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Abstract

Premixed Charge Compression Ignition (PCCI), a Low Temperature Combustion
(LTC) strategy for diesel engines is of increasing interest due to its potential to si-
multaneously reduce soot and NOx emissions. However, the influence of mixture
preparation on combustion phasing and heat release rate in LTC is not fully under-
stood. In the present study, the influence of injection timing on mixture preparation,
combustion and emissions in PCCI mode is investigated by experimental and com-
putational methods. A sequential coupling approach of 3D CFD with a Stochastic
Reactor Model (SRM) is used to simulate the PCCI engine. The SRM accounts
for detailed chemical kinetics, convective heat transfer and turbulent micro-mixing.
In this integrated approach, the temperature-equivalence ratio statistics obtained us-
ing KIVA 3V are mapped onto the stochastic particle ensemble used in the SRM.
The coupling method proved to be advantageous in terms of computational expense
and emission prediction capability, as compared with direct coupling of CFD and
chemical kinetics. The results show that the fuel rich pockets in the late injection
timing are desirable for triggering auto-ignition and advancing the combustion phas-
ing. Furthermore, the model is utilised to study the impact of combustion chamber
design (open bowl, vertical side wall bowl and re-entry bowl) on PCCI combustion
and emissions. The piston bowl geometry was observed to influence the in-cylinder
mixing and the pollutant formation for the conditions studied.
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1 Introduction

Low Temperature Combustion (LTC) modes such as Homogeneous or Premixed Charge
Compression Ignition (HCCI/PCCI) are receiving increased attention due to their poten-
tial for simultaneously reducing soot and NOx emissions from Direct Injection (DI) diesel
engines. PCCI mode involves premixed combustion of a highly diluted or lean mixture
and the combustion process is primarily controlled by the chemical kinetics. Thus, the
control of ignition timing and burning rate in PCCI combustion is fundamentally more
challenging than in a conventional compression ignition DI diesel engine governed mainly
by physical processes such as fuel-air mixing. Furthermore, for the cases where the air-
fuel charge is often not purely homogeneous, the influence of fuel-air mixing on com-
bustion also needs to be taken into account. In addition to experimental studies, a va-
riety of computational modelling approaches based on multi-dimensional computational
fluid dynamics (CFD) have also been applied to investigate early direct injection PCCI
combustion. The detailed chemical kinetics and the flow description in PCCI mode are
relatively decoupled, when compared to conventional diesel combustion. This fact has
been exploited by sequential solvers based on CFD and multi-zone combustion models
[1, 3, 11]. In a multi-zone approach, the computational cells having similar temperature
and composition histories are grouped into a relatively small number of zones (about 10).
The chemical kinetics solver is applied to each zone, assumed as a well stirred reactor.
Flowers et al. [11] modified the multi-zone model to include mixing effects, by map-
ping the temperature distributions from CFD to the individual zones throughout the cycle.
Babajimopoulos et al. [4] further improved the approach by with a two-way coupling be-
tween the CFD cells and the zones based on the thermodynamic and chemical properties
at each computational time step. Several assumptions were made in order to re-distribute
the species from the zones to the CFD cells while ensuring that the properties (compo-
sition of each species) are conserved. Firstly the mass of each cell and each individual
species in the zone must be conserved. Secondly, the number of C, H, O and N atoms in
each cell must be conserved. In the most extreme case, the direct integration of CFD with
detailed chemistry involves the use of detailed kinetics to solve the chemistry within each
computational cell in the CFD domain [15].

The aforementioned methods rely on the assumption that the variations in the scalar vari-
ables (temperature and equivalence ratio) are negligible within each zone or computa-
tional cell, when turbulence/chemistry interactions are weak. However, the presence of
significant stratification during late fuel injection and the need for accurate emission pre-
dictions require the explicit accounting for turbulence and chemistry interaction. A more
direct and detailed representation of the complex interactions occurring in small length
scales between turbulence and kinetics can be achieved by implementing a more advanced
turbulent combustion model. Zhang et al. [29] used a joint PDF containing 40 chemical
species and mixture enthalpy to model HCCI combustion. Their results demonstrate the
importance of accounting for turbulence-chemistry interactions with increasing stratifi-
cation. Alternative approaches, mostly variants comprising of the Shell ignition model
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and Characteristic Time Combustion (CTC) approach in KIVA 3V have also been ap-
plied to early DI diesel engine studies [16]. In particular, Jhavar et al. [14] highlighted
that the in-cylinder temperature distribution at the end of the fuel injection event was a
major contributor to the ignition dwell duration and that the air-fuel distribution affected
the ignition dwell to a smaller extent. Recently, the coefficient of turbulent time scale, f,
within the CTC model was correlated with non-uniformity (standard deviation of equiva-
lence ratio) to study the influence of multiple injections on in-cylinder pressure in PCCI
mode [17, 28]. Furthermore, Diesel fuelled PCCI combustion was also studied by Kong
et al. [18] comparing the KIVA /RIF (Representative Interactive Flamelet) approach with
a direct integration of kinetics and CFD. The RIF approach employed a single flamelet
and accounted for the effects of evaporation on turbulence-chemistry interaction. Else-
where, the evaporation source term in the mixture fraction variance equation has been
investigated by applying a transient interactive flamelet approach and a transient flamelet
library based approach to simulate PCCI combustion in a medium duty Diesel engine
[19]. Enthalpy-based flamelet model has also been developed to model auto-ignition with
thermal inhomogeneities for HCCI application [10].

