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Abstract. Computational Fluid Dynamics is a widespread tool employed in the design of Internal Com-
bustion Engines (ICE), mainly focused to improve efficiency and reduce pollutant emissions. Given the
complexity associated with solving turbulent, multiphase, chemically reacting flows, many models have
been proposed to represent as accurate as possible phenomena taking place inside ICE, keeping compu-
tational costs below reasonable levels. Specifically, mixture ignition and initial flame kernel development
are decisive factors affecting the whole combustion process in spark-ignition engines, and current igni-
tion models are not able to correctly predict the flame behavior when ICE operative conditions are varied,
making it a subject that has drawn attention over the last years. In the present work, an ignition model
taken from the literature named ISSIM (Imposed Stretch Spark Ignition Model), originally developed
for LES (Large Eddy Simulation) is implemented in OpenFOAM® and adapted here to work with eddy
viscosity models using RANS (Reynolds-Average Navier-Stokes) equations. Ignitions of air-propane
mixtures in a constant volume bomb are simulated for different equivalence ratios and turbulent intensity
levels, analyzing the dependence of the solution on the electrical parameters of the spark-ignition system.
Results are contrasted with experimental data selected from the literature, and furthermore, advantages
and drawbacks are discussed compared to other ignition models used in common practice.
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1 INTRODUCTION

Much efforts have been allotted to improving ICE (Internal Combustion Engine) efficiency
and reducing pollutant emissions for the last decades, becoming increasingly important nowa-
days due to the stringent regulations imposed by regulatory authorities around the world. In
this sense, Spark-Ignition (SI) Engines operating with lean mixtures are being investigated to
fulfill those requirements, and CFD (Computational Fluid Dynamics) has proven considerable
helpful to predict the responses to changes in operating conditions. As vital processes as they
are, ignition and flame kernel development must be accurately modeled when attempting to re-
produce experimental data such as pressure or heat fluxes temporal records, in order to validate
the code and to trust its consequent results. Several models with varying degrees of complex-
ity have been proposed for igniting the mixture, but to the authors’ knowledge either they are
formulated in such a simplistic way that there is no means they can account for changes in
basic variables like ignition energy or power (e.g. Choi and Huh, 1998), they attempt to con-
sider the physics but have been unsuccessful in test configurations other than the ones originally
evaluated (e.g. Boudier et al., 1992) or their validation cases are not abundant enough to prove
their full capabilities (e.g. Duclos and Colin, 2001; Colin and Truffin, 2011; Lucchini et al.,
2013). The ignition model ISSIM (Imposed Stretch Spark Ignition Model) originally devel-
oped by Colin and Truffin (2011) for LES (Large Eddy Simulation) codes is here adapted for
RANS (Reynolds-Average Navier-Stokes) codes. This model was selected because it works
with the ECFM (Extended Coherent Flame Model) from the moment of ignition, and still takes
consideration of the physics of the discharge. A sensitivity analysis of the ignition energy and
equivalence ratio is performed by solving the explosions of propane-air mixtures executed in a
constant volume bomb; the results of the model are compared with those given by Lim et al.
(1987) for stagnant mixtures. Moreover, the effects of turbulence are evaluated by contrasting
with Leed’s published data (Bradley et al., 2003).

2 GOVERNING CONSERVATION EQUATIONS

The set of equations to be solved may be found in Lépez et al. (2016), and is repeated
here for the sake of completeness. Equations (1) to (3) represent the conservation of mass,
momentum and specific enthalpy, respectively, written for a compressible flow (Poinsot and
Veynante, 2012), where ¢ denotes the Reynolds average of a generic variable ¢, and b= p0/p
its Favre averaging.

dp  Opu;
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where p is the density, u; is the i-th velocity component, p is the pressure, K and k are the
mean and turbulent kinetic energy, respectively, /i and ji; are the molecular and turbulent dy-
namic viscosity, respectively, h is the specific enthalpy, ) is the thermal conductivity, & is the
turbulent thermal diffusivity and ¢, is the specific heat capacity at constant pressure, and 9; ; is
the Kronecker delta tensor. The combustion process is assumed here to proceed in the flamelet
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regime. The normalized fuel mass fraction l~) also known as the regress variable, tracks the
spacial gas distribution, and is solved for by an additional transport equation:

opb Opub O [p ObY\

where p, is the density of the unburned gas, oy is the turbulent Schmidt number for b, sy, is the
laminar burning velocity and Y is the flame surface density. In this work, X is calculated by
solving a transport equation:

ot or;  Ox; \ox Oz p ox;

+ p (km2 + KX — Dy) (5)

where oy is the turbulent Schmidt number for X, ,, and k; are the mean flow and turbulent
induced strain rates over the flame surface and Dy is a destruction term. As the properties be-
tween burned and unburned gas differ vastly, a transport equation for the unburned gas specific
enthalpy Ry is appended in order to compute the required unburned gas properties, such as its
temperature and density (Colin et al., 2003):

