
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Improving gasoline surrogate models:

Fuel component mechanisms in 10-component gasoline %
surrogate palette are being improved and validated hod
»
n-alkanes aromatics [ YT —
/\/ . High Sensitivity: RON-MON=10

Allow to match

NN the average chain length To match the molecular

weight and the degree
of alkyl substitution

iso-alkanes
Improved
)\/ naphthen
To match the average Two representative
molecular weight and the species
degree of branching
olefins
Major unsaturated
A PN linear species
Collaborative work with NUI-Galway, KAUST, and UCONN LL
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The toluene mechanism was updated and its

behavior in fuel blends i d °
ehavior in fuel blends improve e
Original mechanism Improved mechanism
1400K  1000K 600 K 1400K  1000K 600 K
1000 gt v v 1 - L 1000 gt v v 1 - L
_ 1 % toluene %I-V-i F _ 1 % toluene r C(?llaboratlve
£ 1004 s - SO £ 100+ = | project between
2 ] G 2] " | NUIG and LLNL
% %
20 atm 3 ) L 3 ) L
S 3 : § 100 E
5 014 = 5 0.1+ 3
0-01_","'|"'|"'|"'|"'|'- 0-01_'ﬁ'|"'|"'|"'|"'|'-
06° 08 10 12 14 16 06 08 10 12 14 16 Shock tube and
(1000 KT |:> (1000 KT RCM
1400K  1000K 600 K 1400K  1000K soK  measurements
1000 gt v v 1 - L R[00/o N A N — - L
1 % toluene : 1 % toluene :
‘2 100 4 L ‘2 100 - _
= e H = g 5 :
40 atm £ 10 - fd 58 %' A £ 104 .
7 3 7 e g A7 el 2 7 3 3
3 14 2 ,:fﬁ‘o L 3 14 _
C 3 P J\rg E [ 3 E
S 3100 Al dry : S 1 100 :
5 014 L 5 01+ L
0.01 I:i'll:llllll I T T T I T T T I T T T I T T T I T 0-01 II I T T T I T T T I T T T I T T T I T
06 08 10 12 14 16 06 08 10 12 14 16
(1000 K)'T (1000 KYT

Toluene + dimethyl ether (¢ = 1)

Zhang, Somers, Mehl, Pitz, Cracknell, and Curran, Proc. Combust, Inst. (2016), accepted.
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Developed surrogates for Face F and G high-octane gasoline fuels
have been formulated using LLNL correlations

FACE F FACE G

RON 94.4 96.5
MON 88.8 85.4
AKI 91.6 91
Sensitivity 5.6 11.1
H/C ratio 2.1 1.8
5 <—aromatics (%) —> 35
Face F
100% €—+—— n-heptane —>
X 75% -
_g L iso-octane ==
(8]
£ 50% -
° _—~ cyclopentane -
i 25% L// 1-hexene — |
AR
1,2,4-trimethylbenzene
0% < toluene
b -

FACE F Surrogate F Surrogate G FACE G
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Match gasoline surrogate mixture using AKI and octane sensitivity of

target gasoline fuel

The AKI and RON of the target gasoline fuel are matched using two correlations:

AKIl vs Log (Calc Ignition)
120

y =-33.66x* - 259.05x3 - 750.37x2 - 942.93x - 326.63
R?=1.00

=
[=]
o

o)
o

)
o
!

Measured AKI (RON+MON)/2
N (2]
o o

-3.5 -3 -2.5 -2 -1.5

Log10(Calc IDT) @ 825K, 25atm

LLNL-PRES-688774

SENSITIVITY (RON-MON)

16

14 -
12 -
10 -

N O N & O ®
| I I S |

SENSITIVITY vs Slope NTC Log10(IDT)

R?=0.86

y=11.28/(1+EXP(-3.36x+2.11)) +

SLOPE NTC Log(Calc IDT)

2016 DOE Merit Review
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New surrogate generator allows more accurate matching of
surrogate mixtures to target fuels