The present study focuses on the development of an integrated computational model for
simulating direct injection diesel PCCI engine combustion and emissions at a reasonable
computational cost, while being capable of capturing geometry related effects. A direct
coupling of 3D CFD and detailed chemical kinetics is used from Intake Valve Closing
(IVC) to account for fuel spray and mixing followed by the low temperature combustion
process. Prior to the onset of high temperature combustion, the results are then used to
initialize the notional particles in the probability density function (PDF)-based Stochastic
Reactor Model (SRM) with detailed chemical kinetics. Consequently, the main combus-
tion and expansion processes until the Exhaust Valve Opening (EVO) are then simulated
using the SRM. The work presented here is the progression of the 2D CFD-SRM coupling
based study applied to an early injection diesel engine at idle condition [8]]. The SRM
approach has been previously applied as a stand-alone tool [20, 24] as well as coupled
with 1-D engine cycle simulators [5, 26].

This paper is structured as follows: First, the diesel engine set-up under consideration is
explained and the operating conditions are discussed. Then the methodology of sequen-
tial coupling of 3D CFD and SRM is described. This is followed by the description of
the model validation against the measurements for combustion and emissions. Next, a
parametric study of the influence of injection timing sweep on combustion characteristics
and emissions (CO, HC and NO) is included. Furthermore, the effect of engine bowl ge-
ometry on mixture formation, PCCI combustion and emissions is investigated using the
integrated simulation tool. Finally, the conclusions are drawn at the end.
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2 Engine Set-up

Experimental data for validation of the combustion models was collected from a Caterpil-
lar multi-cylinder test engine (MCTE). The base engine configuration is given in Table 1.
A typical injection rate shape is given in Figure 1. Engine-out emissions data was col-
lected from the engine during steady-state PCCI operation. Specifically, NO, unburned
hydrocarbons (uHC) and CO were recorded. Additionally, direct filter paper soot mea-
surements were made at selected points. High speed cylinder pressure data was also
collected at multiple steady state operating points, however in this paper, only the results
for one engine speed and load at different injection timings are presented. For combus-
tion phasing, both external exhaust gas recirculation and Intake Valve Actuation (IVA)
were used. Additionally, the IVA was employed to reduce cylinder-to-cylinder variation
in combustion behaviour as indicated by alignment of apparent heat release rate from all
six cylinders.

Table 1: Capterpillar MCTE specification.
Parameter Value

Bore 137.1 mm
Stroke 171.5 mm

Conrod length 270.0 mm
Displacement (6 cyls) 15.2 L

Compression ratio 10:1
Engine speed 1200 rpm
Engine load 1029 Nm

BMEP 850 kPa
Nozzle hole size 0.129 mm

Injection pressure 170-190 MPa
Nominal AVL swirl 0.3
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include mixing effects, by mapping the temperature 
distributions from CFD to the individual zones throughout 
the cycle. Babajimopoulos et al. [4] further improved the 
approach by with a two-way coupling between the CFD 
cells and the zones based on the thermodynamic and 
chemical properties at each computational time step. 
Several assumptions were made in order to re-distribute 
the species from the zones to the CFD cells while 
ensuring that the properties (composition of each 
species) are conserved. Firstly the mass of each cell and 
each individual species in the zone must be conserved. 
Secondly, the number of C, H, O and N atoms in each 
cell must be conserved. In the most extreme case, the 
direct integration of CFD with detailed chemistry involves 
the use of detailed kinetics to solve the chemistry within 
each computational cell in the CFD domain [5].  

The aforementioned methods rely on the assumption 
that the variations in the scalar variables (temperature 
and equivalence ratio) are negligible within each zone or 
computational cell, when turbulence/chemistry 
interactions are weak. However, the presence of 
significant stratification during late fuel injection and the 
need for accurate emission predictions require the 
explicit accounting for turbulence and chemistry 
interaction. A more direct and detailed representation of 
the complex interactions occurring in small length scales 
between turbulence and kinetics can be achieved by 
implementing a more advanced turbulent combustion 
model. Zhang et al. [6] used a joint PDF containing 40 
chemical species and mixture enthalpy to model HCCI 
combustion. Their results demonstrate the importance of 
accounting for turbulence-chemistry interactions with 
increasing stratification. Alternative approaches, mostly 
variants comprising of the Shell ignition model and 
Characteristic Time Combustion (CTC) approach in 
KIVA 3V have also been applied to early DI diesel 
engine studies [7]. In particular, Jhavar et al. [8] 
highlighted that the in-cylinder temperature distribution at 
the end of the fuel injection event was a major 
contributor to the ignition dwell duration and that the air-
fuel distribution affected the ignition dwell to a smaller 
extent. Recently, the coefficient of turbulent time scale, f, 
within the CTC model was correlated with non-uniformity 
(standard deviation of equivalence ratio) to study the 
influence of multiple injections on in-cylinder pressure in 
PCCI mode [9, 10]. Furthermore, Diesel fuelled PCCI 
combustion was also studied by Kong et al. [11] 
comparing the KIVA /RIF (Representative Interactive 
Flamelet) approach with a direct integration of kinetics 
and CFD. The RIF approach employed a single flamelet 
and accounted for the effects of evaporation on 
turbulence-chemistry interaction. Elsewhere, the 
evaporation source term in the mixture fraction variance 
equation has been investigated by applying a transient 
interactive flamelet approach and a transient flamelet 
library based approach to simulate PCCI combustion in 
a medium duty Diesel engine [12]. Enthalpy-based 
flamelet model has also been developed to model auto-
ignition with thermal inhomogeneities for HCCI 
application [13]. 

