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ABSTRACT

A multidimensional computational method is
employed to investigate the combustion process and
its dependence on the ignition location in a loop-
scavenged, two-stroke cycle spark-ignition engine.
The engine geometric compression ratio is 15:1 and
the study pertains to the operating condition of
5000 rpm.

The pre-combustion flow and charge composi-
tion distributions were obtained through complete
simulation of the gas-exchange and compression
processes, taking into account the effect of ’back
flow’, due to pressure-wave oscillations in the
scavenge system, on the in-cylinder £flow and
charge mixing.

The results show a strong remnant of the
induction flow, with turbulence levels markedly
higher than in four-stroke cycle engines, pre-
vailing at the time of ignition. The flow persists
throughout the combustion but the turbulence
decays rapidly. There is strong interaction of the
flow with the flame, during early combustion
stages, causing its displacement and affecting the
subsequent combustion development. It is found
that the pre-combustion flow structure and the
spark location are of major significance with
regard to combustion characteristics.

INTRODUCTION

The characteristics of the flow and combus-
tion processes in the loop-scavenged = two-stroke
cycle engines have become the subject of increa-
sing interest and attention [1] owing to the re-
cent revival of interest in this engine category
for automotive application, and the realization of
inadequate understanding of the important features
of the in-cylinder flow and combustion processes
and their inter-dependence on the dynamic charac-
teristics of the scavenge system.

Traditionally, the steady flow test method
‘has been utilized to probe geometrical aspects of
the gas-exchange process and optimize the scavenge
system design and layout for best scavenging
efficiency. This practice, however, provides scant
practical information about the flow and gas
exchange characteristics under engine operating
conditions. The reasons are the influence of large

temperature and pressure differences between the
scavenge and the cylinder charges and, in particu-
lar, the over-riding effect of pressure-wave
oscillations in the scavenge-exhaust system on the
in-cylinder flow and gas exchange characteristics
[2]. Furthermore, the increasing evidence indi-
cates that the combustion characteristics are
likely more dependent on the in-cylinder flow
structure, turbulence and mixing process, than on
the scavenging efficiency [3,4].

Computational fluid dynamics offers an expe-
dient means for investigation of the flow, gas
exchange and combustion processes under realistic
engine operating conditions, and identification of
the important features and major underlying inter-
actions. The recent efforts towards calculation of
the flow processes in two-stroke cycle engines and
assessment of the predictive accuracy of the
method are evidence of the growing awareness of
its potential in assisting engine research and

development [2-6]. The experience - mostly drawn
from the application of the method to four-stroke
cycle engines - indicates that although the

quantitative accuracy of calculations suffers from
uncertainties in the flow boundary conditions and
their intricate dependence on the engine geometric
details and operating condition, nevertheless, the
qualitative features, underlying processes and
trends are well predicted [7-9].

The present paper describes application of a
computational fluid dynamics method, the FMCS-code
system [10,11], to the study of flow and combus-
tion in a loop-scavenged two-stroke cycle spark-
ignition engine. This work draws upon and comple-
ments a previous calculation of the flow, gas
exchange and mixing processes, under realistic
operating conditions, in this engine [2].

The aim of this work is to investigate the
features of flame development and interaction with
the pre-combustion flow field and to examine the
influence of spark-plug location on combustion
characteristics. The engine has a geometric
compression ratio of 15:1 and the calculations
pertain to the operating condition of 5000 rpm.
The in-cylinder flow and charge distribution prior
to combustion were obtained through multidimen-
sional simulation of the complete gas-exchange and
subsequent compression processes, in vhich resort
vas made to an unsteady gas dynamic and cycle
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calculation method [12] to provide the initial and
boundary conditions for the multidimensional
calculations, under the operating condition of
interest. This procedure enabled incorporation,
into the multidimensional calculations, of all
data pertinent to the operating engine, including
the important pressure-wave oscillations in the
scavenge system [2].

The paper first provides a brief description
of the mathematical framework for modelling of
inhomogeneous-charge combustion and the calcula-
tion method. Then the engine configuration and
computational mesh, the boundary and initial
conditions, and the ignition procedure are discus-
sed. The predictions of the flow and flame propa-
gation for two spark-plug locations - a central
and an off-centre plug - are presented and the
important features are wunderlined. Finally, the
main findings of the study are summarized.

THE CALCULATION METHOD

A number of publications have described, in
some detail, the FMCS-code system and its imple-
mentation practices [10,11]. Hence, only a brief
description of the mathematical framework and the
numerical solution method is provided.

