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Wang, H. “Transport properties of small spherical particles,” Annals of the New York Academy of Science, 

Interdisciplinary Transport Phenomena V: Fluid, Thermal, Biological, Materials & Space Sciences, S. S. Sadhal Ed., 

in press (2008).

• Uncertainty quantification, propagation, and minimization
Sheen, D. A., You, X., Wang, H., Løvås, T. “Spectral uncertainty quantification, propagation and optimization of a 

detailed kinetic model for ethylene combustion,” Proceedings of the Combustion Institute, in press (2008).

• Collaborative development of a Jet Surrogate Fuel (JetSurF) combustion model
You, X.Q., Egolfopoulos F.N., Wang, H. “Detailed and simplified kinetic models for n-dodecane oxidation: the role 

of fuel cracking in aliphatic hydrocarbon combustion,” Proceedings of the Combustion Institute, in press (2008).
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JetSurF – Phase 1

• High-temperature chemistry only.

• Focus on kinetic/thermodynamic/transport 

parameter consistency.

• All n-alkanes up to n-dodecane.

• Work-in-progress: no parameter tuning or 

optimization.

• Web releases as the effort evolves (JetSurF 0.2

released today!)

• Close interactions among experimentalists, 

modelers and theoreticians – a truly 

multidisciplinary approach.



JetSurF – Phase 1



JetSurF Version 0.2



JetSurf 0.2 – Highlights

• 194 species & 1459 reactions

• C1-C4 and some aromatics chemistry: USC Mech II 
H. Wang, X. Q. You, A. V. Joshi, S. G. Davis, A. Laskin, F. N. Egolfopoulos & C. K. Law,  USC Mech Version 

II. High-Temperature Combustion Reaction Model of H2/CO/C1-C4 Compounds.

http://ignis.usc.edu/USC_Mech_II.htm, May 2007.

• Chemistry for n-pentane to n-dodecane

• 12 step-4 species semi-empirical description of low-T chemistry

• Thermochemistry: group additivity (consistent with USC Mech II)

• Transport properties: empirical (to be discussed)

YesTsang, Manion and co-workers. Mutual isomerization of alkyl 

radicals (1,4, 1,5 and 1,6 H-shift)

C-C and C-H beta-scission in alkyl 

radicals

N/ACohen’s method. Used the rate constants of C
3
H

8
+ 

X → n-C
3
H

7
or i-C

3
H

7 
+ HX 

H-abstraction by H, O, OH, O
2
, 

and CH
3

NoBack rate constant from 2C
2
H

5
→ n-C

4
H

10
(k
∞

)C-C bond fission in n-alkane

Pressure 

fall-off

Source and Method of Rate EstimationReaction type



   Species profiles 

Compound Flame speed Ignition delay Shock tube 

Burner stab. 

flame Flow reactor 

Jet stirred 

reactor 

n-C5H12  5 (1 – 10)  3 (1.7 – 3.5)     

n-C6H14  2 (1)  3 (1.8 – 3.4)     

n-C7H16  5 (0.5 – 2)  9 (1 – 4)  3 (2)    

n-C8H18  1 (1)  3 (2 – 3.6)     

n-C9H20  1 (1)  3 (2 – 3.5)     

n-C10H22  1 (1)  4 (1 – 13)  3 (2)    

n-C11H24       

n-C12H26  1 (1)  2 (20)    1 (1)  2 (1 & 8) 

CH4  1 (1)      

C2H6  1 (1)      

C3H8  1 (1)  4 (3 – 15)     

n-C4H10  1 (1)      

H2  6 (1 – 20)  11 (1 – 85)  2 ( 0.8 – 1.1)   4 (0.6 – 16)  

H2/CO or CO/H2O  5 (1)  2 (1 – 2)  4 (1 – 400)   4 (1 – 10)  

C2H2  1 (1)  4 (0.2 – 2)   1 (0.12)   

C2H4  3 (1 – 5)  6 (0.7 – 3)   2 (0.03, 1)  12 (1 – 10)  

C2H6  1 (1)      

p-C3H4  1 (1)  3 (3.5)     

a-C3H4  1 (1)  3 (2)     

C3H6  1 (1)  5 (1-4)     

1,3-C4H6  1 (1)      

1-C4H8  1 (1)      