The present study focuses on the development of an 
integrated computational model for simulating direct 
injection diesel PCCI engine combustion and emissions 
at a reasonable computational cost, while being capable 
of capturing geometry related effects. A direct coupling 
of 3D CFD and detailed chemical kinetics is used from 
Intake Valve Closing (IVC) to account for fuel spray and 
mixing followed by the low temperature combustion 
process. Prior to the onset of high temperature 
combustion, the results are then used to initialize the 
notional particles in the probability density function 
(PDF)-based Stochastic Reactor Model (SRM) with 
detailed chemical kinetics. Consequently, the main 
combustion and expansion processes until the Exhaust 
Valve Opening (EVO) are then simulated using the 
SRM. The work presented here is the progression of the 
2D CFD-SRM coupling based study applied to an early 
injection diesel engine at idle condition [14]. The SRM 
approach has been previously applied as a stand-alone 
tool [15,16] as well as coupled with 1-D engine cycle 
simulators [17,18].  
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Fig. 1 Normalized Injection Rate Profile for 
Caterpillar MCTE 

This paper is structured as follows: First, the diesel 
engine set-up under consideration is explained and the 
operating conditions are discussed. Then the 
methodology of sequential coupling of 3D CFD and SRM 
is described. This is followed by the description of the 
model validation against the measurements for 
combustion and emissions. Next, a parametric study of 
the influence of injection timing sweep on combustion 
characteristics and emissions (CO, HC and NO) is 
included. Furthermore, the effect of engine bowl 
geometry on mixture formation, PCCI combustion and 
emissions is investigated using the integrated simulation 
tool. Finally, the conclusions are drawn at the end. 

ENGINE SET-UP 

Experimental data for validation of the combustion 
models was collected from a Caterpillar multi-cylinder 
test engine (MCTE). The base engine configuration is 
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Figure 1: Normalized injection rate profile for Caterpillar MCTE.

3 Model Description and Validation

In this section, the coupling strategy of 3D CFD with SRM approach is discussed and the
integrated model is validated against the measurements.

3.1 Direct coupling of CFD and detailed chemical kinetics

The CFD simulation was carried out using the KIVA3V code [2], with improvements in
turbulence, gas/wall heat transfer, spray breakup and combustion models [13]. The RNG
k− ε turbulence model [13] was used for the engine flow simulation; a hybrid wave aero-
dynamics breakup model, combining Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT)
[22] instability wave mechanisms, was applied to simulate high pressure spray atomiza-
tion. The effects associated with spray/wall interactions including droplet splash and film
spreading due to impingement forces were considered in a wall-film sub-model [21]. The
physical properties of tetradecane were used to simulate the physics of diesel fuel, while
a detailed n-heptane reaction mechanism, comprising of 157 chemical species and 1552
reactions [20] was used to simulate diesel fuel chemistry. An in-house chemistry interface
was used for interpreting the kinetics mechanism and the chemical kinetics Ordinary Dif-
ferential Equations (ODE) were integrated by the numerical solver (RADAU5) [12]. This
chemistry interface was incorporated directly into KIVA 3V to solve the n-heptane re-
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action mechanism during multidimensional engine simulations. Each computational cell
was considered as a well stirred reactor. The authors are aware of the lack of the sub-grid
turbulence-kinetics interaction and future work will focus on a new closure model. In this
study KIVA 3V was used to solve the low temperature chemistry only.

3.2 Stochastic reactor model (SRM)

The PDF–based Stochastic Reactor Model is derived from the joint composition PDF
transport equation for scalars assuming statistical homogeneity and has been applied pre-
viously to HCCI/PCCI engine simulation [6, 20, 24]. The main feature of the SRM ap-
proach is that it can account for scalar micro-mixing and fluctuations in quantities unlike
the multi-zone models. The same chemical mechanism as implemented in the CFD simu-
lation was used. A Monte Carlo method with a second-order operator splitting technique
was employed to solve the PDF transport equation. For the description of turbulent mix-
ing, the Euclidean Minimal Spanning Tree (EMST) model [25] was used, in which parti-
cles undergoing mixing are chosen based on proximity in composition space. For further
details, the authors recommend reference [20].