The Mathematical Framework

The method solves the density-weighted en-
semble-averaged (i.e. Favre-averaged) differential
conservation equations of mass, momentum and stag-
nation enthalpy, in addition to the transport
equations of the k-g& turbulence model, in three
space dimensions and time. In the general case of
inhomogeneous, partially-mixed combusting flows,
additional differential transport/conservation
equations for mixture fraction ’'f’, fuel mass-
fraction 'Y, ', and an optional exhaust gas re-
cycle mass-fraction 'Y,..’ are solved, within the
frame-work of simple chemically reacting system
(SCRS) model [13], in order to determine the
charge composition, thermodynamic state and the
heat release rate. The conservative scalar varia-
ble ’f’ is equivalent to the total (burned + un-
burned) fuel mass-fraction and thus a measure of
the mixing between the air and the fuel (0 <fX
1) irrespective of the combustion process.

The combustion reaction is expressed, in
accordance with the current practice, by the
single~step irreversible global form

S
1 kg Fuel + 0237 kg (0.232 0, + 0.768 N,) -

(1+S) kg Products + (3.31 8) kg N, (1)

vhere S is the stoichiometric oxygen requirement
per unit mass of fuel (= 3.535 for the present
case).

The Combustion Model

The determination of the mean rate of reac-
tion Ry, is a primary objective of combustion
models for turbulent reacting flows [14]. In this
study, a combustion model of the turbulence-mix-
ing-controlled type, originally proposed by
Magnussen & Hjertager [15], is adopted. Accor-
dingly, the expression for the reaction rate is

c Y. c Y
Fu . 0x Pr - "P
RFu = T p * Min (YFU’ S ! 1+S r) (2)

in which C,, and C,, are empirical coefficients;
is the turbulence dissipation time-scale (t=k/¢g);
p is the mean mixture density; Min (...) is a
'minimum value of’ operator, and Y. , Y,, and Y, _
denote mean ' concentrations of fuel, oxygen and

.products, respectively. The value of the empirical

coefficient C,, is shown to depend on the turbu-
lence and fuel parameters [14,16]. Hence C., needs
adjustment to reproduce the experimental data
(normally the global fuel mass-fraction burned)
for a given engine and fuel.

In the present calculations, the values of
parameters C,, and C,, were optimized for the
central spark-plug engine geometry. Subsequently,
these were used for calculation of combustion in
the eccentric spark-plug case. The values of the
empirical coefficients C;, and C,,  are given in
Table 1.

The Solution Method

The differential equations are recast into
the general curvilinear-orthogonal form and
transformed to an Eulerian-Lagrangian coordinate
system. This enables their solution on a body-fit-
ted curvilinear orthogonal computational mesh with
moving boundaries.

The differential equations are discretized,
adopting the finite-volume method. The Euler-im-
plicit temporal and hybrid central/upwind spatial
differencing schemes are employed in order to
ensure unconditional numerical stability. The
solution of the implicit equations is advanced,
from the initial conditions, 1in a time-marching
method; at every time (or crank-angle) step, the
algebraic system of equations is solved until
convergence (residual error of 10-%) is achieved.

THE APPLICATION DETAILS

Engine Geometry and Computational Mesh

The engine is a 250 cc single-cylinder, crank
case-scavenged high speed production unit. It has
been used for research and development of alterna-
tive charge preparation and combustion concepts at
AVL-List GmbH and is comprehensively reported in
[12]. The engine geometric data and operating
conditions are given in Table 1.

The computational mesh of the cylinder is
illustrated in figure 1(a). The arrangement of the
intake ports around the cylinder liner is symme-
tric with respect to the diametrical plane through
the exhaust port; thus, the calculation domain is
confined to half the cylinder volume. The details
of the intake and exhaust port geometry and
arrangment, pertinent to the simulation of the
gas-exchange process, can be found elsewhere [2].

The computational mesh in figure 1(b) is used
for the present combustion calculations and con-
tains 7x20x34 (axial, radial, circumferential)
cells in the cylinder and 8x14x34 cells in the cy-
linder head cavity. The locations of spark plugs
(for the two study cases) and the planes selected
for presentation of the results are indicated in
figure 1(b). These are K-planes: K = 5 and 33, and
I-planes: I = 2,4,7,11 and 13.