Developed by LLNL for
Co-Optima project

\
Species Database:

Zero-RKT
Ignition delay times PIONA class, H/C atom counts,
denS|ty, Antoine parameters

& ] l H/C Ratlo l

distillation curve

PIONA volume
fractions

J

sensitivity

TZero-RK is LLNL'’s fast chemistry solver

L

minimum

iterate to
find
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Ignition Delay Time (s)

Ignition Delay Time (s)

'Sarathy, Kukkadapu, Mehl, Javed, Ahmed, Naser, Tekawade, Kosiba, Abbad, Singh, Park, et al., Combust. Flame (2016).

Validated and improved gasoline surrogate mechanism
using UConn RCM experimental data for Face F & G

1.E-01

1.E-02

1.E-03

1.E-01

Face F
| RCM
120 bar in air a
phi 1.0 ]
[ ]
] =
1 1.2 1.4 1.6
1000/T (1/K)
i RCM
1 40barin air =
phi 1.0
[ ]
1.3 1.4 1.5 1.6
1000/T (1/K)

LLNL-PRES-688774

Ignition Delay Time (s)

Ignition Delay Time (s)

Face G
RCM
1.E-01 320 bar in air .
phi 1.0
1.E-02 +
[ |
UConn RCM
1'E'031 T, 44 416  'Collaboration with
1000/T (1/K) UConn, Pé,gllJST, and
1.E-01 RCM
1 40 barin air [ ]
phi 1.0
1.E-02 §
3 (]
[ ]
1.E-03 ——>—-"—"t—" ——+——r
1.3 1.4 15 1.6
1000/T (1/K)

L.
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Surrogate model for Face F compared to ANL RCM measurements
over a wide range of temperature and pressure

Ignition Delay [ms]

ANL
RCM

_______ o

ri=paiafiins (%)
100 100 [ - -
B *+— aromatics (%) —* 36
15 bar
o Low Sensiivity: RON-MONSZ

-g- . High Sensitivity: ROM-MON=10
>

£

a 10 |

c [

2

'

Lo

1

095 105 115 125 135
Pressure [bar] (1) =0.3 (1000 K/T)

Model includes simulation of full compression stroke and heat transfer from ANL RCM

LLNL-PRES-688774 15
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Mechanisms are available on LLNL website and by email

https://combustion.linl.gov

Mechanisms

Gasoline Surrogate

Surrogates

Ethanol Biodiesel Surrogates

Butanol Isomers
|so-pentanol

Real Biodiesel
C10 methyl ester surrogatgs for
biodiesel

| Gasoline Surrogate |

2-Methyl and n-Alkanes Diesel PRF
Heptane, Detailed Mechanism, Diesel surrogate, detailed and reduced
Version 3.1

iso-Octane, Version 3

2,244 6,8 8-Heptamethylnonane Alkyl-Carbonates

Dimethyl Carbonate
Diethyl Carbonate
Cyclopentane

C5H alkene

L
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Numeric scores on a scaleof 1(min) to 4 (max) mThis Project Sub-Program Average
4.00

FY2015 Reviewer’s comments and
our responses 200 +
Overall, the reviewer's comments were very positive
= The reviewer commented: “The reviewer observed that .
the approach for development of kinetic combustion
models for key components present in gasoline, diesel

and biofuels; combining them to form surrogate fuel R acampiments

i . i Chemical Kinetic Models for
mlxture§, a_nd devglopment Qf reduced mechanisms Advameed Engine Combustion:
and validation against experimental data from shock Bill Pitz (Lawrence Livermore

. . . . . National Laboratory) - ace013
tube, rapid compression machines and jet-stirred Y

reactors is extremely valuable” Presenter

Bill Pitz, Lawrence Livermore National

= The reviewer commented: “There is also a need to bridge the Laboratory.
gap between the chemists and the engine researchers though
interactions and workshops.”

= Response: “We are working with engine researchers in
industry. We appreciate your suggestion and will look for
further opportunities to interact with engine researchers.”

