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Motivations (1)

Methane is still today the
most important gaseous fuel
for practical applications

Investigations of PAH formation
in methane flames played a
minor role because of the
smaller propensity to form
aromatics and soot and
because of experimental
difficulties

McEnally et al., Prog. Energy Combust. Sci., 32 (2006), pp. 247-294
D d A n,etal., Combustion and Flame, 132 (2003), pp.  715-722
McEnally etal., Comb. Flame, 117 (1999), pp. 362 -372

Anderson, et al., Proc. Comb. Inst., 28 (2000), pp. 2577-2583
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C:Hs
C,Hy—— cyCeH; «—— C,H, CH; CaH,
1 ‘)“/
,,,,, .
o CiHy Gy 3
- L T
CigH/CHy “— CigHy < CHCHe CHCH CHy  Cy
l CizHg — CypHy ! c‘:h
Indenyl Indene CHy— CgHy—— CoH,

PAH formation pathways in
methane flames are  different
from those of large
hydrocarbons, especially
because the large
concentrations of CH 5 radical




Motivations (II)

Synchrotron VUV
= photoionization mass
spectrometry (PIMS)

Study the formation of PAHs in methane
coflow diffusion flames that resemble
more closely the conditions of practical
flames

Using the numerical simulationsto  better
interpret the experimental observations
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Experimental methods (I)

Experiments were carried out at the U14C vacuum
ultraviolet (VUV) beamline of the National Synchroton
Radiation Laboratory (NSRL) in Hefei, China

lon Trajectory

The syncrothron VUV photoionization mass
spectrometry was applied to study the
detailed chemistry of a set of  coflow
diffusion flames fed with methane

RTOF MS
MCP Detector

Quartz Tube for Sampling

Metal Mesh

Glass Beads

==
‘:\ To Turbo Pump

VUV Light
Compressed Air —>
Fuel Gas —>

2D Locator

(I e

To Turbo Pump

34th International Symposium on

Combustion , Warsaw , Poland (2012)



\J| Experimental methods (I1) 6

Quartz -probe (150 micron)
was used for sampling

To pump To TOF

: L

Flame species are measured along
the centerline of the flame

Molecular beam

Probe

Skimmer VUV light .
® 12 The sample species

® 10 were ionized by

The temperature profiles ® 102 _synchrotron VUV
were measured by Pt - light and detected
6%Rh/Pt-30%Rh — by RTOFMS
thermocouples beads
(diameter of 0.1 mm) =
Metal
foam

~| |-

Air inlet i~ 4 — Air inlet

A1) Qietal., Rev. Sci. Instrum., 77 (2006)
CH,/N,/Ar inlet Lietal., Comb. Flame, 152 (2008), pp. 336-359
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Investigated flames 7

Flow rate(SCCM) Mole fractions (%) fl

air N, CH, Ar N, CH, Ar

F1 160,000 314 308 5.87 50 49.066 0.934

F2 160,000 345 277 5.87 55 44.066 0.934

uonnjip Buisealou|

F3 160,000 377 245 5.87 60 39.066 0.934

F4 160,000 408 214 5.87 65 34.066 0.934

v
air t air
1900 : : ; 3

1700 5 P fuel
1500 i S Y Al
fbhwﬁ. - “‘ “ . .

€ 1300 el o The mole fraction of ~Ar was kept at 0.934% in
S 1100 ﬂﬂ"ﬂu the inlet gas flow
5 900 r's =F1 (Exp.) The mole fraction of N, in the inlet gas flow was
S 2 F2 (Exp.) | changed from 50% to 65% in steps of 5%
- ¢ | eF3(Exp) .