GEOMETRIC AND OPERATING DATA

Bore 67.5 mm
Stroke 69.0 mm
Exhaust port opening 85  °ATDC
Scavenge port opening 121 °ATDC
Compression ratio 15:1

Speed 5000 rpm
Mean piston speed V, 11.5 m/s

COMBUSTION DATA

Ignition time 20 °BTDC
Ignition delay (1 % mfb) 11 °cA
Model coefficient C,,
Combustion delay (0- 5 %) Cp, = 12
Main combustion (3-99 %) Cp, = 20
Model coefficient Cp, = 0.5

Table 1: The engine and combustion data

The I-planes are presented in perspective
view, but the velocity vectors are the normal
projections of the three-dimensional velocity
field onto these planes; thus the vector lengths
are independent of the perspective representation
of the geometry.

Initial and Boundary Conditions
The initial conditions, i.e. the velocity
field and distributions of the thermodynamic,

composition and turbulence quantities at the time.

of ignition CA = 340 deg., were obtained through
complete simulation of the gas-exchange and com-
pression processes, in which a prior unsteady gas
dynamic calculation [12] provided the initial and
boundary conditions for the multidimensional cal-
culations, under the operating condition of inter-
est [2]. The most noteworthy feature of the pre-
combustion flow simulation, with respect to the
present study, was the evidence of the over-riding
effect of the ‘’back flow’, caused by pressure
oscillations 1in the scavenge system, on break-up
of the in-cylinder scavenge-loop flow structure
and consequent enhanced charge mixing [2].

The boundary conditions are the no-slip
velocity and constant temperature condition at the
valls. The cylinder head, liner and piston tempe-
ratures are assigned values of 570 K, 470 K and
500 K, respectively. The standard law-of-the-wall
is adopted in the turbulence equations to bridge
the low-Reynolds number near-wall region.

Ignition Procedure

The ignition is simulated through burning of
the fuel in a small volume around the spark loca-
tion, at a prescribed rate proportional to the
ignition delay period (i.e. duration of 1 % mfb).

The ignition locations, for the two study
cases, are marked 1in figure 1(b). The ignition
volume for both cases is 33 + 0.2 mm3®, containing
0.25 % of the total fuel in the charge. The fuel
content of the ignition volume is depleted in a
progressive manner over an ignition duration of
2.7° crank angles, equivalent to the experimental
ignition delay (1 % mfb) of 11° crank angles.

‘equivalent
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Fig. 1(a) Engine configuration and computational
mesh
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Fig. 1(b) The computational mesh, ignition volumes
and planes of illustration of the
results

Calculation Procedure

The calculations commenced at CA = 340 deg.,
the time of ignition, and were continued till
complete combustion of the in-cylinder charge
(i.e. 99 % mfb). A computational time-step,
to 46 = 1/32 degree crank angle was
used throughout the calculations.

RESULTS AND DISCUSSION

This section is seperated into three parts.
First, the wvariations of some important global
(volume-mean) thermodynamic, combustion and flow
parameters for the two study cases are discussed.
Then, the multidimensional predictions of the
flow and flame development for the cases of
central and off-centre ignition location are
presented and the important features are analysed.
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Fig. 2 The cylinder volume-averaged mean progress

variable C

Global Parameters

The data (measurement and results from an
unsteady gas dynamic and cycle program [12]) and
the predicted variations of some important global
combustion parameters, namely the volume-averaged
mean progress variable C (i.e. the fuel mass-frac-
tion burned normalized by the total fuel mass-
fraction), instantaneous heat release rate Q, cy-
linder pressure and normalized turbulence intensi-
ty, for the two study cases, are presented in
figures 2 to 5, respectively.

The variations of C and (O show distinct
differences between the global combustion charac-
teristics of the central and off-centre ignition
location. These indicate a markedly slower reac-
tion, especially before CA = 370 deg., for the
case of off-centre ignition; but the analysis of
the multidimensional flame propagation reveals
that the difference between the two cases is un-
related to the flame geometrical parameters and is
caused by distinct flow-flame interactions. The
predicted variation and time of peak cylinder
pressure in figure 4 shows the extent of agreement
with the data; the notable difference in the mag-
nitudes may be attributed to differences in the
thermodynamic properties and heat transfer rates
between the cycle program [12] and the present
method.

The most noteworthy results are the varia-
tions of the volume-averaged normalised turbulence
intensity u’/Vp (wvhere V_, 1is the mean piston
speed) in figure 5. These sﬁow a notably high mean
turbulence level of u’ =V, at the time of igni-
tion, that rapidly decays throughout the com-
bustion period. There is indication of influence
of combustion on the turbulence level (through
affecting the flow and turbulence generation rate)
but no evidence of marked turbulence augmentation.

