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ABSTRACT

Ignition in diesel engines is incompletely understood
due to the extreme thermochemical environment, vigorous
turbulence, and their coupling, which are difficult to anal-
yse both experimentally and numerically. In this study, a
direct numerical (DNS) was conducted to investigate the
ignition process of a relaxed configuration that retains key
aspects of diesel ignition. A simplified configuration of a
temporally evolving jet of n-heptane at a pressure of 40 at-
mospheres and an oxidiser temperature of 1100K was se-
lected. The chemistry was represented by a four-step global
scheme which is validated against ignition delay time data
and reproduces the two-stage autoignition behaviour of n-
heptane fuel. The assumptions made are appropriate to re-
produce some important features of the gas-phase thermo-
chemistry observed in diesel engines, but lead to a computa-
tionally tractable simulation cost. The results show that ig-
nition occurs via both autoignition and deflagration modes
of combustion. A two-stage autoignition process leads to
the formation of multiple kernels which expand and es-
tablish edge-flame deflagrations centered on the stoichio-
metric mixture fraction surface. The edge-flames propa-
gate throughout the domain and this tends towards a fully-
burning solution. Lagrangian passive tracer particles, em-
bedded in the flow, allowed for the identification of the au-
toignition kernels and the extraction of their statistics and
histories. The results show that local mixing histories are
highly correlated with the onset of autoignition. In particu-
lar, earlier peaks in mixing result in earlier first and second
stage autoignition for the igniting kernels.

INTRODUCTION
Diesel engines are widely used in the stationary and

transportation energy sectors for their durability, dispatch-
ability and potentially efficient performance. Increasingly
stringent standards on pollution formation and the poten-
tial regulation of carbon markets have created a demand for
improvements to conventional diesel engine design. His-
torically, the performance of diesel engines has improved
substantially via experimental insight and improved con-
ceptual models. However, the information available from
experimental studies are limited and further reductions to
pollution formation and improvements to fuel conversion
efficiency will require a more detailed understanding of the
in-cylinder combustion process. Without detailed tempo-
rally and spatially resolved data, it is difficult to develop
and validate predictive computer models for the engine de-
sign process.

Diesel engines operate at very high pressures and tem-
peratures compared to spark-ignition engines and are sub-
ject to intense shear-driven turbulence which leads to an
extremely large range of length and time scales that need
to be resolved. For this reason, direct numerical simula-
tions (DNS) of an actual diesel combustion process are not
a tractable option due to the prohibitive computational cost.

Diesel combustion is a topic of increasing research in-
terest. The engine combustion network (ECN), developed
by Pickett (2015) is an organisation that exists to coordinate
the development of combustion modelling for diesel-like
configurations. Standardised experimental databases, typ-
ically of reacting spray-flames, are made available and par-
ticipants can compare the performance of computer mod-
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els, as judged by global observables such as ignition delay
time and the stabilised lifted flame height, e.g., Pei et al.
(2013). This effort has assisted the improvement of com-
bustion models in the diesel combustion regime. However,
the usefulness of the ECN database is limited by the avail-
ability and fidelity of the experimental measurements.

DNS of relaxed configurations can augment the sparse
experimental data. By considering simplified configura-
tions, detailed information pertaining to the scalar and ve-
locity fields can be generated in order to gain physical in-
sight and to aid model development.

Here, we consider the case of a gas-phase, temporally
evolving jet of normal heptane fuel, represented with four-
step global chemistry, igniting at a moderate level of shear-
driven turbulence at a diesel-relevant ambient temperature
and pressure. This case is designed to represent a diesel
relevant autoignitive environment and to investigate the im-
pact of turbulence on the overall ignition process. We do
not attempt to capture the spatial development of the jet,
multi-phase phenomena, or the correct level of turbulence.

