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e Why core hydrocarbons?

e Issues with existing reaction mechanisms
e Modeling approach

e Extensive model validation
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Core hydrecarbons include all'gaseous fuels

e Natural gas
— 425,000 wells in the US
— 105 trillion cubic feet worldwide
e Syngas, coal gas
— From gasification of coal, biomass
— In-situ coal gasification

e Biofuels
— Ethanol, butanol

Natural gas well, 1907.

e H,, C,-C, hydrocarbons
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Core NYAreCakvENs CREMISTIIS COre 10
heavier liguid fuels

Liquid hydrocarbon combustion and emissions
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e Issues with existing reaction mechanisms
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Iypicallissues withimany existing reaction

mechanisms

1. Applicability
— Not comprehensive enough

2. Accuracy
— Not accurate enough for broad range of conditions

3. Extensive validation
— Limited validation range and types of experiments
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Core chemistiy intlarge mechanisms may,

not be accurate or validated
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@ften mechanisms are validated forene or:

WO LYPES O EXPERMENLS

Shock tube

Stirred reactor

Opposed-flow reactor

e Together they cover the conditions in practical Q1

applications (engines, turbines) YN
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IFegacy uelfmoedels arenoet suitable for

applications at high-P and/ Iew-i;

Natural Gas Components

l Methane 70-90 %

Co, 0-8 %

N,, H,S

Core hydrocarbons (C,-C,)
— GRI-mech limited to methane

Complex Negative Temperature Coefficient (NTC)
behavior <1000 K

— Autoignition of fuels critical for engines and turbines = =
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EXISTING COre mechanisms may: net ke

COMPrenensIive

e Dependencies between various small species
— e. g. ethylene chemistry also involves C, species

/ CH,;0OH

O
Ch* CH,OCH,

e Missing components and inconsistencies
may affect predictive nature

— Be careful in merging various mechanisms

Need comprehensive, accurate, and validated

s

core reaction mechanism N
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e Modeling approach
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e mechanism s generated in a systematic

Way/

Initial sub-mechanisms
from publications

- Add missing or necessary
Reactions reactions
Rate Parameters - Enforce self-consistency

Thermo - Update k and thermo
Transport

- Optimize k within the
uncertainty

1

—> Validation ‘
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RID204.0 core mechanism Is comprenNensive

e Starting component sub-mechanisms from
various sources

— Merged to a consistent base
e Included low- and high-temperature pathways

e Updated rate constants based on recent
studies

— Pressure-dependent rate constants for important
reaction systems

e 18 fuel components
— 1161 species and 5622 elementary reactions
— Saturated, un-saturated, oxygenates

— NOX, SO0t precursors up to benzene 7/ IN
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e core mechanismiis eptimized for

dCCUlac

e Optimized rate constants for less than 5%
of the reactions
— Within the expected uncertainty

Reaction A n Ea Ref.
H+O, = O+OH 3.55E+15 -0.406 1.66E+04 [12]
CO+0OH = CO,+H 2.20E+05 1.89 -1.16E+03 | [12], A*1.24
HCO+M = H+CO+M 4.75E+11 0.7 1.49E+04 [11]2
H+OH+M = H,O+M 4.50E+22 -2 0.00E+00 [19]2
C;H:-a+tH(+M) = C;Hq(+M) 2.00E+14 0 0.00E+00 [13]
Low pressure limit: 1.33E+60 -12 5.97E+03
Troe parameters: 0.02, 1.10E+03, 1.10E+03, 6.86E+03
CH;+CH.(+M) = C Hq(+M) 9.21E+16 -1.17 6.36E+02 [12]2
Low pressure limit: 1.14E+36 -5.246 1.71E+03
Troe parameters: 0.405, 1.12E+03, 69.6, 1.00E+10
CH;+HO, = CH,O0+OH 1.00E+12 0.269 -6.88E+02 [12]
CH,+H = CH.+H, 6.14E+05 2.5 9.59E+03 [12]
HO,+HO, = H,0,+0, 4.20E+14 0 1.20E+04 [18]°

1.30E+11 0 -1.63E+03 »

