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Combustion Processes

Kinetics 2




H,-O, System

Initiation L : ,
Hy+M > H+H+M First is active at only high temperatures

H, + O, > HO, + H

Chain Reactions

H+0O, - O+OH Radicals break down O,, H,, or H,O
O+H, ->H+OH Three of these are chain branching
H, + OH > H,0 + H Three create OH, which reacts with H, 2 H,0

O + H,0 > OH + OH

Chain Termination

H+H +M->H, +M Three-body termination

O+0 +M>0, +M Two produce reactants

H+O +M>=OH +M Third creates radical but kills two
H+OH+M> H,0+M Last produces product H,O

Also have reactions for HO, and H,0,




H,-O, Mechanism (Yetter)

“Full” mechanism: 8 species: H,, O, H,O, OH, O, H, HO,, H,0,
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O2+H<=>0H+0O
H2+O<=>0H+H
OH + H2 <=>H + H20
20H<=>H20+0
H2+M<=>2H+M
20+M<=>02+M

7Y H+O+M<=>0OH+M
8) OH+H+M<=>H20+M
9) O2+H+M<=>HO2+ M
10) H + HO2 <=> 02 + H2

)
)
)
)
)
)
)
)

11) H+ HO2 <=>2 OH
12) O+ HO2 <=>0OH + 02

13) OH + HO2 <=> 02 + H20
14) 2 HO2 <=> 02 + H202
15) H202 + M <=>20OH + M
16) H + H202 <=> OH + H20
17) H + H202 <=> H2 + HO2
18) O + H202 <=> HO2 + OH
19) OH + H202 <=> H20 + HO2



CO-0O, Mechanism

CO with H,0
CO+0, =>C0O,+O0O Slow, but initiates
O +H0O->OH +OH CO is slow without Hydrogen
CO+0OH - CO;+H CO + OH is the fast step
H +0, >O0H +0O Two of these steps just make OH
CO with H,
H, +O > OH+H Add these to the above

OH +H, > H,O + H

CO + HO, > CO, + OH .. and this one for good measure!

With H and O in the system, include all the hydrogen mechanism too.




CO versus H2 reaction rates

¢ CH4 + 202 - C02+2H20
¢ CH4 + % 02 - CO+2H2
+ CO+2H, +3/2 0, > CO,+2H,0 using Modink

1200 K inlet, adiabatic reaction, CO, 2H2, 1.502, 7.52 N2
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CO reaction speeds

TO = 1500, adiabatic PFR, Compare effect of Hydrogen on CO reaction

Moles CO, 02, H20 = Moles CO, 02, H20 =
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Cantera Solution




Global Mechanism Example—DNS

¢

."N W
 DNS is expensive (2 MM
CPU hrs).

* Run preliminary tests with
cheap chemistry (one-step)
instead of the normal 19
species, 167 reaction
mechanism




One-Step Mechanisms

Table 5.1 Single-step reaction rate parameters for use with Eqn. 5.2 (Adapted from Ref.

(6])
Pre-exponential Activation Temperature,
Fuel Factor, A" E./R,(K) m n
CH, 1.3-10% 24,358" 0.3 1.3
CH, 8.3-10° 15,098° -03 1.3
C,H, 1.1-10"7 15.098 0.1 1.65
CiH; 8.6- 10" 15.098 0.1 1.65
“H 7.4 10" 15,098 0.15 1.6
k ' 5 : I < 1.5
C.H. + (: : X co, , sH,» 6.4-10 15,098 0.25 4
xfly +(x +3/4)0; = xCO; + (#/2)H,0 ' Hiq 5.7-10" 15.098 0.25 1.5
'7H 16 5.1-10" 15.098 0.25 1.5
d[C,H,] s
—ar = —Aexp(=E/R,DICH, O] h,, 4.6-10" 15,098 0.25 1.5
3 'sH 3 7.2 10" 20,131¢ 0.25 1.5
[=] gmol/cm’-s, Lh 42-10" 15,098 0.25 1.5
CioH2 3.8-10" 15,098 0.25 1.5
CH,OH 3.2-10" 15,098 0.25 1.5
C,HsOH 1.5- 10" 15,098 0.15 1.6
CeHg 20- 10" 15,098 -0.1 1.85
C,Hg 1.6- 10" 15,098 0.1 1.85
C;H, 2.0-10" 15,098 0.1 1.65
CyH, 4.2 10" 15,098 -0.1 1.85
C,H, 6.5-10" 15,098 0.5 1.25

°Units of A are consistent with concentrations in Egn. 5.2 expressed in units of gmol/em?, ie., Al=] (gmol/
M -m-n
cm”) /s.

°E, = 48.4 keal/gmol.
“E, = 30keal/gmol.
9E, = 40 keal/gmol.




One-Step Mechanism

[ CLHL 4305 — 2C0s + 2H,0 ) [ CLH4 4305 — 2005 +2H0 )
d[CoHy] 0.17.11.65
. — = —k(T)[CoHg4] " [O5] ) £02H4]0~1 s [CpH,4)0 109 exp(—8OOY02H4j

-
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* Problem: Very Stiff Explicit ODE integration
— Very small timestep sizes required.
— Takes too many steps.
—  Why?

