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Two-dimensional direct numerical simulations have been performed of the autoignition of (i) laminar and 
turbulent shearless mixing layers between fuel and hotter air, (ii) thin slabs of fuel exposed to air from both 
sides, and (iii) homogeneous stagnant adiabatic mixtures. It has been found that the time for the first 
appearance of an ignition site is almost independent of the turbulence time scale, varies little in individual 
realisations of the same flow, decreases with partial premixing, is shorter in turbulent than in laminar flows, 
and decreases with decreasing width of the fuel stream. The autoignition time in the turbulent flows is longer 
than the ignition delay time of stagnant homogeneous mixtures and this implies that the heat losses due to 
mixture fraction gradients associated with mixture inhomogeneities increase the autoignition time. It has ahso 
been found that ignition always occurs at a well-defined mixture fraction fMR, which is accurately predicted 
by previous laminar flow analyses to depend only on the fuel and oxidant temperatures and the activation 
energy. As a measure of the heat losses of the heat-producing regions that eventually autoignite, the time 
evolution of the scalar dissipation rate, conditional on the most reactive mixture fraction, is examined and 
used to explain successfully all the observed trends of autoignition time with turbulent time scale, flow length 
scale, and partial premixing. The implications of these findings for modelling and for the interpretation of 
experimental data are discussed. © 1997 by The Combustion Institute 

NOMENCLATURE Re t 

b reactedness; Eq. 7 
Cp specific heat capacity Sdf 
Cre e sound velocity; Section 2 
f mixture fracture; Eq. 5 SL 
fo mixture fraction of fuel stream; Section Sc 

2.2 t 
k turbulent kinetic energy tre f 
L length 
Lbo x length of calculation domain T 
Lf estimate of the distance between fMR Ti n 

and fst fluid; Eq. 9 
Lre f reference length used for nondimen- 

sionalisation Tact 

Lturb turbulent integral length scale; Section w 
2.2 W 

P pressure x 
Pr Prandtl number xo 
Q heat release per unit mass of fuel 
Re Reynolds number, defined by CrefLref/V y 
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turbulent Reynolds number, defined by 
kl/2Lturb / V 

average propagation speed of ignition 
fronts to fst; Eq. 10 
laminar burning velocity; Section 3.3 
Schmidt number 
time; Section 2.1 
reference time; Section 2.2 (equal to 
Lre f /Cre f )  

temperature 
temperature of inert mixing used also 
as the initial condition; Eq. 3 
activation temperature 
width of fuel stream in slab calculations 
reaction rate 
coordinate 
position of the centre of the initial 
fuel-air interface 
coordinate 
local fuel mass fraction 
local oxygen mass fraction 
mass fraction of fuel at infinity; taken 
as 1.0 
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Yo~,~nf mass fraction of oxygen at infinity; taken 
as 0.233 

Greek 

7 

Aldf 

E 

~K 
/J 

P 
Tign 

Thorn 

Tref 
Tturb 

4, 

X 
xlf 

ratio of specific heats; Section 2.1 
characteristic initial thickness of the 
fuel-air interface 
estimate of time for diffusion flame 
complete ignition; Section 3.3 
dissipation rate of the turbulent kinetic 
energy 
Kolmogorov length scale 
dynamic viscosity 
density 
time of first appearance of autoignition 
in laminar and turbulent mixing layers 
autoignition time of homogeneous, 
stagnant, adiabatic mixtures 
minimum "thorn; Section 3.1 and Fig. 2 
turbulent integral time scale; Section 
2.2 
mass ratio of oxygen to fuel at stoi- 
chiometry 
scalar dissipation rate; Eq. 8 
scalar dissipation rate conditional on 
the mixture fraction being f 

Subscripts 

fu quantity at the fuel stream 
ign first appearance of autoignition 
MR most reactive (for the mixture fraction) 
ox quantity at the oxidant stream 
st stoichiometric 
turb turbulent integral scale 

Other 

volume average 
property ~0 conditional on the mixture 
fraction taking the value f 

1. INTRODUCTION 

The autoignition of hydrocarbon fuels follow- 
ing their release inside a turbulent oxidant at 
elevated temperature is relevant to combustion 
in diesel and aircraft jet engines. Despite the 
importance of these applications, detailed un- 

derstanding of the time and spatial location of, 
and the subsequent flame development from, 
autoignition sites is still lacking. For example, 
recent visualisations in diesel engines by Bari- 
taud et al. [1] have shown that the ignition 
spots were scattered in a region on the order 
of the spray width, but were located mostly on 
the sides of the spray, in contrast to other 
experiments [2] that showed ignition at the 
spray tip. The autoignition times, determined 
as the time of first appearance of intense light 
inside the cylinder, also showed large scatter. 
These observations are important for the accu- 
rate representation of autoignition in numeri- 
cal field solutions of the flow inside the engine, 
used routinely now as design tools [3]. 

It is not well understood why sprays au- 
toignite on the side--probably in lean regions 
- -and neither is there a satisfactory explana- 
tion of the relationship between the autoigni- 
tion time observed in experiments where the 
fuel-air mixture is inhomogeneous, as in sprays 
[4], and in experiments with homogeneous mix- 
tures in shock tubes [5]. Finally, experimental 
evidence [1, 6] shows that increased turbulence 
may reduce the autoignition time which is, at 
first, counterintuitive based upon laminar flow 
analyses [7-9] that suggest that the high strain 
rates caused by high turbulence will delay au- 
toignition and may even totally prohibit it. 

In an effort to understand these problems 
better, autoignition in laminar and turbulent 
mixing layers was examined with two-dimen- 
sional direct numerical simulations (DNS) with 
one-step chemistry. In particular, the objec- 
tives of the present work were (i) to quantify 
the autoignition time in turbulent flows rela- 
tive to that in homogeneous, adiabatic, stag- 
nant mixtures, (ii) to measure with DNS the 
randomness involved in the first appearance of 
autoignition spots, (iii) to quantify the effect of 
the turbulence and of the initial length scale of 
the fuel stream on the autoignition time, and 
(iv) to identify the spatial distribution of igni- 
tion sites. It is found that ignition is located in 
regions with a specific value of the mixture 
fraction and with low values of the scalar dissi- 
pation rate and so, with hindsight, we may also 
consider as an aim (v) to conjecture on proper 
modelling approaches for the autoignition of 
inhomogeneous mixtures. 
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This paper is organised as follows. In the 
next section, the numerical methods are de- 
scribed and the results are presented in Sec- 
tion 3. First, the autoignition of homogeneous 
mixtures is described as a "reference"  situa- 
tion and is followed by a discussion on the 
autoignition of turbulent mixing layers in Sec- 
tion 3.2. Some preliminary findings on the es- 
tablishment of the whole diffusion flame fol- 
lowing autoignition are shown in Section 3.3 
and results for turbulent flows with fuel streams 
of finite extent are given in Section 3.4, to 
identify the influence of length scale on au- 
toignition. The implications of the present re- 
sults are discussed in Section 3.5 and the main 
conclusions are summarised in Section 4. 

2. NUMERICAL METHODS 

2.1. The Code 

A two-dimensional code with simple one-step 
chemistry and incorporating realistic heat re- 
lease, as described in Refs. 10 and 11, has been 
used. The code solves nondimensional versions 
of the continuity, momentum, energy, and two 
species conservation governing equations in 
fully compressible form. It uses temperature- 
dependent molecular transport coefficients and 
assumes constant and uniform molecular 
weight, specific heat, Prandtl and Schmidt 
numbers, and ratio of specific heats Y- In this 
work, P r = S c = 0 . 7  and T = 1 . 4 .  The only 
other parameter that appears in the nondi- 
mensional governing equations is the Reynolds 
number Re, defined as  CrefLref/I,', with Cre f the 
velocity of sound at a reference state, Lre f a 
characteristic length scale, and v the kine- 
matic viscosity. Because the reference velocity 
is the sound velocity, the Reynolds number so 
defined may be called "acoustic" and the time 
scale defined by tre f = Lref/Cre f is referred 
to as "acoustic time." In this work we chose 
Re = 105 and the reference state to be air 
at atmospheric conditions to give the refer- 
ence quantities Cr~ f = 347.67 m / s  for velocities, 
Lre f = 4.37 mm for lengths, and tre f = 1.259 × 
10 -5 s for times. Note that, for the purposes of 
this work, these numbers are not of any conse- 
quence since we compare the autoignition 
times in turbulent flows with those in homoge- 

neous mixtures and both are nondimension- 
alised by the same quantities. 