Previous work on laminar lifted by Krisman et al.
(2015) and igniting mixing layers by Krisman et al. (2014)
configurations at similar thermochemical conditions re-
vealed some novel features. The laminar lifted flame re-
sults showed that stabilised hybrid autoignitive / edge-flame
structures could exist, even at nominally autoignitive con-
ditions. These flames exhibited low- and high- tempera-
ture autoignition in addition to an edge-flame nature. It
was found that adjusting the oxidiser temperature could
transition the flame between a purely deflagration to a
purely autoignitive feature. The study of ignition in a two-
dimensional mixing layer subject to isotropic turbulence re-
vealed a two-stage ignition process that led to the formation
of hybrid edge-flame / autoignitive structures. In that case
both a two-stage autoignition process and edge-flame defla-
gration were involved in the overall ignition. However, it
was not clear from the two-dimensional studies what role
that realistic turbulence would have on the ignition process.
A major difference between the previous two-dimensional
simulations and the current DNS is the chemical mecha-
nism. Previously, a detailed chemistry for dimethyl ether,
as first published by Bhagatwala et al. (2015), was used in
order to represent the primary features of gas-phase diesel
chemistry such as two-stage ignition and the negative tem-
perature coefficient regime. Here, due to computational
cost, a global scheme for n-heptane first proposed by Müller
& Peters (1992) was selected and validated against ignition
delay time data. The four-step mechanism approximates the
overall behaviour of the low and high temperature chemical
pathways.

IMPLEMENTATION
Numerical Method

The simulation was performed using the program S3D,
see the publication by Chen et al. (2009) for full de-
tails. S3D solves the fully compressible Navier-Stokes,
conservation of energy, conservation of mass, and conser-
vation of species equations. Spatial gradients are evalu-
ated using an eight-order central differencing scheme and
the time advancement employs a fourth-order, six-stage ex-
plicit Runge-Kutta method. A Lewis number based trans-
port model was used, as per Smooke (1991).

Figure 1. The domain extent and boundary conditions.
The surface shows the stoichiometric mixture fraction sur-
face at 10 jet times.

Configuration
The simulation consists of a plane-jet of fuel be-

tween stationary layers of oxidiser at a pressure of 40 at-
mospheres. The fuel is pure normal-heptane at 400 K
and the oxidiser composition is 79% N2 and 21% O2
by volume at 1100 K. The jet has an initial width of
H=0.233 mm and an initial centreline velocity of 7.49
ms−1, which defines the jet time of tJET = 31.1 µs. The
profile of the jet in terms of the mixture fraction, Z,
was: Z(y) = 0.5

(
tanh

(
y+H/2

σ

)
− tanh

(
y−H/2

σ

))
, where

the profile thickness, σ = H/8.

Superimposed on the initial condition was a spec-
trum of isotropic turbulence in order to trigger the Kelvin-
Helmholtz instability of the jet. The isotropic turbulence
had a velocity fluctuation scale of u

′
=0.375 ms−1 and an

integral length scale of Lt = 77.7 µm.

The domain is summarised in Figure 1. The extent in
the x, y, and z directions was Lx=12H, Ly=18H Lz=8H,
respectively. The boundary conditions are periodic in the
stream wise (x) and span wise (z) directions and non-
reflecting outflow in the cross stream (y) direction, evalu-
ated using the Navier Stokes characteristic boundary con-
dition method (NSCBC), as developed by Poinsot & Lele
(1992). The grid count in each direction is nx=1440 ,
ny=1472 , and nz=960 which was selected to correctly re-
solve the smallest chemical and turbulent length scales. The
resolution was deemed sufficient as judged by one- and two-
dimensional grid convergence tests of flames under similar
thermochemical conditions.

Tracer particles were embedded in the flow at the start
of the simulation. Approximately 50 million particles were
randomly inserted at a uniform density within the central
half of the cross stream direction. The particles were con-
vected with the flow but provided no feedback to the flow
itself.

The duration of the DNS was 37 tJET . The choice
of H and U implies a jet Reynolds number of Re=9,000.
The minimum ignition delay time, as calculated in zero-
dimensional simulations, was τ0=0.28 ms which defines a
jet Damköhler number of Da=tJET /τ0=0.11. These values
were selected in order to obtain an appropriately timed ig-
nition in relation to the development of the jet.
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Figure 2. Validation of ignition delay times. Data points
are experimentally values from Ciezki & Adomeit (1993),
the blue line is obtained from the program SENKIN, devel-
oped by Lutz et al. (2002), using the rates detailed in table
1.