3.3 Sequential coupling of CFD and SRM

The direct integration of CFD and detailed chemical kinetics can take into account the
influence of engine geometry on fuel and temperature distributions, however the com-
putational cost is too high and uncertainties in the reaction rate closure influence model
predictions. The PDF-based SRM with its detailed kinetics description has been demon-
strated in our previous studies to successfully account for the inhomogeneities in temper-
ature and composition and fluctuations at a low computational expense. The motivation
of this work is to combine the intrinsic benefits of multi-dimensional CFD and the SRM
approaches and develop a combined methodology for the modelling of PCCI combustion.
The segregated sequential coupling methodology is essentially similar to the model pro-
posed earlier [1]. In that, the 3D CFD simulation (without detailed kinetics description)
was solved until a transition point, and then the results were mapped onto a combustion
model. In our studies we found that the temperature-equivalence ratio (T − Φ) map re-
sulting from the CFD calculation was sensitive to the inclusion of detailed kinetics within
CFD.
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given in Table 1. A typical injection rate shape is given in 
Fig. 1. Engine-out emissions data was collected from the 
engine during steady-state PCCI operation. Specifically, 
NO, unburned hydrocarbons (uHC) and CO were 
recorded. Additionally, direct filter paper soot 
measurements were made at selected points. High 
speed cylinder pressure data was also collected at 
multiple steady state operating points, however in this 
paper, only the results for one engine speed and load at 
different injection timings are presented. For combustion 
phasing, both external exhaust gas recirculation and 
Intake Valve Actuation (IVA) were used.  Additionally, 
the IVA was employed to reduce cylinder-to-cylinder 
variation in combustion behaviour as indicated by 
alignment of apparent heat release rate from all six 
cylinders. 

              Table 1 Caterpillar MCTE specification
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MODELING DESCRIPTION AND 
VALIDATION 

In this section, the coupling strategy of 3D CFD with 
SRM approach is discussed and the integrated model is 
validated against the measurements.  

DIRECT COUPLING OF CFD AND DETAILED 
CHEMICAL KINETICS  

The CFD simulation was carried out using the KIVA3V 
code [19], with improvements in turbulence, gas/wall 
heat transfer, spray breakup and combustion models 
[20]. The RNG κ−ε turbulence model [20] was used for 
the engine flow simulation; a hybrid wave aerodynamics 
breakup model, combining Kelvin-Helmholtz (KH) and 
Rayleigh-Taylor (RT) [21] instability wave mechanisms, 
was applied to simulate high pressure spray atomization. 
The effects associated with spray/wall interactions 
including droplet splash and film spreading due to 
impingement forces were considered in a wall-film sub-
model [22]. The physical properties of tetradecane were 
used to simulate the physics of diesel fuel, while a 
detailed n-heptane reaction mechanism, comprising of 
157 chemical species and 1552 reactions [15] was used 
to simulate diesel fuel chemistry. An in-house chemistry 
interface was used for interpreting the kinetics 
mechanism and the chemical kinetics Ordinary 
Differential Equations (ODE) were integrated by the 
numerical solver (RADAU5) [23]. This chemistry 
interface was incorporated directly into KIVA 3V to solve 
the n-heptane reaction mechanism during 
multidimensional engine simulations. Each 
computational cell was considered as a well stirred 
reactor. The authors are aware of the lack of the sub-
grid turbulence-kinetics interaction and future work will 
focus on a new closure model. In this study KIVA 3V 
was used to solve the low temperature chemistry only.  

Parameter Value 
Bore 137.1 mm 

Stroke 171.5 mm 
Connecting rod length 270.0 mm 

Displacement (6 cylinders) 15.2 L 
Compression Ratio 10:1 

Engine speed 1200 rpm 
Engine load 1029 Nm 

BMEP 850 kPa 
Nozzle hole size 0.129 mm 
Injection system MEUI 

Injection pressure 170 – 190MPa 
Nominal AVL swirl 0.3 
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                    Fig. 2   T-Φ mapping between 3D CFD and SRM 
Figure 2: T-Φ mapping between 3D CFD and SRM.

Additionally, to account for the low temperature chemistry, the 3D CFD directly coupled
with detailed chemical kinetics was solved from IVC until a transition point. The transi-
tion point was defined as the instant at which the maximum cell temperature just exceeds
960 K. At the transition point, the 3D information obtained from CFD was mapped into a
2D (T−Φ) space as shown in Figure 2(a). The T−Φ space was discretized into bins with
intervals of 10 K and 0.02, respectively. In each 2D bin, the species mass fractions and
temperature in the corresponding computational cells within the T- bands were averaged
and passed back to the corresponding particles used for SRM as shown in Figure 2(b). It
should be noted that all the liquid fuel left before the transition point was also mapped
to the corresponding particles, in which the evaporation process was accounted for in the
subsequent SRM simulation. Finally, the SRM simulation was started at the transition
point and completed at EVO. Thus the methodology focuses on utilizing the detailed flow
description capability of the KIVA code for taking into account the spray and combus-
tion chamber geometry and then utilizes the SRM approach with detailed kinetics while
approximating the flow description through the micro-mixing model parameter.