# Data Sets  41  65  12  3  19  2 
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JetSurF – Examples

Data: D.C. Horning, D.F. Davidson, R.F. Hanson (2002)
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JetSurF – Examples

Data: S.S. Vasu, D.F. Davidson, Z. Hong, V. Vasudevan, R.K. Hanson (2008).
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JetSurF – Examples

Data: F. N Egolfopoulos, unpublished  (2008).
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Data: Smallbone, A., Liu, W., Law, C.-K., You, X., Wang, H. (2008) 



JetSurF – Examples

Data: D. F. Davidson, J. T. Herbon, D. C. Horning, R. K. Hanson (2001).
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JetSurF – Examples

0

20

40

60

80

100

850 900 950 1000 1050

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, residence time = 1 s

C
o
n
v
e
rs
io
n
, 
%

Temperature, K  

0

20

40

60

80

100

0 1 2 3 4 5
C
o
n
v
e
rs
io
n
, 
%

Residence time, s

873 K

973 K

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, T = 973 K

 

0.00

0.01

0.02

0.03

0.04

0.05

0 1 2 3 4 5

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, T = 973 K

ethylene
methane
propene

M
o
le
 f
ra
c
ti
o
n

Residence time, s  

0

5

10

15

0 1 2 3 4 5

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, T = 973 K

hydrogen
1-butene
1,3-butadiene

M
o
le
 f
ra
c
ti
o
n
 x
 1
0
3

Residence time, s  
 

0.0

0.5

1.0

1.5

0 1 2 3 4 5

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, T = 973 K

1-hexene
1-octene
1-nonene

M
o
le
 f
ra
c
ti
o
n
 x
 1
0
3

Residence time, s
 

0

1

2

3

0 1 2 3 4 5

ethane
1-pentene
1-heptene

M
o
le
 f
ra
c
ti
o
n
 x
 1
0
3

Residence time, s

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, T = 973 K

 

0

2

4

6

0 1 2 3 4 5

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, T = 973 K

1-decene
1-undocene

M
o
le
 f
ra
c
ti
o
n

Residence time, s
 

0

1

2

0 1 2 3 4 5

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, T = 973 K

benzene
acetylene

M
o
le
 f
ra
c
ti
o
n
 x
 1
0
4

Residence time, s  
 

0

2

4

6

8

10

0 1 2 3 4 5

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, T = 973 K

cylopentadiene
toluene
allene

M
o
le
 f
ra
c
ti
o
n
 x
 1
0
4

Residence time, s  

0

1

2

0 1 2 3 4 5

Pyrolysis of 2% n-C12H26 in He in a jet stirred reactor,

 p = 1 atm, T = 973 K

propyne

M
o
le
 f
ra
c
ti
o
n
 x
 1
0
4

Residence time, s
 

 

Data: O. Herbinet, P.M. 
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• For T > 1000 K, n-alkane fragmentation is not 

rate limiting;

• Flame propagation rate and ignition delay 

insensitive to fragmentation chemistry;

• C1-4 chemistry requires update (PrIMe effort);

• Need data for intermediate species (time 

evolution in shock tubes and flow reactors);

• Low temperature chemistry;

• Quantify model uncertainty.

JetSurF – version 0.2
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Transport Theory

• Phase I: Empirical Estimation of L-J 12-6 

potential parameters

Spherical potential

Currently used in JetSurF

Consistent but expected to be inaccurate

• Phase II: Gas-kinetic theory analysis and 

analytical expressions to fuel diffusivity 

(ongoing, in collaboration with Manion and 

Violi)

Non-spherical potential

Shape effect



Transport Theory - Empirical

• Method of corresponding state with liquid properties 

(Mansoori et al. 1980).

• This work: the correlations of corresponding states of 

Tee, Gotoh & Stewart

Method used for aromatics transport properties (Wang & Frenklach 1994)

Chapman-Enskog theory with spherical potential

L-J 12-6 parameters estimated from critical parameters

σ σσ ω
 

= − 
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1/3

c

c
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a b

T
ε ε

ε
ω= +

B c

a b
k T

( ) θ θ θ
ω

θ θ θ

−

−

− − + + −
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− − +

1 6

1 6

ln 5.93 6.10 1.29ln 0.17

15.25 15.69 13.47ln 0.44

cP
(θ = Tb/Tc)

aσ bσ aε bε Comments

Method 1: 2.3511 0.0874 0.7915 0.1693 all gases considered

Method 2: 2.3511 0.3955 0.8063 0.6802 hydrocarbon only



Transport Theory - Empirical
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Transport Theory - Empirical
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Transport Theory - Empirical
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Comparison with experiment



Drag on a stick:

Binary diffusivity: stick in a gas

Collision integral 

Work-in-Progress:

- Develop and parameterize collision integral  

- NIST experiments (J. Manion, NIST)

- MD simulation (A. Violi, U. Mich.)

