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Abstract This work deals with pre-vaporized n-heptane auto-ignition in turbulent
flows. The paper applies the Eulerian Stochastic Field method to the solution of
the sub-grid joint-scalar probability density function (PDF) of the reacting scalars
in the Large Eddy Simulations (LES) context. A reduced mechanism of 22 species
and 18 reactions is used to model n-heptane chemical kinetics. The method is able to
reproduce the different regimes observed experimentally and studies the influence
of inflow temperature fluctuations.

Keywords LES-PDF · Auto-ignition · Heptane

1 Introduction

The renewed interest in “cleaner” modes of diesel combustion, such as homogeneous
charge compression ignition (HCCI) and lean premixed pre-vaporized (LPP) engines
motivates the increase in auto-ignition research to develop accurate predictive tools,
especially in transient regimes. A great deal of research has been performed in
homogeneous ignition systems; however there are few studies in the inhomogeneous
mixtures typical of diesel ignition. Moreover, the results obtained to date have
been contradictory; some experiments [1] suggest that increased turbulence levels
delay auto-ignition, whilst Direct Numerical solutions (DNS) results [2] predict the
opposite, with shorter ignition times.

Ignition problems are particularly difficult to model due to the fact that fluid me-
chanical and chemical time scales are of the same magnitude. Current understanding
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of auto-ignition in turbulent flows is limited by the difficulty in making detailed
measurements and because computer limitations prevent the application of DNS of
the equations of motion to compute turbulence-chemistry interactions at realistic
Reynolds numbers. Moreover, for large molecule hydrocarbons, a large number of
species need to be considered, as “slow” reactions are important in the formation of
a pool of reactants, mainly radicals R-HO2 and R-H2O2, which act as a trigger for
combustion. The inclusion of these intermediates greatly increase the computational
cost of such calculations. In addition the ignition process is initiated in lean premixed
mixtures and propagates into richer conditions, [3], exhibiting a behavior midway
between premixed and non-premixed flames (often called “partially” premixed [4]).
The combustion of lean hydrocarbon mixtures is very sensitive to conditions existing
in the oxidizer stream and therefore auto-ignition characteristics are expected to
depend strongly on the air temperature and turbulence.

There are not many turbulence-combustion models able to target auto-ignition
systems due to the combination of are highly time-dependent solution and partially
premixed regime. Large Eddy Simulation (LES) has a considerable potential to
represent time-dependent turbulent combustion with substantial advantages over
Reynolds averaged Navier-Stokes (RANS) models. Although combustion is mainly
a sub-grid phenomenon, LES ability to produce accurate predictions of the mixing
scalar fields greatly benefits numerical simulations in combustion. LES models for
turbulence combustion are often based on RANS counterparts and are commonly
divided along the lines of non-premixed and premixed regimes. Examples of LES
combustion applications in non-premixed combustion are fast-chemistry and equi-
librium chemistry [5, 6], flamelets [7], Conditional Moment Closure [8] while in
premixed combustion flame-surface density models [9] and G-equation [10, 11]
among others (see Pitsch [12] for a comprehensive review of LES combustion
models). The above regime distinction is not adequate for auto-ignition problems
which exhibit an “hybrid” behavior and moreover they require a chemical time
evolution to distinguish between “slow” intermediate reaction and “fast” reactions.
The one-point joint filtered probability density function pdf [13] for all the scalars
quantities needed to describe the reaction provides a means of predicting the
filtered fields of reactive species independent of the combustion regime The main
disadvantage of the pdf approach is the high dimensionality of the system, especially
when many scalars are considered, which makes the problem only tractable with
stochastic solution methods. The most common adopted approach to solving the pdf
evolution equation is by using large number of stochastic particles which are used
to represent the joint-PDF. This approach is denoted “Lagrangian” and example
applications in LES are [14, 15]. Recently, new methods of solving the pdf transport
equation in a fully Eulerian manner have been developed [16, 17]. These methods
are based on stochastic Eulerian fields, which evolve according to stochastic partial
differential equations and , like stochastic particles, they represent the joint-PDF of
the reactive scalars. The stochastic fields method is easy to implement in existent
CFD codes as there are no interpolation procedures and therefore they are faster
than Lagrangian ones with the same number of samples per cell. Previous work on
LES with the stochastic field method can be found in [18, 19].