Chemistry
The chemical mechanism used is a 4-step global

scheme, given by reactions R1 to R4, and is based on that
published by Müller & Peters (1992). Species F repre-
sents the fuel, which is pure n-heptane. I, X, and P are
lumped species. Species I is the low temperature interme-
diate, species X is the high temperature intermediate, and
species P is the product mixture of CO2 and H2O.

Reactions R1 and R2 represent the high temperature
chemical pathway. Reactions R3f and R4 represent the low
temperature chemical pathway. The temperature depen-
dence of reaction R3 controls the transition from low to high
temperature pathways. The forwards R3f rate is favoured at
low temperature and the backwards R3b rate is favoured at
high temperatures. The temperature sensitivity is selected
in order to approximate the observed negative temperature
coefficient (NTC) region.

F → X (R1)

X +11O2→ P (R2)

F +2O2↔ I (R3)

I +9O2→ P (R4)

The Arrhenius rates, presented in Table 1, were hand-
tuned in order to obtain an improved agreement with ex-
perimental ignition delay time data from Ciezki & Adomeit
(1993), see Figure 2.

The mechanism has short-comings compared to a de-
tailed scheme, including:

1. It does not reproduce the NTC regime, it approximates
it with a flattened, monotonic curve.

2. The action of radical species attacking the fuel and
stable intermediate species, and its response to turbu-
lence, are approximated by a purely thermally-driven
process.

This mechanism was selected in spite of its shortcom-
ings because it was the best candidate for investigating ig-
nition at engine-relevant conditions, given the prohibitive
computational cost of doing so with a detailed mechanism.
The elevated pressure requires resolution of very small tur-
bulent and chemical features. Additionally, to observe ig-
nition, a sufficient number of ignition delay times (which

Table 1. Arrhenius rates of 4-step n-heptane chemical
mechanism .

Reaction A [mol-cm-s-K] Ea [K]

R1 1.2×1010 19710

R2 2.0×1012 7317

R3f 3.0×1018 21650

R3b 4.0×1022 34500

R4 3.8×1010 6100

imply a domain extent for a given target ReJET ) must be
simulated. The range of scales implied by these two con-
straints leads to a computational cost between one and two
orders of magnitude greater when using a detailed chemi-
cal mechanism as compared to the present global reaction
scheme. This is due the increased number of chemical
species and equations and, more importantly, the smaller
length and time scales of the flame reaction zone.

Lagrangian analysis
The passive, Lagrangian particles embedded within the

Eularian field provide a convenient method for identifing
and tracking the evolution of features of interest. In partic-
ular the autoignition locations (kernels) can be analysed by
forming an ensemble of tracer particles co-located with the
kernels at their time of formation. In doing so, the infinites-
imal volume from which autoignition develops is approxi-
mated by set of sample points within finite volume. This
approximation is a product of the limited resolution of the
Lagrangian particles.

The following procedure is used to extract the La-
grangian information for the kernels:

1. A threshold heat release rate of HRRT = -8.0×1011

Jm−3s−1 is defined to identify the boundary between
burning and non-burning regions in the domain.

2. By visually inspecting the surfaces of HRRt over time,
new kernels may be identified as newly-formed, closed
surface elements which are distinct from any pre-
existing burning surface. This task was performed
using the visualisation software VisIt, developed by
Childs et al. (2005).

3. The surface area and centroid of the kernel surface are
calculated in order to define a particle search-volume.

4. For each kernel, particles are identified which reside
within the search volume and exceed a threshold tem-
perature (T > 1300 K) at its time of formation.

5. To avoid selection of particles belonging to a sep-
arate burning element, but to retain the correct
morphology of the kernel, the particles are sorted
in ascending order of temperature-weighted dis-
placement ( ∆T,i) from the kernel centroid. The
temperature-weighted displacement is calculated as
∆T,i = ∆i

(
c
(

TMAX−Ti
TMAX−TMIN

−1
)
+1

)
, where c is a blend-

ing parameter from 0.0 (no temperature weighting) to
1.0 (full temperature weighting) and ∆i is the particle
displacement from the centroid. A value of c=0.7 was
deemed appropriate for this study.

6. Given the sorted list of particles, the desired ensemble
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Figure 3. Example of particle ensemble for an ignition
kernel. The surface is HRRT coloured by temperature. The
spheres are Lagrangian tracer particles coloured by temper-
ature to the same colour scale.

size may be formed.
7. Ensemble members are identified based on a unique

integer, they are used to sample the Eulerian field over
time, thus providing the time-history statistics of the
kernels.

