International Symposium COMODIA 94 (1994)

139

Multidimensional Simulation of Flow Evolution, Mixture Preparation
and Combustion in a 4-Valve SI Engine

R.Tatschl, K.Wieser and R.Reitbauer

AVL List GmbH
Kleiststrasse 48, A-8020 Graz
Austria

ABSTRACT

The multidimensional computational fluid dynamics
code system FIRE, consisting of a finite volume mean
flow method coupled with a Monte Carlo PDF com-
bustion model, is employed to investigate the flow
evolution, mixture preparation and flame propagation
process in a 4-valve spark ignition engine. The engine
compression ratio is 10.3 : 1, and the study pertains to
the operating condition of part load and an engine
speed of 1000 rpm. The pre-combustion flow and
charge composition distribution were obtained through
complete simulation of the gas exchange and com-
pression stroke, taking into account pressure wave in-
duced back flow of in-cylinder charge into the intake
port during valve overlap.

The results show the fuel deposition before intake
valve opening to produce a regularily-mixed charge di-
stribution in large areas of the combustion chamber at
the time of ignition. The calculation further reveals that
the flow pattern at spark timing is predominantly deter-
mined by the remnant of the induction flow, generating
large vortex structures with their rotational axis parallel
to the symmetry plane of the combustion chamber.
These vortices, inducing areas of high turbulence in-
tensity during compression, persist throughout a signi-
ficant portion of the combustion process, strongly in-
teracting with the turbulent flame front and exerting
enduring influence on its propagation characteristics.

INTRODUCTION

Multi-valve spark ignition engines, both conventio-
nal and lean-burn, offer a great potential in increasing

engine power and further reducing fuel consumption
and pollutant emissions [1]. Substantial experimental
development experience, however, has shown the
part load performance of 4-valve engines to be critical-
ly dependent on the in-cylinder charge motion and, in
the case of lean-burn concept, on the mixture compo-
sition distribution, both strongly influenced by the in-
duction process [2, 3]. In engine development the ste-
ady flow test method has been used to investigate the
geometric aspects of the gas exchange characteristics
and to optimise the intake system for best filling effi-
ciency. This practice, however, provides scant or even
no information about the details of the charge compo-
sition distribution evolution, the characteristic features

~of tumbling motion generating mechanisms [4] and

both their impact on combustion performance under
realistic engine operating conditions.

Owing to the realisation of insufficient knowledge of
the important features of the in-cylinder flow structure,
mixture composition evolution and turbulent flame pro-
pagation, and their dependence on port design, injec-
tion timing and the gas dynamic behaviour of the inta-
ke system, theoretical investigations of these proces-
ses have become the subject of increasing interest
and attention [5]. The last decade has seen a number
of applications of multidimensional CFD codes to the
simulation of in-cylinder flow, charge mixing and pre-
mixed engine combustion in two stroke as well as in
four stroke cycle engines [6 - 10]. Although useful for
gaining more fundamental knowledge of the important
features and major underlying interactions of the go-
verning processes, the computational methods adop-
ted so far suffered from the limited geometric flexibility
in modelling complex engine geometries with moving
parts and from the lack of real predictive capability of
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the applied combustion models. The latter can mainly
be attributed to more or less crude assumptions regar-
ding the impact of turbulence on the mean reaction ra-
te, thus requiring adjustment of empirical constants
according to experimental combustion data for the ca-
se under investigation. In the recent past a lot of effort
has been spent on the development of more funda-
mentally based and thus more predictive models [11 -
16]. Currently the most promising approach for practi-
cal application is that solving a transport equation for
the single-point probability density function distribution
of scalar species concentrations [16]. PDF methods,
as they are usually referred to, offer the great advan-
tage of providing a complete statistical description of
the quantities under consideration, fully accounting for
turbulence / chemistry interactions and thus obviating
the need for any prior assumptions as to whether one
or the other process is controlling the mean rate of re-
action.

