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Modeling Hydrocarbon Combustion

Typical applications
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Modeling Hydrocarbon Combustion

Typical applications

Jet flames — DNS and CFD simulations
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RCCE - Rate Controlled
Constrained Equilibrium

Formulation:
* Keck, Gillespie, Combustion and Flame, 17, 237 (1971
Beretta, Keck, ASME Book H0341C, 3, 135 (1986)

James C. Keck ( 1924-2010)

Keck, Progr. Energy Comb. Sci., 16, 125 (1990) www.jameskeckcollectedworks.org
Tang, Pope, Comb. Theory Mod., 8, 255 (2004)
Beretta, Keck, Janbozorgi, Metghalchi, Entropy, 14, 92 (2012)
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« Careful examination of the underlying chemistry (Keck and coworkers)
s Level of Importance (Lol, Rigopolous —2009)
:6.1 \ Greedy Algorithm (Hiremath et. al. — 2010, 2011)
f4penlc7) Degree of Disequilibrium Algorithm (DoD, Janbozorgi, Metghalchi —2012)
“.  ASVDADD (Beretta, Janbozorgi, Metghalchi, Comb. Flame, 168, 342, 2016)




Rocket propulsion example

Steady-state supersonic nozzle expansion of high-

temperature products of H, oxy-combustion
prodt;Jct:. of HZ-tO2 T~1000 K
combustion enter o~ 10 kPa

nozzle at equilibrium Ma =1
] »T = 3000 K i —)

p=2.5MPa

Ma~4

e

The mixture remains close to Rapid expansion
equilibrium up to the throat where Fast flow acceleration
rapid expansion occurs.
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Steady-state supersonic nozzle expansion of high-
temperature products of H, oxy-combustion

Detailed Kinetic Model (DKM)

products of H,-O,
combustion enter

nozzle at equilibrium
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24 Reactions
O+0O+M=02+M
O+H+M=0OH+M
H+H+M=H2+M
H+H+H2=H2+H2
H+H+H20=H2+H20
H+OH+M=H20+M
H+O2+M=HO2+M
H+02+02=H0O2+02
H+02+H20=HO2+H20
OH+OH+M=H202+M
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H+H202=HO2+H2
H+H202=0H+H20
OH+H2=H+H20
OH+OH=0+H20
OH+HO2=02+H20
OH+H202=HO2+H20
HO2+HO2=02+H202
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Ma =1
T =3000 K

p=2.5MPa

8 Species

O

02

H

H2
OH
H20
HO2
H202

p~ 10 kPa

Rapid expansion
Fast flow acceleration

Ma~4
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TINITy
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Species EO EH
0 1 0
02 2 0
H 0 1 ) n
H2 0 2 Z sp ELN NEL
OH 1 j=1
H20 1 2 . N
HO2 2 1 — S , e
H202 2 | 2 N] - ijlvj'f (rf Ty )
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At thermodynamic equilibrium ... (inlet)

The equilibrium composition X © minimizes the Gibbs free

Byfapaulos )
o energy for the instantaneous local values of temperature T, pressure p,
element amounts N5V,
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At thermodynamic equilibrium ... (inlet)

The equilibrium composition X © minimizes the Gibbs free
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element amounts N5V,
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At thermodynamic equilibrium ... (inlet)

The equilibrium composition X © minimizes the Gibbs free
energy for the instantaneous local values of temperature T, pressure p,
element amounts N,

Byfapaulos
and
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R"sr = span({v,}) ® span({a;"})

u;(T,p,X)
A = —
J RT

at chemical equilibrium:

AEQ *Vy = 0 implies: AEQ — Z?’E‘ll ]/IEL EL

ne-dimensional span{a:"}

iaf-éimensional span({v,})

"I“r = Ngp — Ngj



R"p = span({v,}) @ span({a;"
pan(lve) @ span{ar’y)

J RT

at chemical equilibrium:
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A(Xin)

ng-dimensional span{a;"}

“Mout
>

if;r-iimensional Spal’l({w}) X = downstream nozzle
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At thermodynamic equilibrium ... (inlet)

The equilibrium composition X © minimizes the Gibbs free
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At thermodynamic equilibrium ... (inlet)

The equilibrium composition X © minimizes the Gibbs free
energy for the instantaneous local values of temperature T, pressure p,
element amounts N,

e In]
X BN, = NFY fori=1,...,ng TN
Ne Ng
_?z ﬂ](T,P;X) Vie = zAj Vie = A-v,=0
j=1 J=1 A _w(T,p, X)
J RT

For 1deal gas behavifr. u;(T,p,X) = g;pue(T,p) + RTln@he
. E

constramed minimization yi€

CE _ 1 ng  EL - EL
1an — _Egj,pure(TJ p) - Ef_:l Vi a‘i.j

~ . n
and, therefore, recalling that bE" = ) jila.;_EjL vie = 0.



