Premixed Turbulent Flame Theory

and Simulations of Combustion in SI Engines:
Connections, Discrepancies, and Practical Solutions

Andrei N. Lipatnikov and Jerzy Chomiak
Department of Thermo and Fluid Dynamics,
Chalmers Unwversity of Technology, Gothenburg, Sweden

Introduction

Over the past decade, a number of different models of premixed turbulent combustion, which are
reviewed in Refs. [1-3], have been developed. Some of these models have been implemented into
various commercial CFD codes and applied to multi-dimensional numerical simulations of combustion
in SI engines. In many such simulations, reasonable agreement between the measured and computed
pressure diagrams and mean heat release curves was obtained. On the face of it, the current turbulent
combustion theory and numerical models appear to satisfy the needs of automotive engineers. However,
a more detailed analysis indicates a number of discrepancies between flames studied by the theory and
combustion in SI engines. Some of these differences are outlined in the first part of the presentation.
In the second part, the so-called Flame Speed Closure (FSC) model is discussed as an example of a
phenomenological approach, which addresses the properties of real flames, rather than hypothetical
ones.

Discrepancies
Flame Development

First of all, the majority of premixed turbulent combustion models place the focus of consideration
on an object, which has been never observed in nature, i.e., a statistically planar flame of a steady
thickness, which propagates with a constant speed against a stationary and spatially uniform unburned
mixture flow or, for brevity, an unperturbed fully developed flame. In the laminar case, such an
idealization works well because the space and the time scales of a laminar flame are typically much less
than the space and the time scales of the problem. In the turbulent case, the corresponding scales are
of the same order and the discussed theoretical idealization is questionable.

In particular, an analysis of numerous experimental data obtained by different groups under various
conditions shows that premixed turbulent flames, and especially flames in SI engines, are inherently
transient. For instance, the mean thickness, d;, of a typical turbulent flame is not constant but grows
according to the turbulent diffusion law.

Unfortunately, the transient nature of turbulent combustion is ignored by the contemporary theory
and studies of premixed turbulent flame development are very few.

Certainly, a transient solution can be obtained by substituting a model developed for the steady
case into unsteady balance equations, but the validity of this solution is questionable. For instance,
a simple analysis performed by us [4] straightforwardly shows that many popular models predict that
the development of turbulent flame speed, S;, and thickness is controlled by the same time scale. This
prediction is qualitatively wrong, because the development of S; is mainly controlled by small-scale
eddies and, thus, is characterized by a small time scale, whereas the development of ; is mainly
controlled by large-scale eddies and, thus, is characterized by a substantially larger time scale. Such a
difference between Sy(t) and §;(t) is well supported by experimental data.



Transition from Laminar to Turbulent Flame Kernel Growth

Burning of a premixed charge in a cylinder of a SI engine may be divided into the following phases:
(1) spark ignition, (2) laminar flame kernel growth and transition to turbulent combustion, (3) turbulent
flame development and propagation, (4) near-wall combustion and after-burning. The second phase
is of substantial practical importance, but it is still out of focus of the current approaches. It is
commonly accepted that the rate of growth of a flame kernel during this period is affected only by
small turbulent eddies [5], whereas eddies larger than the kernel move it as a whole; but most models
used for multi-dimensional simulations of SI engine combustion ignore these transient phenomena. It is
well known that turbulent diffusion is a developing process and that turbulent diffusivity, D;(t), needs
some time to reach a steady fully developed limit, D, , [6]. Since this time is longer than turbulent time
scale, 3, turbulent diffusivity is substantially lower than D, , during the discussed stage of combustion.
Nevertheless, the latter quantity, D;,, calculated with the £ — ¢ model, is commonly used in engine
simulations.

Effects of Pressure on Flame Speed

Although the combustion in SI engines occurs at elevated pressures, effects of pressure on flame speed
are out of the focus of the theory. However, these effects are of paramount interest and importance.
For instance, existing experimental data analyzed by us [2] indicate an increase in S; by pressure, P,
despite the marked decrease in the laminar burning velocity, S;. Although this well established trend
appears to be of substantial importance for SI engine applications, many combustion models utilize Sy,
as the sole mixture characteristic and, hence, predict similar dependencies of both S; and of Sy on P,
contrary to the aforementioned experimental results.

Validation

All the models of premixed turbulent combustion need validation. The engine tests cannot be
considered to be a reliable validation of combustion models because (1) the range of initial conditions,
having been simulated with each model and with each set of the model constant(s) taken separately,
is limited and (2) the results are affected by numerical and experimental uncertainties and by a lot of
complicating factors (ignition submodel, near-wall combustion submodel, turbulence submodel, etc.).
Moreover, although the laminar burning velocity is an important input parameter of most models,
the value of Sy is not well known for engine conditions (see Fig. 1). Even if we neglected other
aforementioned complicating factors (and some of them, e.g., the ignition submodel may be quite
substantial); solely the scatter in the available data on Sy, shown in Fig. 1, would not allow us to
consider engine tests as reliable validation today.
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Figure 1: Various approximations of the laminar burning velocity for the stoichiometric iso-octane/air

mixture at elevated pressures and temperatures linked by the adiabatic compression law.