Numerical studies of auto-ignition have been centred mainly in auto-ignition as
a stabilization mechanism. The most numerous examples are in lifted flames with
vitiated co-flow, where RANS [20–22] and LES [19, 23, 24] amongst others, where
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able to obtain good agreement with measured data. However, in non-stationary
auto-ignition there are fewer RANS examples [25, 26] as RANS-type models are
incapable of providing the transient information required to reproduce auto-ignition
phenomena. However, to date there appear to have been few LES investigations of
auto-ignition [27, 28] and none for complex hydrocarbons. The current work seeks
to provide a better understanding of transient n-heptane auto-ignition, especially
the effects of temperature and turbulent fluctuations. n-heptane is widely used as
a research fuel due to its similarities to diesel fuel (they have very similar cetane
number).

2 Mathematical Formulation

In LES a spatial filter is applied to the equations of motion: the spatial filter
of a function f = f (x, t) is defined as its convolution with a filter function, G,
according to:

f (x, t) =
∫

Ω

G(x − x′; Δ(x)) f (x′, t)dx′ (1)

where the filter function must be positive definite in order to maintain filtered values
of scalars such as mass fraction within bound values and to preserve the nature of the
chemical sources terms (a filter that changes sign may change consumption terms to
formation type terms). The integration is defined over the entire flow domain Ω and
the condition that the filter kernel G should be positive definite implies that it has
the properties of a pdf. The filter function has a characteristic width of Δ which, in
general, may vary with the position. The density variations in the unresolved scales
that arise in combusting flows can be treated through the use of density weighted,
or Favre, filtering, defined by f̃ (x, t) = ρ f/ρ. Application of the density weighted
filtering operation to the equations of motion results in:

Continuity

∂ρ̄

∂t
+ ∂ρ̄ũi

∂xi
= 0, (2)

Momentum

∂ρ̄ũi

∂t
+ ∂ρ̄ũiũ j

∂x j
= − ∂ p̄

∂xi
+ ∂

∂x j

(
2μS̄ij

) − ∂

∂x j
τij (3)

where S̄ij is the resolved rate of strain tensor. The deviatoric part of the sub-grid scale
stress tensor τij = ρ

(
ũiu j − ũiũ j

)
is determined with the Smagorinsky model [29] :

τ d
ij = 2μsgs S̃ij

with

μsgs = ρ (CSΔ)2 ||S̃ij||

where ||S̃ij|| ≡
√

2S̃ij S̃ij is the Frobenius norm of the resolved rate of strain tensor.
The filter width is taken as the cube root of the local grid cell volume and the
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parameter CS is obtained through the dynamic procedure of Piomelli and Liu [30].
The isotropic part of the viscous and sub-grid stress has been adsorbed into the
pressure.

2.1 Filtered probability density function

Using the filtering operation, (1) and following Gao and O’Brien [13] a density
weighted sub-grid (or filtered) pdf for the Ns scalar quantities needed to describe
reaction can be defined:

P̃sgs

(
ψ; x, t

)
=

∫
Ω

ρ(x′)
ρ̄

F
(
x′) G

(
x − x′,Δ

)
dx′. (4)

where F
(
ψ; x, t

)
= ∏Ns

α=1 δ (ψα − φα (x, t)) is a fine-grained pdf.

An exact evolution equation for this quantity can then be derived, e.g. [13, 31, 32],
from the appropriate conservation equations by standard methods. The result is:

ρ
∂ P̃sgs(ψ)

∂t
+ ρũ j

∂ P̃sgs(ψ)

∂x j
+

Ns∑
α=1

∂

∂ψα

[
ρω̇α(ψ)P̃sgs(ψ)

]
= (5)

− ∂

∂xi

[
Γ

∂ P̃sgs(ψ)

∂xi

]

−
Ns∑

α=1

Ns∑
β=1

∂2

∂ψα∂ψβ

{(
μ

σ

∂φα

∂xi

∂φβ

∂xi

∣∣∣∣ φ = ψ

)
Psgs(ψ)

