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Abstract

Multiple direct injection (MDI) is a promising strategy to enable fast re-
sponse ignition control as well as expansion of the homogeneous charge com-
pression ignition (HCCI) engine operating window, thus realizing substantial
reductions of soot and NOx emissions. In this work, we extend a probability
density function based stochastic reactor model (SRM) for HCCI engines in
order to incorporate MDI and an improved turbulent mixing model. For this,
a simplistic spray model featuring injection, penetration, and evaporation
sub-models is formulated, and mixing is described by the Euclidean mini-
mal spanning tree (EMST) sub-model accounting for localness in composition
space. The model is applied to simulate a gasoline HCCI engine, and the
in-cylinder pressure predictions for single and dual injection cases show a sat-
isfactory agreement with measurements. From the parametric studies carried
out it is demonstrated that, as compared to single injection, the additional
second injection contributes to prolonged heat release and consequently helps
to prevent knock, thereby extending the operating range on the high load side.
Tracking the trajectories of individual stochastic particles provides significant
insight into the influence of local charge stratification due to direct injection
on HCCI combustion.
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1 Introduction

Homogeneous charge compression ignition (HCCI) combustion, an advanced engine
operation mode, is attracting significant attention from the combustion research
community on account of its intrinsic benefits in terms of high efficiency and ultra-
low emissions for NOx and soot, and due to the need to overcome technical obsta-
cles such as difficulty in controlling ignition timing and a narrow operation range.
Mixture formation in the combustion chamber using a fuel directly injected into
compressed air (or air mixed with exhaust gas recirculation (EGR)) dictates the in-
cylinder pressure, local temperatures, and local concentrations of the air-fuel-EGR
mixture. Thus, direct fuel injection (DI) can influence the stratification of composi-
tion and temperature, and thereby control the auto-ignition timing and combustion
duration. Individual single DI strategies such as early and late DI have been success-
fully used to demonstrate HCCI or HCCI-like combustion modes. However, single
DI faces certain limitations, for instance, the problem with the soot-NOx trade-off
persists with single late DI or high injection pressures for Diesel fuel, whereas late
direct injection with gasoline can result in knock [1, 2]. Multiple direct injection
(MDI) strategy has the potential for a robust, fast response in ignition timing control
and also for expanding the HCCI operating window over the load-speed sweep [1].

Experimental research involving MDI schemes for a range of conventional as well
as alternative fuels has been widely reported. In recent years, optical experimental
studies of MDI strategies of Diesel and other synthetic fuels have been carried out,
with the number of injection pulses as high as 5 or 9 within an engine cycle. Merits
of MDI in terms of improving the homogeneity of the in-cylinder mixture, increasing
the combustion efficiency, and lowering soot concentrations have been observed [3,
4, 5]. Another study involving two-stage injection in a partially premixed charge
compression ignition (PCCI) engine demonstrated the role of reduced wall-wetting,
higher peak heat release rate after first injection, and better evaporation even early
in the compression stroke on improvements in thermal efficiency and lowering of NOx

and soot emissions [6]. A second injection has been used as an ignition-trigger and
control mechanism in a diesel fuelled DI HCCI engine. For optimized conditions,
sufficient torque was generated under low NOx and soot emissions [7].

In case of gasoline fuelled engines, a dual-injection strategy has been proposed,
in which a homogeneous lean air-fuel mixture (from first early DI during intake
stroke) compressed close to conditions favourable for HCCI combustion, was ignited
using the second stage injection (stratified charge) [2]. This strategy is further
assisted with spark discharge by reducing the cyclic fluctuations in combustion [8, 9].
Utilizing the thermal energy of the hot trapped EGR combined with dual injection
in a 6-S gasoline direct injection (GDI) engine has been introduced [10]. Another
MDI strategy comprising of injecting a portion of fuel into the trapped internal
EGR during negative valve overlap and injecting the remaining fuel in the intake
stroke has also been proposed. The first stage injection enabled fuel reforming and
improving the ignitability of the fuel, and this dual injection scheme expanded the
lean limit of HCCI combustion without increase in NOx emissions [11]. Optimizing
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a set of injection parameters and intake temperature to obtain significant reduction
in fuel consumption and emissions for a dual injection HCCI engine has also been
reported [12].

