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ABSTRACT

The aim of this study is to predict the combustion phase in
multi-valve engines. We compute, as a first application, the
intake, compression and combustion strokes for two different
intake configurations of a multi-valve engine at low fuel-air
equivalent ratio. One head has a single operating intake valve
while the other has two operating intake valves. We use a
modified version of the KIVA-II code. The major enhancements
are the implementation of a multi-block algorithm, an adaptive
grid method, a remapping solver and the LI-CFM combustion
model. We find some differences both on flow structure
(tumbling motions and turbulence levels) and on flame
propagation between the two configurations. As shown
experimentally, a faster combustion velocity in the case of a
single operating inlet valve is obtained.

INTRODUCTION

In the last few years, the amount of work on three
dimensional simulations of spark ignition engines has been
increasing. Many of these studies (1, 2) focused on the intake and
compression stroke of four-valve engines. Others were related
to the combustion phase, with different flamelet combustion
models in flat~head chambers (3, 4, 5) or in pent—roof chambers
with a EBU type model (6). But very few (7) have combined
computation of intake/compression and combustion strokes in
real-world geometries. The primary goal of this study is to
perform such a computation. The second one is to be able to
simulate the combustion in a lean-burn configuration. Several
studies (8, 9) show the advantage of operating engines with a
lean mixture, especially to reduce pollutant emissions (NOg

and CO) and specific fuel consumption. While the number of
experimental studies is still growing, no numerical studies have
yet been reported on this subject. Finally, the third goal is to
show that, with only a numerical tool, we are able to predict
well the differences in combustion propagation between two
engines geometries (single and dual operating intake valve).

CONFIGURATIONS

The engine specifications adopted for this study are
summarized in Table 1. Our two configurations differ only by
the number of ports and valves: one for the "case I" and two for
the "case II". For this purpose, two 3D meshes of a pent-roof
combustion chamber are generated. The finite volume grids have
88,000 vertices in the cylinder and 4,000 in each pipe.

Bore x Stroke 8.6x8.6cm
Compression ratio 10

RPM 2000

Fuel/air equivalence ratio 0.7, propane
BMEP 2 bar

Spark timing 40deg. BTDC
Inlet Valve Opening (IVO) 20deg. BIDC
Inlet Valve Closing (IVC) 50deg. ABDC
Maximum valve lift 92 mm

Table 1 Engine specifications

Although computational meshes follow closely the shape
of the engine configurations, minor simplifications have been
made in the geometries and engine parameters. These include:
only a part of valve stems are modeled; the spark plug hole is
neglected; the first and the last 0.5 mm of the valve lift are not
taken into account to avoid very thin cells or a single inflow
cell; and the exhaust valves are assumed to be closed at the
beginning of calculations.

At the same time, an experimental study was carried out.
Cylinder and inlet pipe pressures were measured and will be
used for comparisons.

COMPUTATIONAL APPROACH

The Original 3D Code

KIVA-II solves finite volume approximations of the
average Navier-Stokes equations, coupled to-a k—¢ turbulence
model. It can calculate transient, three dimensional,
compressible, chemically reactive turbulent flows with sprays
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and moving boundaries. The equations, the numerical scheme and
the computer program are described in detail in (10).

Numerical Enhancements

The Multi-block algorithm. A multi-block structured
code was developed on the KIVA-II code. By this technique,
calculations in complex geometries are possible with a
reasonable number of inactive cells, and hence reasonable
computational time and storage requirements. The manner in
which the different regions are linked by a fully conservative
procedure is presented in (11). Compared to the original
structured version of KIVA-II, and as in KIVA 3 (12), the
reduction of inactive cells allows us to take into account
manifolds for multi-valve engines or ports for two stroke
engines (13) with more refined meshes. In the present study, the
structured mesh would have had 135,000 vertices, instead of
92,000 for our multi-block configuration.

The auto-adaptive mesh method. An original
auto—adaptive mesh method (14), based on an analogy with
mechanical problems, is used. This iterative algorithm permits
the motion of cells involved by moving boundaries (i.e. valves
and piston displacement). It also ensures a uniform aspect ratio
in all directions for each cell and a small difference in cell size
tor neighbouring cells.

