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Short literature review

e 1970s and 1980s: first studies on ignition and expansion of fuel/air mixtures, with identification of
breakdown, arc, glow phases, and of their effects on the flame speed

* 1990s: comprehensive models for estimating flame kernel growth in Sl engines based on 0D mass
and energy conservation equations, with two notable ones:
1) Herweg & Maly (1992):
» start well after breakdown (t = 0.01 ms)
» flame advances with burning velocity S; + Sy135ma
» turbulent velocity S; altering adiabatic laminar speed S; ;4

» plasma velocity Syiqsmq from heat diffusion over 1D domain

2) Shen, Hinze, & Heywood (1994):
» start immediately after breakdown (t = 60 ns, Ty = 27000 K)
» heat diffusion phase: no flame (only Sp;55mq), €nds when T = 3Ty4

» kernel expansion: no S , S; raised linearly from S duetoTy >T
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e 2000s onwards: 3D CFD simulations, but kernel size very small = kernel growth models needed



Objective of the present work

* The main objective is developing a kernel growth model that accounts for the ignition and early
expansion of the flame kernel

* Expected characteristics and features of the proposed model:
» time extension t related to spark plug electrical discharge (t = 2 ms)
» spatial extension r = 10 mm
> ability to account for stretch and turbulence S . o
» can be integrated into ICE combustion models _2\; 4 1

» limited computational burden

e Limited burden = full simulations of
compressible reactive flows is unfeasible

e Results from time-consuming simulations (e.g.
figure on the right) can be added to the model
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Kernel growth model proposed by UNIUD

Model assumptions

Solution of mass and energy conservation equations

1D model with spherical symmetry: layers of size Ar, except for the flame layer
Pressure is uniform and constant

The general gas law is always applicable

Thermodynamic and transport properties calculated assuming chemical equilibrium

The burned gas is in chemical equilibrium within each layer of the flame kernel

Flame = infinitely thin sheet separating burned gas from unburned mixture outside
The outermost kernel layer grows as the flame advances

The unburned mixture is not pre-heated by the flame



Model equations, inner layers

* Inner layers, 1D conservation equations with
i Vfront flame
spherical symmetry: rronss
dph 1 9 oT . :
> Energy: ? = _r_ZE r2 (k5 hpt”)| + T \
I U

» Mass: _r2 P (r m )

* Presence of a growing layer: conservative discretization
and an implicit solution scheme are required i i+1 " lfame

« With computational stencils in figure and At = t™*! — t™, the discretized equations are:
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* hi+1/2 = upwind scheme, value depends on sign of "4/,



Model equations, flame layer

Last layer grows due to flame advancement - different equations required to account for
burning velocity S¢, modelled separately

Discretized equations for the flame layer (subscript f denoting flame front) are:

HTL+1 HTl dTn+1

u el n+1 nn+1 n+1( Tl+1)
> " Aif—%kif—% drif_% + Aif—%hif—g lf—l + p, A S h,,
mtm?
f o LS n+1 ( n+1)

Layer grows - geometry (rk, Ag, V¢) changes = expansion velocity v, = (7 ntl /At

Layer grows beyond original Ar grid size (Ary, > Ar) = flame layer split into two new layers:

1) afull ‘inner’ layer of size Ar, treated as previous inner layers
2) anew small layer of size Ar;,, — Ar, treated with present equations

Result of time step computation = new values of T;, m" ;1 /, (full layers), T, vy (flame layer)



Electrical energy supply and kernel properties

* Electrical energy = any n,;(r,t) and g,;(r, t) usable, for now indications by Maly followed:

» 1. assumed constant and uniform
» (.; also assumed constant and uniform, until supply switched off and g,; = 0 everywhere

* All properties calculated using NASA CEA code as functions of T (below example CH4-air, ¢ = 1):
> constant-pressure specific heat capacity ¢, (T) = specific enthalpy h(T)

» molecular weight MW (T), = density p(T)
» thermal conductivity k(T)
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Burning velocity sub-models

» Two choices are possible:
1) Herweg & Maly 2 5 = (S; or St) + Spiasma assuming adiabatic flame for §; or S,
2) Shenetal. 2 no Syiasma, but S¢ = f(Ty # Taa) > Sfaa

* Choice 1) often used, but our research suggests that choice 2) may be better:

» S} aq is simulated/correlated: S; ;4 = f (T, 0, ¢, EGR)

2
> 81 aq is modified for non-adiabaticity: $; = S, 44 (TT—';) exp <— % (i — Tik>>, withT, = E, /R,
> §; is modified to account for stretch: S; ; = 1S,

> if turbulence present, S; modified to account for stretch AND turbulence; example with BML model:

— <5l )1/2<u’ 3/2 ,8 [ e—1> Ta]
0 15L Sl rk Dad Le |2T,

r \1/2 1/2 , , 1/2
& . 1/2 u _ __ _ _i u 4.4
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* Present expansion model > Tj, estimated from h, (T},) = X H; /Y. m;




Boundary and initial conditions

Boundary conditions:

> spherical symmetry atr = 0: (dT/dr),._, = 0,m",—q = 0 1
. + . Ty= [—{T}IT.;.-IHI] T
» known unburned conditions at r = 1y, beyond the flame (T3, p,,, hy,) k
. . and
Starting conditions at t = ¢;4:
k-1 Epg

» no mass flows at any interface (", ,, = 0) dyg=2 [ k Porll— Ty Ty

ig

» specified kernel radius r;

ig and temperature T;, (1)

Usual conditions are 135 and T;4 (1) = T;,4 using Sher plasma column equations (top right), but:
» formulae are incorrect (dissociation energy disregarded) = r;, overestimated

