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LEADING THE WAY TO0O CLEAN COMBUSTION DESIGN



SEVeralfnew capabIlities arein Preogress,

particularly for automotive applications

e Fuel analysis tools

— Octane Number Calculator
— Cetane Number Calculator

e Mechanism Reduction facility

— Skeletal vs. severe-reduction methods
— Reduction to target tolerances

e More performance improvements

— Sparse-matrix solver for large mechanisms
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Withra databhase Off mechanisms;, We are

WOrking towardidefining/surrogate blends

Real Fuel Characteristics

Class composition
P ‘ New Real

Heat-release rate
Octane / Cetane # Fuel Blend
H/C ratio, O content

A 4

Match Properties
Select Molecules
Set Composition

A 4

Merge Mechanisms

Species
n-heptane Reactions
19% l
o 1-pentene .
45% Chemical
-xyl
15% E_mye”e Model for
3%, . ethanol i .
1% Simulation Q2
15% ;} li:
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JiheOctane Number Calculatorallows

prediction off RONH MONfor; arbitiany el

e Special reactor model
— RON / MON test conditions

e Determine critical
compression ratio (CCR)

— Lowest CR for ignition
Correlate CCR with RON or

MON

Octane rating

surrogate
(RON = 90.4)

8

~10 12 14 16 18
Critical Compression Ratio

20

Temperature

Stars: PRF Experimental:

Closed Circles & Triangle:
Experimental pure
component Ql

Open Circles: Previously -,
calculated values
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Anliterative method s used to calculate

Chiticallcompression ratio

[ignited]

e Work flow: [Run Min C.R.
— Use IC Engine model |[not ignited]

— Same process for [R M
Research and Motor un Max C.R.

Out of Range ]

[not ignited]

engines [ignited]
* Different engine specs ¥
— Search for critical [Bisect C.R.H Run HAdjust Iimits]

compression ratio
* Use bisection to search

— Recycle residuals for _ | l . -
several iterations [Blsect C.R.]— Run ]—*[Adjust I|m|ts]

* Assure convergence in

case of non-ignition
Y —[ E.G.R. |<—
[not converged]
[ Calc O.N. ] QL
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RPreliminany resultsishowireasenanie

predictive capability fior RON and MON

e Comparison with measured RON vs. CCR
for arange of fuels

140
: ropane
2-2 dimethyl butane 2.3 dimethyl butane |
120 -
0 2-methyl pentane \ l
100 -
> 807 / — Experiment
O 2-methyl butane
LN = Calculated
2-2 dimethyl propane
40 - 3-methyl pentane
20 +
n-heptane
0 I I I
5 10 15 20 25
CCR '
7
TIN
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\We are alserdeveloping a Cetane NUmEr,

Calculator: for diesellsurregates

e Two standards for evaluation were
considered:

— ASTM D 613
* Cooperative Fuel Research (CFR) Engine 10 BTDC
* Difficult to reproduce

— ASTM 6890 Ignition Quality Test

* Heated, constant volume combustion chamber
* Correlation between auto-ignition time and cetane number

* Measure time between injection and pressure recovery point
o Pressure and Temperature quenching due to fuel evaporation

N2
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Alcalculation'based! on the ASHIMID=-6890

method has been selected

ASTM D 613 ASTM D 6890 (IQT)
— Need to simulate engine v Simple setup
— Need accurate mechanisms v No need to calibrate based on
for PRF* diesel PRF*
* Correlation between CR and * Correlation between ignition
CN not available (similar to time and CN available
that for ON) — Spray and mixing effects
— Spray and mixing effects v Fast simulations
— Simulations can be very time
consuming

* PRF for diesel: n-hexadecane and heptamethylnonane

e Spray and mixing effects in ASTM D 6890 method can be
compensated by reducing the initial temperature of the bomb

— No immediate need for a spray model Qi
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lgnittentdelayiis calculated usingla CHEMKIN

Closed Homogeneous: Batch ReEactor,

e Simulate Ignition Quality Tester (IQT) method

— Model with closed homogeneous reactor

— Reactor conditions estimated
* Sensitive to approximations of quenching

Fuel
specification
Preset Reactor J rﬁ:;:)cnug:ja R Correlation to
Conditions g Time y Cetane Number