An example ignition kernel, visualised by the HRRT
surface and its ensemble of particles, is shown in Figure 3.

RESULTS
Jet Development

The jet development, as described by the state of the
ZST surface, is presented in Figure 4. The isotropic tur-
bulence imposed at the initial condition rapidly triggers
the Kelvin-Helmholtz instability of the jet. By about 10
jet times the shear driven turbulence is well-developed and
mixing rates are near their peak value. As time progresses,
the mixing rates relax and the integral length scales of the
turbulence grow. By about 20 tJET , the first autoignition
event is observed. Multiple, discretely located autoigni-
tion events (kernels) form between 20 and 30 tJET , by
which time over half of the stoichiometric surface is burn-
ing. Based on initial observations, the ignition process is
hypothosised as follows: the autoignition kernels expand as
three-dimensional shells, they interact with the ZST surface
and they establish edge-flames (partially premixed deflagra-
tions), which propagate along the ZST surface. Between 30
and 37 tJET , deflagration consumes most of the remaining
unburnt ZST surface.

Conditional Averages
Statistics conditioned on Z were gathered. Figure 5

present maps of the conditional means of Temperature (T),
scalar dissipation rate (χ), species I mass fraction (YI), and
heat release rate (HRR) as they evolve in time.

The 〈 YI | Z 〉 profile shows that the low temperature
chemistry (LTC) is initiated from a rich mixture fraction
value of approximately Z=0.1. Between 0 and 10 tJET the
LTC moves into richer mixture fractions and 〈 YI | Z 〉 in-
creases. By 10 tJET , the shear turbulence has developed and
resulted in mixing rates attaining their peak values. This is
associated with an inhibition of the LTC as judged by a re-
duction in 〈 YI | Z 〉 magnitude and the slowed progress of

Figure 4. Evolution of ZST surface with time. Surface is
coloured by temperature threshold. Orange colour indicates
non-burning, white indicates burning (T > 1500 K).

Figure 5. Maps of conditionally averaged quantities over
time: top left, temperature (K); top right, scalar dissipation
rate (s−1); bottom left, species I mass fraction; bottom right,
heat release rate (Jm−3s−1). The white dashed line marks
the stoichiometric mixture fraction.

peak 〈 YI | Z 〉 into increasingly richer mixtures. As mix-
ing rates relax, the LTC recovers and continues to move into
richer mixtures. The 〈 HRR | Z 〉 and 〈 T | Z 〉 profiles show
a transition to high temperature chemistry (HTC). By 30
tJET , strong heat release and high temperature is observed
about the ZST value. Based on preliminary observations,
this is beleived to be associated with the development and
propagation of edge-flames that were generated by the au-
toignition kernels (not shown here).

The conditionally-averaged statistics suggest that the
overall ignition process is one in which a two-stage au-
toignition process leads to the formation of edge-flames and
that both combustion modes are of significant importance.
However, these results leave many questions unanswered,
including:

1. What is controlling the autoignition timing?
2. Where in phase space the autoignition occurs?
3. What is the role of mixing?

The available Lagrangian particle data is leveraged
with a view to address these questions.
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Figure 6. Lower right subplot from Figure 5, superim-
posed with the ignition timing and location in mixture frac-
tion space for each kernel (white triangle markers).

Kernel formation
Forty kernels are identified in this case. Their forma-

tion is mapped to tJET -Z space in Figure 6, according to
kernel-averaged values of Z, denoted 〈Z〉k.

All kernels are formed between 〈Z〉k=0.1 and
〈Z〉k=0.3, and between 19 and 31 tJET . The second stage
of autoignition is occurring in very rich mixtures, but much
less rich than the first stage of autoignition.

The temporal distribution of kernels is not uniform.
The first five kernels are formed in about the same time as
the last thirty five kernels, with the later kernels being much
more broadly located in 〈Z〉k space.