CH,+HO, = CH,+H,0, 1.13E+01 3.74 2.10E+04 [12] [l
Collision efficiencies: CH, 2.0, CO 1.9, CO, 3.8, C,H, 3.0,H,06.0,H, 2.0, Ar 0.7 \"
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Examplerofithe COTOH = COsHH rate
constants

$2.5
e 118 records in the NIST | |
database LE2 CO+OH =Co2+H
— 91 experimental data f
— 20 theoretical calculations - \
— 7 review recommendations ¥ | =
— 1981-2007 data fit § =g \
* k = 2e11 * exp(-300/RT) <  |[— s
1 |= = Dryer2007
4 | =Curran 2010
— Jetsurf 2010
e Recent data  —
— Agree within 25% LB [
e Typical uncertainty ~ 0.0 ! el o .
factor Of 2 -2 0 2 4 6 8 10 12 14

1000/T
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e Extensive model validation
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Fundamentalldata are the best o reaction

mechanism validation

e Reduced impact of transport =
More focus on chemistry
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Bread range ofi conaditiens COVErEd

e Saturated fuels

Dilution of
T | Ppam | e | Dl

Laminar flame

295 to 453 1to5 0.6to 1.6 Oto 15
speeds
Shock-tubes 65010 1800 1to340 ' Yrosis, 0 to >98
0.3to3
Flow reactors 500t0 948 1.5to 125 0.005t01.19 97.6 10 98.8
Stirred reactors 700 to 1100 1-10 0.1to1l 97.1to0 97.9
Burner-stabilized 300 110 14.6 0610 0.8 N,/O, : 2.2/1 for

HEINES oxidizer

e Dilution with N,, Ar, or H,O with air or O, as oxidizer.”~
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Bread range ofi conaditiens COVEREd o U=

saturated compoenents andiBIends
e Un-saturated fuels

Dllutlonof
T K) n
speeds

Shock-tubes 1050-2250 0.85-9  0.5-2 0-97

700-1350 1 00514 97.9-99.7
700-1100 1-10  0.1-15 96-99.5

e Fuel blends
Dilution of
speeds

Shock-tubes 1020-1750 1-256  0.5-3 92-99.9 Q

950-1450  1-10  0.3-2  66.1-985 /|-
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Over 90+ comparsen plots for validation

20

e A comparison plot contains one or more
data sets

e Overview of comparisons
— Grouped by experiment types

e Lines — predictions
e Symbols — published experimental data
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faminar flame Speeds:

Fuel; 15 P, and g effects captured

Propane

Fuel/air

Jomaas et al.,, 1 atm

N
o
1

Vagelopoulos et al., 1 atm

*
O
A Jomaasetal, 2 atm
[ ]

Laminar flame speed (cm/s)

30 - Jomaas et al., 5 atm
—— Model, 1 atm
20 1 — — Model, 2 atm
] — - - Model, 5 atm
10 +— T
0.6 0.8 1 1.2 1.4 1.6
Equivalence ratio
@ & Gulder et al., 300K 75 - Ethylene
E 85 - ¢ Jomaasetal, 1atm
S O Egolfopoulos et al., 298K| - 65 B Hassanetal. 1atm
§ o5 ] & Egolfopoulos et al., 363K g 55 | o Hicasawa et al. 4atm
Q A Egolfopoulos etal., 453K| B 45 | 4 Jomaas et al., 2 atm
"E’ 45 B Liaoetal, 358K §' % « Jomaas et al,, 5 atm
T Q
= —— Model, 298K E ——Model, 1 atm
g ] — — Model, 360K L2145 Ny || Motz
% 1 — - - Model, 453K 15 é o) — =Model, § atm
-
] 5 -
5 T I T I T I T I T I T I T I O.s 1 1.5
04 06 08 1 12 14 16 1.8 Equivalence ratio
Equivalence ratio .
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Caminar flame SpPeeds:

Diluents and composition effects captured

400
O Aung etal. .

~350

5,300

5 A Tseetal

3250 O Kwonetal.

3 200 X Vagelopoulos et al.

e

©

= 150 O Verhelst et al.