At thermodynamic equilibrium ... (inlet)

The equilibrium composition X © minimizes the Gibbs free
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At thermodynamic equilibrium ... (inlet)

The equilibrium composition X © minimizes the Gibbs free
energy for the instantaneous local values of temperature T, pressure p,
element amounts N,
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Detailed Kinetic Model (DKM)

ROCKET EXAMPLE: Steady-state supersonic nozzle expansion
of high-temperature products of H, oxy-combustion

Ma ~ 4

T~ 1000 K
Ma =1 - p~ 10 kPa

T = 3000 K i —>

Governing equations p =2.5 MPa

1 dp ldu 1dA
+ -+

0 odr  wudr Adr

— () continuity

pudj + — dp =0 momentum
dr dr
d 1| N; 1 dA ' ies:
N, }_u L AN [IV;] N i species 8 species: H, H,, O, O,,
dr dx A dx concentrations H,0, OH, HO,, H,0,

Vsp *VSP
o dr du
pu( E Cp } dr E 131:,::'. puza = () energy
i=7]

ki(T) = AT exp (—E}/RT
P= NR’“T ideal gas Rate equations f_( ) j p(—E//RD)
ke (T) = kg (T)/K;°(T)

KF°(T) = (po/RT)" exp (— Ag?(T)/RT)
T{;i _ k,;:-_‘_ (T) H?il[]\{f]vﬁ? Agg(T) = Z}lil Vie 95 (T, po)
24 reactions

W = Xl vie (0 —717)




Frozen kinetics
yields poor approximation

ROCKET EXAMPLE: Steady-state supersonic nozzle expansion
of high-temperature products of H, oxy-combustion

Ma~ 4
T~ 1000 K
Ma =1 p ~ 10 kPa

30004 T=3000 K i —>

2500 |-\

2000

Temperature (K)

—
o
o]
=

Full Detailed Kinetic Model

. o = == 4— (8 . .
- . ~. species, 24 reactions)
1000 All Reactions -~
I Frozen e
1 1 1 I 1 | 1 I | 1 | I 1 | 1 I 1 1 | I
0 2 4 6 8 10

X (along the nozzle)




Assuming shifting equilibrium
also yields poor approximation...

ROCKET EXAMPLE: Steady-state supersonic nozzle expansion
of high-temperature products of H, oxy-combustion

Ma~ 4
T~ 1000 K
Ma =1 p ~ 10 kPa

T =3000 K i —>

3000
2500 _"*1
X Shifting Local
®o000k Complete
g - Vo Thermodynamic
@ \ ~ Equilibrium
o : X
£ : N
& 1500 |- : Sl R
/ SOTSS
N e - Full Detailed Kinetic Model
1000 | All Reactions x‘““hm.‘h_ (8 species, 24 reactions)
Frozen T e—m
| | | I | | | I | | | I | | | I | | | I
0 2 4 6 8 10

X (along the nozzle)




Rate constants for 24 reactions (DKM)

Reactions b E

1 0+0+M=02+M 1.20E+17 1 0

2 O+H+M=OH+M 5.00E+17 1 0

X 3 H+H+M=H2+M 1.00E+18 1 0

+ A +mb + 4 H+H+H2=H2+H2 9.00E+16 0.6 0

k;(T) = A; T exp (—E,; /RT) 5  H+H+H20=H2+H20  6.00E+19 -13 0

6  H+OH+M=H20+M 2.20E+22 2 0

7 H+O2+M=HO2+M 2.80E+18 0.9 0

8  H+02+02=H0O2+02 2.08E+19 12 0

9 H+O2+H20=HO2+H20  1.13E+19  -0.8 0

Governing equations 10 OH+OH+M=H202+M  7.40E+13  -0.4 0
11 O+H2=H+OH 3.87E+04 2.7 6260

12 0+HO2=0H+02 2.00E+13 0 0
ldp 1du  1dA — (0 continuity 13 O+H202=0H+HO2 9.63E+06 2 4000
P odr  udr A dr 14 H+02=0+OH 265E+16 0.7 17041
15 H+HO2=0+H20 3.97E+12 0 671
du dp 16 H+HO2=02+H2 4.48E+13 0 1068
pu— + — =0 momentum 17 H+HO2=0OH+OH 8.40E+13 0 635
dr dr 18 H+H202=HO2+H2 121E+07 2 5200
. ¢ 19 H+H202=0H+H20 1.00E+13 0 3600
[N; }d_u - “d[i’\. 1 + u[N;](— L d){) Spect o OH+H2=H+H20 216E+08 15 3430
dax dx A dx conce 21 OH+OH=0+H20 357E+04 24  -2110
Nep Nep 22 OH+HO2=02+H20 1.45E+13 0  -500

o dr 5 du 23  OH+H202=HO2+H20  2.00E+12 0 427
pu( Z( } dr Zh-jf'- pu dr =0 24 HO2+HO2=02+H202  1.30E+11 0  -1630

-‘_’ T dx

k}(T) = AT exp (—Ej /RT
p:NR“T ideal gas Rate equations ¢(I) = A;Texp (- E//RT)

kg (T) = kg (T)/K;°(T)
— Z?lr (T _ T_)
e=1Vje \Ie ¢ K7°(T) = (po/RT)" exp (— Ag¢(T)/RT)

Tff_ _ k{_ (T) l—[”s [ j]vﬁ’ Agg(T) = E;—El Vie 95 (T, po)
24 reactions



...because the rapid expansion throws
the composition out of equilibriu

Ma ~ 4
T~ 1000 K
products of H,-0, Ma =1 = p ~ 10 kPa
combustion enter »T =3000 K i —

nozzle at equilibrium p=2.5MPa -

Short residence time (few ms) ' .
Chemistry does not keep up Rapid expansion .
Composition goes off equilibrium Fast flow acceleration