The Remapping Code

One major problem with engine computation is that
different phases of the calculations do not have the same mesh
requiremnents: the intake phase needs a refined mesh near valves
and pipes; the combustion stroke requires a uniform mesh and
more refined, single row, uniform cells near walls. To meet
these needs, we use an original remapping code which transfers
quantities from one mesh to an other. This code is not as general
as the code in (15), in the sense that the number of vertices in
each direction of the "old" and the "new" mesh remains constant.
This conservative code uses the Q.S.0.U. scheme, which
approaches second-order accuracy. As an exemple, Fig. 1
illustrates the remapping of a vortex flow with a strong
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gradient in species concentrations from a mesh A to a mesh B.
All validations show that with grid densities and gradients
typical of engine configurations, the discrepancy between the
original and remapped fields is lower than 5 %.

Initial and Boundary Conditions

Calculations begin at intake TDC. The pressure in the
inlet mainfolds and in the cylinder are set to experimental
values (they also might be set to 1D code values). Temperature
and residual gas mass fraction are estimated to be 800 K and
0.55. We assume that there is no unburnt fuel inside the
cylinder. Turbulent kinetic energy, k, is set equal to 10 % of the
kinetic energy based on mean piston speed. The dissipation rate ¢

is set equal to k3/2/h, where h is the half distance between the
top of the cylinder head and the piston at TDC.

The slip condition at the wall of KIVA-II is extended to
the complex shape of engines; and the turbulent law of the wall
is modified to take into account the slipping velocity at the
wall. We have also implemented the heat transfer law of
Diwakar. The wall temperature is uniform in space and time
during all the calculation, and is equal to 450 K. At inflow
boundaries, the velocity profile is assumed to be uniform
accross the inlet section of the pipe, and the mass flow rate is
calculated from the pressure difference between the port and the
upstream experimental values. We set the temperature to 300 K
and the species concentration according to the air/fuel ratio.
Turbulent variables are estimated from those of a steady state
flow in a duct of the same diameter.

The Combustion Model

The combustion stroke is modeled with the LI-CFM
model that was used in (4) and it is briefly described here. This
model splits the combustion phases into three coupled parts:

The laminar ignition phase. During this phase, which is
calculated outside KIVA by a 1D code (LI), ignition can be seen
as a pseudo-laminar process. The LI model solves the full
Navier-Stokes equations, at constant pressure, for a chemical
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Fig.1 Species iso—concentration of a vortex flow in a box before and after the remapping phase



reaction controlled by an Arrhenius law. It requires as input
pararneters the flame characteristics, the ignition device
characteristics and the thermodynamic conditions of the flow
(provided by KIVA). It outputs the radius ry reached by the

flame and the delay ty after which the laminar ignition ends.

This model does not take into account a flow velocity at
spark plug location. In the present study, the deformation of the
flame kernel is still neglected. We only correct the delay ty

using the direct numerical simulation results of (16). this
results give a spark duration time tg as a fonction of: the flow
velocity at spark location Vspark the laminar flame speed sj,
the heating power, the laminar flame power and the delay ty

with no flow speed.

The laminar-turbulent phase. In this second phase,
computed with the 3D code, the flame kernel grows because of
laminar effects but its surface is also stretched by turbulent
eddies. Transition from this phase to the fully turbulent one is
triggered at ty with a kernel radius rp, when the turbulent flame

stretch Ky is larger than the laminar flame stretch Kj. K is
given by the ITNFS model (17) and is equal to:

K¢ = (V/Z) dZ/dt = e/k f(u’/sy,L/lp)
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where X is the flame surtface density, u’ is the RMS turbulent
velocity, L the integral lenght scale and l¢ the flame thickness.
The fonction f is given in (17). For the laminar stretch, we have:

K] =2 TZ/TI S]/l‘

where Ty and Ty designate the temperature of the fresh and burnt

gases and r the flame kernel radius.

