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h i g h l i g h t s

� Improved understanding of the ignition process in spray combustion under diesel engine conditions.
� Detailed reaction zone structures captured under different ambient temperatures.
� Two different mechanisms proposed to explain the flame stabilization.
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a b s t r a c t

Autoignition and stabilization of n-Dodecane spray combustion under diesel engine like conditions are
investigated using large eddy simulation and detailed chemical kinetics. The Spray A cases of Engine
Combustion Network (ECN) with ambient temperatures of 900 K and 1000 K are considered. Two-stage
ignition behavior is predicted in the studied conditions. It is found that the first-stage ignition occurs on
the fuel-lean mixture, whereas the second-stage ignition starts on the fuel-rich mixture. The first stage
ignition in the fuel-lean mixture promotes the first and the second stage ignition in the fuel-rich mixture
owing to rapid turbulent mixing. Two mechanisms, autoignition and flame propagation coupling with the
low temperature ignition, are used to explain the lift-off position and stabilization of the combustion pro-
cess. They compete with each other, and their relative importance depends on the ambient temperature.
The ambient temperature is shown to affect the soot emission in the flame through its influences on the
lift-off length and the reaction zone structure. Higher ambient temperature results in a shorter lift-off
length, which gives rise to higher soot emission due to the lower air entrainment to the fuel-rich zone
in front of the flame. In the lower temperature case, the flame is stabilized by an autoignition induced
flame front where a considerable amount of fuel is oxidized to CO at the leading front of the flame. Con-
sequently, it reduces the soot formation in the flame.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Reduction of pollution emissions is one of the most challenging
tasks in the development of diesel engines. Emission control can be
achieved using after-treatment and in-cylinder solutions. The latter
reduces pollutant formation in the engine cylinder through the use
of improved combustion technologies, such as high-pressure injec-
tion strategies, low compression ratio bowls, and exhaust gas recir-
culation (EGR). The latter is used to generate a low temperature
combustion condition as a means of reducing NOx emissions [1].
To develop advanced combustion control strategies, comprehen-
sive understanding of the combustion characteristics is necessary,

e.g., the onset of ignition, and the mechanism of flame lift-off and
stabilization.

Lifted turbulent jet flames have been widely investigated under
atmospheric conditions. Various theories have been proposed to
explain the stabilization mechanism of the lifted flames [2,3],
e.g., reaction front propagation at the flame base [4], local extinc-
tion due to high scalar dissipation rate [5], and vortex/flame inter-
action [6]. Autoignition plays an important role in the lift-off and
stabilization of combustion when the ambient temperature and
pressure are higher than the atmospheric conditions, e.g., jet
flames under diesel engine conditions. Recent review on the exper-
imental studies of the lift-off of diesel flames can be found in Ref.
[7]. Several experimental studies demonstrated the importance of
the autoignition process on the lift-off process under diesel com-
bustion conditions, e.g., the cool flame (first-stage ignition)
upstream of the lift-off [8–10], shorter lift-off lengths for fuels with

http://dx.doi.org/10.1016/j.apenergy.2014.09.030
0306-2619/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Fax: +46 462224717.
E-mail address: cheng.gong@energy.lth.se (C. Gong).

Applied Energy 136 (2014) 373–381

Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier .com/locate /apenergy

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2014.09.030&domain=pdf
http://dx.doi.org/10.1016/j.apenergy.2014.09.030
mailto:cheng.gong@energy.lth.se
http://dx.doi.org/10.1016/j.apenergy.2014.09.030
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy


shorter ignition delay and the appearance of isolated ignition ker-
nels upstream of the lift-off [8,9]. Moreover, lift-off heights and
reaction zone structures depend on the ambient conditions and
the injections, e.g., two different structures of flame base were
found for different fuels based on the OH measurements [9]. Swirl
motion inside the cylinder can also affect the lift-off and stabiliza-
tion of flames in diesel engines [11].

The large hydrocarbon fuels used in diesel engines usually have
strong low temperature behavior [12]. Oxidization of this type of
fuels undergoes a complex chemical process, e.g., two-stage igni-
tion. This can further affect the ignition and stabilization of diesel
spray combustion. Due to the lack of detailed temporal and spatial
distribution of temperature and species in most experiments, it is
often not possible to determine whether the lift-off and flame sta-
bilization are controlled by the flame propagation or by the autoig-
nition in the diesel flame; for instance, although cool flames were
found upstream of the lift-off, their role is not fully understood.
They may enhance flame propagation, or they may also lead
directly to second-stage ignition without flame propagation [8].
Motived by this, large eddy simulations (LES) of the ignition and
lift-off stabilization processes are carried out in this work under
conditions relevant to diesel engine combustion. Numerical simu-
lation can offer more detailed data about the reaction layer struc-
tures to improve the understanding of the combustion process
[13]. LES is proven to be able of capturing intrinsically time and
space dependent phenomena. LES coupled with Lagrangian particle
tracking methods are widely employed in simulations of the com-
bustion process in internal combustion engines, e.g., Solsjö et al.
carried out LES of spray combustion process in diesel engines
[11,14]; Goryntsev et al. investigated the combustion process in
direct injection spark ignition (DISI) engines [15–17].