Table 2: Comparison of measured and calculated emissions.
NO (ppm) CO (ppm) uHC (ppm) CO/CO2

Experiment 54.9 2673.0 190.0 0.21
Sim. with CFD-SRM 65.5 2722.0 376.0 0.32

Sim. with CFD 0.7 5225.0 2772.0 0.26

The models described above were used to simulate the Caterpillar 3406 MCTE. The nu-
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STOCHASTIC REACTOR MODEL (SRM) 

The PDF-based Stochastic Reactor Model is derived 
from the joint composition PDF transport equation for 
scalars assuming statistical homogeneity and has been 
applied previously to HCCI/PCCI engine simulation [15-
17]. The main feature of the SRM approach is that it can 
account for scalar micro-mixing and fluctuations in 
quantities unlike the multi-zone models. The same 
chemical mechanism as implemented in the CFD 
simulation was used. A Monte Carlo method with a 
second-order operator splitting technique was employed 
to solve the PDF transport equation. For the description 
of turbulent mixing, the Euclidean Minimal Spanning 
Tree (EMST) model [24] was used, in which particles 
undergoing mixing are chosen based on proximity in 
composition space. For further details, the authors 
recommend reference [15]. 

SEQUENTIAL COUPLING OF CFD AND SRM  

The direct integration of CFD and detailed chemical 
kinetics can take into account the influence of engine 
geometry on fuel and temperature distributions, however 
the computational cost is too high and uncertainties in 
the reaction rate closure influence model predictions. 
The PDF-based SRM with its detailed kinetics 
description has been demonstrated in our previous 
studies to successfully account for the inhomogeneities 
in temperature and composition and fluctuations at a low 
computational expense. The motivation of this work is to 
combine the intrinsic benefits of multi-dimensional CFD 
and the SRM approaches and develop a combined 
methodology for the modelling of PCCI combustion.  

The segregated sequential coupling methodology is 
essentially similar to the model proposed by Aceves [1]. 
In that, the 3D CFD simulation (without detailed kinetics 
description) was solved until a transition point, and then 
the results were mapped onto a combustion model. In 
our studies we found that the temperature-equivalence 
ratio (T-Φ) map resulting from the CFD calculation was 
sensitive to the inclusion of detailed kinetics within CFD. 

Additionally, to account for the low temperature 
chemistry, the 3D CFD directly coupled with detailed 
chemical kinetics was solved from IVC until a transition 
point. The transition point was defined as the instant at 
which the maximum cell temperature just exceeds 960 
K. At the transition point, the 3D information obtained 
from CFD was mapped into a 2D (T-Φ) space as shown 
in Fig.2 (a). The T-Φ space was discretized into bins with 
intervals of 10 K and 0.02, respectively. In each 2D bin, 
the species mass fractions and temperature in the 
corresponding computational cells within the T-Φ bands 
were averaged and passed back to the corresponding 
particles used for SRM as shown in Fig.2 (b). It should 
be noted that all the liquid fuel left before the transition 
point was also mapped to the corresponding particles, in 
which the evaporation process was accounted for in the 
subsequent SRM simulation. Finally, the SRM simulation 
was started at the transition point and completed at 
EVO. Thus the methodology focuses on utilizing the 
detailed flow description capability of the KIVA code for 
taking into account the spray and combustion chamber 
geometry and then utilizes the SRM approach with 
detailed kinetics while approximating the flow description 
through the micro-mixing model parameter. 
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Fig. 4 Comparison of measured and calculated 
cylinder pressure 

The models described above were used to simulate the 
Caterpillar 3406 MCTE. The numerical grid used for the 
analysis was a 3D 45° sector hexahedral grid with 
30,000 cells at BDC as shown in Fig. 3. The engine 
operating conditions for this study are listed in Table 1.  
The engine was operated at 1200 rpm. The fuel quantity 
of 0.147g was fixed for each injection. The start of 
injection was -38° ATDC and the spray included angle 
was 90°. The direct coupling of CFD with full chemistry, 
together with the sequential coupling of CFD and SRM 
were chosen to simulate the selected validation case. In 
order to make a direct comparison between those two 
methods, the same n-heptane fuel chemistry 
mechanism, sub-models and model constants were 
used. The computational time for the sequential coupling 
of CFD and SRM is around 5 days (5 days for CFD with 

Fig. 3  Hexahedral mesh for the Caterpillar 3406 MCTE 
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Figure 3: Hexahedral mesh for the Caterpillar 3406 MCTE.
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merical grid used for the analysis was a 3D 45 ◦ sector hexahedral grid with 30,000 cells
at BDC as shown in Figure 3. The engine operating conditions for this study are listed
in Table 1. The engine was operated at 1200 rpm. The fuel quantity of 0.147g was fixed
for each injection. The start of injection was -38 ATDC and the spray included angle
was 90 ◦. The direct coupling of CFD with full chemistry, together with the sequential
coupling of CFD and SRM were chosen to simulate the selected validation case. In or-
der to make a direct comparison between those two methods, the same n-heptane fuel
chemistry mechanism, sub-models and model constants were used. The computational
time for the sequential coupling of CFD and SRM is around 5 days (5 days for CFD
with full chemistry running to the transition point 5 BTDC and 8 hours for using SRM
to calculate the main combustion) using a desktop PC with 3.0 GHz CPU, as compared
to 25 days CPU time using detailed solution with full chemistry in each cell. Note that
500 stochastic particles were used and the stochastic heat transfer parameter was set at
40 for the SRM approach, throughout the entire study. Figure 4 compares the measured
and simulated pressure profiles. As shown in Figure 4, the pressure profile predicted by
the sequential coupling of CFD and SRM matches with the experimental profile reason-
ably well. The predicted auto-ignition timing and pressure rise by using both methods
are almost the same, although the direct coupling of CFD and chemistry under-predicts
the peak and expansion pressure. This discrepancy will be explained later by referring to
the detailed statistical plot comparisons. The predicted and measured pollutant emissions
are compared in Table 2. The NO and CO emissions prediction correlates quite well with
the measured ones, whereas the uHC are over-predicted by 50% as compared to the ex-
periment. The over prediction in uHCs can be attributed to the uncertainties around the
model parameters in the KH-RT spray model for such an early direct injection with fuel
impinging on the cylinder wall.