500 F4 (Exp) The total inlet gas flow rate was kept constant

300 i i i i

0 20 40 60 80 100

height above the burner [mm]
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\J| Detected species 8

<

Main C1/C2 species List of C5+ species

<

Unsaturated C3 species (C;H,, C;H;, aC 3H,,
pC 5H,)

Unsaturated C4 species (C,H,, C,H,, C,Ho)

1,3-cyclopentadiene

<

1,3,5-hexatriyne

@
©)

\/' Unsaturated C6 species (C¢H,)
\/' Firstaromatics (CgHg, C,Hg, C1oHg C1oHs)

toluene

=Z

List of flame species and uncertainties C6H5C2H phenylacetylene ©/
n Ar <20% 30 [N <50% CiH, <50% naphthalene
0, <20% C,H, <50% C4Hs <50%
H,O <20% C,H, <50% E CsHs factor of 2
H, <20% CH,CO factor of 2 CeH,  factor of 2 acenaphthylene @@
N, <50% C3H, factor of 2 CeHs <50%
n co, <20% CiHs <50% CHs <50%
co <20% n aCH, <50% 128 (RN <50%
CH, <20% n pC 3H, <50% 152 oA <50%

C4H, <50%
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Mathematical model 10

Governing Equations

Mass Wy E(rv) 6
it
- ) €D
Momentum E(fv) + E( VAVAR ;) ) 3 A
uT N N
Energy rC,—+ £.vd = gb aC,, \W aw .
it k=1 k %
Species &(f 14/)+ F( ka = -( Dkk/kl)/ W 1.,NC
Laminar conditions
Ideal gas
Fick and thermal diffusion
Optically -thin radiation model
Hall, et al., J. Quant. Spectrosc . Radiat . Transfer 49 (1993), pp. 517 -523 Smooke et al., Combustion Science and
Kee et al.,, Sandia Report SAND89 -8009 (1989) Technology 67, 1986 pp. 85 -122
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Numerical methodology 11

o )
-— nC) E Mo

- Q0
Unocgépledt’ .. P : dependent variables ( S$;and T)
SYSIEms S(P): isthe rate of change of P due to reactions

Navier -Stokes EQs.
M(p ,t): the rate of change of P due to transport

v
) ENESES
1. Reactions
Vv bbb Sub-step 1. The reaction terms are integrated
. : over G2 through the solution of an ODE system:
Properties evaluation 0
¥ pRgrnareLps o5 )
2. Transport T
v + _
Properties evaluation Sub_—step 2. The_ transport terms (convection gnd
1 diffusion) are integrated over G tby solving :
Q .
i — E ho
3. Reactions Q0 ( )
v

Sub-step 3. identical to Sub-step 1

Pressure Eqn.
Velocity correction

Strang, G., 0 O rthe construction and comparison of difference schemes?é
SIAM Journal of Numerical Analysis, 5 (1968), p. 506-517

Ren, Z. and S.B. Pope, 06Second -order splitting schemes for a class of reactive
s y s t eJownal of Computational Physics, 227 (2008), p. 8165-8176
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N laminarSMOKE solver 12

Pre -Processing

AOpenFOAM® BlockMesh Multidimensional, finite -volume code

AGAMBIT, etc.

/ OpenFOAM ® Framework \

Convection + Diffusion
Asegregated approach
Adiscretization on unstructured meshes

Structured and unstructured meshes

Unsteady solutions
Kinetics in CHEMKIN format

Several ODE solvers ( BzzMath, CVODE,
DVODE, RADAU, LIMEX)

Freely available (open -source)

< <<

OpenSMOKE Framework

The code will be released in the next months
Reactions

Acoupled approach WWW.OpensmOke.pOIimi.it

\ Astiff ODE solvers /

Paraview ®

Post - processin
P g Cuoci A. etal.,, Submitted to Combustion and Flame (2012)
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\J| Kinetic mechanism (1) 13

Kinetic mechanism includes hydrocarbons up to
Diesel and jet fuels as well as several pollutants

Hierarchy

Modularity

Generality

~450chemical species

~ 14,000reactions

mechanism

— = B -

]
The kinetic mechanism is freely ' Cmm

available in CHEMKIN format at
this web address:

(/
®
)

http ://creckmodeling.chem.polimi.it

Frassoldati, A. et al., Combustion and Flame 157 (2010), pp. 2 -16

Ranzi, E. at al., Progress in Energy and Combustion Science 38 (2012), pp. 468  -501
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\J| Kinetic mechanism (1) 14

Kinetic mechanism includes hydes~arbons up to
Diesel and jet fuels as well g pollutants

~180chemicalspecies

~ 6000reactions

Main
mechanism

The mechanism includes the routes leading t
the formation of PAH and soot precursors anc

(/]
©
p>

The kinetic mechanism is freely has been validated in previous studies:
available in CHEMKIN format at
this web address: Goldaniga , etal., Comb. Flame 122
(2000), pp. 350 -358
. ; HIS Ranzi, et al., Exp. Th | Fluid Sci
http ://creckmodeling.chem.polimi.it A 12000), pp. 7L 78

Granata , et al.,, Comb . Flame 131 (2002),
. . . 273 -284

Frassoldati, A. et al., Combustion and Flame 157 (2010), pp. 2 -16 PP
Frassoldati, et al., Comb. Flame 158

Ranzi, E. at al., Progress in Energy and Combustion Science 38 (2012), pp. 468  -501 (2011), pp. 1264 -1276
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N Details about simulations 15

54 mm

The numerical calculations were performed on a
2D structured mesh with ~10,000 cells (200 mm x
54 mm)

centered, 2nd order discretization schemes
max Courant number: 0.10

200 mm

Calculations were performed on 12 CPUs and
~5-7 days are needed for each flame

Polimi Skeletal
Th - [
e steady -state (25 species )

solution was reached .

by using different r —
kinetic schemes, with P%Igml CIC3HT
different levels of . (89 species )

Flat profile il minimize th -
details, to e the Polimi C1C16HT

Parabolic profile V=33 cm/s .
computational cost :
V,.n =13 cmis T=300K P (187 species )

Re=~160

First
guess

_J
N
> First

J \\

guess

T=300K
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Flame F1: temperature and major species

2100

1800

1500

1200

900 +

temperature [K]

600

O Exp.

== Polimi-C1C16HT

300

-
1900

0.160

20 40 60 80 100
height above the burner [mm]

H20
0.140

0.120

0.100

0.080

0.060

mole fraction

O Exp.

0.040 4

0.020

| e PoliMi-C1CA6HT |1

0.000

_

=
0.15

o

20 40 60 80 100
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0.500
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0.400
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0.200 -

0.100
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I
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0.020 j C |
0.015
0.010
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0.005 o
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0 20 40 60 80
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Flame F1: temperature and major species 18

||
N i )
Significant deviations for the
temperature profile ; 5 5 0.600 3 3 3
The peak temperature is cLal | o e
overestimated by 100K ‘ : 0.500 : : f
| e POliMi-C1C1BHT
— 15600 c 0.400 .
X 2
o k3]
5 1200 S 0.300 -
< P
e o
E‘ 900 - 8 0.200 1
2 O Exp.
600 0.100
i i w— Polimi-C1C16HT
300 1 i . The measured temperature
0 0 40 60 . h | ~60 60 80 100
height above the burner [m rises sharply at mm ight above the burner [mm]
= i |

presumably due to the

300 . .
Soot deposited over the omda::]lon of S°°t|°n the
thermocouples could \_ ermocoupies
affect the measured 3 3 3 0.035 ; ; ; :
temperatures ? ‘ 0,030 | == Polimi-C1C16HT
0.120 yoo \ 0.025 O Exp.

S 0.100 / f f f s
2 © i i i T 2 0020 e
o [Z} '
S 0.080 | & |
— — :
° ® 0015 :
S 0.060 : : S 1 ; i

E ? ? ? g 0.010 ‘ ? ? ?

