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2.1 Flame ball and ignition theory

What happens after spark ignition in a premixture ?

a propagating
spherical flame

>

Flame radius

a self-extinguishing
flame

>
a stationary flame ball

a decaying ignition kernel

>
Time

Depending on the mixture property and ignition
energy, there are four possible outcomes.



i What is flame ball ?

Zeldovich (1944):

T—T « Purely diffusion-controlled \
Y o~1-1/r stationary spherical flames vy, g zeI'dovich

« Dynamics dominated by 1/r tail

T~1/r Deshaies and Joulin (1984):
e Adiabatic flame balls are unstable!

Ronney (1990): A’

o Stationary flame balls
e Lean H,-air mixtures

1.67 sec 4.00 sec 9.00 sec P. D. Ronney

Fuel, oxidizer,
and products




Theory on critical ignition conditions

What is the controlling length scale for flame initiation ?
How is it related to the minimum ignition energy ?

e Flame thickness
Lewis and Von Elbe (1961)
> Minimum flame kernel ~ flame thickness.
> Minimum ignition energy ~ cube of flame thickness.

e Flame ball radius
Deshaies & Joulin (1984), Zeldovich et al. (1985), Champion et al. (1986)
> Adiabatic flame balls are unstable: collapse or expand.
> Minimum flame kernel size ~ flame ball radius.

e Minimum spherical flame radius
He (2001), Chen & Ju (2007CTM), Kelley & Law (2008CNF), Chen et al. (2011PCI)
> Propagating spherical flame with radius less than flame ball radius exists.

> Flame initiation might not be controlled by flame ball radius.
9
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2.2 Activation-energy asymptotics (AEA)

e Fluids: boundary layer theory (Prandtl): Re,>>1
e Flame: large activation energy: E, >>1
e Math: singular perturbation (matched asymptotics)

du reaction zone
oy ey Free stream preheat zone : | equilibrium
______ o zone
Vanishing S .
shear .-~ u(x,y) T,
e o
2 bi"') Boundary Layer |l
—X —>
Boundary Layer Premixed Flame




Reduced chemistry and flame structure

<— oxidation layer —
O(e)

<«—— preheat zone ——
O(1)

CH
4 /0

inner layer

Sy Q)

H>

N. Peters : oy p—
CH,+2H+H,0=C0+4H,
Premixed flame with CO + H,0=CO,+H,
four-step chemistry H+H+ M=H,+M
O, + 3H, =2H+2H,0

11
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3.1 Laminar flame theory

Trend: from one-step chemistry to multi-step chemistry

Fuel — Product

5 Reaction
sheet

x~0
Focus:
e ignition, extinction
e hydrodynamics & instability
e near-flammability limit
® ...

Fuel — Radical — Product

xf=0

4-step chemistry (N. Peters)

e CH,+2H+H,0 = CO+4H,
e CO+H,0 = CO,+H,

e H+H+M = H,+M

e 0,+3H,=2H+2H,0

Review papers:

e Matalon (2009), Smooke (2013) ... PCI
e Sanchez & Williams (2014), Pitz (2014), ...PECS
e Matalon (2007), Candel (2014) Linan (2015) Annual Rev. Fluid

13



3.1 Laminar flame theory

Two-step chemistry: A

chain branching reaction

F+7->27
Temperature, T
chain termination reaction _ -
Z+M->P+M »" Saees

burned
zone

Asymptotic analysis:

unburned

fW, R; q,, q., Le,, Le,, h)=0 U zone

o Effects of radical reaction and transport [1]
e Flame quenching [2:3]
e Thermal vs. chemical ignition efficiency [4]
[1] H. Zhang, Z. Chen, Combustion and Flame, 158 (2011) 1520-1531.
[2] H. Zhang, Z. Chen, Combustion Theory and Modelling, 17 (2013) 682-706.

[3] H. Zhang, P. Guo, Z. Chen, Combustion Science and Technology, 185 (2013) 226-248.
[4] H. Zhang, P. Guo, Z. Chen, Proceedings of the Combustion Institute, 34 (2013) 3267-3275. 14



3.1 Laminar flame theory

Theory on flame propagation in a tube

completion & surface reactions

Y2 ]
' >

chain-branching
reaction at x=0

| wall

|
Fuel/air radical t| theat

§ a1 0
e Two flame quenching mechanisms

» Thermal quenching (heat loss)
> Kinetic quenching (radical quenching)

o Effects of wall quenching of radicals [1]
e Heat recirculation, radical recirculation ?