Furthermore, the sequential CFD-SRM coupling was compared to the CFD coupled with
detailed chemical kinetics on the basis of the evolution of the temperature - equivalence
ratio (T − Φ) scatter. It should be noted that the notional particles governed by the PDF
evolution in the SRM always correspond to certain fluid parcels in physical space. The
T − Φ scatter plot of all notional particles (SRM) or computational cells (CFD) is shown
in Figure 5. The statistical plot shows the combined effect of relatively hot temperature
and near stoichiometric fuel-O2 equivalence ratio contribute to the earliest and fastest
burn, while either rich or lean mixture leads to incomplete combustion, as indicated by
the low combustion temperature as shown in Figure 5. There is a noticeable difference in
thermal stratification between the statistics plots at a crank angle of 50 ATDC. This can
be explained by the fact that the full chemistry based CFD approach does not consider the
interaction of turbulence/chemistry. The turbulence mixing term in the SRM approach
is closed using the EMST model, whereas the chemical source term appears in a closed
form. The effect of turbulence/chemistry interaction increases the sub-grid homogeneity
through micro-mixing, which was found to enhance the combustion and increase the peak
pressure as compared to the CFD based model without considering turbulence/chemistry
interactions [29]. This also explains higher uHC predicted by the full chemistry based
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CFD model without considering turbulence/chemistry interactions, as compared with the
measured quantities. However, the variance in composition predicted by both methods
correlates reasonably well.
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Figure 5: T-Φ scatter cloud evolution for CFD and SRM after the transition point.
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4 Results and Discussion

4.1 Effect of injection timing sweep

In order to ensure sufficient time for mixing, the fuel injection in PCCI combustion mode
is much more advanced as compared to that in conventional CIDI diesel engine. On ac-
count of the low volatility of diesel fuel, too early injection with the conventional wide
spray angle injector in low ambient gas density could result in very serious spray impinge-
ment, wall wetting and reduced combustion efficiency leading to a corresponding rise in
emissions [18]. Hence, to make a compromise between the residence time for mixing and
wall wetting, the investigated injection timing sweep range was limited from -53 CAD to
-38 CAD ATDC, and the injection duration was fixed as in Figure 1. The sequential 3D
CFD - SRM approach was applied to carry out this parametric study related to the injec-
tion timing sweep. In our study, the empirical constant B1 within the KH spray model that
controls the secondary atomization rate was calibrated to 30 for the cases with relatively
early injection i.e. at -53 CAD and -46 CAD ATDC, and equal to 20 for the cases with in-
jection at -41 CAD and -38 CAD ATDC. All other model constants and initial conditions
were kept same for all simulations. Figure 6 shows how the mixture quality varies with
injection timing at the end of the compression stroke (-5 CAD ATDC). As shown in Fig-
ure 6, the mixture stratification increased as the injection was retarded. It can be observed
that the earlier the ignition timing, the more homogeneous the mixture on account of the
longer residence time for air-fuel mixing. The spatial equivalence ratio and temperature
distributions between the two extreme injection cases (the most advanced and the most re-
tarted injection cases) were compared, as depicted in Figure 7. It was observed that with
the most advanced injection, the fuel rich mixtures were formed at the upper edge of the
piston bowl with relatively low temperature, due to the charge cooling from fuel evapora-
tion. This can also be seen as the upper left cells depicted in the scatter plot in Figure 7.
It indicates that the charge cooling effect from fuel evaporation is dominant for mixtures
leaner than stoichoimetric. In addition, the lean mixtures with relatively high temperature
were found near the center and bottom of the piston bowl in the most advanced injection
case. As compared to the case with injection at -53 CAD ATDC, more fuel rich mixtures
(Φ > 1) can be seen at the edge of the piston bowl with relatively high temperature. This
can be attributed to the richer fuel pockets in the retarded injection case which contribute
towards higher low temperature heat release, as shown Figure 6 and Figure 7(b). Further-
more, the mixtures closer to the bowl wall in the range 0.8 < Φ < 1.2 experience an
onset of cool flame chemistry and lead to increased stratification. Thus, these are the air-
fuel mixtures responsible for reaching the temperature threshold of 960K. Figure 8 shows
the comparison between the measured and the calculated in-cylinder pressure profiles as
a function of injection timing. As compared to the experiment, a slightly earlier auto-
ignition and lower peak pressure was predicted in the cases with injection at -46 CAD and
-53 CAD ATDC.
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However, in general the predicted pressure correlated reasonably well with the experimen-
tal one. The same pressure variation trends as a function of injection timing were seen
between the simulation and the experiments. The ignition timing advanced with retarded
injection timing as shown in Figure 8. This can be explained by the presence of fuel rich
pockets described earlier (Figure 6).However, in general the predicted pressure correlated 

reasonably well with the experimental one. The same  
pressure variation trends as a function of injection timing 
were seen between the simulation and the experiments. 