(=
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Collaborations

Our major current industry collaboration is via the DOE working group on Advanced
Engine Combustion

» All results presented at Advanced Engine Combustion Working group meetings
(Industry, National labs, Universities)

« Multiple exchanges of chemical kinetic models with industry
« Collaboration on gasoline/gasoline-ethanol engine experiments with Sandia:
— John Dec on HCCI and Magnus Sjoberg on DISI

« Collaboration at Argonne with Sibendu Som on diesel reacting sprays and
Scott Goldsborough on RCM experiments

Second interaction is collaboration with many universities

* Prof. Sung’s group, U of Conn., Dr. Sarathy, KAUST, and Prof. Chen, UC
Berkeley

e Dr. Curran at Nat'l Univ. of Ireland on gasoline and diesel fuel components in
RCM and shock tube

* Prof. Reitz, Univ. of Wisc., on reduced kinetic models
* Prof. Lu, U. of Conn. on mechanism reduction
« Prof. Pfefferle, Yale, on soot chemistry
Participation in other working groups with industrial representation

« CRC Fuels for Advanced Combustion Engines (FACE) Working group and
CRC AVFL-18a (Surrogate fuels for kinetic modeling)

Ford: Kinetic modeling support for leaner lifted-flame combustion (LLFC)



Remaining Challenges and Barriers

= Develop chemical kinetic mechanisms for surrogates for diesel and
gasoline fuels that are predictive at high pressures found in
advanced engine combustion regimes

= Improve accuracy of chemical kinetic mechanisms so that desired
predictability needed by engine designers can be achieved

= Develop predictive models for diesel surrogates, particularly new
versions of diesel surrogates from CRC AVFL-18a that have more
representative palette compounds

= More accurately simulate the fuel effects with changing EGR,
equivalence ratio and fuel composition

» Validate chemical models for blends using shock tube and RCM
experimental data

LLNL-PRES-688774 2016 DOE Merit Review %@ 19



Future plans for next year

CRC AVFL-18 Diesel surrogate palette’:

= Validate and improve diesel surrogate models |"2"®° ey oo

NN W\X 2,2,4,4,6,8,8-heptamethylnonane

using new RCM data from UConn: o ot s

Y N e Y .
naphtho-aromatic

« CRC AVFL-18a diesel surrogate mixtures: | _._._._ oot
V0a (4-component), VOb (5-component), |eyclo-alkanes 4.8 2.ring aromatics

tetralin
(CqoH12)

and V1 (8-component) A o S
- California diesel certification target fuel Q) e docain meynepntalene

= |mprove n-alkanes models of large n-alkanes
using n-dodecane data from UConn

= Develop of a soot model based on the sectional
method

= Gasoline surrogate modeling:

« Use new RCM facility at ANL to improve our
gasoline surrogate model at high pressures

* Improve gasoline surrogate component models

using new NUIG shock tube and RCM data on
heptane isomers

'Coordinating Research Council (CRC) AVFL-18 Working Group. Mueller, C. J., Cannella, W. J., Bruno, T.
J., Bunting, B., Dettman, H. D., Franz, J. A., Huber, M. L., Natarajan, M., Pitz, W. J., Ratcliff, M. A. and
Wright, K., Energy & Fuels 26(6):3284-3303 (2012).

20




Detailed chemical kinetic modeling summary

Developing fuel surrogate models for gasoline and diesel fuels to enable accurate
advanced engine combustion simulations with fuel effects

n-alkanes iso-alkane
1]

1. Developed/refined detailed chemical kinetic models for T s IR

naphtho-aromatic

aaaaaaaaaaaaa

components in 9-component CRC AVFL-18 diesel surrogate ol Zuguomae O &0
palette % i