1 ] : | © Exp. B . i i ] i

o - \e

0.020 | === Polimi-C1C16HT | 0005 \ 00

0.000 i i i ; 0.000 : : : (

0 20 40 60 80 100 0 20 40 60 80 100
height above the burner [mm] height above the burner [mm]

- .
0 0.15
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Flame F1: temperature and major species 19

2100 : : : : 0.600
‘ ‘ i i CH4
O Exp.
1800 0.500
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—. 1500 < 0400 ; :
X 2
o k3]
5 1200 € 0.300
A —4 L
g L}
[<]
E‘ 900 - £ 0.200 1
2 O Exp.
600 0.100
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300 : : ; ; 0.000 :
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' ' (o ' | |
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3 | 3 0.005 3 3 3 3
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Flame F1: inaccuracies In the flow rates 20

u
- . . - - . 2100 |
deviations can be attributed to  inaccuracies in 1900 |
the fuel stream flow rate 1700 |
additional simulations were performed by z
varying the fuel stream velocity g B ;
® 1100 | 1 :
: g 1 _
the gas flow rate mainly affects the flame S 900 & ; ; © E"p_ |
L. I | O = Nominal
length an_d the peqk positions, but only 700 ‘ oo
marginally their absolute values 500 | +30%
300 - i i i i
H H H H 0 20 40 60 80 100
Flat or parabolic \{elocn_y profiles resulted in height above the burmer [mm]
marginal differences
0.60 0.01 0.04
CHa o Exp. O Exp. O Exp.
2 ——Nominal |- 0.01 <oeed| ===Nominal |_____. —Nominal
—+20% |
—+20%
= 040 - e 001 e A A | TR -
S S S +30%
E 0.30 E 0.01 E e e~ - -p
E 0.20 E L R A/ I T S E
0.10 000 - fff 00 NN \ © E --------
[e]
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0.00 000 +=—=~——7———————————————————— 00 0TOLOOo00 T
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Flame F1: major species
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The model tends to over -
estimate the levelsof H , and
C2 hydrocarbons

CH,O0 (including the
characteristic double peak)
and CH ,CO are predicted in

a satisfactory way

Similar comparisons for flame
F2, F3 and F4

mole fraction

O Exp.

e Polimi-C1C16HT

0.40 : . : . 1
0 20 40 60 80 100
height above the burner [mm]




F1 Flame: key PAH precursors and aromatics

[ Propyne (pC ;H,) W

Allene (aC3H, [ ==p-c3H4 (Num)
‘ i | % p-C3H4 (Exp)
4.E-04 s | 3
| | | | ==a-C3H4 (Num.)
c | © a-C3H4 (Exp)
9 3E-04 3 j 3 3
- ' ; ! !
3] ‘ | ‘ ‘
]
&
]
3 2E-04
£
1.E-04 -
0.E+00 A

0 20 40 60 80 100
height above the burner [mm)]

"
Acetylene (C,H,) A '—C2H2 (Num)
Benzene (C gHg) % C2H2 (Exp.)

5.E-03

mole fraction
w &
m m
o o
w w

2.E-03

1.E-03 +

0.E+00 +

\ ——CBH6 x10 (Num.)

°/
//\ O CBH6 x10 (Exp) |

height above the burner [mm]

C;H, isomers are overestimated by a factor of
~2 and this could be attributed to the
overstimation of C ,H,

CgHg Is overestimated by a factor ~3

The overall agreement is satisfactory,
considering the issues related to the flow
entrainment and the complexity of the flame

Naphthalene (C,4Hp) x [—croemmm
Acenaphthylene  (Cy,Hg) | A | % c1oH8 (Bxp) |
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O 2E05 ; ; ;
“g | | |
% 1E-05
£
5.E-06
0.E+00 A

0 20 40 60 80 100
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F1 Flame: effect of dilution

23

The peak value of mole fraction profiles along the centerline isreported vs the
content of N, inthe fuel stream
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= B 10605 .
j: & such species
@ 10E05 | <
=] £ 6.0E-06 . . .
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5.0E-06 - -OF- . .
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Major reaction paths (Flame F1) 25

pC3H, is formed in significant
amount via the (reverse) CH,

reaction 2
C,H, < -CH Important role of CH 4
PTal 8 radicals , leading to
j formation of ethylene
and acetylene
C;H; is the main v

responsible of aCsH, C,Hs C,H; C,H;

formation of aromatic
species \ \ / \ !