Compared to experimental MDI HCCI studies, computational modelling investiga-
tions have been limited. In general, for simulating single early DI HCCI combustion,
a range of tools such as single-zone, multi-zone and probability density function
(PDF) based engine cycle simulators as well as 3D CFD models have been imple-
mented [13, 14, 15, 16, 17]. However, for MDI operation, only studies involving CFD
models have been reported. A dual-stage DI HCCI operation has been simulated
using a 3D CFD code containing a hollow cone spray sub-model and a combustion
model based on the Shell auto-ignition reaction and eddy dissipation concept (mean
reaction rate), resulting in computational time of the order of 7 days on an SGI
machine (400 MHz) [18]. In a brief study elsewhere, the influence of dual injection
on in-cylinder pressure in a Diesel fuelled PCCI engine has been validated against
experiments [19]. Recently, the role of multi-pulse injections in controlling premixed
mixture preparation was modelled during the closed volume part of the cycle in a
dodecane fuelled engine, using a commercial 3D CFD code [20]. For an earlier DI
timing, the pulse width showed a strong impact on evaporation and mixing, whereas
for late DI, a short dwell time was influential in uniform fuel stratification. However,
the influence of combustion in evaluating the mixing process was not accounted for.
Inclusion of a detailed description of chemical kinetics – vital for HCCI combus-
tion – within the CFD model framework would put an additional demand on the
computational power. This expense can be significantly reduced using integrated
engine cycle models while maintaining the reduced predictive power within an ac-
ceptable range. The single- and multi-zone based full cycle simulators have only
been implemented for early DI HCCI simulations.

In this paper, we present a PDF based stochastic reactor modelling (SRM) approach
to account for MDI which can be easily incorporated in an engine cycle code with-
out major modifications. The SRM approach with its inherent benefits in terms of
detailed kinetics description and ability to account for inhomogeneities as demon-
strated in our previous work for single early DI [14] and port fuel injected HCCI
combustion [21] is extended by formulating and incorporating a simplistic spray
model and an improved turbulent mixing model.

This paper is structured as follows. In the next section, the numerical model is
presented and the spray sub-model and its implementation in the SRM framework
is explained. In the following section, we present results of numerical simulations
in which the model is applied to simulate a dual injection HCCI engine and is
validated against measurements. A discussion on stratification in composition space,
and parametric investigations related to DI are included. Finally, we draw some
conclusions and identify open questions for future work and development.
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2 Extension of the SRM to direct injection in-

cluding spray

2.1 Summary of the stochastic reactor model

We briefly recall some fundamentals of the SRM successfully employed earlier [21]
in order to describe in the next subsection the inclusion of the direct injection
and spray model. Due to space limitations, we do not repeat here the main model
equation, namely the PDF transport equation [22]. The output of the model consists
of (distributions of) the species mass fractions Yj and temperature T , combined
into a vector ψ = (Y1, . . . , YS, T ) for notational convenience, where S denotes the
number of chemical species. The source terms generating the time evolution of the
PDF represent the various physical processes taken into account by the model, i.e.
chemical kinetics, turbulent mixing, piston movement, and convective heat transfer.
The chemical reactions and their heat release including temperature change due to
compression and expansion are summarized in the function G defined by

Gj(ψ) =
Mjω̇j

%
, j = 1, . . . , S

GS+1(ψ) = − 1

cV %

S+1∑
i=1

eiMiω̇i − p

cV m

dV

dt
,

(2.1)

which generates the time evolution of the mass fractions and the temperature. Here,
Mj denotes the molar mass, ω̇j the molar production rate, and ei the specific internal
energy of the jth species. % denotes the mass density, cV the specific heat capacity at
constant volume, m the total mass, and V the instantaneous cylinder volume. This
function G will be modified in the following subsection to incorporate a simplistic
spray model.

For the description of turbulent mixing we use the Euclidian Minimal Spanning Tree
(EMST) model [23]. We elaborate in detail on the role of mixing below.

2.2 Spray model

The spray model we employ consists of three parts, namely an injection, a pene-
tration, and an evaporation sub-model. The shape of the spray (the droplet cloud)
remains unspecified, i.e. we do not take into account geometrical information such
as the spray tip penetration or the cone angle. However, under certain assumptions
these quantities could be related to one of the parameters used in our model.

Concerning injection we assume that the population of droplets entering the cylin-
der possesses a user-specified Sauter mean diameter (SMD). Recall that the SMD
is defined such that a fictitious population of identical droplets each with a diam-
eter equal to SMD possesses the same total volume and surface area as the actual
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population considered. Since the surface area of the droplets is the relevant quan-
tity as far as evaporation is concerned, one can safely assume for this purpose that
the droplet diameter of every droplet equals SMD. For Diesel fuels, an empirical
expression has been proposed [24, 25] and used to develop a zero dimensional spray
model [26]. Similar work for gasoline has not yet been carried out to the knowledge
of the authors.