Ophy  Optizhy 0 | [ M Oh,, 5 (0p DK
Pl | O [(——i—ﬁo_zt) ]=p<—p—‘—> (©6)
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where )\, and ¢, are the thermal conductivity and specific heat capacity at constant pressure
for the unburned gas, respectively. The turbulence is computed employing the extensively used
standard k£ — € model (Launder and Spalding, 1974). The unstretched laminar burning velocity
is obtained from a correlation proposed by Amirante et al. (2017), which reads:

Tu “ pu 5 —§(¢—U)2
SL70<¢7 TmPu) =50 T — ; SO(¢) = ZW¢776
0 Po

a(p) = axd® — a1 +ag B(¢) = —byd* + b1 — by

In Eq. (7), Z, W, n, &, 0, as, a1, ag, by, by and by are coefficients which depend on fuel, and
for propane are listed in Table 1; ¢ is the equivalence ratio and sq is the unstretched burning
velocity for the reference pressure (py = 1 atm) and temperature (7p = 298 K).

(7)

Z | W (Cm/S) n 5 o as aq Ao b2 bl bo
1 42.11 -0.25 | 5.24 | 1.10 | 2.7620 | 5.8808 | 4.9221 | 0.9250 | 2.0000 | 1.3560

Table 1: Coefficients for propane in Eq. (7).

The effects of stretch on the burning velocity are considered through a linear relationship:
s1= 81,0 (1 - @LabK) 8)
Pu

where Lay, 1s a Markstein length (Bradley et al., 1998), p; is the density for the burned gas and
K = min(kd/srp,0.2) is a Karlovitz stretch factor, which is limited by above due to the fact
that the linear expression applies only for small stretch values. The flame stretch & is the sum
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of curvature, mean flow and turbulence effects, and the laminar flame thickness 0 = fi/(psr )
is calculated according to Bradley et al. (1996).

The set of partial differential equations introduced above, and the ignition model to be de-
scribed in the next section were implemented in OpenFOAM®, which employs the Finite Vol-
ume Method (FVM) with a cell-centered collocated variable arrangement. The solver uses a
combination of the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations, Patankar
(1980)) and PISO (Pressure-Implicit with Splitting Operators, Issa (1986)) algorithms. Gradient
schemes for all the fields are discretized using the Green-Gauss theorem with linear interpola-
tion to face centroids, Laplacian schemes are corrected to account for mesh non-orthogonality
and divergence schemes are discretized using the divergence theorem, with a limited linear
interpolation scheme. The time scheme is Backward Euler, with time step At = 1 us, se-
lected according to a At independence analysis. The mesh is made up of uniformly distributed
hexahedra with Az = 1.125 mm, determined from considerations of error magnitude versus
computational cost (see Figure 1).

3 ISSIM SPARK IGNITION MODEL

The ISSIM ignition model is compound of three stages (Mouriaux, 2016): estimation of
ignition energy transferred to the gas, deposit of initial burned gases and growth of the flame
kernel.

3.1 Estimation of ignition energy transferred to the gas

The electrical circuit used to predict the energy deposited in the gas is an inductive-type one,
with a set of adjustable parameters comprising both primary and secondary inductances (L,, and
L, respectively), secondary resistance ([25) and primary peak current ¢,. A schematic of such
an electrical circuit may be found, for example, in Ge and Zhao (2018). The deposited ignition
energy can be computed as:

Eognt) = / Vo ()is(t) exp (— d )dt ©)

2Uspi;

where ¢, is the secondary current, [, is the spark length and d is the diameter of the electrodes;
the exponential factor allows to incorporate the effect of thermal losses to the electrodes, as
explained in Mouriaux (2016). The gas column fall for the glow phase, V., is obtained from a
correlation developed by Pashley et al. (2000):

‘/gc — 396lspki;0415p0.182 (10)

where [, and i, are expressed in mm and mA, respectively, and p is the pressure in bar (abs);
is is related to the energy stored in the secondary coil, Fy, through is(t) = /2F(t)/Ls. The
decayment of F; for the glow phase is due to Joule heating and power provided to the spark
gap:
dE,(t) _
dt
where the spark voltage, Vi, i1s the sum of the anode, cathode and gas column fall. The
former two depend on the electrode materials, and are taken here to be 109.4 V and 18.75 V,
respectively (Ge and Zhao, 2018); energy provided by these falls is mainly lost to the electrodes.
As initial condition for Eq. (11), the energy stored in the primary coil, given by £, = %Lpi?), is
assumed to be transferred to the secondary coil with a conversion efficiency: E(t = 0) = 0.6E,

—Ryi2(t) — Vi ()is(t) and  Vipe(t) = Vag + Vey + Ve (11)

S
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(Ge and Zhao, 2018). As extremely fast and complex processes, breakdown (BD) and arc phases
are accounted for by introducing an instantaneous amount of energy, estimated by averaging the
range reported for the BD energy by Lim et al. (1987), and affected by a factor of 0.6 to account
for losses.