Degrees of disequilibrium build up "F

In(ry"/17)

— _LZ”S v
— T rrij=1 Vit Hy

Call DoD's =0

The composition is thrown out A __~-
<= of equilibrium due to rapid B 1 L 1 E——
- expanSiOn x (along the nozzle)

= DoD,

3B. Rxns: 1,2,3,4,5,6

DOD{;

—
MW ke & N W@ O
|

A\

— — ——




du N
dx [

[N

N
V5] T

DOD{;
1

p=2.5MPa
1 dA

In(ry /1)

Ng
j=1Vjt Hj

Call DoD's =0

11

=Y
]

[ I T B S &« T = R =]

Laumis=rd The composition is thrown out 3

of equilibrium due to rapid

- expansion

A
;f
/i

s

+ U-[Nj](ga) = wj

= DoD,

So, we need to consider the full DKM

Including the differential equations for the
rates of all n,,-n, independent species

Ma =1
»T - 3000 K i

Ma~4
T~ 1000 K
p~ 10 kPa

—>

3B. Rxns: 1,2,3,4,5,6

3B. Rxns: 7,8,9.10

2B. Rxns: 11,13,14,18,20,21,22

_1:

0

2

4 6 10
x (along the nozzle)



ne-dimensional span{a;"}

~“out

r-dimensional Spal’l({Vg }) — downstream nozzle>

I’T‘ — nsp — Ngj X = coordinate




Most reactions get off equilibrium...
... but only few slow mechanisms are responsible for it

1 o Msp

:; %_DODe =In(r}/r;) Z_%Zuﬁm

oF

2F

oF
-'IZ"""""""""|

(] ]

X (along the nozzle)

Janbozorgi, Metghalchi, AIAA Journal ofPropulsion and Power, Vol. 28, 677 (2012)




Most reactions get off equilibrium...
... but only few slow meehanisms are responsible for it

bottleneck mechanisms

11 p= Msp

0 ;DoDe =In(r}/r7) =—%Zuﬁ:gj %z%

°F

oF

F

6

5F

2

oF

_EIZEI}I | Iél I I:l"'é"'é' ' I1ID No bottleneck = no

need to know the
rate constants of
these reactions

X (along the nozzle)




RCCE model reduction strategy

1) Identify the main bottleneck mechanisms
2) Identify the associated constraints

E Msp
11 = 1
E DoD, =In(rf/17) = —%= ) Vel S A BN A=-1 I\ g2
: = 2 % )
o = Notice: the DoD is =4 Dg"‘*/ f/_—
- alinear 3B. Rxns: 1,2,3,4,5,6
8F combination of the S
7 | stoichiometric
- coefficients
6 =
5
AF
3
2 =
1 f_
o
_ C 1 I I . | | 1 | | | 1 | | | 1 | | [ | =
I 5 > y S 5 20 No bottleneck = no

need to know the
rate constants of
these reactions

X (along the nozzle)

RCCE = Rate Controlled Constrained Equilibrium



DoD analysis allows constraint identification

11

va-(X) bg + 5" (x) bgs

3B. Rxns: 1,2,3,4,5,6

N

2B. Rxns: 12,15,16,17,19,22,24

3B. Rxns: 7,8,9,10

2B. Rxns: 11,13,14,18,20,21,23

f_ b =0 and bsf =0
— -H-;- —— e T ]
L .. r - - . r . 1r . -+ 1 4 .1
0 2 4 6 a8 10

X (along the nozzle)
DoD, = y;"byy + v bss

DoD, (x) (x) bg;




local

element amounts N2V, and a se

»'PaftN, = NEY fori=1,...,

j=1

Ne|

equilibrium
The equilibrium composition X © minimizes the Gibbs free
energy for the instantaneous local values of temperature T. pressure p.

E
X &=

N
AL

For 1deal gas behavmr W (T,p,X) = gjpure(T,p) + RTIn(X;). the

gj pure (T p) 21—611

EL GEL
Vi

EL

sition X E

and, therefore. recalhng that b;;" = )2, 4;j vip = 0.

]
DoD, = In(r} /r;) = =Y

Nng

j=1Vje Hj =

AN

10

©
T

Lo - N ow B e N o
\RARI LaEL B AAS LAREY LLNAY LanLY Lanns nnn

0.

-

ySE(x) bSE + ySE(x) biF

3B.Rxns: 1,2,3,45,6

2B. Rxns: 12,15,15,17,19,22,24
CE
- CE CE
bie =0 QR () b
—
CE C
/ /’—..VA (x) bay
-

V-0

- f’/ .
F / 2B.R: 13,14,18,20,21,23
/‘ b5F =0 and b5E =0
| -

| I
0

T R
2 4 6

x (along the nozzle)



energy re-instantaneous local values of temperature T, pressure p,
element amounts N, and a set of n.(< r) rate-controlling constraint
densities c;(N),

N
P afN, = NEL fori=1,...,ng yCE — N

J=1 ] ”sp
@CEN —Ci(NDrizl,...,nC [;]

For 1deal gas TJe]'Tuor ;,.'j (T,p,X) = gj pure (T p) + RTIn(X;).