In the penetration sub-model we assume that the inflowing fuel is distributed at
a constant rate such that no fluid parcel receives fuel at more than one instant in
time. More quantitatively, in a time step ∆t, the mass of cylinder charge that is
to be endowed with fuel droplets is given by α∆t, where α is a model parameter.
Physically, larger α corresponds to more evenly spread fuel, i.e. greater cone angle
or tip penetration. Contrariwise, smaller α implies stronger charge stratification.

The mass flow rate for the evaporation of a single droplet can be calculated from
elementary considerations [27] (mass conservation). In our case this leads to an
equation describing the time evolution of the liquid fuel mass of the entire population

ṁliq = −3

2
λevap

(π

6
%liqNd

)2/3

m
1/3
liq ,

where λevap is an evaporation constant, %liq is the mass density of the liquid fuel,
and Nd is the number of droplets in the population. The solution of this equation
is given by

mliq(t) =
[
mliq(t0)

2/3 −
(π

6
%liqNd

)2/3

λevap(t− t0)
]3/2

. (2.2)

Note that this implies that the evaporation time (the time it takes for a droplet to
evaporate) is given by τevap = SMD2/λevap. A physical interpretation of λevap is the
change of surface area of a single droplet per unit time.

The PDF transport equation is extended to include this model simply by appending
the scalar mliq to ψ, i.e. ψ = (Y1, . . . , YS, T,mliq). The time evolution of mliq is then
described by

GS+2(ψ) = −3

2
λevap

(π

6
%liqNd

)2/3

ψ
1/3
S+2. (2.3)

Apart from that, the equation for the SRM remains unaltered.

3 Extension of the algorithm

The extended SRM (the PDF transport equation together with (2.3)) is solved as
previously [21] by an operator splitting technique combined with a Monte Carlo
method, in which the PDF is approximated by a notional ensemble of Npar sto-
chastic particles. Now, however, each particle carries S + 2 scalars, namely not
only the mass fractions and temperature, but also the liquid fuel mass, i.e. ψ(i) =
(Y

(i)
1 , . . . , Y

(i)
S , T (i),m

(i)
liq). All m

(i)
liq are initialized with zero, and the mass fractions are
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normalized as usual, i.e.
∑

j Y
(i)
j = 1. For convenience, the number of droplets N

(i)
d

is also associated to each particle for the purpose of implementation, but this is
not an additional scalar and hence neither appears explicitly in ψ nor in the PDF
transport equation.

Since in the present work there is no in-/outflow of stochastic particles, and the
injection by construction does not affect the particle number at all, there is no need
for down-sampling (reduction of the number of particles whilst conserving the PDF
as well as possible), in contrast to [14]. However, this becomes necessary again
as soon as the method considered here is incorporated into a full cycle simulation,
which is easily achieved.

The following model parameters are required as input: the mass density %liq of the
liquid fuel, the mass flow rate ṁfuel of the injected fuel, the SMD, the evaporation
constant λevap, and the constant α measuring the spray penetration. The mass
flow rate ṁfuel is also assumed constant during the injection process. Note that the
constant parameters SMD, λevap, and α can be replaced by sub-models calculating
them based on physical properties of the fuel and geometrical information of the
injector, thereby leaving room for future developments and improvements.

The only modification made to the SRM source code is one additional splitting step
which accounts for combined injection and penetration and one for evaporation. If
the current crank angle lies between SOI2 and EOI2 then the following splitting
step for injection and penetration is performed.

1. Pick particles randomly according to statistical weight such that the sum of
the masses of the particles does not exceed α∆t and that no particle which has
been chosen previously is picked again. Assign to each of the chosen particles a
value of m

(i)
liq proportional to the statistical weight such that the total injected

mass
∑

m
(i)
liq per time step ∆t equals ṁfuel∆t, i.e.

m
(i)
liq =

W (i)

∑
W (j)

ṁfuel∆t,

where the sum ranges over the indices of the chosen particles.

2. Calculate the droplet numbers according to

N
(i)
d =

6m
(i)
liq

π%liqSMD3 ∀i ∈ {1, . . . , Npar}.

After the second injection has started, if there is still liquid fuel left, then the
following splitting step for evaporation is performed.