2.2. Initial and Boundary Conditions 

2.2.1. Initial Scalar Distributions and 
Chemical Parameters 

A 251 × 251 grid for all the turbulent flow 
data and a small 10 x 10 grid for the homoge- 
neous stagnant mixture calculations were used. 
All grids had uniform spacing and the solution 
domain had length Lbo x = Lre f in both direc- 
tions. For all calculations, the initial pressure 
in the solution domain was taken as uniform 
and equal to P = 1 atm and the initial reaction 
rate was zero. The initial values of species 
mass fractions, temperature, and density were 
determined as in inert flow by a specified spa- 
tial distribution of the mixture fraction by the 
following relationships: 

Y1 = Yfu,inff, (1) 

Y2 = Yox, i.f( 1 - f ) ,  (2) 

Ti, = Tox - / ( T o x  - Tfu) , (3) 

P 
P = R T '  (4) 

where f ,  the mixture fraction, is defined by 

6 E l  - Y2 + Yox, inf 
f = (5) 

6Yfu,inf + Yox, inf 

The stoichiometry of methane was used to give 
a mass ratio of stoichiometric O 2 / C H  4 mix- 
tures ~b equal to 4; Yox, int = 0.233 and Ytu, inf = 
1.0 throughout and so the stoichiometric mix- 
ture fraction was fst = 0.055. Equation 3 is 
valid because the molecular diffusivities of 
mass and temperature are taken to be equal. 
For  all calculations, Tf~ was taken as 300 K 
and To~ as 1000 or 1100 K. The activation 
energy of the one-step reaction, first order  to 
each reactant, was 14,400 K, which is lower 
than the value of 24,356 K recommended by 
Westbrook and Dryer [12] in order  to make the 
governing equations less stiff, but high enough 
to ensure sudden ignition, a characteristic of 
high-activation energy reactions. The preexpo- 
nential factor was taken as 4 x 10 n l / s ,  cho- 
sen arbitrarily to ensure ignition in a conve- 
niently short time to reduce computational cost. 
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The heat release per unit mass of fuel Q was 
taken as 41,640 kJ/kg. 

For mixing layer calculations (Fig. la), the 
initial distribution of mixture fraction in a thin 
interface separating fuel ( f  = f o )  and air ( f  = 
0) is given by 

in the inhomogeneous direction. |t is uniform 
in the y direction. In Eq. 6, 8 is a characteris- 
tic scale of the width of the error-function 
profile, x o is the location of the midpoint of 
the profile, and fo is the maximum value of 
the mixture fraction in the fuel stream. The 

value of x o was taken as 0.5, i.e., the midpoint 
of the solution domain (Fig. 1). The value of 
fo determines the amount of partial premixing 
in the fuel stream and fo = 1 (100% fuel) 
and fo = 0.5 (50% CH4//50% air by mass) 
have been used. An error-function interface 
is consistent with the solution to the one- 
dimensional unsteady diffusion equation. 

2.2.2. Initial Velocity Field 

The initial cross-layer mean velocity was deter- 
mined by an approximate form of the inte- 
grated steady energy equation [13]. Tests, how- 
ever, showed that the results of interest here 
are similar even if the initial cross-layer veloc- 
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Fig. 1. Flow arrangement for (a) infinite 
layers and (b) slab calculations. 
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ity was zero and so this aspect of initialisation 
is of no consequence. Zero mean velocities 
were employed along the homogeneous direc- 
tion (y). Initialisation of the turbulent velocity 
fluctuations, which were added to the mean 
velocities imposed, was performed in the man- 
ner described in Ref. 14 with an energy spec- 
trum with the scale of the most energetic ed- 
dies k e and the scale of the dissipative eddies 
k d as parameters. The values of these wave 
numbers determine the initial turbulent kinetic 
energy k and its dissipation rate e, and thus 
the turbulent integral length and time scales, 
defined here a s  Lturb  = k3/2/e and "/'turb = 

k / e ,  respectively. The turbulent Reynolds 
number Re/, defined by kl/2Lturb/V, had val- 
ues between 60 and 100, from which the Kol- 
mogorov length scale r/K = Lturb Re t  3/4 could 
be estimated. There is no forcing because it is 
not clear how energy should be fed into the 
turbulence in simulations with variable density 
and combustion, contrary to DNS of isother- 
mal flows. Hence, the simulations presented 
here occur in a turbulent field which is decay: 
ing, but is known at all times. 

2.2.3. Laminar and Slab Calculations 

A few results on the autoignition of laminar 
mixing layers were obtained by a one-dimen- 
sional version of the code with initial condition 
also given by Eqs. 1-6. Turbulent calculations 
were also made of fuel streams of finite extent 
w, not infinite layers, where the two interfaces 
were located at x 0 = 0.5 + w / 2  to show the 
effect of flow scale on autoignition time (Fig. 
lb). Typically, r/K << w < Lturb. 

2.2.4. Resolution 

Important points concerning the resolution re- 
quirements of the simulations are that the 
smallest velocity and scalar scales should be 
resolved and that the turbulent integral length 
scale should be less than about 0.3 of the 
solution domain to avoid influence of the 
boundary conditions. Here, the solution do- 
main had a (nondimensional) length of unity, 
Lturb varied between 0.05 to 0.20, and the mini- 
mum grid spacing was 1.32 times the Kol- 
mogorov scale at worst. However, because the 
turbulence decays and the length scales grow 
quickly, because half the domain (the air side) 

is at a higher temperature and hence more 
viscous, and because simulations with better 
resolution gave identical results, we consider 
that the present simulations adequately resolve 
the velocity field. 

Extra care was needed to resolve accu- 
rately the initial thin interface between the air 
and the fuel. Numerical problems associated 
with the steep density difference of the two 
streams arose when there were less than about 
six grid points across the interface, a more 
stringent requirement than that for the veloc- 
ity field. There was a minimum value of ~ that 
could be used for a given grid and, by trial and 
error, 8 = 0.005 was found to be the smallest 
that ensured good resolution for the present 
grid (which had a spacing of Ax = 0.004). 
Higher values, giving a wider interface, were 
also examined to quantify the influence of the 
initial value of 8 on autoignition. Typically, 

Lturb  >> t~ > r/K" 

2.2.5. Boundary and Flow Conditions 

For all simulations, periodic boundary condi- 
t i o n s  in the y direction and nonreflecting 

boundaries [15] in the x direction were used, 
with the exception of the homogeneous mix- 
ture solutions, which were obtained with peri- 
odic conditions in both directions and no flow. 
Figure 1 shows schematically the initial geome- 
try and Table 1 itemises some of the flow 
parameters tested. The times of first appear- 
ance of autoignition are also listed to facilitate 
later discussion. It is expected that the present 
two-dimensional simulations are adequate for 
examining the effect of real turbulence on 
autoignition because the main physical phe- 
nomena of the coupling between the chemical 
reactions, heat release, and flow field effects 
on mixing are, at least qualitatively, captured 
in two dimensions. 