E 100 Model

£ ® Kwonetal., 79/21 Ar/O2

—

50 — — Model, 79/21 Ar/O2
0 T 200
0 1 2 3 4 5
Equivalence ratio 180 1 1 atm, 300 K
160

g 140 1 ¢ MclLean et al., 50/50 CO/H2
O
g 120 1 —1Sun et al., 50/50 CO/H2
3
2 100 1 ~McLean etal., 95/5 CO/H2
% 80 Sun et al., 95/5 COM2
7. 80: mSun et al, 75/25 CO/H2

e Syngas with 50/50  « [/
to 95/5 CO/H, I
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Autergnitienrdelay times:

Effects ofi fuel, 15 P, and g.capturead

1.E-02 1 1.E02
] 8 atm
— & Herzleretal., 1 atm ¢ Petersen et al
) A Herzleretal, 4 atm ® 1E.03
g E mPetersenetal,,
- 1 O Herzleretal, 16 atm|*® phi=1
© >
o 1L.E-04 Model, 1 atm 3
'2 ] ' o APe‘tersen etal,
3 — — Model, 4 atm é 1.E-04 90/10 phi=2
c [
=1.E-05 — - - Model, 16 atm 2 ®Petersen et al.,
Methane/propane| | ehi=3
| O, /Ar
1.E-06 ——TT7TTT—T—— T 1.E-05
0.5 0.7 0.9 1.1 0.6 0.7 08 0.8
1000/T (1/K) 1000/T (1/K)
1.E-02 =
7
Propyne -
z ® Curran et al.,
g 1.E-03 phl of 0.5
—y mCurran et al,,
o phi of 1
T
c
2 1.E-04 ACurran et al.,
= : hi of 2
5 Fuel-rich P
L O,/Ar 1/
1.E‘05 ' T T T ~. -~
0.5 0.6 0.7 0.8 o g
1000/T (1/K) /1N
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Autergnitienrdelay times:

Effects ofiloading and diluents captured

1.E-02 +

_1.E-03 {

Ignition time (s

24

Ethylene
./
y ~ Brown et al., 96%
Ar, 0.85-3 atm
_ oBrown et al., 75%
96% Ar _ Ar, 1.3-4.6 atm
A eBrown et al., 75%
m& N2, 2.1-7.9 atm
' 5 1.E-02 1 <
04 05 06 07 08 n-Butanol )

1000/T (1/K)

_1.E-03 - % O
2 ] Ve
()
E !
Z1.E-04 4
9 E
5 ] . loading
1.E-05 - 7
3 e
1.E-06 . . . .

—— Model, 0.6% fuel
— — Model, 3.5% fuel
® Blacketal., 3.5% fuel

A Blacketal., 0.6% fuel

0.5 0.6 0.7 0.8 0.9
1000/T (1/K)
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SPECIES PrOfIIESE SHOCK-TURE

Accurate predictions at\Very ligh pressures

3.0E-04 .
] 250 ppm ethane in Ar
2.5E-04 -
] ® Sivaramakrishnan et al., ethane
2 0E-04 1 Uncertainty IN T|| o Sivaramakrishnan etal., ethylene
c |
o ]
b : A Sivaramakrishnan et al., acetylene
S 1 N
= 1.5E-04 - R
o ] N\ —— Model, ethane
9 . N
[e) ]
= 1.0E-04 _ — — Model, ethylene
] - - - - Model, acetylene
5.0E-05 - -
- 1. 1.25-1.6 ms
] m_z
OOE+OO n = = L B L ™
1000 1100 1200 1300 1400 1500
Inlet temperature (K)
. Al
e Pyrolysis at 340 bar e
/N
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SPECIES ProfileSss FlIGWErREACTOY

EffECT Off 0N Propyne exidation captured

3.0E-03
; e 11/0 K, 1 atm,
é 2.5E-03 B Davis etal., phiof 0.7 003% fu el
Q ] . ® Davis etal., phiof 1
$2.0E-03 ] Fuel-rich avis etal, phro
Q@ ] A Davis etal., phiof 1.4
(@) |
€ 1.5E-03 1 — — Model, phi of 0.7
O ]
c b 4 .
§1.0E-03 1 — Model, phiof 1
& ~ \. .| — - = Model, phi of 1.4
5.0E-04 ] N )
] N
| \ ]
0.0E+00 ———— ~ — 3.0E-03
0.00 0.05 0.10 ]
Time (sec) 2.5E-03 ® Davis et al., propyne
c O Dauvis et al., allene
5 2.0E-03
© A Davis et al., acetylene
o
Products acetylene £ se0n L
and allene predicted = .1 — - - Model, allene
—— Model, propyne
1 o A .
— i AA !
Important PAH 00Es00 Knnl =
precursors 0.00 0.05 0.10
Time (sec)
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SPECIES PrefileS: Stiled-eactol,