1. Update the liquid fuel mass of all particles, i.e. for each i ∈ {1, . . . , Npar} set

m
(i)
liq 7→ m̃

(i)
liq, where

m̃
(i)
liq =

[
(m

(i)
liq)

2/3 −
(π

6
%liqN

(i)
d

)2/3

λ∆t
]3/2
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or set m
(i)
liq (and N

(i)
d ) to zero if the expression in square brackets is non-positive.

2. Update the statistical weights according to

W (i) 7→ W (i) + m
(i)
liq − m̃

(i)
liq =: W̃ (i)

for all i ∈ {1, . . . , Npar}.
3. Update the (gaseous) species mass fractions according to

Y
(i)
j 7→ Y

(i)
j

W (i)

W̃ (i)
=: Ỹ

(i)
j ∀j 6= fuel

Y
(i)
fuel 7→ 1−

S∑

j=1,j 6=fuel

Ỹ
(i)
j

for all i ∈ {1, . . . , Npar}, where ‘fuel’ denotes the indices of all fuel species.

4 Numerical study

4.1 Model calibration

Table 1: Engine specification and operating condition.

Bore×Stroke 95× 115 mm2

Displaced volume 815 cm3

Connecting rod length 210 mm
Compression ratio (CR) 11
Speed 1400 RPM
Air/fuel equiv. ratio 1.6
EGR (internal+external) 20%
Inlet valve opening (IVO) 350 CAD ATDC
Inlet valve closing (IVC) 150 CAD BTDC
Exh. valve opening (EVO) 120 CAD ATDC
Exh. valve closing (EVC) 370 CAD ATDC
Start of 1st inj. (SOI1) 340 CAD BTDC
Start of 2nd inj. (SOI2) 40 CAD BTDC

The implementation of the model was built upon a version used in previous work [21].
The new sub-models discussed in the previous section were integrated into this
existing code. All simulations were carried out on AMD Athlon 3000+ Linux PCs
running at 2.16 GHz.
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For the calibration and validation of our model we use experimental data obtained
previously [9]. The experiments were carried out on a 2 cylinder in-line 4 stroke
direct injection gasoline engine which was naturally aspirated. Main engine and
operating parameters are listed in Table 1. We model the fuel as being composed
of iso-octane (mass fraction 0.859) and n-heptane (mass fraction 0.141), which cor-
responds to an octane number of 88 (experiment: RON= 90.6, MON= 81). The
chemical mechanism describing the kinetics contains 157 species and 1552 reversible
reactions.

Since in this study we focus mainly on the second (i.e. late) injection, we restrict
our simulations to the closed-volume part of cycle (i.e. from IVC to EVO), so for
the time being we neglect the gas exchange during the engine breathing process.
The start of the first injection SOI1 is timed shortly after IVO close to top dead
center (see Table 1). As a consequence of the rapid turbulent mixing during the
intake process, we assume as initial condition at IVC that the cylinder charge is
homogeneous in temperature as well as in composition.

A central feature of direct injection is the charge stratification it gives rise to, which
underlines the importance of accurate modelling of the turbulent mixing process.
The simplest mixing model is the Interaction by Exchange with the Mean (IEM)
model, in which all scalars relax exponentially to their mean value. One (out of
several) unphysical aspects of this model is that every particle can mix with any
other particle in phase space. Using IEM in our simulations results in too rapid
dilution of the injected fuel, even for slow mixing (i.e. large turbulent mixing times
τ). Much more suitable for out purposes is the EMST model [23], in which particles
to be mixed are chosen based on proximity in phase space.

As for the choice of the turbulent mixing time τ , we find that in order to repro-
duce experimental measurements, intensified mixing (i.e. a shorter mixing time) is
necessary during the injection period. Reduced mixing times during injection have
been observed previously in CFD simulations (see for example Fig. 7 in [15]). In
all our simulations we used τ = 0.5 ms during injection and τ = 4 ms otherwise,
values which are very similar to those found in [15]. The mixing time parameter
determines how long any charge stratification is maintained, or in other words how
quickly locally rich conditions are diluted. Too rapid mixing would result in a rela-
tively homogeneous charge at the time of ignition, similar to a single early injection
or even port injection.

For all dual injection simulations we used as in the experiments a split ratio of 6 : 1
(ratio of fuel masses injected into the cylinder during the first and second injection).
With a total injected fuel mass of 21.6 mg, the fuel injected during second injection
constitutes of order 0.1% of the total mass inside the cylinder. Therefore, we made
the simplifying assumption that the temperature of the charge is not affected by the
second injection.