A useful concept, introduced by Mastorakos et al.
(1997), is that of the most reactive mixture fraction, ZMR,
which corresponds to the mixture fraction value at the point
of minimum ignition delay time, τMR. Using this definition,
the ZMR = 0.11 and τMR = 19.7 tJET in the present configu-
ration. It is worth noting that due to the broad tJET -Z distri-
bution of kernels, the average kernel formation coordinates
are a poor predictor of the τMR and ZMR.

The kernel formation was also compared to zero-
dimensional simulations conducted for a homogenous, con-
stant pressure reactor using the program SENKIN, devel-
oped by Lutz et al. (2002). The comparison is presented in
Figure 7. The 〈τ〉k values reside between 1.8 and 3.4 times
their respective τ0 values, meaning that the action of spa-
tial composition gradients and turbulence is to prolong the
ignition delay time, and that the τ0 values are not a very
accurate predictor of the actual ZMR and τMR values in this
more realistic configuration.

Two kinds of kernels can be identified, based on their
initial Z probability density functions (PDF). Kind 1 kernels
are uniformly pure oxidiser at 0 tJET , while kind 2 kernels
have some degree of bimodality in their initial Z PDF. Fig-
ure 8 plots 〈τ〉k against the initial kernel mean and kernel
root-mean-square (RMS) Z values. A significant spread of
ignition delay times are observed both kind 1 and 2 ker-
nels. There is a negative correlation between initial Z mean
and RMS, and 〈τ〉k. Kernels that initially contain fuel-rich
modes in their PDF are more likely to ignite earlier, in par-
ticular kernel with the shortest 〈τ〉k was also the richest and
highly bimodal at the initial condition.

Kernel ignition trends
To understand the distribution of 〈τ〉k, tests for corre-

lations were conducted based on the kernel statistics.

Figure 7. Red triangle markers show kernel ignition de-
lay times. Blue lines show zero-dimensional ignition delay
times multiples.

Figure 8. Ingition delay time against initial kernel mixture
fraction RMS (top) and initial kernel mean mixture fraction
(bottom). Blue triangle markers indicate kind 1 kernels, red
circle markers indicate kind 2 kernels.

The strongest correlating factor for 〈τ〉k was found to
be the first stage ignition delay time, 〈τ1〉k, as shown in Fig-
ure 9. Earlier onset of the first stage of ignition leads to ear-
lier second stage ignition with a nearly linear trend. This
suggests that once the first stage is achieved, the second
stage will proceed in a predictable manner (for those regions
which lead to autoignition kernels). This seems reasonable
given the rapid relaxation of mixing rates which follows the
〈τ1〉k timing.

A correlation test conducted for the 〈τ1〉k values found
the most predictive factor was the timing of the peak in mix-
ing rates, see Figure 9. In general, earlier peak mixing leads
to earlier 〈τ1〉k. Two explanations are offered for this obser-
vation. Firstly, earlier mixing leads to earlier formation of
appropriate Z values, and secondly, the sooner the mixing
rates peak, the sooner they relax, allowing for the chemistry
to proceed more quickly.

Other measurements of mixing, such as the peak value
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Figure 9. Upper figure: correlation between the timing of
the second and first stages of autoignition, lower figure: cor-
relation between the timing of the first stage of ignition and
the timing of the peak in the kernel mixing rate.

of mixing rates or the cumulative mixing, were observed to
be only weakly correlated with 〈τ〉k or 〈τ1〉k (not shown).

CONCLUSIONS
A recent DNS study was conducted at diesel engine-

relevant thermochemical conditions in the configuration of
an igniting, temporally evolving jet using a four-step global
n-heptane chemistry. An initially laminar but unstable jet is
perturbed, leading to the development of shear-driven tur-
bulence. Intense mixing rates inhibit the first stage of au-
toignition, before relaxing and then allowing the chemistry
to proceed to the second stage of autoignition. Autoignition
occurs within multiple discrete kernels that were widely dis-
tributed in space, time, and mixture fraction space. The ker-
nels expanded, triggering edge-flame deflagrations where
they intersected the stoichiometric mixture fraction surface
and the combined effect of these burning modes tend to-
wards a fully-burning state. Kernel-tracking analysis using
Lagrangian tracer particles was conducted. The results sug-
gest that the mixing history of the kernels controls the on-
set of autoignition and hence the overall ignition timing. In
particular, earlier peaks in mixing are correlated with earlier
onset of autoignition.
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