The fully turbulent phase. It is modeled using a version of
the Coherent Flame Model (CFM, 18). In this model, the mean
turbulent reaction rate for the reactants may be expressed as the
product of Z by the consurption rate of fuel per unit of flame
area. A balance equation is then written for Z:

8z ou;z ) vi 02 ) K3 - p
—_—t— T P + -
ot dx; 0x; o30x; pY

wy(1 + akl/27s)) o2

where Y is the local mean mass fraction of fuel, w] the
consumption rate of fuel per unit of flame area, v, the turbulent

diffusivity and p the density. Once again, the [TNFS model is
used to estimate the flame rate K;. The parameters of the model

are those of (4), except for a slight difference for a (2.3 instead
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Fig. 2 Velocity and fuel mass fraction at 270° BTDC



of 2.1 previously) and a (0.15 instead ot 0.1). This point will be
dicussed below. B and oy are unchanged: f = oy = 1.

2 is treated as a fictitious species in KIVA. Actually,
combustion models can’t describe accurately the combustion
near wall since the ratio e/k is not well predicted by the
turbulence model. For this reason, as a first approximation, the
production term aK¢Z is set equal to zero in the boundary layer

cell.
RESULTS AND DISCUSSION

The Intake Phase

Fig. 2 shows the fuel mass fraction tield in a plane across
the valve and the velocity field on the piston at mid intake. We
notice some ditferences on ftlow structure between the two
configurations : two counter-rotating small vortices begin to
grow in case I, at each side of the plane of symmetry. In case I,
the tlow field is, at this time, complex and one inclined
tumbling motion is generated, as previously observed in (1).
Velocity intensities are higher in case I (maximum of 114 m/s vs
72 my/s for case II), as intake valve air passage area in case [ is half
the one of case II. In the scalar field, in both cases, the entering
gases flow down along the cylinder head and walls, with two
vortices under the valves. In this figure, fuel concentration
seems to be more important in case I. This is due to the inflow
configuration with one valve. After the intake valve is closed,
the mixture in the both case has the same equivalence ratio and is
quasi—homogeneous.

The compression and Ignition Phases
At the closing of valves (140 deg. BTDC), the two
configurations are remapped to the same grid. We can see this
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grid in Fig. 3 later in the engine cycle. Note that pipes, valves
and their trace in the computational domain are removed.
For both cases, the LI code gives ty = 0.2 ms for the delay

and ry = 1 mm for the radius of the flame kernel at the end of the
laminar phase. The extra-delay due to non-zero velocity at the
spark plug location is zero for case II (i.e. tg = ty). This
extra—delay is equal to 2.65t; for case I (i.e. tg = 3.65ty). The

amount of energy released by the spark being large and the flow
velocity being small in case II (Fig.3, Vspark/SL =6vs 12in case

I), we find that the flow velocity is not sufficient in case II to
cause an extra—delay.
Time ty, where the turbulent stretch balances the laminar

one, is reached at 28.5 degrees BTDC for case II and 27.8 for case
[. At those crank angles, we plot in Fig. 3 the turbulent kinetic
energy in a plane located in the squish region. Two major
observations may be noted. The first is that the turbulence level
1s almost two times higher in case I than in case II. The second 1s
that the maximum of turbulent kinetic energy is not located in
the same region for the two configurations. In case I, it is
located in the center of the combustion chamber and for case II,
it is distributed symmetrically under each intake valve. The
maximum of turbulent energy always corresponds to the middle
of an inclined tumble of the flow field. We will see that the
way in which the turbulence intensity is distributed around the
ignition location has a great influence on combustion
propagation. At t5, the initial flame surface density is deposited

spherically (4) in the beginning of CFM’s calculations. Because
of a higher turbulent stretch in case I, the transition duration
between tg and tp is shorter. Consequently, the flame radius at

ty is smaller with ry = 2.4 mm compared to ry = 4.4 mm in case
I1.
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Fig. 3 Turbulent kinetic energy field before the fully turbulent combustion phase