[1] B. Bai, Z. Chen, H. Zhang, S. Chen, Combustion and Flame, 160 (2013) 2810-2819. 15




3.2 Flame-chemistry

International Workshop on Flame Chemistry, 2012, 2014

Challenges in flame-chemistry:

e What are the new findings and the major knowledge gaps in
understanding ignition and flame chemistry at extreme conditions?

e How to formulate theoretical and experimental strategies to narrow the
knowledge gap and to develop better predictive kinetic models?

e What are the major differences in chemistry between homogeneous
ignition and laminar and turbulent flames?

e How does low temperature chemistry affect ignition and combustion in
high pressure HCCI, PPCI, RCCI, and gas turbine engines?

e How can we quantify the fidelity of high pressure flame chemistry and
transport data?

e How can we extract constraining information for model construction from
macro measure ignition delay, flame speeds, and extinction limits?

e What diagnostics can we apply to high pressure systems?

e How does turbulence and chemistry interact in high pressure and Reynolds
flows?

e Can this workshop formulate collaborative relationship in research?

16



3.2 Flame-chemistry

International Workshop on Flame Chemistry, 2012, 2014

Collaboration: propene (2012), petane (2014)

An experimental and modeling study of propene oxidation.
e Part 1: Speciation measurements in jet-stirred and flow reactors (2014 CNF)
e Part 2: Ignition delay time and flame speed measurements (2015 CNF)

Authors: Battin-Leclerc, Curran, Dryer, Herbinet, Ju, Konnov, Nilsson,
Oehlschlaegerc, Petersen, Sung ...

Ignition delay time (t) / ms

50
100 4 - 459
] 2 2 404
E .
2atm g o 35 /4
10 < ] A Mix 16 (TAMU) ~ § ] m ‘O This study
E A Mix 31 (SULP) & 30 L7 W princeton
4.5 atm o ;i 2 TAMU v
- . 1 VUB (a)
2 ¥ Mix34(SULP) g 25 4 A VUB()
10 atm T v Nancy
O Mix 21 (TAMU) . = 1 <] Lund
B Mix 8 (NUIG RCM) £ 201 _ ‘ "
40 at E ] Literature studies
am . = y M latm Davis & Law linear extrapolation
® Mix 3 (NUIG ST) — 154 M latm Davis & Law non-linear extrapoloation \&J| ¥ B
@ Mix 36 (SUHP) i 1 B Jomaas L |
. Mix 13 (NUIG RCM) 10 < O latm Saeed and Stone o
@ Mix 41 (UConn) T T T T T T T T v T v
! ! ! ' ! ’ ! i ! 0.6 0.8 1.0 1.2 1.4 1.6

0.6 0.7 0.8 0.9 1.0 1.1
Equivalence Ratio, ¢

10K/ T (Burke et al. 2015 CNF) 17
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3.3 Ignition — minimum ignition energy

Background:

e High-altitude relight

e High-speed combustion
e Safety (fire, explosion)

Focus:

e Chemical effect (plasma)

e Turbulence (flow, transport)

e Diluents (H,0, CO,, ultra-lean)
e Spray (vaporization)

e Solid propellants (B, Al)

Review papers:

e Ju & Sun (2015) PECS

e Mastorakos (2009) PECS
e Aggarwal (2014) PECS

e Dreizin (2015) PECS

Ignition of spray flame

Han & Chen (2015) Combust. Flame 18



3.3 Ignition — ignition delay time

2500K 1000K 625K

1000

Background: E .l —
e Data for chemical model £
development and validation % " [Mosifeq sT
e High T: Shock tube &, A e
e LowT: RCM &" - n-Dodecane/Air
Focus: E 001l 10atm, ¢=1

n 8 '
e Inhomogeneous ignition "~ iz Hanson GOIPECS,
e Strong/weak ignition 1000/T [1/K]

e ignition vs. flame

Review papers & groups:

e Hanson & Davidson (2014) PECS
Sung & Curran (2014) PECS
Grogan et al. (2015) CNF
Wooldridge Group

Ihme Group ...

Mansfield (2014) CNF 19



3.3 Ignition — Internal Comb. Engine

Background:

e Ignition control — HCCI, RCCI

e Engine knock

Focus:

e Fuel design/reactivity control
e End-gas autoignition (flame

propagates in autoigniting mixture) :Z

e Pre-ignition & super-knock
e Detonation development

Mn

Review papers & research groups:

e Yao (2009), Lu (2011), Saxena(2013) ... PECS

e Drake (2007), Dec (2009), Kalghatgi (2015) PCI
e Kalghatgi (2014), Wang (2015) ... IJER

e Bradley, Wooldridge, Wang, Wei, Chen ...