Case I: Central Ignition Location
The velocity, turbulence intensity and

mixture fraction distributions at the time of

ignition, CA = 340 deg., are presented in figures
6(a) to_6(c), respectively. These show a strong
(U « 3. V ) complex vortical flow structure, which
is the remnant of the scavenge loop-flow, its
transformation into a tumbling motion through
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Fig. 6 The initial conditions at CA = 340
(a) velocity field _ .
(b) turbulence intensity u’ /v,
(c) mixture fraction f

interaction with the pressure-wave induced ’back-

Hovever, the distribution of "2 in figure 7(b),
flov’ from the exhaust port, and further break-up

reveals major influence of the flow on the flame
through compression and effect of the squish-flow development: the flame has been convected from its
[2]. The turbulence intensity distribution, in initial cylinder-centre location by the strong
figure 6(b), shows peak levels of u’/V,6 = 1.5 - flow remnants of the scavenge loop-flow and re-
1.7 within the cylinder-head cavity, marﬁedly lar- sides near the periphery of the cylinder-head
ger than turbulence 1levels, around the time of cavity, on the side of the exhaust port. It is

ignition, in four-stroke cycle engines [17]. This notevorthy that, as evidenced by figures 7(a) and
appears to be in part a consequence of the short 7(b), the squish flow ’'C’ plays an important role
time for the decay of intake turbulence in the in stabilizing the flame, through inhibiting its

two-stroke cycle engines, and additionally the
significant turbulence generation due to spin-up
of the tumbling flow structure. The in-cylinder
charge 1is uniform, as evidenced in figure 6(c),
owing to the break up of the scavenge loop-flow
and high level of turbulent mixing.

propagation, counteracting its further displace-
ment by the loop-flow remnant, and thus containing
the flame in the cylinder-head cavity.

. The results at CA = 365 deg., in figures 8(a)
and 8(b), reveal the paramount effect of the
initial flame displacement on its subsequent
development. The velocity field in figure 8(a)
shows that although the loop-flow structure is
disintegrated, still components of its vortical
motion in the radial-circumferential plane per-
The nature and extent of interaction of the

The development of the flow and combustion is
depicted in figures 7 to 9, presenting the plots
of the velocity field and the reaction fluctuation
intensity C"? distribution at crank angles CA =
355, 365 and 380 degrees, respectively. It is sist.

worth pointing out that "2 = € (1-C) (in premixed
combustion with fast chemistry [18]), where € is
the reaction progress variable, is a normalized
reaction rate in the range 0 ¢ C"2 < 0.25, and
hence is representative of the flame location.

The velocity field at CA = 355 deg. in figure
7(a) shows the influence of the non-uniform squish
flow caused by the remnant of the loop-flow struc-
ture and formation of vortices 'A’ and ’B’. There
is notable influence of combustion on the detailed

flow structure, but the heat release is insuffi-.

cient to break up the strong vortex motion ’D’.

vortical motion ’D’ with the flame development are
illustrated in figure 8(b), that shows the flame
propagation into the clearance gap, at the loca-
tion of initial flame displacement, and rapid
circumferential development with the aid of flow
‘D', The rapid flame propagation, evidenced also
by the large rate of increase of the global
combustion parameters in figures 2 to 4, causes
the break-up of the flow structure. However, the
adverse effect of the persistance of the diametri-
cal flow 'E’ 1is evidenced by hindrance of the
flame development near the centre of the cylinder.
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Fig. 7 The results for Case I at CA = 355° Fig. 8 The results for Case I at CA = 365°
(a) velocity field (a) velocity field
(b) reaction fluctuation intensity C"2 (b) reaction fluctuation intensity C"2



The results at CA = 380 deg. pertain to the
late combustion stage (mfb « 92 X). The velocity
field in figure 9(a) shows re-formation of a
noticeably strong vortical motion (U = 3.Vp),
through expansion of the non-uniform flame-induced
flow. The distribution of the reaction intensity
C"? shows the completion of flame development in
the cylinder and the on-going combustion at the
surface of a pocket of unburned charge trapped in
the cylinder-head cavity, above the location of
the scavenge ports. This complex flame development
is a consequence of multiple flame interactions
with the flow, especially its rapid peripheral
propagation through assistance of the vortex
motion ‘D’ and reverse-squish, and retardation
near the cylinder-centre by flow ‘E’.

The initial flame displacement by remnants of
the scavenge loop-flow and the subsequent flow in-
teractions with the flame are of particular impor-
tance for the two-stroke cycle engines, because:
(i) the time for the decay of intake flow is

short and hence the flow around the time of

ignition is notably strong, and
(ii) the dependence of the in-cylinder f£flow
structure on the strength and timing of the

'back flow’, caused by pressure oscillations

in the scavenge system [2], renders the com-

bustion characteristics influenced by the
engine operating condition.