The present paper describes the extension of a
computational fluid dynamics method, the FIRE code
system, to modelling of turbulent inhomogeneous
charge combustion, adopting a Monte Carlo PDF ap-
proach, and its application to the study of flow evolu-
tion, mixture preparation and flame propagation in a 4-
valve spark ignition engine. The engine has a com-
pression ratio of 10.3 : 1, and the calculation pertains
to the operating conditions of part load and an engine
speed of 1000 rpm. The in-cylinder flow and charge
distribution prior to combustion were obtained through
multidimensional simulation of the complete gas ex-
change and subsequent compression processes in
which resort was made to an unsteady gas dynamic
and cycle calculation method to provide the initial and
boundary conditions for the multidimensional calcula-
tion under the operating condition of interest. This pro-
cedure enables incorporation of all data pertinent to
the operating engine into the multidimensional calcula-
tion, including the important pressure wave oscilla-
tions in the intake system.

THE CALCULATION METHOD

The Mathematical Framework

The method solves the density-weighted ensemble
averaged differential conservation equations of mass,
momentum and stagnation enthalpy, in addition to the

transport equations of the k-e turbulence model in
three space dimensions and time. In the case of inho-
mogeneous, parially-mixed reactive flows, additional
conservation equations are solved, in order to
determine the charge composition, thermodynamic
state and heat release rate.

Th m ion M |

The complex hydrocarbon oxidation process is ex-
pressed, in accordance with the current practice [6, 7],
by a single-step irreversible combustion reaction in
which fuel and oxidizer are completely converted into
combustion products.

In order to represent the reactive system the pre-
sent mathematical method solves partial differential
equations for the mixture fraction f and the probability
density function of a reaction progress variable c,
whose solution, with the aid of auxiliary relations, ena-
bles determination of the composition and thermody-
namic state of the charge. The conservative scalar va-
riable f is equivalent to the total (burnt + unburnt) fuel
mass-fraction and thus a measure of the mixing bet-
ween the air and the fuel (0 < f < 1), irrespective of
their taking part in the combustion process. Therefore,
in the case of homogeneous premixed-charge com-
bustion f is a constant value, independent of space
and time. The reaction progress variable ¢ is equiva-
lent to the reaction product mass-fraction normalised
by the maximum product mass-fraction that can occur
such that either all the fuel or all the oxidant is deple-
ted (or both for stcichiometric mixtures). It can be
seen that ¢ is bounded by the values of zero and unity
corresponding to the unburnt and burnt states, respec-
tively - regardless of the equivalence ratio.

Adopting the standard gradient diffusion approxi-
mation and a stochastic mixing model [17] for model-
ling turbulent convection in physical and molecular mi-
xing in composition space, respectively, the modelled
transport equations for the mixture fraction f and the
reaction progress variable probability density function
P(c) can be written in the form
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with p(c) being the probability that at location x and ti-
me t the quantity ¢ is within the range ¢ < ¢ < ¢ + dc.
The mean density is then given by

N -1
p= {?f@ dc} 3)
0P(c)

In the above, p is the mixture density, U;j are compo-
nents of the velocity vector and Iy = I, (according to

the Simple Chemically Reacting System [18]) are
mass diffusion coefficients. In the present case of tur-
bulent flow, the mass diffusion coefficients are calcula-
ted based upon the solution of the k-¢ equations. In
equation (2), t = k/e is the turbulent mixing time and
Cm a model constant. The first term on the right hand

side of equation (2) represents the effect of chemical
reaction and is assumed here to be of the standard
Arrhenius type.

TIh lution M

The differential transport / conservation equations
are recast into the general curvilinear non-orthogonal
form and transformed to an Eulerian-Lagrangian coor-
dinate system, so to enable their solution on a body
fitted computational mesh with moving boundaries.

