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Abstract Turbulent flames with high Karlovitz numbers have deserved fur-
ther attention in the most recent literature. For a fixed value of the Damköhler
number (ratio between an integral mechanical time and a chemical time),
the increase of the Karlovitz number (ratio between a chemical time and a
micro-mixing time) by an order of magnitude implies the increase of the tur-
bulent Reynolds number by two orders of magnitude [10]. In the practice of
real burners featuring a limited range of variation of their turbulent Reynolds
number, high Karlovitz combustion actually goes with a drastic reduction of
the Damköhler number. Within this context, the relation between the dilu-
tion by burnt gases and the apparition of high Karlovitz flames is discussed.
Basic scaling laws are reported which suggest that the overall decrease of the
burning rate due to very fast mixing can indeed be compensated by the en-
ergy brought to the reaction zone by burnt gases. To estimate the validity of
these scaling laws, in particular the response of the quenching Karlovitz ver-
sus the dilution level with a vitiated stream, the micro-mixing rate is varied
in a multiple-inlet canonical turbulent and reactive micro-mixing problem. A
reduced n-decane/air chemical kinetics is used, which has been derived from a
more detailed scheme using a combination of a directed relation graphs analysis
with a Genetic Algorithm. The multiple-inlet canonical micro-mixing problem
includes liquid fuel injection and dilution by burnt gases, both calibrated from
conditions representative of an aeronautical combustion chamber. The results
confirm the possibility of reaching, with the help of a vitiated mixture, very
high Karlovitz combustion before quenching occurs.
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1 Introduction

In the quest for combustion systems with high fuel-efficiency, the strong in-
crease of the turbulence intensity has recently seen a renewed interest [1–5,9,
11,12,14,23–25,30,31,34,35,49–54,57,58,61,65–69]. Higher turbulence inten-
sity is expected to favour enhanced micro-mixing of the reactants, followed by
a higher volumetric burning rate. In his seminal works, Karlovitz [31] noted
that flames can be ‘arrested by high velocity gradients and strong velocity
fluctuations’. Such flame quenching by intense turbulence was examined un-
der various conditions. One of the first experimental observation concluded
that above a critical value of the number K = (δL/SL)(u′/`T), ratio between
a chemical time and a mechanical time, of the order of a few tenth [13], com-
bustion propagating in fresh gases cannot be sustained. u′ denotes the rms
turbulent velocity, `T is the integral scale of turbulence, δL the laminar flame
thickness and SL the laminar burning velocity. Results which immediately
triggered further discussions on the exact definition of the characteristic scales
chosen to measure K [32].

Along the same lines, the phenomenological analysis of the structure of
turbulent flames initiated by Borghi [6], was followed by the development of
combustion regime diagrams [7, 47, 48], built from Damköhler and Karlovitz
numbers and additional ratios of times and length scales characteristic of the
turbulence and the reaction zones. The Damköhler number is usually ap-
proximated as Da = τT/τc, where τT is an integral mixing time and τc a
chemical time. The Karlovitz number relates to small-scale turbulent mixing,
Ka = τc/τk, with τk the small-scale (Kolmogorov) mixing time [37], leading to
the relation [10]

Da×Ka =
τT
τk
≈ Re

1/2
T , (1)

where ReT = u′`T/ν is the turbulent Reynolds number, with ν the kinematic
viscosity of the fluid. Therefore, for a fixed value of Da at which combustion
occurs, ReT ≈ Ka2, and increasing the Karlovitz number by, say a factor 10,
would mean increasing the turbulent Reynolds number by a factor 100. Such
large increase of the turbulent Reynolds number cannot always be achieved.
In practice, when Ka goes up, Da does go down in order to fulfil the relation
(1). In fact, this approximate relation (1) suggests that, at very high Reynolds
numbers (ReT → ∞), chemistry can still be fast (Da→ ∞), as long as the
chemical time scale is shorter (or of the order of) than the shortest flow time
scale, i.e. the amplitude of Ka stays moderate. It is usually believed that
this is the operating conditions of most practical combustion systems and it
was the state of affair till around the year 2010. Over the last eight years
however, studies have been published displaying an exponential growth of the
Karlovitz number with years, see Fig. 1. As in the pioneer works reported
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Fig. 1 Karlovitz numbers considered in a sample of the literature over the past 25 years.

above, the exact definition of Ka may differ from one study to the other,
but the increase in Ka is large enough to be significant, whatever its exact
definition. At the same time, the Damköhler number suffered from a drastic
decrease of its amplitude (Fig. 2).