1 nel | ELEL
— _Egj,pure(TJ p) — Erfll Vi 4

| )

and, therefore, recalling -, 21 Aij Ve =

_ 1
DoD,)=In(r," /1) = == X%, vje 1 @1 inEEﬁO
1 3 yEE(x) bSF + rSE(x) bEF

where b;" = ZTS LAV
— ACE(mc)
DoD,(x) = Ap,p ' (t,) - v

CE
Apep (1) = Ti%, ¥ Waf"

B. Rxns: 1,2,3.4,56

Lo -~ N ow s e N © O
RRES LRALY LANAN LEAAN LERA RRARY LAE) LARA LEMM LERA mARm L




R™r = span({v,}) ® span({a;"})

ne-dimensional span{a;"}

if;r-iimensional Spal’l({Vg }) X = downstream nozzle

I’T‘ = Ngp — Ng coordinate



RCCE yields excellent predictions,
IF we select the ‘right’ constraints

ROCKET EXAMPLE: Steady-state supersonic nozzle expansion
of high-temperature products of H, oxy-combustion

Ma~ 4
T~ 1000 K
Ma =1 p ~ 10 kPa

T =3000 K i —>

3000
2500 _"*1
X Shifting Local
g 200k Complete
= I VoY Thermodynamic
g AN Equilibrium RCCE Model
S X / (2 constraints only)
& 1500 |- N, ’ H‘m,,,
- / _\‘\ 5 : ____
N . A - Full Detailed Kinetic Model
1000 | All Reactions x‘““hm.‘h_ (8 species, 24 reactions)
Frozen T e—m
1 1 1 I 1 | 1 I | 1 | I 1 | 1 I 1 1 | I
0 2 4 6 8 10

X (along the nozzle)




Rate equations for the constraint potentials

conven of the temperature and the notation N; = [N;|V for the number of moles of species j. u;; and ¢, ; for the
molar 3 4 capacity at constant volume of species j, @ for the viscous dissipation function (usually negligible),

P ' Hsp
Z’l aECNJ;a,E}L = N Buﬂabr v Z N a Ly Z aELN% fori=1,..., nag (7
RCyr; . RC B & RC -
ag; Njai;~ = —E 2 jBuﬂaU -+ — Z Nja + Z a; N% Cichem(B.p.N) fori=1,..., ne (8)
B & 2.2 Cvjj V& —
ap; NjPuj; = B Z (B‘uﬂ + ) Z NBu;; +BE™ +ppV — BV )]

Hsp

kZlYELZa"LN +ZYRCZ“ = _; ZN (Bujj+1) — P lej (10)

where NJ? and £ denote the species and energy transport rates (positive if outgoing) and the bottleneck source terms are

KD (B.p) e + p) =
Cichem (B, p.N) =V Z ( 2 a,m me) lf‘ﬁl\z) H(Nj)\’je (B ) H Nj) it (11)
=l j=1
and of course the composition is that given by Eq. (1), i.e.,
Ilc
N, =BpVX, = exp( gjpure(B.p)B — ZYEL Zy}‘ca}ﬁf) for j=1...., nep (12)
i=1 i=1

The above nej + npe + 2 implicit differential equations together with the ng, Egs. (12) can be solved for given values of 77, V(r), and the Nf, to
yield the ngp + 2 state variables B(z), p(z). and N;(z), and the ne + ne constraint-potentials YEL () and YRC (7).

It is important to notice that in Eqgs. (11) only the chemical reactions that are not equilibrated contribute to ¢; ¢hem. i.€., only those for which
bﬁc = 22:‘11 am Ve 7 0. In fact, from Egs. (2), (14) and (6) we can write

Hsp r r fsp flsp

DKM _ ): ABKM v = Z vie Y UpoVie =Y ( Y vﬂ.Ujk) Ok Viw = Zb;( GiVi — Zb,f o y2KM where we defined by = Y v U,
=1 k=1 k=1 "~ j=1 i=1 Jj=1

(13)

which shows that within the RCCE approximation, whereby we set to zero the singular values 6,,, | = G, 42 = -+ = &, = 0 and we set aE.C =Uj;

fori—=1,..., 7, the DoD’s are given by
RCCE RC ,RC
Z biy© Z bir i (14)

i=1 i=1

and therefore the reactions that contribute to ¢; chem. those with bﬁc = 0, are those with a nonzero DoD.



Rate equations for the constraint potentials

conven use B =1/
molar ternal energy

of the temperature and the notation N; = [N;|V for the number of moles of species j. u;; and ¢, ; for the
capacity at constant volume of species j, @ for the viscous dissipation function (usually negligible),

Rsp ' fsp Vv Hsp
Z ag N aEL+ ’ YR Z ay N aEL = Z N; Buﬂa” Z N; a Ly Z (IELNH fori=1,..., ng  (7)
Jj=1
5 Tsp
akLN,a "+ ag CN,(( = g jBuﬂa” -+ — Z NJ,a T+ Z (IRCN — Cichem (B, P, N) fori=1,..., ne (8)
j=1
Bk Vo . .
agyNjBuj; + l YRC agy NjPuj; = B Z (B-”ﬂ+ w) v ZHNJB“,{;JFBE_UFBPV*BV‘P ()
Jj=1 =
' Tgp P Hop