» subsequent flameless heat diffusion to reach T}, = 3T, is arbitrary

Recent literature ignition model based on post-shockwave kernel conditions has been chosen:

1/2
E
» 1oy = 057, = 0.5 (3 94dbd >
' ga?’y‘;p Note: cylindrical geometry assumed - Teyl
[

>t. =15t.=15%=15 . - .
ig c e N converted to 7, assuming same volume V;,

» T;;, = solution of (hig —hu)pigVig = NpaEpa

1.2
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Results: unstretched laminar CH4/air kernel

Comparison with Maly experiments

Unburned mixture at T,, = 296 K,p = 4 bar

Stretch factor I, = 1 according to literature

Ar = 25 um, At = 10 ns relaxed to 1.5 us

First case: electric energy is E,; = 4.5 m],

Npqg = 0.94, parametricin A = 1/¢:

» good predictions of both r;, and v,

» parametric trend in A captured very well

» model is very dependent on values of T, and S} 44

» good start at 0.02 ms: ignition model appropriate,
very limited overprediction of 1y,

» t > 1 ms: slight 1, and v;, overprediction due to
kernel-wall interactions in the experiment
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1 estimated altering adiabatic laminar burning velocity
2 computed using correlation of Stone et al.
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1 8 'Dism@ mode t 8 W —— Breakdown |
. . v - C ms — 1w \‘._ ...... rc s
* Second case: A = 1.11, pgrametrlc in E,; m/s e e[| R [,
and energy supply (baseline is CDI case, 6 \ ™ CP1.Chlglow ’ gof | —i 17
Epq = 1.5 m] for arc and glow): s\ 7 VR 14k
vit) /Sl z &
> parametric trend in E,; captured well 47 /__'_’.-;/ s 84 33
» CDI(+glow): ok predictions, but different 3 > < gff’ X 3 3 2?
. . . o, g 29
E,; visible and v, underpredicted 2 /f:;es'é:_._‘_::_.:.\.\ X 2] e
> arc: energy switch-off captured well, 1™ Ty L b= 1
overprediction due to mistestimated 1, . . . .
) ) 2 5 104 2 5 03 2 10 103
» breakdown: difference due to toroidal + Time t [s]

structure not captured by this model
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* CDI temperatures over time:

» good predictions, especially at longer times

> early differences for uniform E,; supply, no ‘ 3 At o o6
dynamic information, non-1D effects 4000 1ms '
T —— 50us —— 230 us —— 1ms
— 3000 _\ 100 ys —— 500 us —— 2 ms Arc
e _ o 30 036
* Overall comment: satisfying predictions 2 2000 230 pis
when E,; is small, strong arcs and 1000 CDI+ 0.08
breakdowns to be further investigated 03 : > : ; ! 2ot

Radius r [mm]
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Results: stretched turbulent C3H8/air kernel

* Comparison with experimental data from Herweg & Maly on a turbulent C3H8-air kernel, CDI
central ignition dataset is used (parameters are u’ = f(rpm) and A = 1/¢):

. 12 12
» unburned mixture: T,, = 556 K, p = 5 bar ol =10 0l e
_ , _ Bs  L.oliimmnIIIoe- 8 O
» CDI energy: 6 mJ with n,; = 0.36 5:‘\%._.;;;;;3-_—: --------- GZL&'J:-’—Z::"—-"—' _______
. _ R 4 -
» BML model, T, and Le > 1 from literature 2] )
. N 0
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e Expansion speed over time: e S s : p
o ~
> early stages: good flame speed reconstruction * 1‘2’ PTTTYTTT T T T T T 12
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» modelled minimum at 0.2-0.3 ms almost the 13; e
same as experimental data BE% e 61
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1 Time, ms Ime, ms
Ta [K] 15,098 15,098 15,098 1 from Westbrook & Dryer == 300 rpm —-= 750 rpm  seees- 1250 rpm
Le [-]? 1.20 1.58 1.60  2estimated from literature = - 200rpm === 1000 rpm
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> acceleration due to turbulence is
reconstructed wellfor A=1— 1.3

» A = 1.5 = vy, increasingly
underestimated as turbulence grows

Expansion speed over kernel radius:
» similar observations as before

» v, underestimation for A = 1.5 causes
noticeable underestimation of

V), underestimation is due to I:

» lowering T, would solve the problem...

> ... but literature suggests higher T,
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Evaluating I, for small (1, < 8 mm) ignition-affected kernels is very challenging

Overall comment: good predictions if appropriate stretch and turbulence information are provided
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Conclusions and future developments

UNIUD is developing a 1D kernel expansion model primarily based on
» solution of mass and energy conservation equations

» use of T, as key marker for the increase in laminar burning velocity
The model makes use of several sub-models that can be addressed and improved on separately
Predictions generally promising, implementation into ICE combustion models seems plausible
Note: increase in S; only due to T}, + T,4 =2 no need for 1D model, OD global model enough?

Not as simple: the plan is to use the 1D model as a framework for future developments:
» starting conditions before kernel expansion (e.g. leading to T;4 (7))
» better understanding of electrical energy supply and its effect on the electrodes
» addition of radiative losses, function of local temperature T;(7)
» improvements on flame stretch, related also to non-adiabaticity of the flame

Experimental campaign in collaboration with Wartsila on early kernel growth is being evaluated



Thank you for the attention!

Fig.9 Sample OH PLIF images of a stoichiometric methane-air mixture where initial pressure and temperature
were held at atmospheric conditions. These images were acquired over three separate ignition events with
variable camera trigger time after the ignition.

... and feel free to ask any questions