}

where equal diffusivities have been assumed and the spatial and temporal depen-
dency of the pdf have been dropped for compactness. In (5) a gradient model
[33] has been used to model the pdf transport by sub-grid turbulent fluctuations.
The transport coefficient is given by Γ = μ

σ
+ μsgs

σsgs
where σsgs is a constant sgs

Prandtl/Schmidt number assigned the value 0.4 [7, 8].
The final ‘micro-mixing’ term in (5) represents the effect of molecular diffusion

on the sub-grid pdf. There are several models available for this term although
none of them entirely satisfactory (see [34] and references therein for reviews). In
the present work, following previous works by Mustata et al. [18] and Jones and
Navarro-Martinez [19] the IEM/LMSE closure [35–37], is adopted for use in LES.
Thus the final term in (5) is replaced by:

ρ

τsgs

Ns∑
α=1

∂

∂ψα

[
(ψα − φα(x, t))P̃sgs(ψ)

]

where the sgs mixing time scale is given, [38], by,

τ−1
sgs = Cd

μ + μsgs

ρ̄Δ2

with the micro-mixing constant assigned the value Cd = 2.
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2.2 The LES-stochastic field formulation

The stochastic field solution method is based on deriving a system of stochastic partial
differential equations (spdes) equivalent to the closed form of the pdf equation (5).
The stochastic fields, resulting from the solution of the spdes, are defined in the
whole space. They do not correspond to any ‘realisation’ of the turbulent flow field
but, rather, represent an equivalent stochastic system with the same one-point pdf as
(5). The density weighted pdf is represented by an ensemble, N of stochastic fields
ξn
α (x, t) such that:

P̃sgs(ψ; x, t) = 1

N

N∑
n=1

Ns∏
α=1

δ[ψα − ξn
α (x, t)] (6)

Filtered values are then simply obtained by averaging

φ̃α = 1

N

N∑
n=1

ξn
α

The exact derivation of the spdes lies beyond the scope of this paper. Two approaches
exists: that of Valiño [16] which involves an Ito interpretation of the stochastic
integral and that of Sabel’nikov and Soulard [17] where a Stratonovich interpretation
of the integral is adopted. The latter approach preserves the results of classical
differential calculus. Previous calculations by the authors suggest that mass errors are
somewhat smaller using the Stratonovich approach and sub-grid pdfs are narrower.
However, this difference is more likely due to the numerical implementation adopted
rather than to the formulation itself. In the present work a Stratonovich formulation
is used and the equation for the stochastic fields is then given by:

ρ̄
∂ξn

α

∂t
+ ρ̄

(
ũ j + ug

j + ud
j

) ∂ξn
α

∂x j
= ρ̄

τsgs

(
ξn
α − φ̃α

)
+ ρ̄ω̇α(ξn) (7)

where ug
j is a stochastic velocity defined as:

ug
j =

√
2Γ

ρ̄
◦ dWn

j

dt
(8)

and where dWn
j represent increments of a Wiener process, different for each stochas-

tic field, n but independent of the spatial location x and ◦ denotes the Stratonovich
interpretation of the stochastic integral [39]. The Wiener process is approximated by
time-step increments dt1/2ηn

i , where ηn
i is a {−1, 1} dichotomic random vector, [40]

The drift velocity ud
j is given by:

ud
j = 1

2

∂Γ/ρ̄

∂x j
− 1

ρ̄

∂Γ

∂x j
(9)

3 Experimental and Numerical Setup

The case considered in the present work corresponds to the configuration studied
experimentally by Markides et al. [41, 42]. It consists of a central jet of gaseous fuel
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(vaporised n-heptane/nitrogen) issuing into a stream of pre-heated turbulent air in a
duct flow.

Several air and jet velocities were investigated in the experiments. In the present
calculations the case of equal bulk velocities V jet = Vair = 18 m/s is studied with
nominal air temperatures, Tair, between 1130 and 1165 K (see Table 1).