3. RESULTS AND DISCUSSION 

3.1. Autoignition of Homogeneous Mixtures 
and ~-~f 

The autoignition of stagnant adiabatic homo- 
geneous mixtures is described in this section to 
show the influence of the initial temperature 
and concentration on the autoignition time. 
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TABLE 1 

Flow Conditions for Some Typical Simulations and Result ing Autoignition Times r~gn ~ 

Run  Type fo 6 w 'l"t u rb Lturb 'OK Tox (K) "rign/'Tre f 

1 Layer 1.0 0.005 - -  7.20 0.070 0.003 1100 2.566 
2 Layer 1.0 0.010 - -  7.20 0.070 0.003 1100 2.391 
3 Layer 0.5 0.010 - -  7.20 0.070 0.003 1100 2.250 
4 Slab 0.5 0.005 0.050 7.20 0.070 0.003 1100 2.297 
5 Slab 0.5 0.005 0.050 7.20 0.070 0.003 1000 2.180 
6 Slab 0.5 0.005 0.025 7.20 0.070 0.003 1000 1.919 
7 Slab 0.5 0.005 0.025 4.22 0.053 0.002 1000 1.916 

~For all, Tfu = 300 K. See Section 3.1 for the definition of ignition time scale rre f. All lengths have been nondimension-  
alised by the reference length scale Lref, but because in all simulations Lbo x = Lref, these lengths can be thought  of  as 
normalised by the solution domain size. Note also that the turbulence time zturb is in units of  the "acoustic t ime" tre f. 

This will also provide a reference against which 
the subsequent results in inhomogeneous and 
turbulent mixtures can be compared. 

Consider adiabatic homogeneous mixtures 
with no flow, with initial composition and tem- 
perature related by Eqs. 1-3, hence uniquely 
characterised by the mixture fraction. The au- 
toignition times "rhom of these mixtures have 
been found and are presented in Fig. 2. This 
shows that rho m has a minimum value for a 

mixture fraction of about 0.11, for both oxidant 
temperatures tested. The minimum values, de- 
noted by rre e, were 6.309 and 2.194 for Tox = 
1000 and 1100 K, respectively. These autoigni- 
tion times depend only on the initial state of 
the mixture and the chemistry used, not on the 
flow. Thus they can be used as "reference" 
times with which the results of the turbulent 
flows examined in the next sections can be 
compared. The existence of a minimum au- 
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Fig. 2. Autoignit ion times of homogeneous ,  adiabatic, s tagnant mixtures with initial 
composit ion and temperature  related by Eqs. 1-3, for Tox = 1000 (solid circles) and 
1100 K (open circles). The min imum value "/'re f is used in the text for comparisons with 
autoignition t imes of inhornogeneous turbulent  mixtures. 
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toignition time suggests that there is an opti- 
mum mixture fraction for faster ignition. It is 
explained by the fact that toward lean mix- 
tures, the beneficial effect of the high initial 
temperature more than compensates for the 
reduced fuel concentration because of the ex- 
ponential dependence of the reaction rate on 
temperature. 

It is important to realise that in any flow 
with initially separate fuel and air streams, 
fluid particles will have concentrations and 
temperatures uniquely determined by the mix- 
ture fraction for a time short compared to the 
ignition time, that is, before appreciable reac- 
tion has increased the temperature or de- 
creased the reactant concentrations. It is not 
possible for the temperature and concentration 
to be independent. Therefore the results of 
Fig. 2 can also be interpreted as follows: in an 
infinitely fast mixing flow between hot air and 
cold fuel, depending on the amount of the two 
reactants, the final mixture formed will have a 
concentration and temperature determined by 
the final value of the mixture fraction. The 
subsequent autoignition will then be a function 

of this mixture fraction, the ignition time will 
follow the results of Fig. 2, and thus zre f can be 
considered as the minimum possible autoigni- 
tion time of mixtures created by fuel and oxi- 
dant streams of given initial temperatures. Thus 
Fig. 2 provides a characteristic time scale of 
the chemistry. The delaying effect of inhomo- 
geneities present during the time to ignition 
(induction time) in turbulent mixing flows is 
measured by the ratio of the ignition time to 
Tre f and forms the topic of this work. 

3.2. Autoignition of Turbulent Mixing Layers 

Results on the autoignition of mixing layers in 
an initially isotropic and homogeneous velocity 
turbulent field are presented here. First, a typi- 
cal sequence of events before, during, and af- 
ter autoignition is described and the calcula- 
tions are then used to visualise the spatial 
distribution of the ignition sites. The random 
nature of the ignition time and its dependence 
on the turbulence time scale are then pre- 
sented and discussed. 
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Fig. 3. Maximum reaction rate (W = Y1Y2 e x p ( - T a c t / T ) )  in the solution domain as a 
function of acoustic t ime for the simulation denoted as RUN1 in Table 1. Circles on the 
curve denote the t imes of the data in Figs. 5-8 .  



SIMULATIONS OF TURBULENT AUTOIGNITION 205 

3.2.1. A Typical Sequence 

Figure 3 shows that the maximum reaction rate 
in the solution domain increases very sharply 
after a period of slow increase; the point of 
maximum gradient in this sharp increase de- 
fines the autoignition time. Figure 4 shows the 
corresponding trace of the volume-averaged 
pressure which rises after ignition, but with a 
slightly longer delay compared to the reaction 
rate. Solid circles on Fig. 3 mark times where 
two-dimensional contours of mixture fraction, 
temperature, and reaction rate have been as- 
sembled and these are presented in Figs. 5-7. 
Recall that the initial state of the flow had 
f = 1.0 and T = 300 K (i.e., pure fuel) on the 
left side of the straight interface, located at the 
midpoint of the domain, and f = 0.0 and T = 
1100 K (i.e., pure air) on the right side. Note 
that autoignition occurs at about 0.8 (initial) 
turbulent time scales. 

As time evolves, the interface develops wrin- 
kles due to the turbulence and becomes more 
diffuse due to the combined action of small 
eddies and molecular diffusion (Fig. 5, first 
column). Ignition occurs just after the snapshot 
a t  / / ' r t u r b  = 0.78 in Fig. 5, and it is evident that 

after ignition the mixing layer expands in the 
inhomogeneous direction. At t / /T turb  = 0.78, 
the temperature has not risen much from its 
inert value (Fig. 6), although a small increase is 
observable on the lean side of the layer. At 
t / /T tu rb  = 0 . 8 4 ,  after autoignition, only two iso- 
lated regions have high temperatures; there- 
fore autoignition is localised. These high- 
temperature regions spread and merge with 
other autoignition spots to form a connected 
(in the y direction) zone (at t/'rcurb = 0.97) 
and then the maximum reaction rate in the 
domain, which is associated with igniting ele- 
ments, begins to fall. 

The expansion of the high-temperature re- 
gions is made clear by examining the reaction 
rate contours in Fig. 7. Long before ignition, 
the reaction rate is low and follows approxi- 
mately the lean mixture fraction contours. Just 
before ignition, high reaction rates are lo- 
calised at two spots which are clearly the ones 
that have ignited at t / T t u r b  = 0.84. Figure 7 at 
t/~'turb = 0.84 is important for the qualitative 
understanding of the flame establishment after 
autoignition. Following ignition at a point, the 
reaction rate drops there to zero because one 
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t/Xturb=0.67 

, o 
, 

• i 4,}: 

,o9 

t/Xturb__O.78 .' 

t/Xturb --'0"97 ~ ! ~  

• , t 

l 7 # ,,' # 
i L~  i M 

t/'~turb=l'23~{ I ~';', 
Fig. 5. Contours  of  mixture fraction, for t imes before  and after autoignition for RUN1.  Ignition first 
observed at ~'ig, = 5.631, i.e., rign/'rturb = 0.782. 

or both reactants have been consumed, form- 
ing hence an "island" of high-temperature fluid 
centred on the ignition spot surrounded by a 
circular reaction front. These circular reaction 
fronts propagate outward and collapse at the 
very lean or very rich sides due to extinction or 
after collisions with separate similar fronts 

originating from other ignition sites. Note the 
development of additional autoignition loca- 
tions at t/Tt~rb = 0.84, later than the first ap- 
pearance of autoignition. Much later (the plot 
at t/rturb = 1.23), a continuous reaction front 
at the stoichiometric mixture fraction has been 
created (the "diffusion" flame), a weak and 
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t/'l;turb=0.52 t/Xturb--0.84 

i • 

t/Xturb--0.67 t/Xturb=0.97 
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Fig. 6. Contours of tern 
by 120 to give kelvin. 

t/l;turb=l'23 '~(~ i ~ , 

)erature at times as in Fig. 5. Temperature shown should be multiplied 

decaying front at leaner mixtures is still propa- 
gating, and a stronger front is still evident at 
rich mixtures. 