7
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ALCOIEelatioNiISTUSEA o GEL Cetane NUmMBET,

from the ignition-delay time

e Outside limits, the ASTM correlation does not apply

e Second correlation developed outside of given range

65.0

60.0 4
55.0
3
g 50.0 4
3
[+2]
§ 450
@
(6]
40.0 -
35.0 4
30.0 ! ! !
3.0E-03 4.0E-03 5.0E-03 6.0E-03 7.0E-03
Ignition delay time (s) \"\ f f/
PN
/N
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RPreliminmarny results;snow geod predictive

capability forra range ofi fuels

e Comparison to experiment

— Same multi-component mechanism used for all cases

— Data averaged from Murphy et al. (2004), NREL Compendium of
Experimental Cetane Number Data

@ Data (average)
B Calculated

Range of ASTM method

3

5.

Cetane Numb

§ & & § & & & & & :
% % 5 2 P
RN A S
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ONand ENfCcalculatersswill provide means; of

testingisurrogate blend PropeErties

e Use to match real-fuel properties

e Based on simulation, can be used for arbitrary
fuel mixture

e Additional test for detailled mechanisms of
surrogate-fuel mixtures and components

Qi
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SEVeralfnew capabIlities arein Preogress,

particularly for automotive applications

e Fuel analysis tools

— Octane Number Calculator
— Cetane Number Calculator

e Mechanism Reduction facility

— Skeletal vs. severe-reduction methods
— Reduction to target tolerances

e More performance improvements

— Sparse-matrix solver for large mechanisms

QM
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VIEChaniSm EdUCHoN IS VER IMPotantifor

practical simulation; ofi realistic fuels

e Skeletal mechanism

— Subset of species and elementary reactions from the
original master mechanism

e Severely reduced mechanism

— Lumped species and/or reactions

— Assumptions:
* Partial equilibrium
* Quasi-steady-state
* etc.

7
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Werhave testedlseverallmethods 1or

automated reduction

e Two skeletal methods have been implemented
— Directed Relation Graph (DRG) *

* Based on species rates of production

— Principal Component Analysis (PCA) **

* Based on reaction-rate sensitivity analysis

* Lu and Law, 2005; 2006
** VVajda, Valko, Turanyi; 1985

7
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Mechanisms: can be reduced to) skeletal form

for/a particular range o conditions

e Automation of reduction process

— lterate method’s error controls to determine smallest
possible mechanism to achieve desired targets
* Allow “derived” targets

— Example targets:
* Crank angle for 10% heat release, within 1 degree
* Emissions of NO, within 50 ppm

— Ranges of conditions set in CHEMKIN parameter study
* Choice of reactor model
* Parameter study varying equivalence ratio, pressure, temperature
* Run first with full “master” mechanism

7
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fhe DRE methed redUCeS: pathiSivased on

SpPecies pProduction and destruction| rates

e Analyze a “baseline” solution that
uses the fully detailed mechanism

— Start with the Fuel & Oxidizer species

— Determine which production path is above
tolerance setting for each species

— Repeat as “tree” of species is descended
— Remove reactions that are below tolerance
— Remove species that no longer contribute

e Our implementation considers all
points in the solution(s)

— Allows coverage of full transient analysis,
as well as range of operating conditions

18
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llEStiCAasE P S-COomMpPONEntigasoline

Ssurrogate mechanism

e Wide range of operating conditions

— Equivalence ratio 0.1 to 2.0
— Temperature 600K to 1800K
— Pressure 0.5atm to 60atm

e 384 cases used in reduction

— For each case, 100 time points considered
* Total of 38,400 sampling points operated on during reduction

e “Master” mechanism is gasoline surrogate blend

(mole%)
5 RON=93.7
50 MON=90.6
20
8 N\
4 :}1‘;:
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(Gasoline Surregate Base Kinetic Mechanism

e 1380 species, 6138 reactions

— Based on LLNL mechanism*

— Updated mechanism and added missing reaction
pathways

— Includes low- and high-temperature pathways
— Includes NOx pathways from GRI mechanism™**
— Includes PAH pathways from Appel et al.***

*C. V. Naik, W. J. Pitz, M. Sjoberg, J. E. Dec, J. Orme, H. J. Curran, J. M. Simmie, and C. K. Westbrook,
SAE Fall Powertrain and Fluid Systems Conference & Exhibition, SAE2005-01-3742, 2005.