The flames at the highest Ka examined in the works of Fig. 1 were actually
not ‘self-sustained’, but benefitted from a large reservoir of hot burnt gases, for
instance a vitiated co-flow. These flames with very high values of the Karlovitz
number (up to more than 1500), and thus very low values of the Damköhler
numbers (down to 0.02), may eventually release less heat than they gain from
burnt gases to maintain fuel oxidation. Nonetheless, all the fuel injected was
burnt and thus high-Karlovitz combustion was achieved. This flame regime
may be of interest locally in a combustion chamber, for instance to secure
flame stabilisation in a highly turbulent flow zone. It is therefore legitimate
to wonder by which mechanisms the dilution by burnt gases makes the flame
more robust to high Ka (and low Da) and how the response of the quenching
Karlovitz number scales versus the level of dilution by burnt gases. Among
the numerous candidates, in the case of premixed combustion, an increase of
the flame speed is a potential phenomenon and in the case of non-premixed
systems, fast mixing with burnt gases may help local auto-ignition. At least
three questions emerge from these preliminary remarks: (i) what is the basic
scaling for flame speed including both dilution by burnt gases and Ka effect?
(ii) In a non-premixed system, how much of recirculating burnt products must
be included to secure high Ka combustion? (iii) What is the global scaling of
Ka at quenching versus the dilution level of the fresh mixture with a vitiated
stream.
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In an attempt to answer these basic questions, simple scaling laws are
proposed in this work combining premixed and non-premixed regimes. Simu-
lations of micro-mixing/chemistry interaction are then performed to verify the
trends. If the effect of turbulence is over-simplified through a basic stochastic
mixing closure, the impact of spray evaporation and of n-decane detailed chem-
istry is included. To do so, a set of reduced chemical schemes is first derived
for n-decane/air combustion, as reported in the next section. The elementary
scaling relations for high Ka flame in vitiated stream are discussed in the sub-
sequent section, before examining the response of n-decane/air combustion at
high Ka in the final section.

2 A fuel-spray stochastic micro-mixing canonical problem for
high-Ka analysis

Starting from a given set of initial conditions, representative of the streams
feeding the reaction zones in an aeroengine, reference time evolutions of ther-
mochemical quantities are constructed in a pseudo-reactor, combining the ap-
proaches discussed in [20, 29]. A set of NP = 1000 stochastic particles are
distributed at initial time according to the chemical composition of three in-
lets, containing either liquid kerosene, air or burnt gases. This last inlet mimics
recirculation of burnt gases, as it would be observed in a swirled fuel injection.
After the initialisation, evaporation of the liquid fuel occurs and the gas phase
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evolves at about 10 bars according to a stochastic mixing model to which
the chemical sources of kerosene/air chemistry are added. The thermochemi-
cal properties of the particles vary following a procedure explained below, to
generate synthetic turbulent distributions, as the scatter plot of temperature
versus mixture fraction seen in Fig. 3. Various distributions will be obtained
varying both the initial amont of burnt gases and a Karlovitz number con-
structed from the control parameters of the canonical problem.
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Fig. 3 Scatter plot of stochastic particles temperature vs mixture fraction. Particles are
coloured depending on their initial condition. Blue: air. Orange: kerosene. Red: burned gases.
Zst is the stoichiometric mixture fraction.

The number of stochastic particles initially set at the concentration and
temperature of the j-th inlet (j = 1, 2, 3) is proportional to Q̇mj , the mass
flow rate injected by this inlet,

NPj = NP ×
Q̇mj

Q̇m

, (2)

where Q̇m = Q̇m1
+ Q̇m2

+ Q̇m3
denotes the total mass flow rate. The liquid

kerosene inlet at T = 450 K represents 2.3% of Q̇m (Q̇m1
= 0.023Q̇m). The

mass flow rate of the air inlet at T = 703 K is Q̇m2 = 0.644Q̇m. To mimic the
injection of primary and secondary air, as done in some combustion chambers,
60% of the total mass of air is introduced at the initial time, the rest of
air particles are then progressively released over 1 ms. The third and last
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inlet of burnt gases, taken at chemical equilibrium for the equivalence ratio
of the full mixture at T = 1877 K, brings Q̇m3 = 0.333Q̇m. These 33%
were estimated from large eddy simulation of a representative aeronautical
combustion chamber [27] and these burnt gases secure ignition in a first set of
calculations.