Finally, we show in Fig. 8 scatter plots of the 
reactedness against the mixture fraction. The 

reactedness b is defined by 

( T -  Tin) 
b - , (7) 

~Tad 
where ATad =fsta/cp is the temperature in- 
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h 

t/Xturb--0.78 

Fig. 7. Contours of reaction rate at times as in Fig. 5. Maximum reaction rate at 
t/~'turb = 0.84 in 10 times higher than in other plots. Black corresponds to high values; white 
corresponds to zero. 

crement due to reaction in a stoichiometric 
adiabatic flame, with Q the heat release per 
unit mass of fuel and Cp the specific heat 
capacity, and Tin is the temperature  corre- 
sponding to inert mixing (the initial value at 
t = 0) and determined by the local value of the 
mixture fraction through Eq. 3. With this deft- 

nition, b is zero initially, rises slowly before 
autoignition, becoming unity when fully burnt 
for the stoichiometric mixture fraction, and 
decreasing linearly to zero at the air and fuel 
side. It is evident from Fig. 8 that the tempera-  
ture increases little before autoignition, while 
later, the reactedness approaches the fully 
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Fig. 8. Scatter plots of reactedness (Eq. 7) for simulation and times of Figs. 5-7.  

burnt value, but with large scatter. There is 
evidence of unreacted very rich and very lean 
fluid long after ignition because the propaga- 
tion speed of the fronts of Fig. 7 approaches 
zero when the concentration of one of the two 
reactants becomes very low. 

This scenario of autoignition has been ob- 
served for all initial layer thicknesses, oxidant 
temperatures, fuel premixedness, and turbu- 
lent time scales tested, although the ignition 

time varies. The results are consistent with the 
conclusions of Lifian and Crespo [16], reached 
by asymptotic methods, and of Thevenin and 
Candel [7], obtained by constant-density nu- 
merical solutions for one-dimensional laminar 
autoigniting layers, that reaction fronts propa- 
gate toward lean and rich mixtures after igni- 
tion. When these reaction fronts "cross" re- 
gions with stoichiometric mixture fraction, the 
"diffusion" flame is ignited and an estimate of 
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the time difference between ignition and the 
establishment of the diffusion flame is given in 
Section 3.3. In the next section, the difference 
between the igniting and the stoichiometric 
mixture fractions is emphasised. 

Qualitatively, the simulations show that the 
transition from frozen flow to diffusion-type 
reacting flow after autoignition occurs over a 
finite time, during which rich mixtures are re- 
acting slowly and thus possibly creating pollu- 
tants. Also note that reaction takes place not 
only at stoichiometry, but also at richer loca- 
tions, and so the fuel that has been premixed 
with oxygen during the induction time can be 
consumed at either. The common deficiency of 
some diesel engine calculations to underpre- 
dict fuel burnout may thus be explained as 
they usually neglect this mode of "premixed" 
combustion [17]. 

3.2.2. Location of Autoignition Sites 

We examine below in detail the spatial distri- 
bution of the autoignition sites and conclude 
that they are associated with a particular value 
of the mixture fraction, to be denoted as the 

"most reactive" fMR = 0.12, and with low val- 
ues of the scalar dissipation rate. 

It was evident from Fig. 8 that the reacted- 
ness was highest in a small region of mixture 
fraction around 0.1-0.15 before autoignition, 
and this suggests that these mixture fractions 
first ignite. In more detail, Fig. 9 shows that 
the reaction rate, conditionally averaged in 
small "windows" of mixture fraction, peaks at 
around 0.12 for most of the time until ignition 
and falls sharply at leaner and richer mixtures. 
We call the mixture fraction at the highest 
reaction rate fMR" The value of fMR did not 
change in simulations with different initial val- 
ues of 6 and turbulence intensity, but fMR was 
altered by changing Tox and/or  Tfu and this is 
discussed in Section 3.5. It is clear that au- 
toignition occurs in sites with f = fMa, but it is 
not evident which portions of the fMR contour 
are preferred. 

Motivated by the known dependence of the 
ignition time On heat losses during the induc- 
tion period and by the expectation that large 
gradients of mixture fraction imply large heat 
losses, we examine below the (nondimensional) 
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Fig. 9. Conditionally averaged reaction rate (Wlf)  against mixture fraction for the 
simulation of Figs. 5-8, before autoignition at t/'rt,rb = 0.52 (open circles), 0.67 (solid 
circles), and 0.78 (triangles). 
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scalar dissipation rate, defined by 

X= c -Gx (8) 

To obtain dimensional values, the presented X 
1 should be divided by ~ Re tre f (see Section 2.2). 

Figure 10 shows scatter plots of the reaction 
rate against the scalar dissipation rate, but 
conditioned on the mixture fraction being in 
the range 0.11 < f < 0.14, bracketing fuR" It is 
evident that the reaction rate is low when X is 
large and high when X is low for the most 
reactive fluid elements and that this is so for 
all times until autoignition. The strong nega- 
tive correlation between the reaction rate and 
the conditional scalar dissipation rate is shown 
in more detail in Fig. 11 as a function of 
mixture fraction. The conditional correlation 
coefficient between the reaction rate and the 
scalar dissipation rate fluctuations is negative 
and peaks at almost - 1  at f = fuR" 

The result of Figs. 9 and 11 and the observa- 
tions in the scatter plots of Figs. 8 and 10 lead 

to the most important conclusion of the pres- 
ent work: autoignition in inhomogeneous mix- 
tures is located where the mixture fraction 
assumes its most reactive value f = fMR and 
where the conditional scalar dissipation rate 
XIfMR is lOW. This behavior can be understood 
by considering that regions with high g will 
have large heat losses, while regions with low g 
will have low heat losses during the induction 
time. Since XIfMR changes with time and also 
depends on the initial conditions and the tur- 
bulence intensity, we may expect that the time 
of the first appearance of autoignition can be 
related to the value of xIfMR. This depen- 
dence is discussed below and in Section 3.4, 
while a discussion of fMR is given in Section 
3.5. 

3.2.3. Randomness  of  'rig n and the Effect of  

'Tturb 

No mention has yet been made of the values of 
the autoignition times and how these are af- 
fected by the turbulence. In particular, one 
prominent question posed in the Introduction 
was the randomness of Tign, which, based on 
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the results of  Section 3.2.2, must  depend  on 
the scalar dissipation rate condi t ioned on the 
most  reactive mixture fraction. Since in a tur- 
bulent  flow we expect (and indeed observe) 
large r andom variations of  XIfMR that  should 
depend on Tturb , we intuitively expect a large 
randomness  in T~g n and a strong dependence  

on Tturb. The  following text shows that  nei ther  
is t rue and explains why. 

Figure 12 shows calculated autoignit ion times 
T~gn f rom many simulations covering a range of  
r turJr re  f between about  0.8 and 15. Also in- 
cluded are results obtained by numerous  reali- 
sations of  the same flow (points aligned in the 
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Fig. 12. Autoignition time normalised by 
the minimum ignition time of stagnant 
adiabatic mixtures rign/Trc f plotted against 
7turb//Tref for many simulations with differ- 
ent initial 8, Tox, and ~'tu,b. Included are 
results of different realisations of the same 
flow (points vertically aligned) and results 
from one-dimensional laminar layer calcu- 
lations with the same initial condition. 
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vertical direction in Fig. 12), of layers where 
the fuel stream is partially premixed with air at 
fo = 0.5, of layers with different initial thick- 
ness 6 of the fuel-air  interface, and of laminar 
mixing layer calculations. The following con- 
clusions, also evident from the results in Table 
1, can be reached: 

(a) Partially premixed flows (fo = 0.5) ignite 
earlier than flows without partial premixing 
(fo = 1.0). 