He fsp o Hsp
ZﬁiZﬁMﬁiﬁyiﬁﬁ ZN®%+0 ZN (10)
k=1 Jj=1 k=1 =1

where N f and £ denote the species and energy transport rates (positive if outgoing) and the bottleneck source terms are

& k/ (B.p) 1= ki (B, p) % -
Cichem (B, p.N) =V Z ( Z am, v,m) lf‘ﬁl\i) H(NJ;)V;. _ fvf H(Nj)vn (1D
4

=1 “m=1 j=1 £ =1

and of course the composition is that given by Eq. (1), i.e.,

el e
N; = BpVX, = exp ( — gipure(B.p)B— Y v el -} yf‘caﬁc) for j=1..... nep (12)
i=1 i=1

The above ng + npe + 2 implicit differential equations togetl

yield the ngp + 2 state variables B(z), p(z). and N;(z), and the EQUATIONS

R(It is i{:lportlimt to notice that in Egs. (11) only the chemi ) . .
PIE = K v # 0 In fact, from Bas. @), s and ) differential equations  ng. + e +2
prM — ZABE%*‘,, ﬂ—ZwZU,wm —Z(Zv algebraic equations Nsp
which shows that within the RCCE approximation, whereby U N KN OWNS
fori—=1,..., 7, the DoD’s are given by . ,}
| State variables (T,p,N) nsp+2

and therefore the reactions that contribute to ¢; chem. those wi CO n St ra | nt pOte ntla IS ”t’:l —|_ ”C



RCCE advantage

V]
]
@ ——Gjpure(T,0) = ZiL - Z:—E

TSN ]

RCCE composition depends on only 2+n_+n_  parameters

CE _
X+ =

So, instead of the n_ species balance equations

Cdu dN] . 1dA. .
[Njl—— +u drj +ulN;l(5——) = w;

we need only 2+n_+n_ differential equations

Ng/tNg << Ng

Hydrogen/Oxygen: 2 + 2 8
Methane/Air simplified: 3+ 10 29
Methane/Air full: 5+ 11 53



Complexity of comprehensive DKM’s
for hydrocarbon fuels

- 2-methyl alkanes (LLNL) -~
| m X
methyl palmitate (CNRS) e

Ranzi mechanism * o i
comlete, ver 1201 Biodiesel (';I—N";)

10

16 (LLNL)’
CIOCLNL @ & b (Linw)
C12 (LLNL).~ =
C10 (LLNL)., @ C14 (LLNL)

iso-octane (LLNL) .- 4% pRF (LLNL) 6\06
iso-octane (ENSIC—CNRS‘} AA

<
n-heptane (LLNL) ‘\QQ
Gasoline (Raj et al) JetSURF 2.0 < (o)
(4

CH4 (Konnov) *. -
. '=a Skeletal iso-octane (Lu @ w)

USC C1-C4 -@ skeletal n-heptane (LL& aw)
uUsSC C2H4 . . n-butane (LLNL) 6

] ‘ 1 ,'3—Butadiene
C1-C3 (Qin et al) DME (Curran) S
GRI3.O @ -° o(\

neo-pentane (LLN L)Q\

W

-
@)

Number of reactions

before 2000
2000-2004
2005-2009
since 2010

i GRI1.2 .‘CZH4 (San Diego) ‘eﬁ
.©" CHA4 (Leeds) ‘o
10° - o°
Sl
P | .

* 8 ) o

10 10° 10° 10
Number of species

Figure modified form of Lu & Law (2009)
© Hai Wang — Stanford University



RCCE advantage

V]
.t N]

@: ~ = Gipure (T, P— Z;'E

CE _
X+ =

> T.I

RCCE composition depends on only 2+n_+n_  parameters

»>No need to cut the list of species
(vields excellent results also for the minor species)
»No need to cut the list of reactions
(but only those ‘less orthogonal’ to the constraints contribute)
(so the method is ‘forgiving’ with respect to poor rate constants)
»No need to check thermodynamic consistency
(second law compatibility automatically satisfied)

nel+nc << ns

Hydrogen/Oxygen: 2 + 2 8
Methane/Air simplified: 3+ 10 29
Methane/Air full: 5+ 11 53




But how do we find the ‘right’ constraints

| Reaction | A | n | E. | Slow dissociation/recombination
H3/0; Chain Reactions three body reactions
H+0y=04+0H 1.91 x 104 | 0.00 16.44 (M - Total Moles)
O+H,=H+OH 5.08 x 104 2.67 | 6.292
OH + H; = H + Hy0 2.16 x 108 1.51 3.43 | Chain branching/propagating
O 4+ H-0 = OH + OH 2.97 % 10° 2.02 13.4 reactions
Hs /0Oy Dissociation/Recombination Reactions (FV - Free Valence)
H.+M=H+H+M 4.57 % 1019 | —1.40 | 105.1
O+0+M=0;+M 6.17 x 10" | —0.50 | 0.00 | -O-O- bond breaking reactions
O+H+M=OH+M 4.72 < 10" | —1.00 0.00 (FO - Free Oxygen)
H+ OH+M=H,0+M 4.50 % 10% | —2.00 0.00
Formation and consumption of HO; and many others based on deep
H+ Oy +M=HO; +M 3.48 x 10 | —0.41 | —1.12 | studies of the detailed mechanisms
H+ 0, = HO, 1.48 % 1012 | 0.60 0.00
HO; + H=H; + 0> 1.66 % 1013 | 0.00 0.82
HO, + H = OH + OH 7.08 x 10" | 0.00 0.30
HO; + O = OH + 05 3.25 % 10'% | 0.00 0.00
HO, + OH = H,0 + O» 2.80 x 10 | 0.00 | —0.50