Products evoelution in: methanel capturead

1.0E-02
18000 ppm fuel, 800 ppm H,O $06,t1s
8.0E-03 - ® Dymaetal., CH30H
—— Model, CO
.§ 6.0E-03 || = Dyma et al., CO
§ — — Model, CO
%4,0503 A Dymaetal., CO2
= - - - - Model, CO2
2.0E-03 - <& Dymaetal.,, CH20
— - - Model, CH20
0.0E+00 -
700 800 900 1000 1100

Inlet temperature (K)

e Methanol oxidation at 10 atm in a stirred-reactor
Z/‘.\:
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NGO, EMISSIONS oM premixed flames:

Pressure and g effects capturead

14 Methane with
: [l N,/O,in 2.2/1 ratio
o 12 - Fuel-rich
(@) . i A
§ 10 — O Thomsenetal, ¢ of 0.6
E 8 A Thomsenetal, ¢ of 0.8
g ] Q
£ 61 {‘ -1 ||— — Model, ¢ of 0.6
n ] .
e ] —=—Model, ¢ of 0.8
2414
3 ot
2 -
: Toame: 1750-1900 K
0
0 5 10 15
Pressure (atm)

\ !/

e High-pressure premixed flames
— Radiation heat losses included in CHEMKIN-PRO ~, =
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e Concluding remarks
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ACGclUrate predictions NEeEd COmpPreENeEnsIve

core mechanism

e Sensitivity analysis for autoignition delay time

| 2CH3(+M) = C2HB(+M) 0

2HO2 = H202+02
CH4+H = CH3+H2
H+02(+M) = HO2(+M)
HCO+HO2 = CH20+02
CH3+HO2 = CH4+02
CH4+HO2 = CH3+H202
CH3+HO2 = CH30O+OH
CH302+CH3 =2CH30
CH3+02 = CH20+COH

-0.15 -0.1 -0.05 0 0.05 0.1
Temperature sensitivity coefficient

Methane/air, ¢ 3
140 atm, 1400 K

Formaldehyde A2
Acetaldehyde <= Ethylene <> Ethane<—> Methane/’\ Ethanol - —

30 ICCK 2011
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COMPrENENSIVENESS O e CORE MECHARISM

even more impoertant for blends

70/30 Methane/ethane - air autoignition at 20 atm, phi 0.5,
1400 K, 10 % conversion

31
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Chemistiyefifunsattrated iuelsiIs more

Invoelved than thelr saturated counterparts

e Allene oxidation in a stirred-reactor
— 1000 K, 10 atm, 1.5 s, and phi of 1.5

Mormalized Sensitivity c3hd-a

hco+o0d < =>Cco+hod

hoo+ M < =>h+co+M

Cih3+hod <=>C3hd-a+02
CZhS-a+chZ(+Mi<=>Ccd4hE- 1+ M)
Cihd-p<=>c3hd-a
ch2co+oh<=x=>ch2oh+co
CihS-a+ho2 <=>c3h50+ah
CEZhS-a+02=>rc2h2+CchZ2o+0h
CZhd-a+h<=>cZhd-p+h
cZhacho+hod <=>c2h3co+hio2
cZhd-a+h<=»c2h5-a

Cih3+02 <=>chZco+hco

& ol
e Reactions of C1 and C2 most sensitive
e Reactions of C4 and C5 also important \1/
— CB5H6+H <= C2H2+C3H5-a N
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e Successful development of a detailed core
(H,, C,-C,) reaction mechanism

— Comprehensive: 18 neat fuels and their 8+ blends
* Includes oxygenated fuels
* NO,, and PAH precursors

e Successful validation using broad range of
conditions and experiments

— Over 90+ comparison plots using 30 years of the data
from the publications

\!/

* Results on saturated components to appear in 2

J. Eng. Gas Turbines Power )
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Thank You
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