(b) Increasing 6 results in earlier ignition. 
(c) The spread of autoignition times in differ- 

ent realisations of the same flow is small at 
l a rge  Zturb/Zre f and increases to about 10% 
at "rt,,rb/'rre f close to unity. 

(d) Tign/Tre f is larger than unity and varies 
between 1.8 and 2.8, depending on the 
initial values of 8 and fo. 

(e) zig n does not seem to depend on rturb by 
an amount larger than the spread between 
individual realisations. 

(f) Turbulent flows ignite earlier than laminar 
ones. 

These results are explained as follows. First, 
partial premixing implies smaller gradients of 

the mixture fraction for the same 6. Recall 
that the initial state of the mixing layer was, 
from Eq. 6, an error function spanning f = 0 
in the air and f = f o  in the fuel stream; a 
small value of fo implies a smoother Of/Ox 
and thus X at all times. Therefore partial 
premixing is a way to reduce the value of the 
scalar dissipation rate and hence the heat 
losses, and so the autoignition time is reduced. 

Second, the dependence of the autoignition 
time on the scalar dissipation rate also explains 
why large values of 6 (and hence low X) result 
in short ignition delays. The effect of 6 on 
ignition time is shown in more detail in Fig. 13 
for both two-dimensional turbulent and one- 
dimensional laminar mixing layers (without 
turbulence). It is clear that increasing 6 re- 
duces the autoignition time. 

Less expected is the result that turbulent 
flows ignite earlier than laminar one-dimen- 
sional flows of the same initial 6. This may at 
first seem counterintuitive as we expect turbu- 
lence, with the associated higher strain rates, 
to increase the ignition delay. We can under- 
stand it, however, if we recall from Fig. 10 that 
autoignition will occur at low X If MR and by 
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laminar one-dimensional  calculations (solid circles) and turbulent  flows (open circles). For 
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the expectation that turbulence creates a range 
of XIfMR- Turbulence creates well-mixed spots, 
and hence with low XIfMR as well as highly 
strained regions, and hence with high XIfMR. 
Because it is the former regions that favour 
autoignition and because turbulent mixing im- 
plies that the minimum value of XIfMR is 
smaller in a turbulent flow than in a laminar 
flow at the same time from the initial state, 
autoignition in the turbulent flow will be faster. 
This was also discussed on the basis of experi- 
mental results in Ref. 1. 

The same argument explains the small de- 
pendence of the first appearance of autoigni- 
tion on the turbulence time scale. It is ex- 
pected that faster turbulence increases the 
mean and r.m.s, scalar dissipation rate for given 
mean scalar gradients. It is possible, however, 
that it alters but slightly the minimum values 
of ) ( I fMR and, therefore, the autoignition time 
is not affected much by rturb. 

Third, the small randomness of the first ap- 
pearance of autoignition may again be under- 
stood by the result that autoignition occurs at 
the smallest values of the conditional scalar 
dissipation rate. It is these values that, if al- 
tered by some mechanism, also alter the au- 
toignition time. Since it is likely that in any 
individual realisation of the flow the whole 
possible range of XIfMR and of its time evolu- 
tion is encountered, it is also likely that the 
minimum values are also somewhere encoun- 
tered. Autoignition will then occur at these 
sites and at the same time in different realisa- 
tions, although at different locations in space. 
Therefore the small randomness measured in 
Fig. 12 is, in principle, due to the small statisti- 
cal sample of )(IfMR inside the solution do- 
main, implying that if the domain were many 
turbulent length scales long, the observed ran- 
domness would be smaller. It may be expected 
that if Tig n >> Tturb (a  condition not examined 
in detail here), significant variations may be 
developed in the history of XIfMR during the 
induction time. These may then cause the 
larger spread of the autoignition time in the 
region ~'ign > Tturb in Fig. 12. Note, however, 
that under the typical diesel engine conditions 
in Ref. 1, "/'ign w a s  of the same order as 'rturb 
and so the results presented in Fig. 12 are 
relevant to engine practice. 

Finally, the inequality rign/rre f > 1 implies 
the presence of heat losses from the reactive 
regions of the flow and this gives credence to 
our conclusion that xIfMR controls autoigni- 
tion in turbulent mixing flows. 

3.3. Complete Ignition of the Nonpremixed 
Flame 

Sections 3.2.1 and 3.2.2 showed that following 
autoignition at separate sites, reaction fronts 
propagate in all directions and eventually ig- 
nite fluid at the stoichiometric mixture fraction 
- - the  "diffusion" flame. The time needed for 
the establishment of a flame front, however, is 
finite and needs to be known for the accurate 
prediction of combustion in practical situations 
[3]. A quantification of this time is conjectured 
in this section. 

Figure 14 shows that the conditionally aver- 
aged reactedness around fMR, (blfMR), in- 
creases slowly before the first autoignition is 
observed (at t = 5.631 for the simulation 
shown). Following the first ignition, (blfMR) 
rises sharply and subsequently reaches its max- 
imum value, close to the fully burnt tempera- 
ture corresponding to fMR" During this time 
the reactedness around fst, (blfst), also rises, 
but less sharply, and there is a time delay until 
the conditionally averaged temperature of the 
stoichiometric fluid rises to the fully burnt value. 
Note that this value is less than the adiabatic 
flame temperature because the averages are 
made over windows in mixture fraction space 
of finite size. The time shift of the two curves 
in Fig. 14 provides direct evidence that the 
instant the diffusion flame is fully ignited oc- 
curs later than the time when all of the most 
reactive fluid has ignited, which in turn is longer 
than the first appearance of ignition Tig n. 

As a measure of the time delay for diffusion 
flame establishment, we measure the time shift 
between (b[fM R) and (blf~t) t at the point of 

l ,Mthough it would make more sense to define as the 
complete ignition of the diffusion flame the time where 
(blfst)  has approached the fully burnt value, such a 
determination from the S-shaped (b[fst)  curve versus 
time is vague and so the midpoint of the curves was 
selected. 
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Fig. 14. Conditionally averaged reactedness, (blf) for f =fMR (open circles)and f = fst 
(solid circles) plotted against acoustic time. The first appearance of autoignition for this 
simulation (RUN1) is at t = 5.631. The time lag between the two curves is Atdf. 

maximum gradient of curves like in Fig. 14. 
This time, Atdf , should depend on the physical 
distance Lf between fluid of fMR and fst and 
on the propagation speed of the reaction fronts 
from the ignition to the stoichiometric mixture 
fraction, schematically shown in Fig. 15. An 
estimate of the distance between the f M R  and 
the f,t contour follows from the definition of 

fMR fst 
Fig. 15. Schematic of ignition front propagation from fMR 
to fst- Sag is the velocity at which the premixed gas is being 
consumed and is used to estimate the time lag between 
autoignition at fMR and the establishment of the diffusion 
flame at fst. 

the scalar dissipation rate: 

"~/2D ~ 1/: Lf = (fMR --fst)(( x l f , , /  mol J ' , (9) 

where ( x l f ,  > is the average scalar dissipation 
= g ( f M g  + fst) at the rate conditional on f ,  1 

time of ignition. The quantity Sdf, defined by 

(fMR - f s t ) ( (  x l f ,  )/2Dmol) -1/2 
Sdf = , (10) 

Atdf 

has the units of velocity and is a measure of 
the average propagation speed of the reaction 
fronts from the ignition sites to the stoichio- 
metric mixture fraction (with the terms in Eqs. 
9 and 10 in dimensional form). Sdf should be 
related to the laminar burning velocity S L, 
which contains information about the speed of 
the chemical reaction. Departures from S L re- 
flect the mixture nonuniformities encountered 
during the propagation from fMR to  fst, effects 
due to the pressure rise associated with au- 
toignition, and effects of turbulence. 