**G. P. Smith, D. M. Golden, M. Frenklach, N. W. Moriarty, B. Eiteneer, M. Goldenberg, C. T. Bowman, R.
K. Hanson, S. Song, W. C. Gandiner, Jr., V. V. Lissianski, and Z. Qin,
http://www.me.berkeley.edu/gri_mech/

***J. Appel, H. Bockhorn, and M. Frenklach, Combustion and Flame, vol. 121, pp. 122-136, 2000 ‘\'f/.
<
\
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http://www.me.berkeley.edu/gri_mech/

e 384 Cases used in reduction

— Equivalence ratio 0.1 to 2.0
— Temperature 600K to 1800K
— Pressure 0.5atm to 60atm

e Results show good results for
~60% reduction

— Start: 1328 species, 5835 reactions
— Finish: 560 species, 2818 reactions

e Relative mean-square-root
error is 3.9%

— Largest error is 24%
— 19 cases above 10% error

21

~

Application o DRGteIgRItIGNEAElaY,
simulations showsigoodiaccuracy,

Equiv Ratio 0.5 and 20 atm

§ 1.00E+00

> 1.00E-01 1 | m Skeletal et
QO 1.00E-03 .

S 1.00E-04 - .

= 1.00E-05 - .

1008 &

D 1.00E-06 .

0.0000 0.5000 1.0000 1.5000

1000/T (1/K)

Equiv Ratio 1.0 and 10 atm

$ 1.00E+00
(2)
~ 100E-014 = Skeletal ot
% 1.00E-02 | | « Master .
O 1.00E-03 A .
c .
S 1.00E-04 1 .
2 .
‘= 1.00E-05 1 s
2 4.00E-06 . .
0.0000 0.5000 1.0000 1.5000
1000/T (1/K) \‘\T /.
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Detaleditemperature profiles agree Well for

SIngle-zone engine model

e Skeletal mechanism predicts same temperature profile
as master mechanism

e Wide range of conditions
— P=0.5-60 atm, phi=0.1-2, T=1000-1500 K

3000 - | O T— = =T F R S
Case 9 (Master) |
< 2500 - . o Case9 (Skeletal) 1
o ., — — Case 216 (Master) |
Z 5000 1 & case216 (Skeleta |
E’_ G: - - - - Case 365 (Master) I
E 1500 e =« o Case 365 (Skeletal)
1000 | | | |
1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 Al
Time (sec) ;}!5‘
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Vierereductionicanibe achievedifiornigh:

temperatune conditions: (lames)

e 55 Cases used in n-heptane Flame speed at 300K
mechanism reduction 3 s r [+ Seoom
— Equivalence ratio 0.7 to 1.7 @g 2 | T, b
— Temperature 300K to 700K 5920 ".
0

— Pressure 1atm A S A
e Good results for ~80% reduction Equivalence Ratio

— Start: 561 species, 2539 reactions

Flame speed at 500K

— Finish: 121 species, 538 reactions 140 |
. @ _ 120 1 “®e = Skeletal
e Relative mean-square-root error £%'@1 .* *, |+ Master
is 2.2% g5 %
w 20 1
— Largest error is 9.6% 0 —
04 0.8 1.2 1.6 2
— 3 cases over 5% error Equivalence Ratio
QL
N
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MINg COMPAKSENS SHeW heW MEChAanISMm

Size relates to, CRU time

n-heptane ignition delay

e Reduction of species

6
results in significant 3 5 o
i : E 4
reduction of CPU time S,
=
§ , .
@ .
n-heptane flamespeed 0 - -
35 0 200 400 600
30 . Number of Species
A
< 251 5-component surrogate
o 20 A ignition delay
g 15 4 - 70
E g 60 - ¢
Tz 101 E 50- .
5 - VS g 40 -
£ 30+
0 PR .4 : € 20-
0 200 400 600 X 10 .
. 0 T T
Number of Species 0 500 1000 1500\ /.
Number of Species :}!‘S
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@Operatingiconditions; considered

e Gasoline HCCI Target conditions (8 multi-zone runs):