The Combustion Phase

In Fig. 4, we show the flame surface density Z at the same
burnt mass fraction: 9%. Views A and C are planes which cross
the chamber by the edge of the roof. Views B and D are planes
perpendicular to A and C and which cross the middle of the
spark plug. The intake side is located on the front of A and C,
and in the right of B and D. The level of X is much higher in case
I: because of the stronger turbulent flow, the flame surface is
more stretched, which results in a higher combustion velocity.
More specifically we can notice in case [ that the flame seems to
be pushed to the no-intake valve region of the chamber (left side
on A view of Fig. 4): the flame tront follows the shape of the
flow field (i.e. one inclined tumble). It is the same for case II:
the combustion propagation is symmetrical in the direction
perpendicular to the edge of the cylinder head, but in the other
direction (right side on D view of Fig. 4), the flame is pushed to
the intake side of the chamber by the action of the two
counter—rotating  vortices.

The computed and measured pressure curves are showned in
Fig. 5. They agree well: a higher maximum pressure and a better
heat release rate are obtained in case I both for experiments and
calculations. As it was found experimentaly (8), the most
favorable configuration for lean burn operation is case 1. It
offers the advantages of inducing a more stable fluid motion and
an optimal turbulence level. This is caused by the intake process
with high velocities and by the breakdown of tumbling motion
before TDC. In case II, the unstable gas motion and the low
turbulence level result in a low burning rate and high cycle to
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CASE1:CA =5deg. BIDC

CASE II: CA = 0deg. BIDC

Fig. 4 Flame surface density fields at 9 % burnt mass fraction
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Fig. 5 Comparison of pressure laws

cycle variations under lean conditions.

While the agreement between model predictions and
measurements is good (i.e. nearly the same level and location for
the peak of pressure), some differences are noticed but may be
explained. First, the entire inlet strokes are calculated: velocity
and turbulence fields at ignition time are not fitted to
experimental values as usualy (3, 4, 5, 6). We have to deal here
with the resulting numerical and turbulence model
approximations. Moreover, as can be seen in Fig. 5, the
calculated pressure in the cylinder is under-estimated before
combustion (~40 deg. BTDC). This is due to a poor estimate of
the mass of residual burnt gases in the cylinder at the beginning
of the calculation. For all these reasons, the values of some
CFM’s parameters had to be slightly modified to get a
reasonable combustion level in case II.

Note that, in case II, the operating conditions (with an
fuel-air equivalence ratio of 0.7) are near the lean limit. The
experimental mean cylinder pressure does not reveal the very
high cycle to cycle instability, as can be seen in Fig. 6. The
combustion model can’t reproduce such unstabilities.

CPU TIME

Intake computations take 3.6 hours for case II and 4 hours
for case I on a Fujitsu VP 2400. The difference is caused by the
higher velocities and gradients met in case I (i.e. smaller time
step and higher number of sub-cycles in Eulerian phase). The
compression stroke requires 2 hours. The computation time from
the spark to the end of calculations (40 deg. ATDC) is 2.5
hours.

CONCLUSION

The calculation of intake, compression and combustion
phases has been performed for four-valve engine considering
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two intake configurations (one and two operating intake
valves). The fluid motion of the two-intake-valve
configuration is characterized by two counter-rotating vortices
with inclined axes, while the one~intake —valve configuration
is dominated by an inclined tumble and a high turbulence level.

During the combustion phase, calculation shows that the
one valve configuration is most favorable to lean~burn
operation, a trend confirmed by experiments. This is not due to
inhomogeneity of the fuel in the cylinder, but rather to the
flow configuration characterized by a higher turbulence level
and a more stable fluide motion.

The LI-CFM combustion model which has been found to
predict effects of spark timing, equivalence ratio and pressure is
shown here to deal correctly with complex actual engine flows.

Although our calculations have to be improved both on
fluid dynamics and combustion modeling (turbulence, ignition
and flame-wall interaction), CFD codes can be now used to
evaluate engine combustion performances.
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Fig. 6 Experimental pressure cyclic variations
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