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Introduction

Combustion kinetics

Experiments

Mass
spectrometry

Fluorescence

spectroscopy HRR

imaging
diagnostics

Higher accuracy
Wider capabilities
Faster sampling frequency
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Kinetic modeling

Quantum
chemistry Molecular
dynamics

Automatic
mechanism Automatic

generation mechanism
reduction

Higher computing power
Improved numerical techniques
Standardized kinetics formulation
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Experimental datasets 4

Curran et al. Comb Flame, 114 (1998)
Curran et al. Comb Flame, 129 (2002)
200 -~ Ranzi et al. Prog En Comb Sci, 38 (2012)
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Chemical mechanisms
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Updating a kinetic model 6

f POLIMI_10

New reaction classes

! Experimental
More accurate <
theoretical rate Database
constants

More accurate
thermodynamics

POLIMI_12

New Fuels

! Experimental
Database

U Chemical mechanisms never reach a

final version

U Every mechanism update needs a POLIMI_14 _
complete validation of its Increasing amount of
performance experimental data
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The NO, case

Hierarchical dependencies
strongly affect a kinetic
mechanism

E.g. NO, formation depends on
the core C,-C5; submechanism

What can happen?

January 2012:
critical update to C,-Cy

60

NOXx [ppm]

van Essen et al. Comb Flame, 153 (2008)
Sutton et al. Comb Flame 159 (2012)

Before 2012 update
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The NO, case 8

After 2012 update

U Hierarchical dependencies 100 %
strongly_affect a kinetic o0 |
mechanism
E 60 1
U E.g. NO, formation dependson =
the core C,-C; submechanism =]
What can happen? ]
0 - ‘ ‘ Aa ) : : :
U January 2012: 0.0 05 10 15 20 0o.o 05 10 15 2.0 25
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van Essen et al. Comb Flame, 153 (2008) Lamoureux et al. Comb Flame, 157 (2010)
Sutton et al. Comb Flame 159 (2012) Rertveit, G.J., et al., 4 (2003)




Aim of the work 9

Experiments

Flow Laminar
reactor flame

Jet stirred Shock

reactor tube €

Design of

Mechanism Curve experiments
improvement or

update matching

V4

CRECK NUIG e LLNL UCSD

Kinetic mechanisms




The Curve Matching framework 10

Experimental Database

(ideal reactors: ShockTube, RCM, JSR, PFR; laminar flames) Models Database

Numerical Simulations of Selected
Experiments

\ 4

Selection of groups of similar experiments |«

Functional Estimation

} |

Functional Estimate of the experiments Functional Estimate of the models
f(x) 9(x)

! !

Comparison between Models and Experiments:
Computation of Dissimilarity Measures

Experiments : l
BoxPlots,
Models Boxplots ormalization ana average o
. A e A e
A .

Choice of the

. . . _— relevant ®for the

? (dic) i (aie) conditions of

1 : 1 interest

MEEM'si,j Matrix (Nexperiments X Mmodels)

HER

Experimental Weighted average of €;; "l MEV-E. Vector (M
Uncertainty | (Mnocas)




Curve Matching methodology =

Experimental Database
Models Database

(ideal reactors: ShockTube, RCM, JSR, PFR; laminar flames)

Selection of groups of similar Numerical Simulations of Selected

experiments Experiments

Functional Estimation

! !

Experiments f(x) S Models g(x)




Functional estimation 12

Experimental data and models are «regular processes» described by a functional estimate
(5h-degree polynomial). The curves have to be square integrable and have square

integrables first derivatives

0 AGE[ (o "aw) () (os® od
i Roughness penalty
parameter

Functional representatives of the experimental measurements (f(x), reference curve) and

the models (g(x)) are obtained, together with their first derivatives (f 6 ( X)), g o6 ( x)

301 smoothing function 50 first derivative
300 - of the smoothing function
300 -
250 - 250 -
200
200 —Ref. First
> ~ 150 Derivative
150 - 100 -
100 | 50 1
4 Exp. 0
>0 7 ——Ref. Curve -50
O T T 1 -100 T T 1
0.00 2.00 4.00 6.00 0.00 2.00 4.00 6.00
X X

Series of data are converted into functions, and can be stored as functions!