Values of Sdf from simulations with differ- 
ent values of Tox, Tfu, turbulence intensity, and 
initial 8 so as to alter the autoignition time 
and the scalar dissipation rate at ignition, are 
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shown in Table 2. The velocity S L is measured 
by separate runs of the code for a stoichiomet- 
ric mixture at a temperature Tox-fst(Tox- 
Tfu); the initial temperature is at fst. Consider- 
ing the large differences in fMR, 7"ign, 7"turb, and 
Atdf in the simulations, the observation that 
Sdf/S L is close to 0.5 for all simulations is very 
encouraging and suggests that the effect of the 
turbulence on Atdf is captured by Eq. 10. With 
the approximation then that Sdf/S L = 0.5 and 
knowledge of the conditional scalar dissipation 
rate and of S L, a time scale for the diffusion 
flame establishment after autoignition may be 
estimated. 

3.4. Autoignition in Fuel Streams of Finite 
Extent 

We examined in the Section 3.2 the first ap- 
pearance of autoignition in infinite mixing lay- 
ers and found that the ignition sites are lo- 
cated in regions with the most reactive mixture 
fraction and with low values of the conditional 
scalar dissipation rate xIfMR. It was also shown 
that large initial 6 and partial premixing (fo < 
1), and hence low xIfMR, decrease the au- 
toignition time. One additional way in which 
xIfMR may vary is by altering the initial length 
scale of the fuel stream and this mechanism is 
explored in this section. 

We consider flows as depicted in Fig. lb, 
with a slab of fuel surrounded by air at a high 
temperature. Two such simulations with identi- 
cal initial interface thicknesses, partial premix- 
ing, and air temperature, but different slab 
widths, are compared. For the simulation with 
w = 0 . 0 2 5 ,  'rig n = 12.087 while for w = 0.050, 
rig n is significantly longer at 13.754. Contours 
of the mixture fraction are shown in Figs. 16 

and 17 for both cases just before ignition. It is 
evident that the f M R  c o n t o u r  (0.12) in the 
narrower flow has broken up due to mixing, 
and hence there exist spots that experience 
lower dissipation rates; hence the shorter au- 
toignition times of the flow with small values 
of w. 

In the limit of w becoming large compared 
to the turbulence scale, the flow on each side 
of the slab approaches that for an infinite 
layer. We expect then that the autoignition 
time increases with w to its value for the 
infinite layer. For the same initial turbulence 
time scale and 6, Table 3 shows autoignition 
times that increase from the flow with w = 
0.025 to w = 0.050, with the highest value at 
the layer simulation. This trend is due to the 
increasing values of the scalar dissipation rate 
with flow width, as shown in greater detail 
below. 

The volume-averaged value of the condi- 
tional dissipation ( xIfMR ) was calculated from 
snapshots of the flow at many times until igni- 
tion, and the time evolution of (x[fMR) is 
presented in Fig. 18 for layers and Fig. 19 for 
slabs. It is evident from all simulations that 
short autoignition times are associated with 
low values of (XIfMR) and that, in general, 
slab flows autoignite earlier than infinite lay- 
ers. Even if the initial value of ( xIfMR ) were 
high due to thinner initial 6, because other 
parameters may have acted in such a way as to 
reduce ( x[fMR ), the autoignition time may be 
reduced. For example, in Fig. 19, curve 4 ini- 
tially has a higher scalar dissipation rate than 
curve 2, but, due to the smaller width of the 
flow, mixing of the fMR contour is accom- 
plished earlier. The conditional scalar dissipa- 
tion decays faster and the autoignition time is 
hence shorter. 

TABLE 2 

Mean Velocity of the Ignition Front from Different Simulations a 

Tox (K) Tfu (K) fMR fst SL//Cref Tturb Tign Atdf Sdf/Cref Sdf/SL 

1100 300 0.12 0.055 0.0251 7.20 5.630 0.2770 0.0119 0.475 
1000 300 0.12 0.055 0.0204 7.20 17.64 0.7230 0.0096 0.469 
1000 300 0.12 0.055 0.0204 25.3 16.33 0.8340 0.0079 0.386 
900 900 0.50 0.055 0.0177 7.20 7.350 1.5420 0.0109 0.616 

asdf is calculated from Eq. 10 and S L is the laminar burning velocity of a stoichiometric mixture and unburnt 
temperature Tox -fst(Tox - Tfu). 
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It is concluded from Sections 3.2 and 3.4 
that all flow parameters  such as flow width, 
turbulent length scales, turbulent time scales, 
and partial premixing, affect autoignition 
through their action on the conditional scalar 
dissipation rate. 

3.5. Discussion 

3.5.1. The Most  Reactive Mixture Fraction 

Lifian and Crespo [16] have analysed the igni- 
tion of a laminar one-dimensional mixing layer 

Fig. 16. Mixture fraction contours just before 
ignition for the slab flow of Table 3 with 
w = 0.025. Note the fragmented fMR contour 
(0.12), which implies small gradients and thus 
low xlfMR. 

between cold fuel and warmer  oxidant with 
high activation energy asymptotics and found 
that the temperature  difference between the 
two streams and the activation energy deter- 
mine uniquely the mixture fraction that will 
ignite. Here,  we have confirmed this result for 
turbulent flows. For a qualitative understand- 
ing of the existence of a "preferred '  mixture 
fraction for ignition, consider the expression 
for the reaction rate W: 

W = Y~Y2 exp( - Let /T) ,  (11) 

8 
\ 

Fig. 17. Mixture fraction contours just before 
ignition for the slab flow of Table 3 with 
w = 0.050. 
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TABLE 3 

C o m p a r i s o n  of Au to ign i t i on  T imes  in Slabs and  Infini te  

Layers  a 

W T i g n / / T r e f  

0.025 1.919 

0.050 2.180 

Layer  2.280 

aFor  all  s imula t ions ,  fo = 0.5, a = 0.005, rturb = 7.20, 

Lturb = 0.070, Re  t = 69, and  Tox = 1000 K to give rre f = 
6.309. 

which implies that the reaction rate is propor- 
tional to 

f (1-  f)exp[ Tox -Tact- f-(~ox - Tfu) ] '  (12) 

assuming negligible temperature rise and con- 
sumption of reactants. The first two terms in 
Eq. 12 have a maximum at f = 0 . 5 ,  but if 
Tox 4: Tf,, the exponential dependence on the 
temperature in the third term moves the peak 

o f  the reaction rate toward lean (and hot) 
mixtures. Expression 12 therefore shows that 
the reaction rate will have a maximum at a 
well-defined mixture fraction which then deter- 
mines the ignition location. This mixture frac- 
tion depends only on the order of reaction, the 
activation energy, and the temperatures of the 
two streams, and is close, but not identical, to 
the mixture fraction giving fastest ignition of 
the homogeneous mixtures of Fig. 2. 