The SMD has been chosen as follows. The fuel injector used in the experiments was
designed to produce droplet distributions with SMD= 15 µm for injection into at-
mospheric ambient pressure. However, at the conditions of late injection (−40 CAD)
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the ambient in-cylinder pressure is much larger (about 7 bar), which tends to lead
to significantly bigger droplets [25]. Typical values for Diesel fuel lie roughly in the
range between 25 and 75 µm [25], but for gasoline smaller values are expected [28]
partly due to the lower viscosity, which is consistent with the design specification
of the employed injector. Based on these considerations, we somewhat arbitrarily
chose SMD= 27 µm throughout. Reasonable estimates for λevap yield values of or-
der 1 mm2/s which for an SMD of 27 µm corresponds to an evaporation time of
τevap ≈ 0.73 ms (or 6.1 CAD at 1400 RPM).

Before the model can be applied to investigative studies, several model parameters
need to be calibrated. Some results of this tuning process are shown in Fig. 1. For
the dual injection case we used an evaporation constant of λevap = 0.6 mm2/s and
α = 20. The number of stochastic particles was chosen Npar = 100 unless indicated
otherwise.

20

25

30

35

40

45

50

-15 -10 -5 0 5 10

Single inj. (sim.)
Single inj. (exp.)

Dual inj. (exp.)
Dual inj. (sim.)

P
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s
s
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 p

 [
b

a
r]

Crank angle [deg ATDC]

Figure 1: Experimental and simulated in-cylinder pressure profiles for single and
dual injection.

Under these particular conditions, the dual injection is seen to have very little effect
on the shape of the pressure profile, experimentally as well as numerically. The
difference in ignition timing is found to be due to different temperatures at IVC
(by about 4 K). The remainder of this paper focusses on exhibiting under which
circumstances the pressure profiles are affected by a second injection and how.

4.2 Results and discussion

Figure 2 depicts the time evolution of the total in-cylinder liquid fuel mass for various
values of the evaporation constant λevap. Recall that large values of λevap correspond
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to short evaporation times (via τevap = SMD2/λevap). The start (at −40 CAD) and
the end (at −37 CAD) of the second injection are readily discernible, as are the
different evaporation time scales.

Figure 3 displays the average mass fraction of gaseous iso-octane in the cylinder as
function of the crank angle for α = 20. Until SOI2 = −40 CAD the iso-octane mass
fraction stays constant because fuel consumption (pyrolysis, thermal decomposition,
OH radical attack) has not yet set in. After the second injection has begun, the mass
of iso-octane rises as expected. Again, one can clearly see the effect of different λevap.
Roughly at the same time the gaseous fuel starts to be consumed. We also looked
at the consumption of iso-octane for different levels of stratification, i.e. different
values of α. It was consumed more rapidly for stronger stratification (smaller α),
though this effect was small.

In Figs. 4, 5, and 6 we illustrate the effect of varying the spray model parameters α
and λevap on the pressure profile. Figure 4 demonstrates the influence of varying
the level of charge stratification, i.e. choosing different values of α. For all the
curves λevap = 1.2 mm2/s (short evaporation time). For the case of medium evapo-
ration time the curves turn out very similar to those shown, but for long evaporation
time all curves basically coincide with each other, which means that the effect of
charge stratification is no longer visible. A possible explanation for this is that in
the latter case too little fuel is released into the gas phase per unit time, so that
there is enough time to dilute it. In particular, the mixture might be overall too
dilute so that the stratification has virtually no influence. For α = 20, the case of
strongest stratification, the combustion duration is prolonged compared to the other
cases by more than 2 CAD, and the pressure profile agrees much better with the
experimental one.