Formation and Consumption of HaO»9
HOy + HO5 = HoOg + Oy 4.2 x 101 | 0.00 11.98
HOs + HOy = HyOs + 0y | 1.3 < 10 | 0.00 | —1.620
HoOo + M=OH+OH+M | 1.27 = 107 | 0.00 45.5

Ho0Os = OH + OH 2.95 % 10| 0.00 48.4
H,05 + H=H,0 + OH 2.41 » 1013 0.00 3.07
HoOs + H = H, + HO, 6.03 % 10 | 0.00 7.95
0,05 + O = OH 4+ HO, 9.55 % 10% | 2.00 3.07 James C. Keck ( 1924-2010)

: . www.jameskeckcollectedworks.org
H20; + OH =H;0 +HO, | 1.0 x 102 | 0.00 0.00

Hs05 4+ OH = HyO +HO> | 5.8 x 101 0.00 9.56




M - Total Moles
nstraints
Species M FV FO . . . . .
P = I R Slow dissociation/recombination
02 10 0| o (three body collisions)
H 1 1 o { (1:
H2 1 0 L
OH 1 1
o> H M — ZnS aMy
H202 1 0 R4 Jj=1"1 ]19
N
o N O
I
Reaction OSI%O%%E
O+H2=H+OH AJo[1[-1[1]ofo]o0 0 0 0
0+H202=0H+HO2 Alololof[1]o[1]- 0 0 0
H+02=0+0H 111]lol1]olo]o0 0 2 2
H+H202=HO2+H2 olo[-1]1]olo| 1]~ 0 0 0
OH+H2=H+H20 olo[1[[-1]1]ol0 0 0 0 i + — .|_
OH+OH=0+H20 11ololol2]1]0]0 0 0 0 O(g) O(g) M(g) 02(9 M(g)
OH+H202=HO2+H20 |ofololo-1|1]1]-1 0 0 0 + #
7[H+02+M=HO2+M o|l-1]-lololo]1]0 A 0 0
8|H+02+02=H02+02 ol-1[1]ololo[1]0 A 0 0
9|H+02+H20=HO2+H20 |0 |1|-1]0]0|0[1]0 A 0 0o/
0[OH+OH+M=H202+M olojofo]-2[0]0]1 4 2|
O+HO2=0H+02 Al1{olol[1]o[-1]0 o | 2 [/o
H+HO2=0+H20 11o|1lolo1[-1]0 0 0o J 2
H+HO2=02+H2 ol1[-1]1]olo[-]0 o | 2/ o
H+HO2=0OH+OH olo[-1]o[2]o[-]0 0 of | 2
H+H202=0H+H20 olol[-1]o[1[1]0][-1 o | f | 2
OH+HO2=02+H20 ol1lolo[-1]1[0 o |[/2 ] o
HO2+HO2=02+H202 |o|1|o0]ofoo|-2]1 0 %-2 0
g—
1|0+0+M=02+M - 4y 4 | 2
2|0+H+M=0OH+M Alol-1]of1]0of0o]o0 2 | o
3[H+H+M=H2+M olol=2[1]olo]o]o0 4 | 2| o
4| H+H+H2=H2+H2 olol2[1]olofof0 14 | 2 o
5|H+H+H20=H2+H20 olo[2[1]olofol0 14 | 21 o
6|H+OH+M=H20+M olo[-1]o[-1[1]ol0 14 | 2 o




M — Total Moles
c ints
Specles e Slow dissociation/recombination
02 10 0 | o (three body collisions)
H 101 o
H2 14 o0 |o
OH T 01 | 1
H20 1o |1 M Ng M
HO2 1 1 0 b€ :Z._ aV{J
H202 10 0 | o L j=1"1] "]t
N
OO
Reaction OSI%%%%E \
O+H2=H+OH 4Jo[1]-1[1]o0]o0]0 0 [0 [0
O+H202=0H+HO2 __ [-1]0]0 0 1] 0] 1] o [oo FV — Free Valence
H+02=0+0H 1[-1]-1]o[1]0]0]0 0 [ 2 | 2
H+H202=HO2+H2 olo[-1[1]o[o[1][ 0 [ 0] o : ; - -
e oot o hain branching/propagating reactions
OH+OH=0+H20 1{ololo[-2[1]0]0 0 [ 0] o
OH+H202=H02+H20 [0 0] 0[O0 [-1[ 1] 11 0 [ 0] o
7|H+02+M=HO2+M o[-1[-1]o]o]o[1]0 4]0 o
8|H+02+02=H02+02 | 0[-1[-1{0]0]0[1]0 4]0 ]o bFV — Ng aFV ,
9|H+02+H20=HO2+H20 [0 [-1[-1]oJofo[1]0 1]lo]o ¥ - j:l 1] ]{?
0]OH+OH+*M=H202+M___|0]0]0]0[2] 001 42 | 2
O+HO2=0H+02 A[1]ofo[1]o[-1]0 0o [ 2 | oA
H+HO2=0+H20 AREIRNREER 0 . .
HrHo2=02+H2 L0 a9 T o o { 2)[ ©
H+HO2=0H+OH olo[-1]o[2][0]-1]0 0 2 HE}E _I_ H — Hg _I_ {jg
H+H202=0H+H20 olo[-1[o[1[1]o][ 0 [ 0 | 2
OH+HO02=02+H20 o[1lo]o[A[1][-1]0 0 [ 2] 0
HO2+HO2=02+H202 [0 [1]0]0[0] 0|21 0 [ 2] 0
1]0+O+M=02+M 2[1]0]o]o]o[o0]0 4 4| 2
2|0+H+M=0OH+M 4]o[-1]o[1]0o]0]0 4210
3|H+H+M=H2+M 0]o[-2[1]0]o00]0 120
4|H+H+H2=H2+H2 olo[-2[1]0]0]0]0 Al 210
5|H+H+H20=H2+H20 |0 0[-2[1]0]0[0]0 Al 210
6]H+OH+M=H20+M olo[-1]o[-1[1]0]0 4210