Curve Matching methodology 13

Comparison between Models and Experiments:

Computation of Dissimilarity Measures
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Dissimilarity measures

et I [, a0 ol Lo Qoand () AT
A
be the norms and the scalar product in the L? space of the functions f(x) and g(x)

Vertical distance

. Q" . :
Q (WQ | , < N (Th Hb) L,-norm of the difference between the two
Ol —— functions (0) or their first derivatives (1). D is the
e~ Q0 Ql - intersection between the domains of the two
_ N
Q (@9 O] (mh ) functions
o cag 2|2 2 (i)
Gy (" measure the cosine of the angle between the two
o a0 ol '@ Qe . (i) curves, i.e. how the two curves correlate in shape
Gl "
Horizontal distance
e L alignment between the two functions to evaluate
1 AOGI q (200 1 )tho)) the horizontal distance

if dip, g(x) bf(x)
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Dissimilarity measures

15
01 Ignition in Shock Tube
0 original ™, e - e -|LD = | .|},n ]
é 0.01 M; 0.54 0.13 0.01 0.02
g M, 0.42 4.30 0.07 0.00
§ o001 Ms 0.37 2.60 0.02 0.39
0.0001

0.94 0.96 0.98 1.00 1.02 1.04 1.06
1000/T [K]

original ™ . ™y " s

Species profile in isothermal M.  0.0035 0.0080 0.0442 01517

=
[}
o

Jet Stirred Reactor . 5o M, 0.0036 0.0083 0.0405 0.1676
100
—_M1 .
—M2 shift # # # IF # IF

0]
o

M, 0.0405 0.0345 0.0365 0.0365

M, 0.0265 0.0225 0.0025 0.0305
40

Fuel Mole Fraction [ppm]
[e)]
o

: "E _®E _=E _ =N
20 \ aligned T3 qap. T4 gu]- Chdals -
0 . . _ _ M 0.0013 0.0055 0.0188 0.0928
1200 1300 1400 1500 1600 M, 0.0032 0.0080 0.0404 0.1543

Temperature [K]




Dissimilarity measures 16
Species profile in a plug flow reactor original "o W "ka "k
® Heldetal, 1997 ' '
1.6E-03 Hakka et al., 2015 Hakkaet al, 2015[23]  0.31 0.64 0.04 0.12

====Hakka et al., 2015, shifted Test Model 0.67 0.86 0.09 0.36

'é' 1.2E-03 Test Model
(=] .
'g — = Test Model, shifted shift ﬂ:l 1¢=| 1¢ ”_ 1¢ ”_
iC 8.0E-04
[ Hakkaet al, 2015[23]  0.06 0.09 0.03 0.05
2, 0E04 Test Model 0.13 0.15 0.11 0.13
i N m T T
0.0E+00 aligned Jda]d da]e el Al
0.00 0.05 e [510.15 0.20 0.25 Hakkaet al, 2015[23]  0.03 0.12 0.04  0.10
Test Model 0.03 0.12 0.04 0.10

Issues:

A for each model curve g(x), 4™ | (JH) +4 ®en @) +4 45 —are obtained

12 . X 10 ¢ QRal0-10°QHo ot €l 4 ——

A The values of the dissimilarity measures are not directly comparable: they refer to
different quantities and are dimensionally not homogenous

How to extract useful information?




Curve Matching methodology

17

Q

COIHERCD

|

I\/IEEM'Ei,j Matrix (Nexperiments X Mmodels)

Experimental
Uncertainty

HE

Weighted average of Tl . ........ >
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Choice of the
relevant ®for the
conditions of
interest

MEV-E; Vector (Mpogers)
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Integrated index 18

The values of the dissimilarity measures are not directly comparable: they refer to different
guantities and are dimensionally not homogenous

o p/Q (Q) a Q(adQ) a Q(AHQ) a4 Q(AQ) «a
Q(th) - v~ N\ o~ NG o~ T~
T Ou Y ¢ Ou Y ¢ Ov Y¢ Ovu J¢

Dimensionless index measuring the relative
goodness of the model j, in representing a given set
of experimental data, i, with respect to the
population of models considered

m and IQR are computed over the
dissimilarity measures of the
population of models

e 1 [ 2, significantly bad performances

1 F

— [-1, 1] = average performances

HE

Ref. Curve f(x) i [-2, -0 ] significantly good performances




Choice of relevant ®

0.1

0.01

0.001

Ignition Delay Time [s]

0.0001
0.94 0.96 0.98 1.00 1.02 1.04 1.06
1000/T [K]

U X=T,efecteq, defined by the experimentalist

U On a standard Ignition Delay Arrhenius plot
an horizontal shift corresponds to a
vertical shift