Transport Theory - Analytical

( ) ( )12 1,1 *2

1
2

1 5sin 4 2
r s

kT
D

m NLDα π
=

+ Ω

x

y

z

D

o

(a) 

−V

L L

e 3e

1e 2e

b
χ

g′

O

gL′

db

L"=gdt

(b) 

dL

e

(c)

1x
1y

V g
φ

θ

ψ

α

−V
2−V

1−V
1F

2F

total
F1α

φ′

θ ′

e

′e
′′e

g′(d)

2

χπ
ζ

+
=

3e

2−ee

χ

( ) ( )1,1 *2
,total

1
1 5sin 4 2

2
r ssF m kT NLDVα π= + Ω

( )
( ) ( )5 2

1,1 * 0

exp s

s

Q g d

LD

γ γ γ
∞

−
Ω =

∫

A non-spherical, stick model beyond Chapman-Enskog (Li & Wang, unpublished)



Transport Theory – Spherical Particles

Data: Fernández de la Mora (2002, 2003). Theory: Li and Wang, Phys. Rev. E (2003), Phys. Rev. Lett. (2005), Wang (2008)
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Interdisciplinary Transport Phenomena V: Fluid, Thermal, Biological, Materials & Space Sciences, S. S. Sadhal Ed., 

in press (2008).

• Uncertainty quantification, propagation, and minimization
Sheen, D. A., You, X., Wang, H., Løvås, T. “Spectral uncertainty quantification, propagation and optimization of a 

detailed kinetic model for ethylene combustion,” Proceedings of the Combustion Institute, in press (2008).

• Collaborative development of a Jet Surrogate Fuel (JetSurF) combustion model
You, X.Q., Egolfopoulos F.N., Wang, H. “Detailed and simplified kinetic models for n-dodecane oxidation: the role 

of fuel cracking in aliphatic hydrocarbon combustion,” Proceedings of the Combustion Institute, in press (2008).

Smallbone, A., Liu, W., Law, C.-K., You, X., Wang, H.  “Experiment and modeling study of laminar flame speed and 

non-premixed counterflow ignition of n-heptane,” Proceedings of the Combustion Institute, in press (2008).

Web Release: B. Sirjean, E. Dames, D. A. Sheen, X.-Q. You, C. Sung, A. T. Holley, F. N. Egolfopoulos, H. Wang, S. S. 

Vasu, D. F. Davidson, R. K. Hanson, H. Pitsch, C. T. Bowman, A. Kelley, C. K. Law, W. Tsang, N. P. Cernansky, 

D. L. Miller, A. Violi, R. P. Lindstedt, A high-temperature chemical kinetic model of n-alkane oxidation, JetSurF 

version 0.2, September 08, 2008 (http://melchior.usc.edu/JetSurF/Version0_2/Index.html).

• Other work
Cathey, C., Cain, J., Wang, H., Gundersen, M. A., Carter, C., Ryan, M. “OH production by transient plasma and 

mechanism of flame ignition and propagation in quiescent methane-air mixtures,” Combustion and Flame, 154, pp. 

715-727 (2008). 

Summary of task status



Uncertainty quantification, propagation, and minimization

Baulch, et al. (2005)

~50%

H + O2 ↔ OH + O (R1)

• Logarithmic sensitivity coefficient

= 0.24 (ethylene-air, φφφφ = 1, p = 1 atm)

•±5% (±4 cm/s) uncertainty in 

predicted flame speed due to R1 

alone

•Key question: How to propagate 

uncertainties in rate constants in 

combustion simulations?