As in Farcy et al. [20], the elementary mass flow rate q̇m = q̇pmL
(t) +

q̇pmG
(t) carried by every p-th particle (p = 1, · · · , NP) is decomposed into

liquid (q̇pmL
(t)) and gas (q̇pmG

(t)) phases. The evolution of the thermochemical
property φp carried by the p-th stochastic particles reads

dφp(t)

dt
= MIXp(τ) + ω̇pφ + ω̇pvφ , (3)

where ω̇pφ is the gaseous phase chemical source obtained from the chemical
scheme, ω̇pvφ relates to the liquid fuel (evaporation or heat), computed from

the particle properties. MIXp(τ) denotes the Curl [16] micro-mixing closure,
with τ the characteristic micro-mixing time. Many other micro-mixing models
exist in the literature, like modified Curl [18, 26], Euclidian Minimum Span-
ning Tree (EMST) [64], Multiple Mapping Conditioning (MMC), which allows
for introducing flamelet-like correlations between species [60], or again the ad-
vanced hierarchical parcel-swapping representation of turbulent mixing [33].
However, for examining the global scaling laws considered in this work, the
basic version of the Curl micro-mixing model was found sufficient.

To account for the evaporation of the liquid fuel, the simplified modeling
used in [20] is adopted. The thermal condition is assumed above the liquid
boiling point and the droplets diameter follows the so-called D2-law [55,56,59],
d2j (t) = d2j (to)(1− (t/τv)). The characteristic evaporation time is fixed at τv =
0.491 ms, which was estimated from the experimental results by Nomura et
al [44]. It was thus preferred to fix τv from experiments, rather than introducing
additional uncertainties in its dynamic calculation from approximate liquid
and flow properties.

The rate of gaseous mass of the i-th component released by a single droplet
reads

Ẇ p
i (t) = Y pi,L(t)× ρL

π

6

[
dj

3(t)− dj3(t+∆t)

∆t

]
, (4)

where Y pi,L denotes the mass fraction of the i-species in the liquid of the p-th
particle. A single stochastic particle issued from the j-th inlet carries a number
ṅj of droplets injected per unit time. Then, the balance between liquid and
gaseous mass flow rates carried by a given particle issued from the j-th inlet
may be written

q̇pmG
(t+∆t) = q̇pmG

(t) +

Ns∑
i=1

ṅjẆ
p
i (t)∆t , (5)

q̇pmL
(t+∆t) = q̇pmL

(t)−
Ns∑
i=1

ṅjẆ
p
i (t)∆t , (6)
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where Ns is the number of species considered. The net gaseous source of evap-
oration of the i-th chemical species in the p-th particle is

ω̇pvi(t) =
1

∆t

[
q̇pmG

(t)Y pi,G(t) + ṅjẆ
p
i (t)∆t

q̇pmG(t+∆t)
− Y pi,G(t)

]
, (7)

where Y pi,G is the gaseous mass fraction of the i-th species in the p-th particle.
The source of the sensible enthalpy hs is

ω̇pvhs (t) =
1

∆t

[
q̇pmG

(t)hps(t) +
∑N
i=1 ṅjẆ

p
i (t) [hi(TB)− Lvi ]∆t

q̇pmG(t+∆t)
− hps(t)

]
,(8)

in which TB = 750 K is the boiling temperature, hi is the enthalpy of the i-th
species and Lvi = 251 000 J/kg is the latent heat of evaporation. At injection,
a single droplet diameter d = 12.8 µm is imposed, as it was estimated from the
Sauter mean diameter of a representative aeronautical injector. This modeling
leads to usual and generic scatter plot responses, as seen in Fig. 3.