CH,CHCH,  C,H,

|

C H6<—C H3

1 McEnally etal., Comb. Flame, 117
(1999), pp. 362 -372
C -H,
D 6 A n,etal., Combustion and

aHikada et al., International Journal of Physical Chemistry, Fl 132 (2003) 715 722
ame, , Pp. -

21 (1989), pp. 643 -666
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Minor reaction paths to PAHs (Flame F1) 26

|
C,H,+C¢H.=C H-C,H+H
C,oHg is mainly formed by C-H,+ C3H; C3H3 is the main reaction leading to
and also by the interaction between formation of phenyl -acetylene
C,oH;CH, with CH; (in competition with
formation of indenyl radicals)

C,H, < cyC gHs < CeHs CgHs  C3H,

| e
+C3H3

C10H8

v

NN

C12H8 C12H7 C6H2

\

Indenyl
Indene CgH;—C,H,— C,H,
: : C,H, and C ¢H, are formed mainly
McEnally et al., Progress in Energy and Combustion ia C .H
Science, 32 (2006), pp. 247 -294 via C gy
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\J| Formation of naphthalene 27

|
C;H
Naphtlanene (C,,Hg) was formed by 33
the reaction of benzyl (C -H,) with
propargyl (C;H,)
CeHs

N The phenylacetylene

(C¢HsC,H) pathway was

C10H8 — C/H; @ found to be quite relevant
o for the formation of

l 2H, naphthalene ( C,,Hg)

S /

C12H8 C:12H7

Marinov , et al., Proceedings of the Combustion Institute, 22 (1998), pp. 605 -613

D 6 A n,etal.,, Combustion and Flame, 132 (2003), pp. 715 -722

Wang, et al., Journal of Physical Chemistry, 98 (1994), pp. 11465 -11489

Anderson, et al., Proceedings of the Combustion Institute, 28 (2000), pp. 2577 -2583

34th International Symposium on  Combustion , Warsaw , Poland (2012)



Sensitivity analysis for naphthalene 28

Sensitivity Coefficient

-0.4 -0.2 0 0.2 0.4 0.6

0.8
H+Q?2 OH+O

H+CH2 H,+CH
OH+Ch H,0+CH

ﬁ%a GHsCH

H+ - +
/ Competition \ GH,- HrGhy
between CH 4

PGH+H* GH+CH
oxidation and the

OH+CE?r CH,0+H

C,oHg Is sensitive to the reactions
forming C ¢HsC,H, C,H, and C ¢H;

reaction with GHs+GH; - GoHg+2H
acetylene forming 2GH® CH+H
\_ propyne )

CHytOH  GH,CHO

Important role of pC ;H,, C5H
OH+ - O+ 3''4 3' '3
G- HOTGH and CgHsC,H is confirmed by
GH:+CH? GH,+CH the sensitivity analyses for other
aromatic species
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Conclusions

A set of coflow CH, diffusion flames was
studied using synchrotron VUV
photoionization mass spectrometry  (PIMS)
to measure C1/C2 species, unsatured C3-
C6 species and first aromatics

A multidimensional code for reacting,
laminar flows with detailed chemistry was
developed

The numerical simulations were used to
better interpret the experimental
measurements
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Flame F1: major species 34
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CH,O and CH ,CO
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Flame F2 (55% N,)
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mole fraction

maole fraction
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mole fraction
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pC;H, (propyne ) and a C;H, (allene ) 49
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C3H4 O a-C3H4 (Exp.) C3IH4 O a-C3H4 (Exp.)
- = = 3-C3HA (Mum, ) - ng-C3HA (Mum, )
*  p-C3H4 (Exp.) *  p-C3H4 (Exp.)
c 2 E-Dd -3 (Mum) c -3 (Mum)
S =]
| f:
= R N 1 T B . B e oY
= L
Q Q
E E
1.E-04 1
0.E+0D 0.E+DD -+ T T 1
0 20 40 B0 B0 100