The turbulent co-flow is generated by a perforated plate with 3 mm holes and 44%
solidity. The experiments show a well developed turbulent spectrum in the co-flow
with u′/Vair = 0.12–0.15, relatively uniform across the pipe. Assuming isotropic tur-
bulence, the Kolmogorov length-scale was estimated η ≈ 0.1–0.2 mm (see Markides
et al. [42]). An estimate of the integral length scale of Lturb ≈ 3–4 mm was obtained
from Taylor’s hypothesis with a turbulent timescale of 1–2 ms. Due to the pre-
heated co-flow, the system is at relatively low turbulent Reynolds number, Returb =
u′Lturb /ν, which varied between 50 and 100. The central jet has a diameter of 2.25 mm
(smaller than Lturb ) and the considered test section computed in the present work is
125 mm. Auto-ignition was detected experimentally by chemiluminescence of the
hydroxyl radical (OH∗). The in house code BOFFIN [43] was used for the com-
putations to be reported. It utilizes a second-order-accurate finite volume method,
based on a fully implicit low-Mach-number formulation. The version applied utilized
a staggered storage arrangement. For the momentum equation convection terms an
energy-conserving discretization scheme is used and all other spatial derivatives are
approximated by standard second-order central differences. As is common practice
[7, 44], a total variation diminishing (TVD) scheme [45] is used for the scalars to
avoid unphysical overshoots and second law violations.

The cylindrical grid consists of 256 × 72 × 48 cells in the axial, radial and az-
imuthal directions respectively. The radial mesh size Δr varies between 0.1 and
0.4 mm and the axial spacing Δx between 0.4 and 0.6 mm. The filter width in the bulk
flow is of the order of η and it was considered that the LES resolution was sufficient
away from the pipe walls. 8 stochastic fields were used for the PDF solution, following
previous calculations on Hydrogen auto-ignition in the same configuration [28]. To
reproduce the turbulence generated by the metallic grid, a database of turbulent
velocity u j(r, θ; t) was generated with the digital filters approach of [46] and used
as inflow boundary condition. This technique creates correlated structures in time
and space, (see Fig. 1), using the experimentally measured length and time scales
(Lturb = 3 mm and τturb = 1 ms).

To introduce temperature fluctuations, the following assumption is made

T ′

Tair
= CT

√
ksgs

Vair
(10)

where CT is adjusted depending on the level of T ′ ≡ sqrt(T − Tair)
2 desired and

ksgs = 1
2 (u∗

j − Vair)
2, where u∗ is extracted from a similar database to the one used

Table 1 Case studied with
parameters used

Tair (K) T ′ (K) Observations

Case 1 1135 0,15,30 No burning
Case 2 1150 0,15,30 Random spots
Case 3 1155 0 Random spots
Case 4 1165 15 Flash-back
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Fig. 1 Example of inflow axial
velocity fluctuations V − Vair.
The dark areas represent the
lateral boundary layers

-8

-6

-4

-2

 0

 2

 4

 6

 8

as turbulent inflow. This process implicitly assumes that length scales of temperature
and velocity fluctuations, Lturb , are equal. Experimentally the RMS of temperature
was measured T ′ ≈ 2.5 K, however it must be noted that Tair has an indeterminate
uncertainty of ±0.3% and a determinate uncertainty of ±0.6% (7 K). Further
conduction losses (not considered here) result in a reduction in the temperature by
about 10 K in the first 100 mm [47]. In this work two values of T ′ have been used,
15 K and 30 K, which correspond to values of CT of 0.09 and 0.18 respectively. The
simulations were initialized with air at bulk co-flow velocity and at t = 0, turbulent
inflow were started (Fig. 2). An additional run was perform where the air was
initialized with the same turbulent fluctuations as the inflow, the results show little
difference. In both cases the fuel was injected at t = 0.