The ignition timing advanced with retarded injection 
timing as shown in Fig. 8. This can be explained by the 
presence of fuel rich pockets described earlie ( Fig 6). 
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Figure 6: T-φ statistical scatter plot at -5 CAD ATDC.

As indicated in Table 3, the predicted emissions match well with the measured ones, ex-
cept a slight over-prediction of uHC. Figure 9 shows the CO and uHC emissions as a
function of temperature and equivalence ratio at a crank angle of 50 CAD ATDC. Com-
paring the most advanced and the most retarded injection cases, higher CO was formed
by the particles with slightly lean mixture and in the temperature range of 1300-1500 K
in the most retarded injection case, which is consistent with a study published earlier [6].
In addition, higher uHC was found in the lean mixture with low temperature, due to the
incomplete combustion in the advanced injection case.
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Table 3: Comparison of combustion parameters and emissions between the simulation
and experiment for different injection timings.

SOI=-53◦ SOI=-46◦ SOI=-41◦ SOI=-38◦
Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp.

10% MFB 6.1 0.7 -0.6 -3.65
10-90% MFB 20.1 10.4 11.6 20.1
dP/dCADmax 0.7 0.6 1.5 1.0 2.0 1.5 1.9 1.7
Ppeak(Mpa) 6.0 6.4 7.5 7.6 8.2 8.1 8.4 8.4

Tpeak(K) 1460.0 1563.0 1639.0 1653.0
NO (ppm) 34.0 77.0 64.9 68.9 59.4 63.7 65.5 54.9
CO (ppm) 2330.0 1747.0 2170.0 1626.0 1848.0 1750.0 2722.0 2673.0
uHC(ppm) 810.0 855.0 678.0 582.0 515.0 297.0 376.0 190.0

However, in general the predicted pressure correlated 
reasonably well with the experimental one. The same  
pressure variation trends as a function of injection timing 
were seen between the simulation and the experiments. 

The ignition timing advanced with retarded injection 
timing as shown in Fig. 8. This can be explained by the 
presence of fuel rich pockets described earlie ( Fig 6). 
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Figure 7: Equivalence ratio (ER) and temperature distributions at -5 CAD ATDC.
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(a)  SOI=-53° ATDC 

(b) SOI=-38° ATDC 

Figure 9: Scatter plot of CO and uHC as a function of temperature and equivalence ratio
at 50 CAD ATDC for the -53 and -38 CAD ATDC injection timings.
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4.2 Effect of bowl geometry

The role of piston geometry in generating turbulence and thereby reducing the rate of
combustion (increasing the combustion duration in HCCI mode) has been investigated
experimentally earlier [9, 27]. Recently, Shi et al. [23] employed genetic algorithms
(GA) in conjunction with the KIVA code and proposed an optimal combination of spray
targetting, bowl geometry and swirl ratio to reduce emissions and increase fuel efficiency
in Diesel engines. Boyarski and Reitz [7] also applied GA-KIVA simulation tool to opti-
mise the piston bowl geometry for early direct injection premixed compression ignition in
a light duty Diesel engine. The modelling generated piston-bowl shape resulted in an open
crater bowl as compared to the original re-entry bowl shaped piston. The development of
sequential coupling methodology of 3D CFD and SRM is capable of capturing the engine
geomoetry related information within the SRM approach. In this methodology, a direct
coupling of CFD and full chemistry is responsible for the low temperature combustion
and provides sufficient spatial information related to air-fuel mixing and chemical kinet-
ics, whereas the SRM approach simulates the high temperature combustion part while
accounting for turbulent micro-mixing, heat transfer and detailed chemistry. A paramet-
ric sensitivity study on the effect of bowl geometry on PCCI combustion and emissions
was carried out using the integrated 3D CFD-SRM model. Figure 10 shows the three
different engine bowl gemoetries investigated, namely open bowl, vertical side wall bowl
and re-entry bowl. It should be noted that all the bowl cavity volume and bowl depth
were kept same, aiming at retaining the same compression ratio (10:1). The same model
constants and initial conditions were applied in all simulations with injection timing fixed
at -38 CAD ATDC. Figure 11 and Figure 7(b) compare the equivalence ratio and tempera-
ture distributions for the three bowl shapes at a fixed crank angle of -5 CAD ATDC. It was
observed that less fuel was distributed to the centre of the piston bowl in the case of the re-
entry bowl shape, as compared to the other two bowl shapes, due to smaller impingement
angle. Furthermore, most of the liquid fuel in the case of the re-entry bowl shape evapo-
rated before the transition point (-5 CAD ATDC). In comparison with the other two piston
configurations, the fuel close to the upper edge of the re-entry piston bowl evaporated rel-
atively later as reflected by the low temperature pocket, on account of the evaporative
cooling effect. In order to assess the mixture quality, the evolution of the T- statistical
scatter for the three bowl shapes is shown in Figure 12. It should be noted that the overall
mixture equivalence ratios for all three different bowl configurations were around 0.6. As
shown in Figure 12, a more homogeneous lean mixture was observed in the re-entry bowl
shape at -10 CAD ATDC, as compared to the other two bowl shapes. This indicates that
the relatively strong squish flow in the re-entry bowl leads to faster fuel mixing near TDC.
Figure 13 quantitatively assesses the mixture homogeneity according to the percentage of
mixture in different equivalence ratio ranges (Φ > 1.2, 0.8 < Φ < 1.2andΦ < 0.8).
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 Open bowl
 Vertical side wall bowl
 Re-entry bowl