a 20 a0 B0 a0 100

heigth above the burner [mm] heigth above the burner [mm]
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C¢H; (benzene) and C ,Hg (Acenaphthylene ) 50

|
Flame F1 (50% N,) Flame F2 (55% N,)
G.E-04 4 E-D4 -
CeHe ©  CBHE (Exp.) C6HB O CEBHE (Exp.)
5E-04 C1zH8 - = CEHE (Mum.) 4.E-04 C12H8 - CEHE (NUm.)
," "‘ ® C12HE %20 (Exp.) 3.E-04 X C12HB %20 (Exp.)
[} \
= 4. E-04 / ' CU12HE %20 (Num. ) £ 4 p0d C12H4l3:<20-:Num.]
5 1 B BE-DE foerrr g -
= =
# \ g
= JE-04 . B E 2E04 do
o \ o
s . S
2E-04
1.E-04
0,E+00
0 20 40 ] a0 100
heigth above the burner [mm] heigth above the burner [mm]
Flame F3 (60% N,) Flame F4 (65% N,)
3E-04 4 - 1.E-04 - -
CeHE O CEBHE (Exp.) CeHB O CBHE (Exp)
C12H8 - CEHE (Num. ) 1.E-04 C12H8 '.‘ = e a CEHE (Mum.)
2E-04 g omeereeeeen e edm e e ————— '-.‘ ......................... - ' ‘
1 X C12HE x20 (Exp.) LE04 1 % C12H8 x20 (Exp.)
c " l‘ CA2HE 220 (Mum_) c ' l’ '. —C12HE x20 (Mum.)
O BE 08 Lo TR T S e =] [} 1 T
E I " % -g BE-05 4o g L R e
E ! X E ! 1
@ ! ] = ! \
=R 1 O P LS T S S o BE-08 1 a
E [} o E ] (]
] 2 I o
] 1 x AE08 4 [ S
;1 oX ] ¥
BE-DE 4 B o e ] O \
’.l' Qxx ‘O e =31 [+ P— " L e R "1.0 .......................................................
% \ s 0% x*x
BREX
000 —weReREX Ky 0600 — 8RR ———AopoEI—
Q 20 40 B0 a0 100 0 20 40 ] a0 100
heigth above the burner [mm]

heigth above the burner [mm]
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C-Hg (toluene) and C ,,Hg (naphthalene )

|
Flame F1 (50% N,) Flame F2 (55% N,)
1E-05 2.E-05
C7HE *® ©  CTHE (Exp.) S E.05 C7HE x 0 CTHE(Exp.)
C10H8 - = CTHE (Mum.) - C10HE == =CTHE [Mum.}
2E-D5 T
® CI0HE [Exp.) S s * x - T CA0HE (Exp)
c C10HE (Mum) ¢ 1E-05 — 0B (Mum)
g PEDE e g
o S 1E05 4
£ E
L} 2 BE-08
E 1.E-05 - E
6.E-06
5 E06 4.E-DE
2.E-06 1
0.E+00 0.E+00
[ a0 100 Q
heigth above the burner [mm] heigth above the burner [mm]
Flame F3 (60% N,) Flame F4 (65% N.,)
9.E-D6 5.E-D6
8 E.08 C7H8 ¥ 0 CTHE (Exp.) LE08 C7H8 0 CTHE (Exp.)
E-l R ¥ S S SR S S S—— E-l N L SU S N—— x x .....................
C10HE - - = CTHE (Num.) C10H8 - CTHE (Hum.}
TE.DE, N P S——— .x cacsnssemmansacnc e x  C10HE EE':P] 4E.DE, 4 x  C10HE EE'IP]
c E.E-0& — 1 0HE (Mum) c 3 E-DB — C10HB (Num)
2 % 2
2 4.E-06 2 2 E-06
5 5
BEDE g R 2 E-D6&
B I A T 1 E-DE
FEDE el N 5 E-0T
0.E+00