Several criterions to detect the ignition process can be found on the literature on
this configuration. Experimentally, the auto-ignition length corresponds to the axial
location of a 3% rise in the average signal intensity [25] while Galpin et al. [27] use
a threshold criterion for OH mass fraction (6.1 × 10−4). In the present work two
approaches have been used to detect the ignition process numerically: OH mass
fraction greater than 0.001 and a temperature increase greater than 1% of maximum
co-flow temperature. Both methods give the same ignition length (the differences are
less than 1%) when the temperature exceeds 2000 K although at lower temperatures,
the temperature method predicts earlier ignition. In the random-spots regime, the
temperature method is preferred as it detects the kernel formation earlier. In the
flash-back regime both methods are nearly undistinguishable Existing chemical
mechanisms for complex hydrocarbons involve, typically, more than 1000 elementary
reactions and 100 chemical species. The detailed C1-C6 sub mechanism for heptane
combustion includes 3397 elementary reversible reactions and 781 distinct chemical
species [48]. The direct integration of this mechanisms is beyond any present and near
future LES computational capabilities. For this reason the reduced mechanism of Liu
et al. [49], involving 22 species and 18 reactions, is used. The mechanism originates
from a skeletal mechanism of 43 chemical components and 185 reactions, reduced
by assuming 21 species to be in steady state. The species for which conservations
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Fig. 2 Snapshots of
Temperature distribution at
the centre plane for Case 2
(with T ′ = 15 K). The yellow
spot indicates high
temperature auto-ignition
spots

 3 ms  7 ms  10 ms 

 1050  1110  1170

 20 ms 

equations are explicitly solved are N2, O2, H, OH, H2, H2O, HO2, H2O2, CO, CO2,
C2H2, CH3, C2H4, CH2O, CH4, C3H4, C3H6, C4H8, C6H12, C7H16, OC7H13 and
C7H15O2.

The simulations were carried out with a constant time step of Δt = 10−6 s.
In a typical run, the maximum velocities are: ũMAX ≈ 35 m/s, ug

max ≈ 30 m/s and

ud
max ≈ 1 m/s and the associated Courant number, based on

(
ũ j + ug

j + ud
j

)
max

, is

approximately 0.75. The calculations were carried out in a Intel EM64T XEON
cluster using 64 nodes and 4 ms of each simulation, takes approximately 3 days (wall
time). The maximum mass error, arising from the use of a finite number of stochastic
fields, is 0.1%. This error occurs in the vicinity of the inflow boundary, probably
due to the discontinuous stochastic velocity. Further downstream, in the region of
interest, mass errors are below 0.001%.

4 Results

In the experimental study the term “random spots” was used to describe randomly
located ignition kernels that were periodically formed and convected [41, 42, 47].
The same terminology is used in the present study. In the present computational
results a different behaviour was observed when the co-flow temperature was varied
between 1135 and 1165 K. Both jet and air steams have the same bulk velocities
and turbulence effects are expected to be dominated by inflow grid turbulence. At
the lowest temperature, Tair = 1135 K, there was no indication of “auto-ignition”.
The mean ignition delay time was larger than the flow-through time and no ignition
spots were formed. Not enough OH was produced and the maximum heat release
is below 50 MW/m3. At the second temperature investigated, Tair = 1150 K, the
following events can be observed: first, the large carbon chains of n-heptane are
broken down in a series of endothermic reactions—see the negative heat release
regions in Fig. 3. When the pool of radicals, HO2, H2O2 and heptylperoxil, exceeds
a critical value, exothermic reactions dominate and kernels of higher temperature
(50–100 K above Tair) appear which are convected downstream (see Fig. 2). The
influence of the initial conditions disappears after less than about two flow-through
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Fig. 3 Snapshots of Heat
release MW/m3 distribution at
the centre plane for Case 2
(T ′ = 15 K)

 3 ms  7 ms  10 ms 

-50 -20  10  40

 20 ms 

times τ f l = L/Vair = 6.25 ms, with kernels then appearing ‘periodically’ at roughly
the same downstream locations. The time and length scale of these events is clearly
dominated by the inflow turbulence, see Fig. 4, a peak in heat release appears
periodically every 4.5 ms. Qualitatively, this regime is similar to the “random-spots”
observed experimentally.

Increasing the air temperature to 1165 K results in a change in the flame be-
haviour. The kernels observed at 1150 K (see Fig. 5) merge and flame propagation
occurs. This regime was termed “flash-back” in the experiments. The flame exhibit
a highly unsteady behaviour and after 10 flow-through times it does not stabilised
around a certain lift-off height. The flame propagation speed is not constant, in
contrast to that observed in the similar computations using Hydrogen as fuel, and
decays from 3 (up to 20 ms) to 1.2 m/s (after 30 ms).