The single-point PDF transpornt equation for the re-
action progress variable ¢ is solved using a Monte
Carlo simulation approach in which the continuous
probability density function p(c) is represented by an

ensemble of notional particles located at the cell cen-
ters of the finite volume grid [19]. In order to advance
the PDF from time t to t + At, the notional particles are
moved across physical and composition space accor-
ding to the processes of convection, diffusion, reaction
and mixing. In the Monte Carlo method these proces-
ses are simulated sequentially based on an explicit
operator splitting method.
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The partial differential equations governing mean
fluid motion are discretized adopting the finite volume
method. The temporal integration of the governing
equations is Euler implicit, in order to ensure uncondi-
tional numerical stability, and for approximation of the
spatial derivatives a hybrid central/upwind differencing
scheme is employed. These discretisation practices
lead to coupled algebraic equation systems solved ite-
ratively adopting an optimised version of the SIMPLE
algorithm. The solution of each algebraic equation sy-
stem is effected using the ILU preconditioned conjuga-
te gradient method for unsymmetric problems, OR-
THOMIN [20].

The solution of the coupled equation systems is
advanced from the initial conditions in a time marching
method, updating velocity, pressure and mean scalar
fields according to the solution of the Monte Carlo si-
mulation that determines the thermochemical state of
the fluid.

THE APPLICATION DETAILS
Engine Simulation D
The engine under consideration is the BMW M50

6-cylinder production engine. The engine geometric
and operation data are given in Table 1.

GEOMETRIC DATA

Bore 85 mm
Stroke 75 mm

OPERATION DATA

Engine speed 1000 rpm
Compression Ratio 10.3:1

Load 40 %
Ignition time 26 °BTDC

Table 1 Engine geometric and operation data

The computational mesh of the cylinder / port as-
sembly is illustrated in figure 1. The arrangement of
the intake and exhaust ports is symmetrical; thus, the
calculation domain is confined to halif of the cylinder
volume.
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Figure 1 Computational Mesh

Initial and Boun ndition

The thermodynamic initial conditions and the boun-
dary conditions at the cylinder head entrance and in
the exhaust valve gap, in addition to the instantaneous
mass flow rate during the induction stroke, were obtai-
ned from a prior unsteady gas dynamic calculation.
The variation of the intake mass flow rate, pertaining
to an engine speed of 1000 rpm is depicted in figure 2.
The in-cylinder temperature and pressure at the be-
ginning of the calculation were obtained to T = 823 K
and p = 0.98 bar, respectively, temperature and pres-
sure at the intake port were initialised with T = 393 K
and p = 0.5 bar; the pressure at the exhaust valve gap
was set to 0.85 bar. The boundary conditions at solid
walls were the no-slip velocity and constant tempera-
ture conditions. The cylinder head and liner were gi-
ven a temperature of T = 393 K, the piston was as-
signed a value of T = 473 K. The 'law-of-the-wall' ex-
pressions for velocity, temperature and turbulence pa-
rameters were employed to bridge the low Reynolds
number region near the wall. Fuel deposition was si-
mulated through initialisation of a volume of approxi-
mately 40 mm height in the intake port immediately
upstream of the intake valve with a rich fuel/ air mixtu-
re (approximate equivalence ratio of 25), according to
the total injected fuel quantity.

Mass Flow [g/s]

-50 0 50 100 150 200 250
Crank-Angle [Deg]

Figure 2 Intake Mass Flow

lgnition Procedure

The ignition is simulated through prescription of the
temporal variation of the reaction progress variable ¢
in a block of computational cells at the spark location,
containing approximately 0,25 % of the cylinder total
fuel mass. An 's'-shaped variation over a 4 degree
crank-angle period has been used in the present cal-
culation. Although the mean value of the progress va-
riable is thus fixed, there exists an infinite number of
possible PDF shapes that satisfy this. "Maximum" va-
riance ignition has been used in the present calcula-
tion.

lculation Pr r

The calculation commenced at inlet valve opening
and was continued until the complete combustion of
the cylinder charge. A computational time-step equiva-
lent to A® = 1/10 degree crank-angle was used
throughout the calculations.

RESULTS AND DISCUSSION

Flow, Charge Mixing an m ion Analysi

At intake valve opening, the pressure difference
between combustion chamber and intake system in-
duces a strong back flow of cylinder charge into the in-
take port. This leads to the establishment of recircula-
tion zones in the port area near the valve and in the vi-
cinity of the valve stem that significantly contribute to
the pre-homogenisation of the charge. At CA = 18
deg. after TDC nearly the whole intake port area is oc-
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cupied by the fuel; simultaneously the maximum fuel /
air equivalence ratio in the intake port has decreased
by a factor of three compared to its initial value, as
shown in figure 3(a). By that time - approximately 40
degrees crank-angle after inlet valve opening - the
main flow direction changes and starts to actually con-
tribute to cylinder filling, as depicted in figure 3(b).