3.2 Deposit of initial burned gases

A minimum ignition energy (MIE), E,,.;,,, is assessed according to Mouriaux (2016), where
the theory developed in Adelman (1981) is followed:

Erin = %lspk(t)p(t)wéi (12)

being v the heat capacities ratio and ¢, the laminar flame thickness, which in this work is ob-
tained from the Blint’s correlation (Poinsot and Veynante, 2012). As can be seen in Eq. (12), no
turbulent parameter affects MIE, justified by the author for their poorly correlated effects. How-
ever, this contradicts some experimental data (Mouriaux, 2016). In addition, the dependence of
MIE on the spark gap (or the length of the spark in this case) is linear, while it is known that
the relationship highly depends on the Quenching Distance (QD) (Lewis and Vol Elbe, 1987).
Supporting this concept, Ko et al. (1991) show MIE to increase when reducing gap size below
the QD (contradicting Eq. (12)), therefore no gap sensitivity analysis will be performed here.
The moment in which the ignition energy surpasses the minimum given by Eq. (12), an initial
mass of gases is deposited:

m2" = (pulsprm(267)) (13)
where brackets denote an average in the spark plug region. In order to deposit this burned mass,
a target profile for the b field is proposed:

2
Bign = 1 — coexp | — (W) (14)
dg

Here |x — Xgpi| is the distance between cell centers and the ignition location, d, is the spark
gap size and ¢ is a constant that satisfies [ (py(1 — bign))dV = ng , where p, 1s the burned
gas density; this expression should be integrated over the whole domain (the integrand will
automatically tend to zero as b;,, goes to unity, regardless of the pre-existance of some burned
volume due, e.g. to a second spark plug). The blgn field is now imposed to the b field as a
sink term (for the whole domain), which is subtracted to the right-hand side of the general b
equation:

Wy = pymax(sp ¥, (5 — l_)z-gn)At_l); (15)

In this way, pre-existing flame kernels are also accounted for in the transport equation for b.

3.3 Growth of the flame kernel

Since the main idea behind ISSIM is that reaction is modeled by the Y. equation rather than
having to use a 0D model with its implications, a source term must be added to the right-hand
side of the Y equation:

Wy = max(p(Sign — X)At0); (16)
where 2,4, 1s the target profile for X:
ign 1/3
3 _ , 3my?
Yion = —(1 —bjy,) and 77" = | —L 17
g rlz)gn( g ) b ( 47Tﬁb > ( )
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Integrating >.;,,, over the whole domain the total flame surface is recovered, which coincides
with the external surface of the burned mass given by Eq. (13). If a kernel with its associated
Y. already exists anywhere in the domain (including the ignition location), Eq. (16) will be zero
(provided X > ;4 in that particular point).

Given that the X equation is formulated for a fully established turbulent flame front, it is nec-
essary to perform some modifications on it for the developing stage of the flame. An approach
similar to the one taken by Choi and Huh (1998) is adopted here, with a transition variable
alike the one proposed by Colin and Truffin (2011) for being particularly smooth. The modified
equation for Y is written as follows:

+ Oétrﬁ(limE + Iitz — DZ)"‘
(13)

0 _
(]_ + T)ESLﬁE + (1 — O[tr>—p2 + (,2)2

2
(]_ — O{t’r‘) at

m
where 7 = p,/p, — 1 is the expansion ratio and = is a turbulent wrinkling factor assumed equal
to one with the aim to circumvent its complex modeling requirements for the ignition time.
This simplification proves adequate for low turbulence intensities. The transition variable ay,. is
calculated as:

oy = 0.5[1 + tanh((r)” — 0.75)/0.15)] with r} = 10r,/l, (19)

l; being the integral length scale of turbulence, and the burned radius 7, obtained from:

3 _ ﬁ 1/3

The CFM2b (Duclos et al., 1993) model is used to compute the production and destruction
terms:
Oty €
K}mz = Azk—E ; th = Oéorkzz and DE = ﬁo

S + C\/E 2
—>
8;1:1»

= = 21
b(1—b) b

ag, Po and C are adjustment constants, € is the specific turbulent kinetic energy dissipation
rate, A = 0;5 — (nmj>s correspond to the orientation factors for x,,, and I'; is the efficiency
function from ITNFS (Intermittent Turbulent Net Flame Stretch, Meneveau and Poinsot (1991)).