In Fig. 6, the heat release due to combustion, q̇ = –
∑

Δh0
kω̇k, is shown. The intense

heating regions are very thin, approximately 2 or 3 cells and disconnected, in contrast
to the peak OH concentration, which suggest a continuous flame front (see Fig. 7).
The sub-grid variance of the heat release in the flame front is of the same order

Fig. 4 Maximum heat release,
MW/m3, as a function of time
for three temperatures
(T ′ = 15 K)
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Fig. 5 Snapshots of T̃
distribution at the centre plane
for Case 4 (T ′ = 15 K)

 7 ms  10 ms  20 ms 

 1050  1450  1850  2250

 30 ms 

Fig. 6 Snapshots of filtered
heat release distribution at the
centre plane for Case 4
(T ′ = 15 K)

 7 ms  10 ms  20 ms 

-50  1950  3950

 30 ms 

Fig. 7 Snapshots of filtered
OH mass fraction distribution
at the centre plane for Case 4
(T ′ = 15 K)

 7 ms  10 ms  20 ms 

-50  1950  3950

 30 ms 
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Fig. 8 Ignition length based
on T̃ for Cases 2 and 4 (with
T ′ = 15 K)
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as the filtered value q̇sgs ≈ ˜̇q suggesting a log-normal sub-grid PDF distribution.
The complex mixing field pattern allows the existence of pockets of unburnt rich
mixture. This is to be contrasted with conventional jet-flames where radial and
mixture fraction are highly correlated.

The evolution of ignition length based on temperature is shown in Fig. 8. Case
2 shows a periodicity consistent with the heat release (Fig. 4). The first two kernels
appear at 115 and 107 mm, and ‘fully developed’ state the kernels appear consistently
above 117 mm. The flash-back Case 4, has an initial oscillatory period of 4 ms
followed by the flash-back regime—unlike the case with Tair = 1165 K.

The flame behaviour close to the flame base in Case 4 (see Fig. 9) does not
lie within the flamelet regime and exhibits large conditional fluctuations respect
to mixture fraction, which suggest either extinction due to turbulent stretching or
failure to auto-ignite. From a purely premixed point of view, a Karlovitz number of
Ka = δLu

λT uL
can be computed where the laminar burning velocity uL of n-heptane

in air is estimated to be 40 cm/s and the flame thickness in the flame base is

Fig. 9 Scatter plot of
temperature as a function of
mixture fraction for Case 4 at
the flame base (t = 20 ms and
x = 87 mm)
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Fig. 10 Scattershot of
temperature as a function of
progress variable
c = YCO + YCO2 for Case 4 at
the flame base
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then δL = 0.2–0.9 mm using δL ≈ ν/uL, see [50]). The resultant Ka = 0.2–0.6 < 1
indicates that the premixed flame is in the corrugated flamelets regime in the
premixed combustion diagram [51]. However, the existence of large conditional
fluctuations in progress variable (see Fig. 10) would infer that the flame behaviour
is indeed a combined premixed–diffusion one and specific models for either non-
premixed or premixed regimes would not be adequate.

The partially premixed behaviour is also observed at sub-grid level. In Fig. 11,
the sub-grid pdfs at filter and test filter, Δ̂ ≈ 3Δ, are shown. A bi-modal shape can
be observed with points at low temperature (not burning) and high temperature
(burning) in a region of the size of few Kolmogorov scales, which suggest the
presence of a flame front. A wide range of states is present even at the sub-grid level,
with temperature fluctuations of nearly 1000 K.