M - Total Moles
constra
Specles o Slow dissociation/recombination
02 1 | ol o (three body collisions)
H 1 1 0
H2 1 0 0
OH 1 1 1
H20 1 | ol 1 bM . ZHS C[MV
HO2 1 1 0 . — . . s .
H202 1T 1 ol o 14 ]:1 ] ]19
N
o a0
Reaction OSI%%%%E *‘
O+H2=H+OH 1101 1]-1]1[0[0fO0 0 0 0
ovviz0e=ormimoz_[-fololo o[-0 [0 o FV — Free Valence
H+02=0+0OH 11-1[{-1]0[{1]0[0]0 0 2 2
H+H202=HO2+H2 0Oj]O0f-1]11[0]0f1]-1 0 0 0 : : H H
ST res ATIEAEIEIEATIE: oo Chain branching/propagating reactions
OH+OH=0+H20 1/0]1]0]0]-2/1]0]0 0 0 0
OH+H202=H0O2+H20 00100 |-1[1[1][A 0 0 0
7|{H+O02+M=HO2+M 0[-1]-110]0]0[|1]0 -1 0 0
8[H+02+02=H02+02 ol-1]-1]ofofo[1]o0 1]l oo bFV — Ng aF_V—V_
9|H+02+H20=HO2+H20 [0 [-1[-1]oJofo[1]0 1] 0]o ¥ J=1 L] ]f
0|OH+OH+M=H202+M 0/0]0]0|-2]/0]|0]1 -1 -2 -2
0O+HO2=0H+02 -111]10]0[1][0]|-1]0 0 -2 0
H+HO2=0+H20 110[(-1]0[{0]|1[-1]0 0 0 2
H+HO2=02+H2 0O|1(-1]11[0]0([-1]0 0 -2 0
H+HO2=0OH+OH oflo[-1[o[2]0of-1]0 0 0 2 FO - Free Oxygen
H+H202=0H+H20 0]0|-1]0]1[1[0[~1 0 0 2 . .
OH+HO2=02+H20 _ [o]1]ofo]]1]-1]0 0ol -2]0 FO\ O-O- bond breaking reactions
HO2+HO2=02+H202 0[1]0]0]0]0]|-2]1 0 -2 0 a -
1
1]10+0+M=02+M 2100101000001 00 1] 4 ( 2 ’
2|0+H+M=0H+M 1{ol-1]ofl1]ofo]o0 4| 2 [ FO ?‘15 FO
3[H+H+M=H2+M olof-2/1]0]0]0]0 41210 \ b — . a: - ’V-i?
4]H+H+H2=H2+H2 o[o[-2[1[0]o]o0]o0 1210 it j=1"1 "J
5[|H+H+H20=H2+H20 0]0(-2]1[0]0[0]0 -1 -2 0
6|H+OH+M=H20+M 0]0f-1]0([-1]1[0]0 -1 -2 0




CE

Yii,a
j=1%ajVje =

CE

bA€

Element Bottleneck
con ion constraints
7@ EO | E A] B
ol 1 0 1 -1
02| 2 0 1 0
H o 1 1 -1
H2] 0 2 1 0
OH] 1 1 1 0
H20| 1 2 1 1
N\ HO2| 2 1 4 1 -1
NH202| 2 1 0
Bottle
Reaction -neck |
11|O+H2=H+OH 0 0 0o |[/0
13|0+H202=0H+HO?2 0 0 o /1
14|H+02=0+0H 0 0 0
18|H+H202=HO2+H2 0 0 0
20| OH+H2=H+H20 0 0 0
21|OH+OH=0+H20 0 0 0
23|OH+H202=HO2+H20 0 0 0
7|H+02+M=HO2+M 0 0 A
8[H+02+02=H02+02 0 0 A
9[H+02+H20=HO2+H20 0 0 A
10|OH+OH+M=H202+M 0 0 A
12|0+HO2=0H+02 0 0 B
15|H+HO2=0+H20 0 0 B
16|H+HO2=02+H2 0 0 B
17|H+HO2=0H+OH 0 0 B
19|H+H202=0H+H20 0 0 B
22|OH+HO2=02+H20 0 0 B
24|HO2+HO2=02+H202 0 0 B
1]|0+0+M=02+M 0 0 A+B
2|O+H+M=0OH+M 0 0 A+
3[H+H+M=H2+M 0 0 A4B
4|H+H+H2=H2+H2 0 0 AB
5|H+H+H20=H2+H20 0 0 A+R
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RCCE yields excellent predictions,
IF we select the ‘right’ constraints
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RCCE yields excellent predictions,
IF we select the ‘right’ constraints
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RCCE yields excellent predictions,
IF we select the ‘right’ constraints