The Spray A cases of Engine Combustion Engine Network (ECN)
[18] with the fuel of n-Dodecane are considered here, since n-
Dodecane features more similar characteristics to the diesel fuel
than the usual surrogate, n-heptane [19] and also the ECN cases
offers systematically varied flame conditions [20–23]. The objec-
tives of this study are to improve the understanding of the ignition
process and the lift-off stabilization mechanisms, and to delineate
the effect of ambient temperature on the reaction zone structure
and soot emission.

2. LES spray combustion model and case setup

Eulerian–Lagrangian approach is used within the LES frame-
work for spray modeling. The gas phase is described using spatially
filtered transport equations, where sub-grid turbulence is modeled

using a one-equation eddy model [24]. The liquid phase is consid-
ered as a discrete phase consisting of a large number of evaporat-
ing droplets, which are tracked in the Lagrangian framework. Huh–
Gosman [25] model and WAVE model [26] are used for the primary
break-up and secondary break-up processes, respectively. Gas and
liquid phases are coupled through the mass, momentum, and
energy exchange source terms in the corresponding transport
equations. Details of the numerical approach can be found in Ref.
[27]. OpenFOAM [28], an open source 3-D CFD code, is used to
numerically solve the governing equations. Second order finite-
volume schemes are used for the spatial discretion (filtered linear
scheme) and temporal integration (backward Euler scheme).

The well stirred reactor (WSR) combustion model, based on a
moderately detailed chemical kinetic mechanism [19] for n-Dode-
cane, is chosen to simulate the Spray A cases. The chemical mech-
anism consists of 103 species and 370 reactions. This mechanism is
derived from a detailed mechanism for n-Dodecane [29], consisting
of 2115 species and 8157 reactions. To integrate the source terms
due to elementary reactions in the species transport and energy
equations, a recently developed acceleration method, the so-called
chemistry coordinate mapping (CCM) method [30–33], is
employed. The phenomenological Nagle-Strickland soot model
[34] is used for numerical simulations of soot formation and oxidi-
zation. The model has been shown to provide reasonable predic-
tion of soot behavior in engines [34].

The basic idea of the CCM method is to map the thermo-chemistry
identical cells in the physical space to a multidimensional phase
space made up of temperature, eT , mass fraction of H-atom, JH, and
a modified scalar dissipation rate, a = log10(rJH�rJH + 1). The mass
fraction of H-atom is defined as

JH ¼
XNs

k¼1

WH

Wk
bH;k

eY k; ð1Þ

where WH and Wk are the atomic and molecular weights of H-atom
and the kth species, respectively. bH,k is the number of H-atom in
the kth species. Ns is the total number of species in the mixture.
The phase space ðJH;

eT ;aÞ is discredited into NJ, NT and Na zones in
the JH, eT and a coordinate, respectively. The (i, j, k) cell in the phys-
ical domain is mapped to the (l, m, q) zone in the ðJH;

eT ;aÞ space.
The mean values of the variables in each phase space zone are

determined and used as the initial conditions for integrating the
reaction rates, i.e.,

bY kðl;m; q; tnÞ ¼
1

Nc

X
ði;j;kÞ!ðl;m;qÞ

eY kði; j; k; tnÞ ð2Þ

Nomenclature

VariableseT temperature
JH mass fraction of H-atom
a a modified scalar dissipation rate
eeY k

error of the kth species due to the mapping
p thermodynamic pressure
Zst stoichiometric mixture fraction
sign ignition delay time
sl first-stage (low temperature) ignition delay time
sh second-stage (high temperature) ignition delay time

Abbreviations
ASI after the start of injection
AIIF auto-ignition induced flame-front

CCM chemistry coordinate mapping
CMC conditional moment closure
DISI direct injection spark ignition engine
DNS direct numerical simulation
ECN engine combustion network
EGR exhaust-gas recirculation
HRR heat-release rate
LES large eddy simulation
LTI low temperature ignition site
NTC negative-temperature-coefficient
WSR well stirred reactor
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