For the conditions of the present simula- 
tions, fMR is found from plots like those in 
Fig. 9 for times before ignition for Tox = 1000 
and 1100 K to be around 0.12. In situations 
where the fuel and the oxidant temperatures 
are equal, as in one of the cases in Table 2, 
fMR = 0.5. A detail concerning fMR, evident in 
Fig. 9, is that the mixture fraction correspond- 
ing to the peak is shifted to slightly richer 
mixture fractions as time evolves, but most of 
this shift occurs very shortly before autoigni- 
tion when the temperature increases much 
faster. For most of the time until ignition, the 
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Fig. 18. T ime  evo lu t ion  of  condi t iona l ly  ave raged  scalar  d iss ipa t ion  ra te  ( X I f M R )  
unt i l  au to ign i t ion  f rom the infini te  layer  s imula t ions  for Tox = 1000 K giving 

~'rcf = 6.309. Cond i t ions  are  as follows: O,  ~'turb = 7.20, ~ = 0.010, fo = 1.0, 

"/'ign = 17.117; O ,  rturb = 7.20, 8 = 0.005, fo = 1.0, l"ig n = 16.394; v ,  7"turb = 10.56, 
/J = 0.010, fo = 1.0, rig n = 15.883; zx, Zturb = 4.22, ~ = 0.005, fo = 0.5, "rig n = 
14.065. 
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Fig. 19. Time evolution of conditionally averaged scalar dissipation rate ( X[fMR ) 
until autoignition from slab simulations for Tox = 1000 K giving rre f = 6.309. 
Conditions are as follows: O, rturb = 10.56, W = 0.030, 8 = 0.010, fo = 1.0, 
Tig n = 15.520; O, %urb = 10.56, w = 0.050, 8 = 0.010, fo = 0.5, rig n = 14.000; V, 
rturb = 7.20, w = 0.050, 6 = 0.005, fo = 0.5, Tig  n = 13.754; zx, rturb = 4.22, w = 
0.025, 6 = 0.005, fo = 0.5, Zig" = 12.087. 

peak  is be tween  0.10 and 0.15 for  the  condi -  
t ions o f  ou r  s imulat ions .  This  shift is due  to the  
diffusion of  hea t  p r o d u c e d  at fMR to r icher  
mixtures  which thus b e c o m e  the  most  react ive.  
W h e n  the t e m p e r a t u r e  i nc remen t  be fo re  igni- 
t ion is small ,  as occurs  in high ac t iva t ion  en-  
ergy react ions ,  this "shi f t"  is negl igible  and will 
not  be  cons ide red  fur ther .  2 The  va lue  of  fMR 
is very accura te ly  p r e d i c t e d  in Ref.  16 (Fig. 7) 
and  tha t  work  should  be consu l ted  for  numer i -  
cal values  for  high ac t iva t ion  energy  react ions .  
As  an example  of  the  app l i ca t ion  o f  the i r  re-  

2 The same argument explains why f M R  and the mixture 
fraction found from Eq. 12 and corresponding to 7"re f in 
Fig. 2 are not exactly equal. Both Eq. 12 and the homo- 
geneous mixture calculations of Fig. 2 do not consider 
heat diffusion across mixture fraction space. In the inho- 
mogeneous flows, however, heat released during the in- 
duction time before autoignition is diffused toward richer 
mixture fractions which accelerate the reaction there, 
making it the fastest. This effect is included in the 
calculation of fMR in Ref. 16. 

suits, cons ider  n - h e p t a n e  au to ign i t ion  u n d e r  
diesel  engine  condi t ions :  we es t imate  that  fMR 
= 0.07 for  Tf, = 500 K, Tox = 1000 K, and  an 
act ivat ion energy of  18,367 K [18]. 

T h e r e  is evidence that  complex  chemis t ry  
effects  may  a l te r  this p ic ture  for  heavy hydro-  
ca rbons  that  have a n o n m o n o t o n i c  d e p e n d e n c e  
o f  au to ign i t ion  t ime on  t e m p e r a t u r e  [19]. Such 
a d e p e n d e n c e  suggests that  au to ign i t ion  is not  
jus t  a " t h e r m a l  runaway"  p h e n o m e n o n  and 
tha t  the  t e m p e r a t u r e  is not  the  only de t e rmin -  
ing fac tor  in ignition. The  compe t i t i on  be tween  
hydrogen  abs t rac t ion  and  fuel b r e a k d o w n  reac-  
t ions that  a re  favoured  at d i f ferent  t e m p e r a -  
tures  makes  au to igni t ion  less sensit ive to 
t e m p e r a t u r e  than  the one - s t ep  A r r h e n i u s  de-  
scr ipt ion implies.  This  then  suggests  that  f i r  
canno t  be  d e t e r m i n e d  f rom the analysis of  Ref.  
16 and  tha t  the  d e p e n d e n c e  on  the scalar  
d iss ipa t ion  rate ,  which affects the  hea t  losses, 
may  be  less p ronounced .  S imula t ions  with 
complex  chemis t ry  would  be  helpful  to clarify 
these  issues. 
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3.5.2. The Effect of Turbulence on 
Autoignition 

A conclusion of this work is that, in the flows 
examined, Tign//Tref w a s  in the range 1.8-2.8. 
The minimum possible autoignition time of 
initially separate fuel-air of given tempera- 
tures is ~'ref and would be observed in infinitely 
fast mixing of adiabatic flows, as discussed in 
Section 3.1. Therefore mixture inhomo- 
geneities delay ignition. Since this delay is at- 
tributed here to the heat losses necessarily 
accompanying mixture fraction gradients dur- 
ing the induction time, fast turbulence or small 
flow scales, by destroying these gradients 
quickly and creating well-mixed spots, may fa- 
cilitate autoignition. This is to be contrasted to 
the trend expected by extrapolating to turbu- 
lent mixing flows the results of strained lami- 
nar autoigniting layers [7-9], where the effect 
of strain, which is high in fast turbulence, is to 
increase the delay time. 

This discrepancy is easily understood by re- 
alising that the proper parameter to describe 
the laminar-like mixing layers in turbulent flows 
is the local scalar dissipation rate, not the 
strain rate [20], and that X does not depend 
only on 7turb. Indeed, Fig. 12 shows that there 
is no large effect of Tturb o n  Tign, at least in the 
r a n g e  Tig n ~ Tturb , but Figs. 18 and 19 show a 
dependence on X. Consider also Fig. 17: the 
initial size of the fuel stream determines the 
size of the fMR regions, which then determine 
XIfMR and the heat losses. Even if the two 
flows in Fig. 17 experience the same straining, 
the heat losses are different due to the differ- 
ent size of the fMR spots, resulting in different 
ignition times. Finally, Fig. 19 shows that for 
flows with fast turbulence or small scale, even 
if the initial value was high, X decays quickly 
and so may remain low for a long period 
before ignition, and hence Tig n is shortened. 

Therefore the effects of the turbulence on 
autoignition time can be better understood by 
proper consideration of the relationship be- 
tween Tturb and XIfMR. Although usually these 
two quantities are inversely proportional, A' 
has been shown to depend additionally on the 
scalar length scale and on the time relative to 
Zturb [21, 22]. In Monte Carlo simulations of 
autoignition [23-25] of flows with a constant 
and uniform mean value of the mixture frac- 

tion, but with large fluctuations implying finite 
scalar dissipation, the autoignition time was 
reduced with decreasing Zturb in the range 
Tig n >> Tturb. The present results are not incon- 
sistent and provide the explanation that a fast 
turbulence causes fast mixing, well-mixed spots 
with low x[fMR are created, and hence au- 
toignition is favoured. 

3.5.3. Implications for Spray Autoignition 

An implication of our conclusion that Zign/Zre f 
is greater than unity and flow dependent is 
that ignition times observed in spray experi- 
ments cannot be exactly similar to those mea- 
sured in shock tubes because, in the former, 
mixture inhomogeneities increase the delay. 
Although we do not expect this to affect in- 
ferred quantities like the overall activation en- 
ergy [6], it possibly affects the ignition times 
measured in Ref. 4. Indeed, these authors made 
a comparison between their autoignition data 
with those in shock tubes and found that the 
former are longer, in agreement with our find- 
ing that Tign//Tref is larger than 1. 

An additional conclusion of this work is that 
the randomness observed in the first appear- 
ance of autoignition in individual realisations 
of the same flow is small. This is to be con- 
trasted to recent measurements in sprays [1, 
26] that showed autoignition times with r.m.s. 
fluctuations divided by the mean on the order 
of 20%. We thus conjecture that the observed 
randomness was due to fluctuations of X If  MR 
introduced by fuel concentration fluctuations 
created during atomisation and evaporation, 
rather than by the turbulence. Experimental 
data on gaseous autoigniting flows are neces- 
sary to clarify this point. 