• Uncertainty factor   ~1.25
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Detailed Reaction Model Development

1-atm C2H4-air mixtures

1-atm C2H4-air Perfectly-Stirred Reactor

10
-7

10
-5

10
-3

10
-11

10
-9

10
-7

10
-5

10
-3

Residence Time (s)

O
H
 M
o
le
 F
ra
c
ti
o
n

• Compile a trial reaction model from rate evaluation, ab initio methods, analogous 

reactions etc;

• Compare model predictions against laboratory flame experiments;

• Model reduction and application in more complex combustion problems;

• Determine the uncertainty in model predictions

?

?



Objectives

Develop a numerical approach for uncertainty 

quantification, propagation and minimization

–Forward propagation
σ σ σ σ (trial kinetic model) → σ σ σ σ (computed combustion properties)

–Model optimization and reverse uncertainty 

propagation
σ σ σ σ (experimental combustion data) → reduced σ σ σ σ (optimized model)

–Application in model reduction

∆∆∆∆ (model reduction) ≤ σ σ σ σ (optimized model)

Extend the spectral expansion method (Najm and 

coworkers) to uncertainty minimization



• Stochastic Spectral Expansion: express kinetic 

parameter xi as a polynomial expansion of basis 

random variables

• Solution Mapping: use polynomial response 

surface to express the relation between a 

combustion response η and x

Methods
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basis random variable



Forward Uncertainty Propagation
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Response surface from solution mapping

Spectral representation of uncertainty in x’s

(mean = 0, σσσσ = 0.5, each indep’t of others)



Solution Mapping Method

• Fit a response surface to the model

k1

k2

k3

k1

k2

k3

Central-Composite 

Factorial Design

Sensitivity Analysis

Based Design

G.E.P. Box, et al. (1978), Frenklach et al. (1992), S.G. Davis et al. (2004)



Forward Uncertainty Propagation (2)

1-atm C2H4-air mixtures

1-atm C2H4-air Perfectly-Stirred Reactor

• Compile a trial reaction model from rate evaluation, ab initio methods, analogous 

reactions etc;

• Compare model prediction against laboratory flame experiments;

• Model reduction and application in more complex combustion problems;

• Determine the uncertainty in model predictions

20

40

60

80

0.5 1.0 1.5 2.0

Egolfopoulos & Law (1990)
Faeth & co-workers (1998)
Law & co-workers (2005)L
a
m
in
a
r 
F
la
m
e
 S
p
e
e
d
, 
s
u
0
 (
c
m
/s
)

Equivalence Ratio, φφφφ

10
-7

10
-5

10
-3

10
-11

10
-9

10
-7

10
-5

10
-3

Residence Time (s)

O
H
 M
o
le
 F
ra
c
ti
o
n

2σσσσ uncertainty band



Test Case: Ethylene Combustion
• Detailed reaction mechanism

USC Mech II (111 species and 784 reactions)

Reverse Uncertainty Propagation

1.94320.0262Flat Flame

0.3-1.41000-103513Flow Reactor

0.5-21200-22000.7-2.56Ignition Delay

0.7-1.62981-511Flame Speed

φT0, T5 (K)P0, P5 (atm)No.

Optimization Targets



Optimization Method

• Solution mapping/model optimization
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Get model to reproduce observations 

as closely as possible

Response surface from solution mapping



Data Set Consistency

η1 (Consistent)

η2 (Inconsistent)

r r rW S F=

• Consistency Measure:

x1

x2

• Inconsistent targets removed 

in order of W
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Reverse Uncertainty Propagation (2)
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Original optimization problem

Optimize model uncertainty against observed uncertainty

Uncertainty expression 

from SM/SSE

Model optimization & uncertainty minimization
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Reverse Uncertainty Propagation (3)

1-atm C2H4-air mixtures

1-atm C2H4-air Perfectly-Stirred Reactor

Inconsistent

• Compile a trial reaction model from rate evaluation, ab initio methods, analogous 

reactions etc;

• Compare model prediction against laboratory flame experiments;

• Model reduction and application in more complex combustion problems;

• Determine the uncertainty in model predictions

• Model optimization and uncertainty minimization
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±8 cm/s

±50%

Optimization Results (1)
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Implication on Model Reduction
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Model Evolution
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Today

Are we converging on a predictive model?



Uncertainty - Concluding Remarks

• Spectral expansion method is combined with 

solution mapping to quantify and propagate 

kinetic uncertainty

• Method of combustion data consistency is 

proposed

• The methods were applied to a model of 

ethylene combustion

• New criterion for model reduction: reduced 

model need only be compared to detailed 

model uncertainty