35 -
30 -
25 -
20 -
15 |
10

Pressure

Subsonic
deflagration

* Developing

detonation
&
P aﬁ“él_,-_*'_ 4ot :|-+ +,+_++-l++ — et
0 5 10 15 20 25

Supersonic €
auto-ignition (Bradley et al. 2002)

20



3.3 Ignition — flame, autoignite/ detonation

Focus: flame propagates in autoigniting mixture

= Tk T

~
[ -

Detonation

70.95
Simulation (Yu and Chen, 2015CNF) Exp. (Qi, Wang ... 2015CNF)

21



10 L HTI 3000
- nC;H,¢/air —
N 780 K, 40 atm < ,
» - 2000 |
E10"
sUF
C 10" = 1000
10" | 400
: 1 l 1 1 1 l 1 1 1 l 1
0.98 1 1.02 1.04
t (ms)

e For large fuels, multi-stage
ignition occurs at low T.

e Heat release during different
ignition stages might produce
different pressure pulses.

(c)

e Complicated reaction-pressure
wave interactions happen.

10" =L |\r'-,{=[-|—-| e e T Y I T I

P. Dai, Z. Chen, Combustion and Flame, (2015) online. 0 0.5 1 . (cm)1'5 2 2.5




3.4 Flame propagation — S,

Workshop on Laminar Burning
Velocity (2012, 2015 France)

Background:

e Data for chemical model
development and validation

e Input for turbulent premixed
flame modeling

Egolfopoulos et al. (2014) PECS

40 -
Focus:

e Accuracy/uncertainty
e High pressure/temperature

30

20

Review papers:
e Egolfopoulos et al. (2014) PECS
e Ranzi et al. (2012) PECS

10

Laminar flame speed, Su (cm/s)

06 08 10 12 14
Equivalence ratio, ¢



3.4 Flame propagation — S,

Measurements for the same mixture by different groups

12 L —O—— Taylor 1991 —&— Rozenchan et al. 2002 CH4/air at NTP
- —A—— Aungetal. 1995 ——X—— Qin and Ju 2005
- —+—— Hassanetal. 1998 — < Halter et al. 2005
119 Gu et al. 2000 —— P Huetal. 2009 RONO
- / — 7.6% j 4 = X .
i % o Ak Normalized by
x 1r 59U Vool A ) rediction of
& -40.6% . = 26.4%
o & I & AL e GRI Mech 3.0
o 0.9} ; : 2
g B
B ol
0.8
i ——8—— Tahtouh et al. 2009
- —A—— Halter et al. 2010
B —B—— Lowry et al. 2011
0.7} D Vareaet al. 2012 (linear)
B ——E—— Varea et al. 2012 (nonlinear)
- Beeckmann et al. 2014 Z. Chen (2015) CNF
0 6 i | | | | | | | | | | | | | | | | | | |
0.6 0.8 1 1.2 1.4

® Very large discrepancy at very lean or rich condition
® Useless for restraining the uncertainty of chemistry

24



Collaborative Study for Accurate Measurements of Laminar Burning Velocity

J. Beeckmann' ', N. Chaumeix?, P. Dagautz, G. Daymaz, F. Egolfopoulos3 . F. Foucher”,
P. de Goey5 . F. Halter*, A. Konnov®, C. Mounaim-Rousselle”, H. Pitsch',B. Renou’,

E. Varea” and E. Volkov’
'Institute for Combustion Technology, RWTH Aachen University, Aachen, Germany
2CNRS-ICARE, Orléans, France
*University of Southern California, Los Angeles, United States of America
'PRISME, Université d’Orléans, Orléans, France
*University of Technology Eindhoven, Eindhoven, Netherlands
SDivision of Combustion Physics, Lund University, Lund, Sweden
"CORIA - INSA de Rouen, Rouen, France