Figures 4 and 5 show the charge mixture distribu-
tion and the velocity fields at 98 and 138 deg. crank-
angle after TDC. The results at CA = 98 deg. corre-
spond to the time at which all the fuel has entered the
cylinder. The velocity field at CA = 98 deg. in figure
4(b) shows a complex flow structure with two counter-
rotating vortices situated below the intake valve, deter-
mining the charge mixture distribution at that time - fi-
gure 4(a). Figure 5(b) shows the noticeable alternation
of the velocity field at CA = 138 deg. due to the negati-
ve mass flow at the cylinder head entrance at that ti-
me (see figure 2) caused by pressure the wave oscil-
lations in the intake system. The vortices are convec-
ted upward towards the valve disc and are partly
sucked back into the valve gap, simultaneously losing
angular momentum. Figure 5(a) shows the impact of
this back flow onto the in-cylinder charge mixture di-
stribution. It can be seen that the mass flow oscilla-
tions during the induction period additionally contribute
to the fuel / air homogenisation process; at CA = 138
deg. the maximum fuel / air equivalence ratio has
been decreased by a factor of 10 compared to its initi-
al value.

The plots of the fuel / air equivalence ratio in figu-
res 6 and 7 depict the evolution of the spatial distribu-
tion of the mixture composition during the compres-
sion stroke, from just before inlet valve closure to the
time of spark ignition. The charge homogeneity at
spark timing (CA = 334 deg.) is evidenced in figure 7
by the variation of the fuel / air equivalence ratio corre-
sponding to an air fuel ratio A/F = 13 - 19, with a near
stoichiometric mixture composition in large regions of
the combustion chamber.

The fields of mean and turbulent velocity at spark
timing (CA = 334 deg.) are presented in figures 8(a)
and 8(b). The velocity field in figure 8(a) depicts a flow
pattern that does not exhibit a significant tumbling mo-
tion as it has been observed in similar 4-valve configu-
rations, but shows a large vortex motion with its rota-
tional axis perpendicular to the cylinder axis and paral-

lel to the symmetry plane of the engine. The results in-
dicate that this characteristic flow structure can mainly
be attributed to the geometric details of this specific
combustion chamber / port configuration. The turbu-
lence intensity distribution in figure 8(b) shows peak
levels in the bulk of the flow that correspond to the re-
gions of large strain rates within the induction remnant
flow structure.

The evolution in the combustion process is depic-
ted in figure 9, presenting the plots of the reaction pro-
gress variable iso-surface ¢ = 0.5 at the selected
crank-angles CA = 342, 350, 360 and 368 deg., re-
spectively, representing the shape and location of the
turbulent reaction zone. The result at CA = 342 deg.,
shown in figure 9(a), corresponds to the time of transi-
tion from combustion delay phase to the main com-
bustion period, with the combustion delay defined as
the duration between ignition and time of rapid heat
release. At this early stage of combustion the spark in-
duced flame kernel exhibits a regular, nearly spherical
shape, mainly unaffected by the mean flow. In the la-
ter stages starting at at CA = 350 deg., a fully develo-
ped turbulent flame has already been established, the
characteristic mean flow field starts to exert a strong
influence on the turbulent reaction zone, as depicted
in figure 9(b). Due to the fact that perpendicular to the
symmetry plane the flame propagation is directed
against the mean fluid flow, the resulting flame front
propagation velocity is remarkably decreased, leading
to a delayed combustion in the region in between the
valves - figure 9(c). In axial direction, however, flame
speed and mean flow velocity add together and lead
to a preferential flame propagation towards the piston;
in the symmetry plane, where there exists only a weak
fluid motion, the flame growths mainly uneffected by
the mean flow. Due to this enduring and significant
combustion / flow interaction; the flame front exhibits a
characteristic evolution in shape that is nearly conser-
ved throughout the whole combustion phase - figure
9(d).