19

[ : - - .
€ phcho, depending on the
& specific case
.. +u UYL
Species profile in Plug Flow Reactor
® Heldetal, 1997
1.6E-03 Hakka et al., 2015
_— ====Hakka et al., 2015, shifted
'c 1.2€-03 Test Model
-% — = TestModel, shifted
E 8.0E-04
2@
s
4.0E-04
0.0E+00
0.00 0.05 0.10 0.15 0.20 0.25

Time [s]

U Species profiles are usually time-shifted to
match 50% fuel conversion, therefore we
care about the aligned values, keeping
memory of Q@ ("CHQ)
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Model-Experiment Error Matrix 20

Significantly good

Experiments Significantly bad

37 38 39 40 41 42 61 62 63 64 65 66
M1 -0.03 0.97 0.52 0.20 0.55 2.52 -0.31 -0.35 -1.37 -0.55 0.27 0.34
M2 -0.8 0.15 0.03 0.15 0.31 0.00 -1.16 -0.29 -0.20 -0.23 -0.38 0.23
M3 -0.68 0.31 -0.14 -0.69 0.68 0.32 -0.78 -0.79 -0.33 -1.13 -0.38 -0.36
M4 0.58 0.41 -0.83 -0.01 -0.58 0.81 -0.41 -0.59 -0.35 -0.09 0.18 -0.32
é M5 0.43 0.66 -0.28 1.07 -0.61 0.43 -0.32 0.18 -0.38 0.62 0.68 0.37
§ M6 -1.05 -1.19 0.19 0.84 -0.76 -3.27
M7 -1.89 0.13 1.04 0.49 -0.16 -0.36 1.19 0.67 1.53 0.63 1.43 0.39

SMARTCATs WG4 Workshop — Naples, April 5-6
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Model-Error Vector 21
, : : : P -
A Each matrix contains ~ 70 model x ~ 10- O — —
107 dataset = 102-10% values. Too many (B @ "
parameters for performance analysis!
A Matrix values are homogeneous, and can Experimental uncertainty
be directly combined. needs to be accounted for

=)

T

- I forQ p8o

or'Q p8d

; : Model i | Mod j

( Experimental Uncertainty: \ ode} d ode} Y
A o o f experimental measurements (if M1 0.15| M7  0.02
available from the experimental study) M2 134| M8 -017

A 10% error for Ignition Delay Times* M3 001l M9 -093

M4 043| M10 1.38
/ M5 0.66| M11 0.30
M6 -1.08| M12 2.43

A 2 cm/s error for Laminar Flame Speed*

A 1% of the highest measured concentration
\ or the lowest measured concentration*

*asin Olm et al., 2015, Comb Flame 161 (2014)
How to leverage such information?




Example: updating n-heptane mechanism e
Speciation in Jet Stirred Reactors
MEV MEEM — Casel 04 Expeﬁﬁ‘ﬁ- Datacfrom Dagaut et al., Comb Flame, 1995

Modelj

28 29 30
é -0.82 | 1.62 | -0.62

é 0.65 1.65 | -0.45
0.23 | 0.03 | 0.75

01 02 03
POLIMI_1412 0.02

POLIMI_1412 -0.56
POLIMI_1604_a | -1.36 - POLIMI_1604_a | -1.67
POLIMI_1604 b 1.50 POLIMI_1604 b 1.65
POLIMI_1604_c | 0.56 POLIMI_1604_c | 0.13 | 0.45

els

Mﬁ)d

Dissimilarity Values, Origi

Model, -4

~ . - A e - I Pz T T T
s RN | iNe | 550 650 750 850 950 1050
POLIMI_1412 0.004 0.005 0.059 0.125 Temperature [K]

POLIMI_1604_a 0.388

.
S |

0.014 0.178

POLIMI 1604 b 0.007 6.0E-06

- - 4.0E-06
POLIMI_1604 ¢  0.006 S 2.0E06
Tg 0.0E+00
o _ S -2.0E06
Dissimilarity Values, Aligned & 40806
— S 60E06

Model, T TR Ry TS I TR 2 -80E06 R

POLIMI 1412  0.004 0003 0049  0.093 T LOBEOS TF T oM 1604 b

— -1.2605 .- —— POLIMI_1604_c
POLIMI_1604 a 0.004 0042 0112 -14E05

550 650 750 850 950 1050
Temperature

POLIMI_1604_b 0.006

POLIMI_1604_c 0.006 0.057 0.065




Critical experimental conditions 23
d’, (orig)
j . Boxplot visualization allows to clearly identify possible
- systematic errors, which might be due to:
o | 2 | 1 U a shared lack of knowledge of all the models
I A D H I e U issues with experimental measurements
_ ilﬁii* ] po g,

experimental data

Case 23, Laminar Flame Speed, Tu=373 K, p=25 bar

T i Exopuw 1412
5 | poumi del - m m
O L POLIMI_1604_a Model; Eo cy oLow
Tl —POUMI_1604 b J ] dfw] B FEn |-
% - —POLMI_1604 ¢ . POLIMI_1412 0291 0216  0.070
% 5 & POLIMI_1604 a 0287  0.209  0.074
T POLIMI_1604 b 0.315 0.238 0.071
2101 POLIMI 1604 ¢  0.327  0.257  0.053
§ 0