4 RESULTS
4.1 Stagnant tests

Lim et al. (1987) studied explosions in a constant-volume cylindrical bomb, 83 mm of inner
diameter and length under stagnant conditions; and they are used here to assess the ability of the
ignition model to predict changes in spark ignition energy deposition. The mixture is composed
of propane-air with an equivalence ratio of 0.7, and three input energies are compared: 2, 11.5
and 54.8 mJ with discharge durations of 264, 810 and 3730 us, respectively. As turbulence
is neglected for these cases, transition from laminar to turbulent flow never occurs, and all
terms multiplied by o, in Eq. (18) are zero. The direct consequence is that the particular
ECFM selected has no effect at all. Figure 2 compares the evolution of the equivalent kernel
radii. It can be noted the much higher initial radii set by the model (full lines) compared with
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Figure 1: Mesh convergence analysis. Figure 2: Comparison of predicted and ex-

perimental flame kernel radii with and with-
out thickness correction factors. Experimental
range for some of the points is represented by
vertical bars.

the experimentally observed ones, and this discrepancy remains in time. These are directly
attributed to both the laminar flame thickness and the critical radius. The former is computed
here using Blint’s equation, while in Colin and Truffin (2011) it is not explicitly declared (had
they used a diffusive laminar thickness, for example, there would exist a difference by a factor
of order 5, approximately). As for the critical radius, it is actually estimated in the original paper
(Adelman, 1981), and the author concludes that it lies between one half and four halves of the
laminar flame thickness. With this in mind, two factors affecting the laminar flame thickness,
Fs1 and Fj5, are introduced for the purpose of calculating the minimum energy and initial
burned radius:

Epin = %lspk(t)p(t)w(Fm(iL)Q and " = (pulaprm(F520L)°) (22)
The best fits were obtained using F5; = 0.8 and F5, = 0.6. The flame kernel radii computed
using this correction are shown by dashed lines in Figure 2. While these factors may fix the
large initial radii, difference in ignition energy is not accurately reflected (curves for the two
larger energy levels are almost overlapped), so an ad-hoc coefficient F; is suggested to modify
the laminar flame speed:

N 2
s = spo(l — LayK)(1+ F) with Fy—0.15E,, <Z'L—> exp [_ <|X—d_xpk|> ] (23)
s,0 g9
where E;( is the initial secondary energy in mJ and i, the initial secondary current in A.
The purpose is to increase the burning velocity through F; in the vicinity of the spark plug
(controlled by the exponential factor), just as long as the spark keeps supplying energy (handled
by the non-dimensionalized secondary current). This increment is also thought to depend on
the initial available energy (), where a proportional relationship was assumed. Figure 3
demonstrates the effect of this last correction.
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Figure 3: Comparison of predicted and exper- Figure 4: Effect of mixture equivalence ratio
imental flame kernel radii with the proposed on temporal growth of flame kernel radii. Ex-
ignition correction factor. Experimental range perimental range for some of the points is rep-
for some of the points is represented by vertical resented by vertical bars.
bars.

As presented in Figure 4, a correct trend is predicted when varying the equivalence ratio;
here, an ignition energy of 11.5 mJ was employed for ¢ = 0.7, and 12.4 mJ for ¢ = 1.

4.2 Turbulent tests

Results published by Bradley et al. (2003) for explosions inside a constant-volume spherical
bomb are compared with predictions of the present model, using the same time step and cell
sizes as before. Anignition energy of 23 mJ was reported, while no data was explicitly informed
for the duration and gap size, so these had to be estimated for the simulations. Details of the
bomb configuration may be found in the cited article. As transition is expected to occur, the
ECFM employed will increasingly affect the kernel development as a4, goes from zero to one.
The model parameters chosen are: oy = 6, 5y = 0.17, and C' = 0.5.

Cases for ¢ = 1.32 and turbulent velocity, «/, of 1 and 3 m/s are presented in Figure 5. De-
spite the general agreement obtained is rather good for both curves, for the first milliseconds the
deviations from the experimental points are significant. This could, for instance, be attributed
to the lack of specifications of the experimental ignition parameters.

S CONCLUSIONS

An ignition model called ISSIM has been adapted to a RANS code and successfully imple-
mented in OpenFOAM®. The model was tested in stagnant and turbulent cases to check its
performance after the variation of different parameters, from which the following observations
are drawn:

e The model is seen to overpredict the initial burned mass applied to the mixture. This was
remedied by the incorporation of thicknesses factors set to match experimental values.

e An ad-hoc coefficient proposed to increase the burning velocity during spark timing
greatly improved the general agreement with the experiments. Particularly, the model
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Figure 5: Effect of turbulence on temporal growth of flame kernel radii.

is currently able to correctly predict changes in ignition energy and power, equivalence
ratio and turbulence intensity.

e With the incorporation of the ad-hoc coefficients described in Section 4, more tests should
be conducted with the model in order to be used with confidence. These should include
several distinct fuels and data from other researchers and bombs, to asseverate its gener-
ality.
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