The use of a representative set of experimental data obtained under substantially different condi-
tions in well-defined simple cases is much more appropriate for validation purposes. When discussing
models for SI engine simulations, the experimental data obtained in combustion bombs appear to be
the best. A statistically spherical premixed turbulent flame expanding in a bomb is a well-defined
simple case involving all the important for SI engine processes as spark ignition, flame kernel growth
and transition to turbulent combustion, turbulent flame development and propagation. The effects
associated with mixture composition, initial pressure and temperature, r.m.s. turbulent velocity were
studied by various researchers in fan-stirred bombs. For such measurements, the initial conditions and
turbulence characteristics can be specified much better than for engines. In particular, laminar flame
speeds are well known for the conditions of typical bomb experiments. Finally, numerical simulations
of such experiments can be performed very quickly even on very fine grids with high accuracy for
a wide range of initial conditions, because the corresponding Favre-averaged balance equations are
one-dimensional.

However, for most premixed turbulent combustion models, results of such very simple tests have
not, been reported in the literature.

The Flame Speed Closure (FSC) Model of Premixed Turbulent Combustion

The FSC model developed by us based on the Zimont model [11] as discussed, in detail, in Ref. [2]
provides the following closed balance equation for the Favre-averaged combustion progress variable
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with the development of turbulent diffusivity and burning velocity being approximated by
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where the flame development time, ¢4, is counted beginning with spark ignition, the turbulence char-
acteristics (D, = 0.09k%/e, u' = (2k/3)Y/2, L = 0.37u"3/¢, and 7, = D, ,/u'®) are locally computed
using the & — ¢ model, and the following submodel for the fully developed turbulent burning velocity
[11,12]
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Uo = Au' (T—) ; = g F(Le) (3)

is invoked. Here, Dy is the laminar diffusivity, and an expression for the function F(Le) has been

derived theoretically [13,14]

: T, T, T b> }

F = mingl; —exp| —=—7— ¢; 4

{ Typ P <2Tb Ty (4)

Tyy = Tu+ (T, — Tu)/ Le, (5)

For typical hydrocarbon-air mixtures, F ~ 1, but F < 1 for mixtures characterized by low Lewis
numbers, Le, for the deficient reactant (e.g., lean hydrogen-air or rich gasoline-air mixtures).

Let us discuss the role played by various parts of the model in SI engine simulations. At ignition
moment, trs =0, Dy =0, U; = 0 according to Eq. 2; the terms III and IV in Eq. 1 may be omitted;
and, consequently, Eq. 1 is reduced to a typical balance equation provided by the thermal laminar
flame theory [14]. In this limit case, the model describes the growth of a small laminar flame kernel



(spark ignition may be simulated by inserting an extra heat source in the enthalpy balance equation
as discussed in Ref. [15]).

As the kernel grows, the ratio of ¢;4/7 increases, as well as D, and U, and the terms III and IV
become substantial. In this intermediate case, all the terms in Eq. 1 are of importance, and the flame
speed predicted by the model in the statistically planar, 1D case is equal to

S, = S, + U, (6)

where the two terms in the right hand side (RHS) of Eq. 6 are associated with the terms IT and IV in
Eq. 1, respectively. The reduction of turbulent diffusivity and burning velocity due to reduced effects
of large turbulent eddies on the structure of small flame kernels, as discussed in the previous section,
is phenomenologically parameterized by Eq. 2.

As the kernel grows further, the ratio of t74/7; becomes larger than unity, D; — D;,, and Uy — Uy,
Since the value of U, given by Eq. 3 is markedly larger than S; under typical SI engine conditions,
the terms I and II, the contribution of which to Eq. 6 is equal to S, may be neglected as compared
with the terms IIT and IV, the contribution of which to Eq. 6 is equal to U;. During this stage of
combustion, the model is reduced to the following very simple closed balance equation
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first introduced by Zimont 25 years ago (see Ref. [11]). This equation cannot yield a fully developed
flame in principle, because d; given by Eq. 7 grows permanently. Thus, the model places the focus
of consideration on developing turbulent flames, rather than on fully developed ones, and this unique
peculiarity of the model is of paramount importance for most industrial applications and, in particular,
for SI engine simulations.

The submodel for turbulent burning velocity, invoked by the FSC model, leads to very simple Eq. 3,
which predicts (1) a substantial increase in S; by v/, (2) an increase in S; by S, (3) a weak increase in S;
by L, (4) a strong increase in S; in lean hydrogen-air mixtures, and (5) an increase in S; by temperature
and pressure during the combustion stage of a SI engine cycle. The last effects are predicted through
the temperature and pressure dependencies of Dy, and Sy. For instance, for typical hydrocarbon-air
mixtures, D, ~ P? and S, ~ P", with ¢ & —1 and r &~ —1/4. Consequently, Eq. 3 predicts that
Uio ~ P® with s = (2r — ¢q)/4 ~ 1/8, i.e., turbulent burning velocity is increased by pressure despite
the decrease in the laminar burning velocity by P, in agreement with experimental data.

The FSC model was quantitatively validated against a number of representative experimental data
obtained by various groups in various well-defined simple cases under substantially different conditions.
These tests are summarized in Ref. [2]. In particular, the model was widely validated for expanding
spherical flames (see Fig. 2). It is worth emphasizing that the whole model (see Eqs. 1-5) includes
only one unknown parameter, a constant A in Eq. 3. When validating the model, this parameter was
shown to be a constant: The same value of A = 0.4 was used for all the tests shown in Fig. 2, as well
as for SI engine simulations discussed below.

The FSC model implemented into the code FIRE has been successfully applied [23] for multi-
dimensional numerical simulations of flame propagation a 4-valve Volvo engine pentroof combustion
chamber under substantially different conditions including stratified charge case. The simulations
confirm the predictive capabilities of the model and show that it is numerically efficient, robust, and
well suited for SI engine applications involving a wide range of conditions and mixture properties
including stratification.
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Figure 2: Testing of the FSC model for spherically expanding turbulent flames.
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