5 L L : L L L L T L L L L T L L L L T L 1

0.6 0.7 0.8 0.9 1.0 1.1

Eguivalence Ratio , Exp. Data from Jerzembeck et al., Combust Flame, 2009




Towards an automatic procedure 24
: Ultimate target:

t\_]et g Standardized a systematic methodology to
SHITE Database allow automatic mechanism
Shock validation

tube Key aspects:

Filtering A Quick response
Sk A User-friendliness
A Generality

Flow
reactor

Input file Output

Laminar generation Analysis
= ETNE

Experiments

Flame
speed Numerical Curve

Simulations Matching
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Automatic generation 25

1. Add experimental data to database

Add experiment =[O] %

[ Add experiment | ' View experiments Data generation View log file |

Add a new experiment

-
Selectinputdata
[D Select experiment ] c\DocumentitfileEsperimento. txt
[D. Select reference ] c\DocuemntiEsperimentoGas. pdf
Type of experiment [Type | v] _ Equivalence ratio : | |
Pressre [ [bar] Temperature 2 | | | |
Fuel: Oxidizer:
Inert: Products:
Keywords:
L. o
Opensmoke Setttings )
" Model type : [Type Model [v] Tau: | |
VN — Te: | |
s | |

o

[ Save experiment ]




Automatic generation

26

2. Select experiments from database

Add experiment =10 ¥
| Add experiment | View experiments  Data generation View log file |
Manage experiments
' N '
Search experiment
Type of experiment [T)fpe | v ] Equivalence ratio | |
Pressre [ ](bar] Temperature | | | | ®
Fuel: Oxidizer:
Inert: Praducts:
Keywords: Authors
Creat "
| e |
L. o
¥ Experiment ¥  Author ¥ User ¥ | Confirm selection
Cell 1 Cell 2 Cell 3 O
Cell 4 Cell 5 Cell 6 O
Confirm selected experiments

SMARTCATs WG4 Workshop — Naples, April 5-6

POLITECNICO DI MILANO



Automatic generation 27
3. Start simulations
| Add experiment =[O %
| Add experiment View experiments | Data generation  View log file |
Manage experiments |
[ Search experiment )
Type of experiment : (Type [] Equivalence ratio : | |
Pressure [ [bar] Temperature | [ | | ®
Fuel: Oxidizer:
Inert: Products:
Keywords: Authors
—
v | Experiment ¥ . Author ¥ User ¥ Confirm selection
Cell 1 Cell 2 Cell 3 O
Cell 4 Cell 5 Cell 6 O
Start simulations View results

SMARTCATs WG4 Workshop — Naples, April 5-6
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Automatic generation 28

4. \View results

Viewresults =1=] X
| Add experiment View experiments Data generation | View log file | |
View log file
Search experiment )
Type of experiment : [Type | "] Equivalence ratio : | |
Pressure [ [bar] Temperature al | | | (K]
Fuel: Oxidizer:
Inert: Products:
Keywords: Authors

| |
| |

L.

¥ Experiment ¥ Author ¥  User ¥ Error
Cell 1 Cell 2 Cell 3 err
Cell 4 Cell 5 Cell 6 err
Cell 7 Cell 8 Cell 9 err
Cell 10 Cell 11 Cell 12 err

SMARTCATs WG4 Workshop — Naples, April 5-6
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Conclusions 29

U Curve Matching: an innovative framework applying functional data analysis
and statistical analysis to chemical kinetics. Two main tasks:
0 Assess mechanism capability in reproducing experimental data
o Compare different mechanisms

U Multi-faceted analysis of functional data obtained from models and
experiments.

o Distance and similarity norms
o Functions and first derivatives

U Pyramidal approach in output analysis:
Model-Error ‘ Model-Exp ‘ Dissimilarity
Vector Error Matrix values

What ' s next ?

) o Integration with standardized database
U Software finalization _ o
User-friendly (and online) interface

U Design of Experiments from Curve Matching output
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