— Equivalence ratio=0.1, 0.2, 0.5, 1

— Initial temperature adjusted so that ignition occurs at TDC and at
TDC-10CAD

— Mass distribution of 10 zones sames as that of Aceves et al.,
(SAE 2000-01-0327)

Zone # 1 2 3|14 5 6 7 8 9 | 10

Bound

e Engine characteristics: | Regon Crevice L:;yer
— Starting pressure = 1 bar Mass% | 2| 1 | 11|25 ]10]18]25]3s5

— Engine speed = 1200 rpm
— Displacement volume = 1600 cm3
— Engine compression ratio = 15.0
— Starting crank angle = 180

— EGR =20%

— Engine connecting rod to crank radius ratio = 3.7 N2
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Results shew that, forremissions;, DRG

Works welllonly up te ~44% reduction
e Results are good for 44%

skeletal reduction with DRG Phi=0.5 and ignition at TDC
— 1380 species — 774 1.E-02 ;
— 6138 reactions — 3572 |
— 170 hours run-time — 52 : 1.E04
— All results within 10% relative S1E06] v . i *
tolerance and 0.01 ppm hu 1. co (master)
absolute tolerance © 1E08 ., + no (master)
Eo ] no2 (master)

* 658 species and 3182 reactions :
with 20% relative tolerance and 1.E-10 5
1 ppm absolute tolerance ]

e Reduction size limited due
to need for keeping more
pathways to get NO, and O,
CO right - =

26 reaction
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] « no2 (skeletal)
1.E-12 | | | |

0.020 0.022 0.024 0.026 0.028 0.030

Time (sec)




lhereare limits tornow:smallfiyou can|get

With' a skeletal approach

e Maximum reduction without compromising
accuracy: 50-80%

— n-heptane ignition delay: 561 -> 256 species

— n-heptane flamespeed: 561 -> 121 species

— 5-component surrogate ignition delay: 1328 -> 560
species

— 5-component surrogate emissions: 1380 -> 774

e Further reduction results in significant error

e Skeletal methods are usually a “first step”

N2
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SEVeralfnew capabIlities arein Preogress,

particularly for automotive applications

e Fuel analysis tools

— Octane Number Calculator
— Cetane Number Calculator

e Mechanism Reduction facility

— Skeletal vs. severe-reduction methods
— Reduction to target tolerances

e More performance improvements

— Sparse-matrix solver for large mechanisms

QM
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Complementarny/ effors nave BEEN Placed 6N

fUrtherimprovements to SelVer Speed

e Implementation of new sparse-matrix
technology

— Important for large mechanisms
* Species interaction matrix is sparse

— Important for complex problems
* Large reactor clusters in reactor networks
* Multi-zone Engine simulations

e Advanced methods of coupling kinetics to
transport (CFD) simulations

N2
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Inital results fiermulti=Zene eENCINE

Simulations are vVery promising
e Speed-up is relative to CHEMKIN-PRO

e Hours =@ afew minutes

e Days = % hour

120.0
Problem # # CPU time (h:m:s) Speed *
Description Species | Zones -up 100.0 -
Before After §
g 80.0 |
L
Closed system 1440 1 0:11:36 0:02:03 5.7 2 600 |
— MFC gasoline _g '
Closed system 2116 1 0:20:15 0:01:00 20.3 g’_ 40.0 1
- n-hexadecane " *
20.0 *
Multi-zone Engine 53 10 0:00:36 0:00:16 2.3 *
— GRI-mech 0.0 - ° ‘
Multi-zone Engine 561 10 | 1:26:01 0:03:03 28.2 0 5000 10000 15000
— n-heptane Number of Species * Number of Zones
Multi-zone Engine 1477 10 | 56:14:17 0:30:28 110.8
— 5-component

Benchmarks from a 64-bit Linux Blade server (Dual Core Xeon Processor, \]/
4MB Cache, 2.0GHz, 1333MHZ FSB forPowerEdge 1955, 16GB RAM) = :-:-
“/IN
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SUmmarny: Stay/ tuned — more on the way,

e More speed

e Usability of larger mechanisms

e Automated mechanism reduction
e Practical tools for fuels analysis

e More advanced connectivity to multi-
dimensional simulation

7

7 | N
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