| | Parameter

The data (measurement and results from the gas
dynamic and cycle program) and the predicted varia-
tions of the volume-averaged mean progress variable
(i.e. the fuel mass-fraction burned normalised by the
total fuel mass-fraction) and the normalised instantan-
eous heat release rate are presented in figures 10 and



11, respectively. Figure 10 provides an indication of
the overall agreement between the calculations and
the data. The discrepancy in agreement in figure 10
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Figure 10 Cylinder Volume-Averaged Mean
Progress Variable

could have been improved by further adjustment of
the model parameters. The overail extent of agree-
ment, however, is considered to be adequate for the
purpose of the present study. The normalised instant-
aneous heat release rate in figure 11 indicates a short

0,8 \
0,6 !
. yAR
0,2

ot \
330 340 350 360 370 380 390
Crank-Angle [Deg]

Heat Release Rate [-]

0

Figure 11 Normalised Heat Release Rate

ignition delay of approximately 10 deg. crank-angles
(i.e. CA =336 - 345 deg.) and a main combustion peri-
od of 30 deg. The rapid increase in heat release starts
at CA = 345 deg. and attains the peak value at CA =
365; it thereafter rapidly diminishes till completion of
combustion at CA = 375 deg. The multidimensional re-
sults presented earlier reveal that the concurrent inte-
raction of the flame with the flow is responsible for this

rapid combustion development.

The sensitivity of the combustion model adopted in
the present study to a variation in the engine operation
parameters is presented in figures 12 and 13. Figure
12 shows the dependence of the evolution of the me-
an progress variable on different fuel/air equivalence
ratios. The results provide evidence of the capability of
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Figure 13 Variation of Cylinder Volume-Averaged
Mean Progress Variable with Engine
Speed

the model to reflect the impact of lean mixture onto the
burning velocity during the initial phase of flame kernel
growth - leading to a markedly increased duration of
the ignition delay phase - as well as its influence onto
the main combustion process that seems to be no lon-
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ger purely turbulence controlled in the case of lean
mixture, as indicated by the different slopes of the me-
an progress variable curves in figure 12. The influence
of an increase in engine speed on the evolution of the
mean progress variable is shown in figure 13. Due to
the kinetics controlled nature of the flame formation
and initial propagation process the ignition delay ex-
pressed in terms of degrees crank-angle increases
with an increase in engine speed, while leaving the
main combustion phase nearly unaffected; a trend
well predicted by the PDF method adopted in the pre-
sent study.

SUMMARY AND CONCLUSIONS

A multidimensional mathematical method is applied
to the investigation of the instationary flow evolution,
air / fuel mixing and flame propagation process in a 4-
valve spark-ignition engine. The study reveals several
notable aspects of the mixture preparation process
and the interaction of the intake generated flow with
the flame front, some of which appear to be specific to
this engine. These can be summarised as follows:

i) The flow and charge mixture distribution at the ti-
me of ignition are predominantly characterised by
the evolution of the induction flow.

i) The fuel deposition before intake valve opening
produces a regularly-mixed charge distribution in
large areas of the combustion chamber at spark-ti-
ming.

iii) During the intake process, large vortex structures
with their rotational axis parallel to the symmetry
plane of the combustion chamber are formed.

iv) The vortices produced in the course of the intake
process generate areas of high turbulence intensi-
ty during compression.

v) The flow structure at spark-timing persists throug-
hout a significant portion of the combustion pro-
cess, strongly interacting with the turbulent flame
front and exerting enduring influence on its propa-
gation characteristics.

The above results show the induction process to
be an important and integral part of the numerical si-

mulation of flow and combustion processes in recipro-
cating engines. The present study further indicates
that the Monte Carlo PDF model for turbulent combus-
tion in spark ignition engines overcomes the limita-
tions of models adopted so far and shows the FIRE-
code to offer a unique means for investigation of the
characteristic features of flow, mixture preparation and
flame propagation in 4-valve spark ignition engines.
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