Finally, we note that mixing of fuel slabs (as 
in Fig. 16) rather than infinite layers may be 
relevant to the way fuel mixes with air before 
ignition in jet engine afterburners, where au- 
toignition is desired, and in premixed gas tur- 
bines, where fast mixing is required before the 
combustor and autoignition should be avoided 
at all costs. The present results may help in 
identifying operational regimes of practical 
configurations since, by comparisons with the 
ignition times of homogeneous mixtures, we 
have quantified the delay introduced by the 
turbulence. Similarly, we may conjecture that 
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multihole diesel sprays ignite earlier than 
single-hole sprays (as Table 3 shows) due to 
the smaller conditional scalar dissipation rates 
expected after the faster breakup and mixing 
of the narrower fuel streams. 

3.5.4. Implications for Modelling 

The conclusion that the autoignition sites are 
those of low X [fMR and with composition given 
by fMR has profound implications for the way 
modelling of autoignition should be attempted. 
For example, in Monte Carlo calculations such 
as those in Refs. 23-25, special attention 
should be given to the accurate calculation of 
the conditional scalar dissipation rate. The 
standard "interaction with the mean" models 
for the molecular diffusion terms [27] that rep- 
resent the heat loss during the induction time 
use a mixing time scale independent of mixture 
fraction and may hence be inadequate. 

Similarly, in moment closures with flamelet 
models [19], proper account should be taken of 
the conditional XIfMR, rather than of an un- 
conditional average value. Due emphasis on 
the conditionally averaged quantities is given 
in the conditional moment closure of Bilger 
[28], where models for ( XIfMR ) are examined 
and compared with the conventional average 
scalar dissipation rate at the spatial location 
where the mean mixture fraction has its most 
reactive value. A standard moment closure can 
calculate the latter but not the former. Indeed, 
in flows where the mean mixture fraction de- 
cays due to mixing to a value less than fMR, 
which is what may happen in a mixing flow of 
finite width and cannot happen in a flow with 
sustained extreme values, the unconditional 
scalar dissipation rate becomes a quantity that 
cannot be calculated at all. Autoignition, how- 
ever, will still happen in fluid with f = fMR 
because the reaction rate always peaks there, 
and this suggests that proper modelling ap- 
proaches for autoignition should be based on 
conditional quantities, rather than uncondi- 
tional ones. 

4. CONCLUSIONS 

Two-dimensional direct numerical simulations 
have been performed of the autoignition in 
turbulent shearless mixing layers to clarify the 

influence of turbulence on the time and loca- 
tion of the first ignition site, motivated in part 
by recent experimental evidence of igniting 
diesel sprays that show large and unexplained 
scatter in ignition times and locations. The 
flows considered were (i) a mixing layer be- 
tween fuel and air at elevated temperatures, 
(ii) a slab of width w of fuel in air, both flows 
with an initially isotropic and homogeneous 
but decaying turbulent field of initial time scale 
7turb and length scale Lturb  , and (iii) homoge- 
neous, stagnant adiabatic mixtures for compar- 
ison purposes. 

Chemical reaction rates were described by a 
one-step Arrhenius law of high activation en- 
ergy and the heat release and stoichiometry of 
methane. The initial mass fractions of fuel and 
oxygen and the initial temperature were deter- 
mined as in inert mixing by the prescribed 
error-function profile of the mixture fraction f, 
with characteristic thickness 6 to give values of 
zero and fo in the air and fuel streams, respec- 
tively. Values of fo smaller than unity allow 
for partial premixing, as may occur, for exam- 
ple, in fuel streams created by liquid droplet 
evaporation. 

When the initial temperature and reactant 
concentrations of a homogeneous autoigniting 
fluid were not independent, but related as in 
inert mixing of initially separate fuel and air of 
different temperatures and thus fully charac- 
terised by the mixture fraction, the autoigni- 
tion time showed a minimum Tre f at a mixture 
fraction around 0.11 for the chosen values of 
Tfu, Tox, and Tac t. This was due to the beneficial 
effect on the reaction rate of the high initial 
temperatures at very lean mixtures balancing 
the detrimental effect of reduced fuel concen- 
tration, resulting thus in an optimum mixture 
fraction with the highest reaction rate and 
shortest ignition time. 

Results from calculations in turbulent flows 
led to the following conclusions for the au- 
toignition time: 

(i) the variation of rig n observed in individ- 
ual realisations of the same flow was about 
5 %  for  Tig n < Tturb and about 10% for 
q'ign ~ Tturb; 

(ii) Zig" was, surprisingly, independent of 7turb 
for given initial fo, 6, and w; 
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(iii) Tign//'/'re f varied between 1.8 and 2.8, with 
low values associated with small w, and 
thus 

(iv) flows with finite extent of the fuel stream 
(slabs) ignited earlier than infinite layers 
(w ---, ~); 

(v) Zig n decreased with increasing initial 6; 
(vi) partial premixing reduced Zign, and 

(vii) turbulent flows ignite earlier than laminar 
ones. 

Examination of two-dimensional contours 
and scatter plots showed that the first occur- 
rence of ignition was always at mixture frac- 
tions very close to the most reactive mixture 
fraction, fMR, determined in the analysis of 
Lifian and Crespo [16] for laminar autoigniting 
mixing layers to depend only on the initial fuel 
and oxidant temperatures and the activation 
energy. The value of fMR was also close to the 
mixture fraction that gives the fastest ignition 
of the adiabatic homogeneous mixtures. 

The time taken for combustion to reach the 
stoichiometric mixture fraction following igni- 
tion at fMR was also calculated from the simu- 
lations. It was found that the mean velocity at 
which the ignition fronts propagate to span the 
physical space between fMR and fst was about 
0.5 of the laminar burning velocity of a stoi- 
chiometric mixture. Thus, with knowledge of 
the distance between the ignition and stoichio- 
metric mixture fractions, which depends on the 
mixing field, the time needed for the complete 
ignition of the diffusion flame after autoigni- 
tion can be estimated. 

The second characteristic of ignition was 
that it always occurred at sites along the fMR 
contour that had the lowest values of the dissi- 
pation rate of the mixture fraction X. This 
finding was confirmed by calculations of the 
correlation coefficient between the local reac- 
tion rate and the scalar dissipation rate condi- 
tional on the mixture fraction which showed 
large negative values in the proximity of fMR 
until autoignition. It was thus concluded that 
high values of the reaction rate are associated 
with low values of the conditional scalar dissi- 
pation rate xIfMR, and examination of the 
time evolution of the volume average ( xIfMR ) 
until autoignition from numerous calculations 

showed that small values of ~'ign occurred al- 
ways when ( X If MR ) was low. 

This result, understood qualitatively by con- 
sidering that if xIfMR were high, the heat 
losses from the most reactive heat-producing 
regions in the flow are high, explains all the 
trends found for ~'ign with 6, w, fo, and zturb. 
In particular, the low randomness of "/'ign is 
understood because in any realisation, regions 
of low xIfMR will always be present and it is 
these regions that will first ignite. This then 
suggests that the large scatter in the autoigni- 
tion time observed in spray experiments is due 
to random aspects of atomisation and evapora- 
tion, rather than due to the turbulence in the 
gaseous phase, but also that the spatial scatter 
of ignition sites is due to the random spatial 
distribution of regions with f = fMR and low X. 
The present results suggest that chemical data 
inferred from spray ignition studies cannot be 
fully equivalent to those in shock tubes be- 
cause mixture inhomogeneities imply heat 
losses, and these may increase the autoignition 
time by a factor of about 2-3. Finally, the 
dependence of '/'ign o n  xIfMR, rather than 
simply 7turb , requires that modelling efforts of 
autoignition in turbulent inhomogeneous mix- 
ing flows should concentrate on the accurate 
modelling of the conditional scalar dissipation 
rate. 
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