0 20 40 B0 20 100

heigth above the burner [mm] heigth above the burner [mm]
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C,H, (vinylacetylene ) and
C,H; (butadienes+butyne )

52

Flame F2 (55% N,)

Flame F1 (50% N,)

6.E-05 6.E-05
CaHa ©  C4H4 (Exp.) C4aHa O C4H4 (Exp.)
5.E.05 C4He xﬁo = = =C4H4 (Num.) SE.05 C4HB oo - e CAHA (NUM.)
xO X C4HG (Exp.) KE ¥ CAHE (Exp.)
X 8] )
c AE5 frrrrrfrea Oy C4HE {Num) _ 4E05 50 : —C4HE (Num)
<]
b5 x x G %
m @ & x
g = 1, T O B g s T E BEDE e S 5 .................................................
@ @
° ] 2
2.E-05 : : B8
® ® o*
®O o* Q
1.E05 s, T PN I N
] ’4- n.,_\ @ B el
+# - td -
—‘Q&—\“ 6 = a ®
0.E+00 B R — (TR PP P —
Q 20 40 60 a0 100 0 20 40 B0 2o 100
heigth above the burner [mm] heigth above the burner [mm]
Flame F3 (60% N,) Flame F4 (65% N.,)
&.E-05 5E-05
CaHa O CaH4 [Exp.) AE05 C4H4 O C4H4 (Exp.)
5.E-05 C4He o - = C4H4 (Num,) - CARG xo === CaH (Num.)
AEDG 4o *0 X CAHE Exp.)
Q ¥ CaHB (Exp.) X .
4E-05 x_C' — CAHE (NUM) o 3E06 O ——C4HE (Num)
2 ® £ x 2
E 1 s T USS S 0 ........ B S R ST = x0
@ (8] 2 ZE-05 o
E X O . S O S S
3 =) - T P 6 ............................................................................. 2.E-05 o)
6 a ST 11 i EE— ; ........................ ST SOOI
R = — 6 L SRS I S S S E06 ¥
ﬁ ".-qh‘ . 60 '-‘\‘
0.E+00 __@n-&:h% 0.E+00 -m : |
Q 20 40 B0 2o 100

heigth abowve the burner [mm] heigth above the burner [mm]
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C,H, (diacetylene )and C ;H, (triacetylene )

2E-04

2.E-04

1.E-04

1.E-04 4

1.E-04 1
B.E-05

mole fraction

6.E-05

4.E-05 7

2E-05

Flame F1 (50% N,)

O C4H2 (Exp.)

o= w C4AH2 (Num. )

0.E+00

1.E-04

8.E-05

6.E-05

mole fraction

4.E-08

2.E-D5

0.E+00

*® C2HE (Exp.)
— CEH2 (Num.)

20 40 80 T80
heigth abowve the burner [mm]

Flame F3 (60% N,)

100

¥ CIHGE (Exp.)

—CEHZ (Mum.)

a0

heigth above the burner [mm]

C4aH2 O C4HZ (Exp.)
CeH2 o - C4HZ (Nurn. )
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mole fraction

mole fraction

Flame F2 (55% N,)
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C4H2 0 O CdH2 (Exp.)
1.E-04 CBH2 | T - dH2 (Hum.}
o
fyv O ¥ C2HE (Exp.)
1.E-04 £y
‘l ——CBHZ (Num.)
[
8.E-05 Fi
[}
6.E-05 1
4.E-05
2.E-05
0.E+00 -
0 20 40 B0 ] 100
heigth above the burner [mm]
Flame F4 (65% N.,)
1.E-04 —_—
S.E-05 4 C4H2 .................. C:'. .................... O CaHz(Exp)
C6H2 - CAHZ (Mum,)
B.E-DT - e e
o % C2HB (Exp.)
8 T s CEHZ (Mum |

B0
heigth above the burner [mm]

B0




Mixture fraction

F1 (50%N2)

F3 (60%N2)

F2 (55%N2)

F4 (65%N2)
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