-4 - —_— DKM

- — RCCE(5): M, FO, FV
—— RCCE(4): H+HZ2, FO
— — — - RCCE(4): M, FO-FV

4 Optimal choice of 2

\ constraints
\ Non optimal choice

of 2 constraints

Log., (Mole Fraction)

|||||||||||||||||||
-

.
\
4 Optimal choice of 2
8 \ ) / constraints
3 ~,
v . - Non optimal choice
v N of 2 constraints
- I N N N TS T N [T TR T [N o TN T N T T B |
0 2 4 & 8 10

X (along the nozzle)




How to identify the ‘right’ constraints?

Our method: run a probe DKM
and analyse the DoD traces
In simple cases
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How to identify the ‘right’ constraints?
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ASVDADD method: Step 2: compute the Singular
Value Decomposition of the Ap,p(x,) matrix

Given the 8 x 1700 matrix
D= /\DOD(Xp)

Beretta, Janbozorgi, Metghalchi, Comb. Flame, Vol.168, 342 (2016)
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ASVDADD method: Step 3: choose a low-rank
approximation of the Ap,p(X,) matrix

Given matrix
D= /\DOD(Xp)

Eckart-Young theorem

Given the n. X P rectangular matrix D of rank r = n, — n,, the

matrix D of rank(ﬁ) < n. < r that minimizes ||D — I)” 1S
' Frobenius
D=uxv’
where
— 0 0 0 0 0 0
: : 0 0 0 0 0 0
1s the canonica 1.7137 0 0 0 0 0
setting to zero 1its 0 02505 O 0 0 0
0 0 00458 0 0 0
0 0 0 00324 0 0
0 0 0 0 0 0
0 0 0 0 0 0




ASVDADD method: Step 3: choose a low-rank
approximation of the Ap,p(X,) matrix

Given matrix
D= Npop(Xs) Two constraints approximation

26932 0 0 0 0 0 0
Eckart-Young theore 0 88739 0 0 0 0 0
Given the n,. X P rg€tang 0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

0 0 0 0 0 0 0

8.8739 0 0 0 0 0 0

0 W 0 0 0 0 0

0 0 O}mf 0 0 0 0

o o “o W 0, 0 0

0 0 0 0 0}2{ 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

ASVDADD choice of RCCE constraints: a%c =Uj;

Beretta, Janbozorgi, Metghalchi, Comb. Flame, Vol.168, 342 (2016)



ASVDADD method: Step 3: choose a low-rank
approximation of the Ap,p(X,) matrix

Given matrix

D= Npop(Xs) One constraint approximation
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1.7 0 0 0 0 0
/oa( o;mf 0 0 0 0
0 0 0.0 0 0 0
0 0 /(;’KO}}Q{ 0 0
0 0 0 0 0 0
0 0 0 0 0 0
ASVDADD choice of RCCE constraints: a%c =Uj;

Beretta, Janbozorgi, Metghalchi, Comb. Flame, Vol.168, 342 (2016)



ASVDADD method: Step 4: pick the ‘surviving’
columns of the U matrix as RCCE constraints

Given matrix
D= Npop(Xs) One constraint approximation

0 0 0

0
0
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O O O O O O o

ASVDADD choice of RCCE constraints:

Beretta, Janbozorgi, Metghalchi, Comb. Flame, Vol.168, 342 (2016)
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ASVDADD constraints are ‘optimal’ and
yield excellent RCCE predictions

IGNITION DELAY : methane-air stoichiometric mixture at 1500 K and 1 atm.
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ASVDADD constraints are ‘optimal’ and
yield excellent RCCE predictions

IGNITION EXAMPLE: methane-air stoichiometric mixture at 1500 K and 1 atm.

30 DKM _

5 - = = AsvDADD(10)
8 == ASVDADD(13)

DoD

_15 Lol Lol Lol Lol Lol Lol Lol Lo
107" 107 107 107 107 107 107 107 107




ASVDADD constraints are ‘optimal’ and
yield excellent RCCE predictions

IGNITION EXAMPLE: methane-air stoichiometric mixture at 1500 K and 1 atm.
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Conclusions and future work

With no need of any deep understanding of the kinetic mechanism, the
ASVDADD algorithm finds optimal RCCE constraints from the analysis
of a probe DKM solution.

Therefore, it should:

» be useful to develop tabular/in situ/adaptive strategies (such as
alternating DKM / RCCE) for turbulent combustion simulations

» open up applicability of RCCE to other fields where complex kinetic
models are needed (biochemistry, mechanobiology, economy)

FUTURE CHALLENGES:

» can the method suggest also a systematic scheme for skeletal
mechanism reduction?

» translate/import the same model reduction strategy and variable
selection strategy into the GENERIC / Steepert Entropy Ascent /
Gradient Flow frameworks for non equilibrium thermodynamics