40 . 60 v ! T T T T T
methane/air I meﬂ;ane/alr 3 )
p 1 atm !1; ] p=1atm 1 I
= 300K 50 T =373K v "» < i
iy A& =
30 - . - o7 g 4 -
40 - %_. i v i
L ] .Y
w L EVA ? Y
£ 20 . -8/ \ .
=, » USC § B .1
“ &% e TUE - = USC \§
A CORIA 20 - e TUE .
10 | v |ICARE A CORIA
PRISME v ICARE
scaled to 20.94% oxygen | 10 PRISME 1
<« RWTH I 4« RWTH
0 — 5|mulat|on GRI 3 0 0 simulation - GRI 3.0
| 1 1 L 1 L 1 1 1 L 1 L 1
0.6 0 8 1.0 1.2 1.4 1.6 0.8 1.0 1.2 14
@[] @[]

Collaborative work after the 1st (2012) Workshop on Laminar Burning Velocity 25



3.4 Flame propagation — S,

Possible causes for the uncertainties in S, measurement:

large radius

small radius

low stretch

large stretch

affected by
- confinement,
- instability,
600} radiation

quasi-steady
propagation
RfL<Rf<RfU

affected by
ignition,
unsteadiness

(o)

o
o
o
o)

Mixture: ¢, P, T,
Ignition
Buoyancy
Instability
Confinement
Radiation
Nonlinear stretch
Extrapolation

Z. Chen (2015) CNF

26



Confinement: P rise and compression

Z. Chen, M.P. Burke, Y. Ju, Combust. Theory Modell. 13 (2009) 343-364.
Z. Chen, Combust. Flame 157 (2010) 2267-2276.

center wall

r=0 r=1
- flame front _— -
0.8F
0.6F
g 04 \\\QN
S 0.2f AN \\>§
2 - \\\\:\:
Z  0F —— ——
= B
= 02f
-0.4F
0.6 L
0 0.25 0.5 0.75 1

Spatial coordinate, r

® Flow effect: to induce inward flow and slow flame propagation

® Thermal effect: to increase T, and flame propagation speed
27



Radiation: thermal & flow effects

Z. Chen, Combust. Flame 157 (2010) 2267-2276. Adiabatic Radiative
adiabatic ATV
1900§ — //ﬂ ﬁ ﬂ /
€ | )
ol : :/
1800 v
! g
L
RSO I L Y S 4 A
0 2 4 6 0 2 4 6
r(cm) r (cm)
807

Ml

® Thermal effect: to decrease the flame ZHIENAND 8
temperature & flame propagation speed i ™ N

® Flow effect: to induce inward flow and T
slow flame propagation R .

S
N =



Radiation: correction for fuel/air

H. Yu, W. Han, J. Santner, X. Gou, C.H. Sohn, Y. Ju, Z. Chen, Combust. Flame 161 (2014) 2815-2824

0.1 Simulation results
i \F A CH,
0.08 i o C.H,
i v iC8H18
0.06 Fitting line
o i R=0.82(S, ,,,/S,)""
0.04 i \O%2
0.02
i —
0 | | | | | | | | | | | | | | | | | | | |

0 10 20 30
S:.)I, ADI ISO

40 50

Under-prediction
due to radiation:

SO

b, radiative

R=1

0
S b, adiabatic

0
u, ADI )—1.14

R =0.82(

0

T

S, =1cm/s

® Within 2% for S,°>25 cm/s; within 5% for S ,°>12 cm/s
® Empirical correlation, R=R(S?), for different fuel/air
® Radiation-corrected flame speed

29



3.4 Flame propagation — instability

Background:
e flame properties
e turbulent combustion

= T

Ponizy et at. (2014)

Focus:

e Flame acceleration
e Channel flame

e Tulip flame

Jomassa & Law (2013)

Review papers and groups:

e Kadowaki (2005) ... PECS

Matalon (2009), Smooke (2013) PCI

Matalon (2007), Candel (2014) Annual Rev. Fluid

e P I
1 0 1

Bradley, Law, Ronney, Sun ... Z. Che)r(l (2014)
Matalon, Oran, Bychkov, Liberman... 30
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3.5 Flame & chemistry of fuel blends

Background: Fuel blends:

e Ignition control (RCCI) e Gasoline + diesel

e Alternative fuels (alcohol) e Natural gas + H,

e Surrogate fuel model e Gasoline + ethanol
e PRF + toluene

Focus: e Syngas (H,+CO) ...

e Ignition delay, flame speed
e Chemical mechanism

10000

ry %fuel/air mixture, @ =1.0, p =13.5 atm
- - - S
e Chemical interaction o 1000
& toluene
e Transport/thermal effects < 1o
© iso-octane
- % 10 ¢
Review papers and groups: put
e Lu(2011), Reitz (2015) ... PECS 2 -heptane
e Dooley (200) CNF ... 5
e Zuohua Huang, Xingcai Li, ... 05 ] 12 14
1000/T [1/K]