Figure 10: Three engine bowl configurations (open, vertical side and re-entry type).

As shown in Fig. 13, at the end of the compression stroke, 84% of the total charge in the
re-entry bowl case was in the lean range, as compared to about 80% for the vertical wall
bowl, and 76% for the open bowl shape. It was further confirmed that the re-entry bowl
produced the most homogeneous mixture, whereas the most stratified mixture resulted in
the case of the open bowl shape with 16% of the charge within the equivalence ratio range
0.8 to 1.2. Some degrees of stratification could be desirable in order to trigger the ignition.
This is consistent with the observation in Figure 14, in which earlier ignition was seen in
the open bowl shape on account of the presence of more relatively fuel rich pockets, when
compared to the other two bowl shapes. Table 4 shows the predicted emissions for the
three bowl shapes. Comparing the three bowl shapes, the highest CO emission was seen
with the open bowl shape, while the highest uHC and the lowest NO emissions were
observed in case of the re-entry bowl. The vertical side wall bowl shape produced the
lowest combined CO and uHC emissions.
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Fig. 10 Three engine bowl configurations (open, vertical side wall and re-entry type) 
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Fig. 11 Equivalence ratio and temperature distributions for re-entry and vertical side wall 
bowls at crank angle of -5° ATDC 

 

Figure 11: Equivalence ratio and temperature distribution for re-entry and vertical bowls
at crank angle of -5 CAD ATDC.
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Fig. 13 Mass percentage of the charge within the 
equivalence ratio ranges for the three bowl shapes 

Fig. 12 T-Φ statistics scatter plots for the three bowl shapes Figure 12: T-φ statistics scatter plots for the three bowl shapes.
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Overall, the integrated 3D CFD-SRM approach has been developed in order to reduce the
computational expense in optimising the combustion chamber geometry. Further work
in terms of experimental validation of the CFD-SRM calculations for a variety of piston
geometries is important and will be the subject of future publications.

Table 4: Emission comparison for the three bowl shapes.
NO (ppm) CO (ppm) uHC (ppm)

Open bowl 65.5 2722.0 376.0
Re-entry bowl 5.8 2480.0 580.0

Vertical side wall bowl 34.7 2450.0 482.0
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Figure 13: Mass percentage of the charge within the equivalence ratio ranges for the
three bowl shapes.
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Figure 14: Pressure profiles for the three bowl shapes.

5 Conclusion

A sequential coupling methodology of 3D CFD and SRM was developed and applied to
study the effects of injection timing sweeps and piston bowl geometries on PCCI com-
bustion and emissions. In this approach, a CFD model with direct integration of detailed
chemistry was adopted to provide sufficient chemical kinetics and engine geometry related
information during the low temperature combustion, the SRM simulates the high temper-
ature combustion, while accounting for turbulent micro-mixing, stochastic heat transfer
and detailed chemical kinetics.

The integrated CFD-SRM model was validated against the measurements for a base case,
and further compared with the direct coupling of CFD with the same detailed chemi-
cal description. A reasonably good agreement was achieved between both the modelling
approaches and the experimental results for the in-cylinder pressure. However, the pre-
diction of CO, uHC and NO emissions was improved with the CFD-SRM methodology.
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Furthermore, the computational expense incurred by the CFD-SRM model was observed
to be 75% lower than that with the direct coupling of CFD and kinetics.

The influence of injection timing on the air-fuel mixture preparation and consequently on
the combustion and emissions was investigated using the coupled CFD-SRM methodol-
ogy. The degree of mixture homogeneity as a function of injection timing was explained
in terms of temperature-equivalence ratio (T − Φ) scatter. The most retarded injection
timing resulted in locally rich air/fuel pockets (1 ≤ Φ < 2, 725 ≤ T ≤ 950) thereby
triggering the low temperature chemistry and advancing the combustion phasing.

The integrated CFD-SRM approach can account for piston configuration and other com-
bustion chamber geometry related information. The model was applied to investigate the
effect of three bowl configurations (open, vertical wall and re-entry bowl shapes) on com-
bustion and emissions. Comparing the three bowl shapes, the earliest combustion phasing,
and highest NO and CO emissions were noted with the open bowl piston shape, whereas
the lowest total CO and uHC emissions were observed in the case of the vertical side wall
bowl.
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