It is significant that squish flow assists
combustion stabilization, through opposing extreme
flame displacement and containing it in the cy-
linder-head cavity. It is also noteworthy that a
strong vortical flow structure is present at the
end of combustion that will interact with the
ensuing gas exchange process.

Case II: Off-Centre Ignition Location

The particular pattern of flame development
in Case I lead to investigation of the off-centre
spark plug location, in order to offset the effect
of initial flame displacement by the flow.

The predictions of the flow and flame deve-
lopment are presented in figures 10 to 12, depic-
ting the velocity field and distributions of the
reaction intensity C"2, at the selected crank
angles CA = 355, 365 and 380 degrees, respec-
tively. The focus of the analysis of the results
is on underlining the important features of the
combustion and the differences with Case I.

The results at CA = 355 deg., in figures
10(a) and 10(b), show the displacement of the
flame, from the ignition location towards the
cylinder-centre, by the remnant of the loop-flow.
There is insignificant influence of the combustion
on the flow. The major features of the flame-de-
velopment, namely the marked flame displacement by
the flow and the weak effect of combustion on the
strong flow structure are similar to Case I;
although the details are different, owing to the
flame location.

The results at CA = 365 deg., in figures
11(a) and 11(b), show a markedly different flow
and flame development pattern from that of Case I.
A semi-spherical flame occupying a significant
portion of the cylinder-head cavity is established
near the cylinder centre and is interacting with
and majorly modifying the pre-ignition flow field.
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This indicates that beyond a certain flame size,
the heat release is sufficient to locally counter-
act the pre-combustion flow and render a stationa-
ry flame.

The results at CA = 380 deg., in figures
12(a) and 12(b), show the progress and completion
of the flame propagation in the cylinder-head
cavity, in advance of 1its development in the
cylinder and clearance gap region, in contrast to
Case I. However, similar to Case I, there is
evidence of reformation of the strong vortical
motion, due to the eccentric 1location of the
reaction region in the cylinder.

These results indicate complex dependence of
the flame development on the pre-ignition flow and
.spark-plug location. It is noteworthy that certain
features of the flame pattern and flow structure -
notably the strong flow and consequent flame re-
tardation near the cylinder centre - demonstrate
dependence on the imposed diametrical symmetry,
that may be expected to become invalid due to
flame asymmetries during combustion in practice.
Although it has not been possible to assess the
calculations through comparison with measurements,
their overall trends, especially with regard to
the influence of spark-plug 1location, is in
agreement with experimental findings [19].

SUMMARY AND CONCLUSIONS

The main findings of the present investiga-
-tion of the combustion in a loop-scavenged, two-
stroke cycle spark-ignition engine are:

(i) A strong remnant of the induction loop-flow,
with high turbulence level of order u’ =~ 1.5
V,, 1is present at the time of ignition. The
fiow may persist throughout the combustion,
but turbulence decays at rapid rates.

(ii) The strong interaction of the remnant of the
loop-flow with the flame, especially at
early combustion stages, markedly affect the
flame development pattern.

(iii) The 1location of the spark-plug is of major
importance with regard to flow-flame inter-
action and hence the combustion character-
istics.

(iv) Owing to the dependence of the in-cylinder
flow structure on the strength and timing of
the ’back-flow’, the variations of engine
operating condition may accompany notable
changes of combustion characteristics.

The present study indicates that despite the
limitations of the current model of turbulent
combustion for spark-ignition engines, computatio-
nal fluid dynamics offers a wunique means for
investigation of the characteristics of the flow
and combustion processes in the loop-scavenged
two-stroke cycle engines. Already, research
studies are underway to investigate the influence
of flow efflux-angle on the scavenging character-
istics and examine the semi-direct (port) and
direct (in-cylinder) fuel injection methods
[12,20] with regard to charge preparation, homoge-
neity at the time of ignition and combustion.

Fig. 12

REFERENCE VECTOR
> 3 38,3 /S

B
?1ir“ﬂu3§g
/ﬁ s b e %
. gl 4 aAe T

Fig. 12(a)

FLUCTUATION INTENSITY
KEY 10 CONTOUR VALUES
———————— 3.225E00
e 3, 175E0
----------- 8.125E88
————— 9.758E-81
— 2.250E-31

Fig. 12(b)

The results for Case II at CA = 380°
(a) velocity field -
(b) reaction fluctuation intensity C"?2
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