31



3.6 Plasma assisted combustion

engine
Background:
e PAC: a new way to control
- - - f Mild Plasma assisted New engine
CombUStlonl em|SS|OnS, and uel Combustion combustion technology

reforming

i Low Fuel Cool

e Combustion control via PAC
e Plasma mechanism
Plasma dlscharge

e Plasma/combustion interaction e i
e PAC at high P/lowT 0,"N,'(Ions/electrons

. H,, CO
Review papers: N,*, N,(v)\_species CH,

e Ju & Sun (2015), Starikovskiy (2013) PECS ‘ CH,0
ovedy (2015) 72, | Themal st < Trampon

e Starikovskiy (2015) ???, ranspor

e Starikovskaia (2006) JPD-AP

e Starikovskii (2005) PCI

e Neat experiments for modelling No,0, / Radicals
. 0, H, OH_Int. species ragment
mcrease

Excited
0,(@'Ay)

Combustion Enhancement

Ju & Sun (2015) PECS 32



[ N/ )
S-curve (ignition & extinction) Flammability limits
= 2.2: aolity uint
S 200 uwe
—m— g 18f
8 - /__A
= e’ 5 a—a—a _0-fF-0----0
s ,’ ‘ ,_% 1.2+
& ¢ ¥ = SI+MW Limits
= 4 lasma gene E 107 Sl Limits
& / species: ' iyaiiion -_§ 0.8:
0.1, 0:0.00 506/ g---g---g--~-@--~-¢--"-8---R
Cold flow 04l Lower Flammability Limit
Heat releaselHeat Ioss 1 156 2 25 3 35 4 45 5 55 6 65 7
Initial Pressure [bar]
Sun et al. (2013) PCI Wolk et al. (2013) CNF
\ J L J
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3.7 Meso-/microscale combustion

Starting

Background: i -
e Micropower for MEMS | | - de
¢ High energy density - l . L.
¢ Increased loss, friction ... MIT n:imcmro-gas turbine (Epstein et al. 1997)
FOCUS: -Heat _ g Co_nvgctive or
° Heat recirculation - recirculation ) radiative Io|sses
e Surface reaction/quenching 3 neat] Tradica
e Flame quenching & stabilization %’mﬂ =

> Heat loss Al

> Radical loss

D
v
&
-

¢ Flame/wall interaction GENERATIG Review papers:

e Ju, Cadou, Matura (2015) Book
> Thermal - — e Kaisare & Vlachos (2012) PECS
> Chemical D e Ju & Maruta (2011) PECS

e Catalytic combustion O o

e Maruta (2011) PCI

e Liqud-gas mixing, fuel injection

34



3.8 other topics

Supersonic combustion
Microgravity combustion

Mild combustion

Cosmic combustion/supernova
Catalytic combustion
Multi-phase combustion
Nano-particles, flame synthesis
Detonation

Fire

From internet

Gamezo et al. (2004) PRL
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\_

(28 ——————
L Syngas/Air
2.4 = 460K
c I -
1 2.0 ™ e -
- w 16 /N ]
(a) t=1 ms (b) t=1 ms (¢) t=3 ms (d) t=3 ms € i - s A
p \ a 12} ]
y ‘ f _ L = D
e 08} 208K
| ' 0al ~~~ Davis Mech (Davis et al. 2005) 7
- | —— Sun Mech (Sun et al. 2007)
t=5 t=5 t=6 h) t=6 oob—t—
© ms ® ms (&) ms (b ms 0.5 1.0 15 20 25 30
Visualization sequence (tomography and Schlieren) )
of H,/air (E.R.=0.5, P= 0.1 MPa, T = 300 K) [2] ) H,/CO/air, high P and T, 5! )

[1] F. Wu, W. Liang, Z. Chen, Y. Ju, C.K. Law, Proc. Combust. Inst. 35 (2015) 663-670.

[2] E. varea, J. Beeckmann, H. Pitsch, Z. Chen, B. Renou, Proc. Combust. Inst. 35 (2015) 711-719.

[3] L. Courty, K. Chetehouna, Z. Chen, et al., Combustion Science and Technology, 186 (2014) 490-503.

[4] M. Han, Y. Ai, Z. Chen, W. Kong, Fuel, 148 (2015) 32-38. 39
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