» Apply Characteristic Timescale
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‘d[CQHLL] [02H4]0.1
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« As [C2H4] becomes small, t becomes small. o 107
® 107
« The small reaction order is the culprit. 3 10°
* Fix: As [C2H4] becomes small, increase reaction order. 'r‘éw"
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Methane Low Temperature
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Methane High Temperature
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Mix Master (Cantera

MixMaster
File v| Data v | Windows v || Help v
Mixtures N/
Set State Temperature
Equilibrate v/ Pressure 0.9999999999605524
Density
Internal Energy
Vv Enthalpy -394.4684051509655
Entropy
Species Species
H2 1.2267272944992247 C2H5 0.0
H 1.4197438233479041e-5 C2H6 0.0
O 1.838629620056842e-12 HCCO 0.0
02 5.541185591032298e-13  CH2CO 2.3903388357353853e-12
OH 1.7425411567550577e-7 HCCOH 0.0
H20 0.7732137345879001 N 2.1455865394113555e-14
HO2 0.0 NH 1.1886234262045274e-12
H202 2.2137926458154888e-14 NH2 7.318244700496438e-10
C 0.0 NH3 3.3405184420818565e-5
CH 0.0 NNH 1.1910844273172719e-11

K
atm
kg / m3
kl / kg
Kl / kg
k) / kg_K
Species ¢ Moles
C3H8 0.0 LE
cH2cHO 0.0 Concentration
Hide Missing
CH3CHO 4.876983239780402e-15 Species
Clear
Normalize
1
® O 6 MixMaster
Element ( )O (& H () C ()N () Ar  Show details | Show net flux
Species
log10 Threshold =408
{H > "__ (o)
o o [ L, | B \ iR,




Table 5.3

Complex Fuels

Chemical kinetic studies targeting real fuel combustion

Target Fuel

Natural gas

Kerosene (Jet A-1)
Kerosene (Jet A-1)

Diesol fuel

IP-8 (Jet fuel)

Gasoline

Gasoline

Biodiesel

Surrogate Blend'

Methane (CH,)
Ethune (C,H,)
Propane (C,H,)
n-Decane (C Hy,)
74% n-Decane (C,H,,
15% n-Propylbenzene
11% n-Propylcyclohexane
36,5% n-Hexadecane (C,H,)
24.5% Isooctane (CH,)
20.4% n-Propylcyclohexane
18.2% n-Propylbenzene

)

10% Isooctane

20% Methylcyclohexane (C,H )
15% m-Xylene (CgH,,)

30% n-Dodecane (C,H,,)

5% Tetralin (C,H, )

20% Tetradecane (C, H,,)

Isooctane (neat) (CJH, 9

Isooctane (C,H,) ~ n-Heptane (C,H o)

63-69% (lig. vol.) Isooctane (CyH,,)

14-20% (lig. vol.) Toluene (C,Hy)
17% (lig. vol.) n-Heptane (C,H,o)
and

62% (liq. vol.) Isooctane (C3H,g)
20% (liq. vol.) Ethanol (C,H,OH)
18% (lig. vol.) n-Heptane (C;H )
and

45% (liq. vol.) Toluene (C,Hy)
25% (lig. vol.) Isooctane (C,;H, )
20% (lig. vol.) n-Heptane (C,H, )

10% (lig. vol.) Diisobutylene (CgH, o

Methy! decaoate (C,;H0,, ie.,
CH,(CH,),COOCH,)

Reference

Dagaut {11)

Dagaut (11}
Dagaut [11)

Dagaut [11)

Cooke et al. [12)
Violi et al. [13)

Ranzi et al. [14)
Ranzi et al. [15)
Ranzi et al. [16)

Curran et al. [17)
Curran er al, [18]

Andrae ef al. [19]
Andrae [20]

Herbinet er al. [21)

Single-component model fuel

207 species and 1,592 reactions

298 species and 2,352 reactions

221 species and 5,032 reactions

Single-component model fuel
and two-component SUIrogates;
860-990 species and 3,600-4,060
reactions

Octanc numbers of blends match
standard European gasoline.

3,012 species and 8,820 reactions

! t . .
Composifions given in mole percent unless otherwise noted.



LLNL Mechanisms
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iso-Octane, Version 3

A detailed chemical kinetic mechanism has been developed and validated by comparison to
experiments in shock tubes and rapid compression machines. Over the series of experiments
numerically investigated, the initial pressure ranged from 3 to 50 atm, the temperature from 650 to
1200 K, and equivalence ratios from 0.3 to 1.0. The mechanism performs well at both low and high
temperature and over a broad pressure range important for internal combustion engines. The
mechanism is based on the previously developed and very successful mechanism of Curran et al. 1998
[1].

Download files (CHEMKIN format):

¢ Thermodynamic parameters
¢ Chemical kinetic mechanism

» Transport parameters
References for Mechanism

M. Mehl, H. J. Curran, W. J. Pitz and C. K. Westbrook, "Chemical kinetic modeling of component
mixtures relevant to gasoline," European Combustion Meeting, Vienna, Austria, 2009.

M. Mehl, W. J. Pitz, M. Sjéberg and J. E. Dec, "Detailed kinetic modeling of low-temperature heat
release for PRF fuels in an HCCI engine," SAE 2009 International Powertrains, Fuels and Lubricants
Meeting, SAE Paper No. 2009-01-1806, Florence, Italy, 2009. Available at www.sae.orq.

Other reference
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Heptane Oxidation" Combustion and Flame 114:149-177 (1998).