The segregation factor of the mixture fraction, SZ = Z̃ ′′2
sgs/Z̃ (1 − Z̃ ), indicates

how well the reactants are mixed at sub-grid level (SZ = 0 for complete mixing and
SZ = 1 for totally segregated reactants). Values of SZ < 0.01 were found at the flame
base, although values it up to SZ ≈ 0.2 were observed in the latter stages of the

Fig. 11 Sub-grid pdf for Case
4 at t = 20 ms x = 87 mm,
r = 5 mm and θ = 0◦. Dashed
line is the Sub test-filter pdf
while the dots represents the
Sub-filter pdf
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Fig. 12 Snapshots of T̃
distribution at the centre plane
for Case 3 with 16 fields

 3 ms  7 ms  10 ms 

 1050  1110  1170

 20 ms 

flash-back propagation close to the nozzle. The good degree of mixing at sub-grid
level combined with large sub-grid temperature variance at the same location (see
Fig. 11), suggests that pre-mixed propagation is the mechanism that controls the
flash-back.

Case 3 present characteristics of the “random-spots” regime although the heat
release is much larger than Case 2 despite the relatively small 5 K difference in air
temperature. A comparison was made for the Case 3 between the results obtained
between 8 and 16 fields. Although there is little difference in filtered temperature
(Fig. 12, results with 8 fields not shown), discrepancies can be observed (Fig. 13) in
the instantaneous sub-grid PDF shapes at the same spatial location. The pdfs are
constructed by sampling over the complete cross-section, so that in the case of 16
fields the number of samples is Nr × Nθ × N = 55296. When the complete r − Θ

plane is taken into account, the sub-plane pdfs are very similar (see Fig. 14), which
suggest that the number of fields is sufficient to accurately capture the shape and
location of the average pdfs.

Fig. 13 Sub test-filter PDF
for Case 3 with 8 (solid) and 16
(dashed) fields at t = 20 ms,
x = 121 mm, r = 3.5 mm and
θ = 0◦
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Fig. 14 Sub-Plane PDF for
Case 3 with 8 (solid) and 16
(dashed) fields at t = 20 ms
and x = 121 mm
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Fig. 15 Maximum relative
temperature
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fluctuations

 0.95

 1

 1.05

 1.1

 1.15

 1.2

 5  10  15  20  25

M
ax

im
um

 T
em

pe
ra

tu
re

TIME(ms)

No fluctuations
RMS=15 K
RMS=30 K
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auto-ignition length from
experiments (LMODE and
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The effect of temperature fluctuations was surprisingly large, even with a relatively
small fluctuation of 15 K (less than 2%). The maximum temperature obtained
with the same mean co-flow temperature and three different RMS values is shown
in Fig. 15. With no temperature fluctuations a maximum temperature of 1370 K
is obtained and q̇max = 900 MW/m3. The introduction of fluctuations reduces the
strength of the ignition kernels and maximum temperatures of 1215 and 1240 K are
obtained with q̇max ≈ 200 MW/m3. The minimum ignition length is roughly 10 mm
shorter.

In Fig. 16 the ignition length observed in the experiments (minimum and mode)
are shown compared with previous RANS-CMC results [52] and present simulations.
As observed there is large difference between the most probable occurrence of igni-
tion kernels, LMODE, and the minimum ignition length LMIN . If present simulations
are shifted 20 K the results fitted well with the mode ignition length. The exception is
Case 4, which is not in the “random-spots” regime and therefore cannot be directly
compared.

5 Conclusions

This paper represents one of the first attempts to resolve auto-ignition phenomena
in realistic fuels using LES. All regimes captured in the experiments were observed
in our simulations without any adjustment or calibration of the model constants.
The results are consistent with experimental data and previous RANS calculations.
Discrepancies can be attributed to uncertainties in temperature fluctuations in
the inflow stream and the chemical mechanism. The method is able to capture
the partially premixed behavior even at sub-grid level, which makes it very attractive
for complex combustion problems. The inclusion of temperature fluctuations in the
system reduced the progress rate of combustion and delays the formation of auto-
ignition kernels. Relatively moderate temperature fluctuations of 2% in the co-flow
decrease the maximum temperatures in more than 10%. The sensitivity of the system
to temperature fluctuations is probably due to the slow rate of formation of R-HO2

and R-H2O2 at low temperature. The formation of these intermediate species can be
easily disrupted as the chemical time scales are comparable to the flow time scales
and noise in the temperature field affect directly the rate of production.
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