Figure 5 shows again the influence of the stratification level for medium evaporation
constant λevap = 0.6 mm2/s and higher resolution, which corroborates the trend
exhibited in Fig. 4, namely the higher the level of stratification the longer the com-
bustion duration. The number of stochastic particles determines the resolution of
the model, i.e. the maximum attainable stratification: For a given particle num-
ber Npar, the maximal stratification which can be resolved by the model is reached
if precisely one particle receives liquid fuel per time step. For example, at Npar = 100
this limit of resolution is attained for α = 20 roughly. Higher levels of stratification,
i.e. smaller values of α, can be reached for larger Npar. In Fig. 5, for each Npar, α has
been chosen such that only one particle receives fuel per time step. Note that one
cannot pick a fixed number of particles to be endowed with liquid fuel, because then
predictions of the model would depend on the numerical parameter Npar. This is
a main reason for introducing α, a physical parameter, because the stratification is
then independent of Npar (at least asymptotically for large particle numbers). The
simulation for Npar = 100, α = 20 required a CPU-time of 50 minutes, which is also
the typical CPU-time for most of the other runs performed in this work. The run
for Npar = 200, α = 10 took 1h 50min, and the one for Npar = 500, α = 4 required
5h 30min of computation.
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Figure 2: Time evolution of the total in-cylinder liquid fuel mass for various val-
ues of the evaporation constant λevap (start of second injection SOI2 =
−40 CAD, end of second injection EOI2 = −37.4 CAD).

1.65

1.7

1.75

1.8

1.85

1.9

1.95

-40 -35 -30 -25 -20 -15

evap
=1.2 mm

2
/s

evap
=0.6 mm

2
/s

evap
=0.3 mm

2
/s

Is
o

-o
c
ta

n
e

 m
a

s
s
 f

ra
c
. 

[%
]

Crank angle [deg ATDC]

EOI
2
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various values of the evaporation constant λevap at α = 20 (start of
second injection SOI2 = −40 CAD, end of second injection EOI2 =
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Figure 4: Pressure profiles for various levels of charge stratification at λevap =
1.2 mm2/s (short evaporation time) compared to experiment.
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Figure 5: Pressure profiles for various levels of charge stratification at higher res-
olution and λevap = 0.6 mm2/s compared to experiment.
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Figure 6 illustrates the impact of varying λevap on the pressure profile for maximum
stratification (α = 20). We recognize that shorter evaporation times promote strat-
ification and therefore the spreading of heat release, consistently with the previous
two figures. For lower stratification levels (greater α), all considered pressure pro-
files exhibit large pressure rise rates at ignition (short combustion duration) with
virtually no dependence on the evaporation time.

Figure 7 gives some insight into the local evolution of temperature and gaseous iso-
octane mass fraction of fluid parcels inside the cylinder. The curves labelled ‘fuel’
belong to a single stochastic particle which receives liquid fuel during the second
injection, whereas the curves referred to as ‘lean’ belong to a particle which does
not. The cylinder average is labelled ‘mean’. The effects of evaporation (until about
-30 CAD ATDC) and the chemical kinetics of the gaseous iso-octane (until TDC)
of the fuel particle demonstrate a faster depletion of iso-octane compared to that
for the lean particle and the mean iso-octane level. The fuel particle ignites about
3 CAD earlier than the lean one and its local peak temperature exceeds the average
by almost 500 K.

Finally, we note that none of the observations made are sensitive towards the timing
of the second injection.

5 Conclusions

Dual injection in a gasoline HCCI engine is studied using a PDF based stochastic
reactor modelling approach. The model includes detailed kinetics and accounts for
inhomogeneities in composition and temperature on account of turbulent mixing,
convective heat transfer and direct injection. A simplistic spray model describing
injection, penetration, and evaporation sub-processes is developed. For mixing the
EMST model which accounts for localness in composition space is employed.

The predicted ignition timing and the peak pressure agreed satisfactorily with mea-
surements, for both single and dual-injection cases. Systematic parametric studies
related to spray penetration and characteristic evaporation lag demonstrate the role
of increased charge stratification induced by direct injection in prolonging the com-
bustion duration and increasing the rate of iso-octane consumption. Furthermore,
it was shown that raising the number of stochastic particles improved the maximum
attainable stratification in the model, but also increased the computational expense.

Tracing individual stochastic particles revealed that the particles receiving fresh fuel
from the second injection experienced advanced auto-ignition compared to the lean
particles not exposed to fresh fuel. This observation further substantiated the role of
dual injection in widening the heat release, thereby increasing the HCCI operating
limit to higher loads.

With the focus of the present work on gaining insight into the influence of dual
injection on combustion parameters on local and global levels; improving the spray
sub-model, full cycle simulations and a detailed study of the influence of multiple
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Figure 6: Pressure profiles for various evaporation constants at α = 20 compared
to experiment.
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Figure 7: Local history of temperature and iso-octane mass fraction, for single
particles (‘fuel’ and ‘lean’) and in-cylinder average (‘mean’).
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injections on emissions form the scope of future work.
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