1.  Assembling the low-temperature mechanism for decali

FaceF
this year [ rew
y CO new £ zopl::ir1".10alr . )
2. Improved behavior of iso-cetane mechanism, a diesel 8 1029 l‘“‘“’/
surrogate fuel compound B
1'E_O31 T T e
. / 1000/T (1/K)
3. Improved gasoline surrogate models for Face F &G
with newly available RCM data R ET™
4. Improved the behavior of the toluene model in mixtures § .
— % 0.1 9
- 0.8 08 1.0{10001}’.§§T 14 16

LLNL-PRES-688774 2016 DOE Merit Review Z



Technical Back-Up Slides
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Chemical kinetic model development for practical fuels:

Species
thermodynamic
properties

Accurate
reaction rates

paths
Reaction rate
rules

Detailed

Chemical
inetic Models

Application
to engines

Fundamental
Experiments Validation against
fundamental
NUIG, UCONN, combustion data
KAUST, USC,
CNRS, RPI

LLNL - Numerics

2016 DOE Merit Review
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Fuel component and surrogate models validated and
improved by comparison to fundamental experimental data

Combustion Parameters
Jet Stirred Reactors  Premixed Laminar Flames Shock tube
Temperature
Pressure

Mixture fraction (air-fuel ratio)

Mixing of fuel and air

' — T
= 2
" ;
b [ —
T e =
F

Twin premixed flames

Non Premixed Flames Rapid Compression Machine

Engine
Combustion
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Gasoline-surrogate model developed for high-octane certification
gasoline used in recent engine experiments at Sandia

Fuel used by Dec et al. in partial fuel stratification Cl experiments and

Sjoberg et al. in DISI experiments
Haltermann EOQ: 97 RON; 89 MON

Surrogate Molar

5-components Composition

© 37%

AL
M 27

VN %

I 4%

LLNL-PRES-688774

Simulations using LLNL kinetic gasoline
surrogate mechanism

0.03

®=0.4 in Air,15% dilution in N2,
0.025 43 - 53 bar

Haltermann E0: 97 RON; 89 MON

0.02 -

0.015 -

0.01

Ignition Delay Time [s]

0.005 |

1.05 1.15 1.25 1.35
1000K/T
RCM experiments from Sang and Cheng at MIT

Surrogate mechanism has been recently reduced to
about 250 species by Wolk and Chen at UC Berkeley

L
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CRC AVFL-18a Diesel surrogate palette’

normal alkanes branched alkanes
n-hexadecane (C4gH34), NHXD {V0a,V1}

2,2,4.4,6,8 8-heptamethylnonane
(C4eHa4), HMN {V0a,VOb,V1)}

n-octadecane (C4gHsg), NOD {VOb,V1,V2}

2-methylheptadecane stl3g), ZMHPD {V2}

n-eicosane {CzuH4z}. NEI {VE}
FaV e Ve Ve Ve Ve aY e Ve Wy

naphthoaromatic
cycloalkanes (a k.a. naphthenes) @(j tetralin (C1oH12)

n-butylcyclohexane (C4oH2o),
NBCX {V1,v2}

TET {VOb,v1,V2}

aromatics
1,3,5-triisopropylcyclohexane 1,2,4-trimethylbenzene (CgH42),
C1sH30), TIPCX {V2} TMB {VOb,V1}
trans-decalin (C4gH43), ,3,5-triisopropylbenzene
TDEC {V0a,v1} 15H24), TIPB {V2)}
perhydrophenanthrene
(G414H24), PHP {V2}) ©© 1-methylnaphthalene
(C44H40), TMN {V0a,VOb,V1,V2}

'Coordinating Research Council (CRC) AVFL-18a Working Group. C. J. Mueller, W. J. Cannella, J. T. Bays, T. J.

Ratcliff, "Diesel Surrogate Fuels for Engine Testing and Chemical-Kinetic Modeling: Compositions and Properties,"
Energy & Fuels 30 (2) (2016) 1445-1461.

Bruno, K. DeFabio, H. D. Dettman R. M. Gieleciak, M. L. Huber, C.-B. Kweon, S. S. McConnell, W. J. Pitz and M. A.
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