Transported species Analytically resolved species
(QSS)

H2, O2, CO, CO2, CH4, C2H6, CH2O,
C2H2, C2H4, C3H6, C4H6, NC10H22,
H, O, OH, HO2, H2O, CH3, C3H3,
AC3H5, BC6H13, N2

HCO, CH3OH, C2H5, CH3O, CH2OH,
CH2CO, C2H3, CH2HCO, HCCO,
NC3H7, PC4H9, AC6H13, AC8H17,
C10H21(L)

NO, HCN, N2O, NO2 HNO, HONO, H2CN, NNH, NH2, NH,
N, CN, NCO, HNCO

Table 1 Species of a n-decane (n-C10H22) reduced mechanism composed of 26 transported
species associated to 24 QSS relations and 338 reactions.

3 Reduced n-decane chemistry

The Luche et al. [40, 41] chemical kinetics accounts for 91 species and 991
reacting steps, and is derived from the more detailed kerosene-air mechanism
by Dagaut [17]. This mechanism was selected because of its reasonable size,
at least in comparison to other more detailed schemes for kerosene-air com-
bustion. It is not attempted to provide in this work a reduced chemistry for
kerosene that would benefit from the most recent findings in terms of real
aeronautical fuels [62], which may include complex chemical properties distri-
butions across the distillation curve and related complex phenomena. The sole
objective is to compare the normalised response of a chemical scheme featuring
multiple chemical time scales against the scaling laws discussed thereafter, and
using the Luche et al. mechanism as a starting point is sufficient to address
this point.
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Fig. 4 Representative species trajectories (Eq. (9)) for the kerosene surrogate and n-decane
reduced mechanism. τ = 0.2 ms. Symbols: Reference chemistry [41]. Lines: Reduced n-decane
mechanism (Table 1). Solid-line: Air inlet trajectory. Dotted-Line: Fuel inlet trajectory.

To further reduce the Luche et al. chemistry so that multiple calculations
can be performed, the ORCh approach is followed [29], which combines the
directed graph analysis with error propagation (DRGEP) [39,45]. Species and
reactions are progressively removed according to their relative importance
measured along reference chemical evolutions (φD(t) trajectories), with the
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automatic generation of an analytical part using quasi-steady state assump-
tion (QSS) and a subsequent optimisation of the chemical rates with a Genetic
Algorithm. All detail concerning this combination of reduction/optimisation
methods to generate a series of reduced chemical kinetics can be found in [28,
29].

To compact the information and ease the analysis, two additional deter-
ministic trajectories are solved, from the air and kerosene inlets, with the linear
relaxation deterministic micro-mixing closure (IEM or LMSE) [7, 19]

dφD(t)

dt
=
〈φ〉 (t)− φD(t)

τ
+ ω̇D

φ . (9)

The statistical mean entering this deterministic mixing model is computed at
every instant in time from the full set of stochastic particles,

〈φ〉 (t) =

∑NP

p=1 q̇
p
mG(t)φp(t)∑NP

p=1 q̇
p
mG(t)

. (10)

These additional deterministic trajectories are easily coupled with a Genetic
Algorithm, to optimise chemical rates after chemistry reduction [29]. Figure 4
shows typical φD(t) distributions.

The kerosene in the initial mechanism by Luche et al. [40, 41] is a sur-
rogate composed of n-decane (n-C10H22, 76.7388% in mass), propylbenzene
(PHC3H7, 13.1402%) and propylcyclohexane (CYC9H18, 10.1210%). In the
present reduction, the initial composition of the fuel is even more simplified to
100% n-decane. The species of the reduced mechanism are given in Table 1.
This mechanism relies on the transport of 26 chemical species and on the solv-
ing of 24 quasi-steady state relations and contains 338 elementary reactions.

The associated trajectories (Eq. (9)) for operating conditions reported
above are displayed in Figs. 4 and 5, in which the symbols denote the de-
tailed scheme. The trajectories from fuel and air inlet differ till a residence
time of 1 ms, before the species evolve toward the equilibrium condition. The
thermal energy brought by the burnt gases first promote the formation of NO
through their mixing with fresh air. At 0.5 ms, the temperature conditions
are so that part of this NO is recombined into NO2, to then increase again
after 1.25 ms through the mixing with the remaining air in a post-flame re-
gion. Aside from the unavoidable difference in n-decane (fuel surrogate in the
detailed mechanism and only n-decane in the reduced one in Fig. 3), the re-
sponse of the reduced scheme stays very close to the detailed one, specifically
in terms of position of ignition and of the peak of CO (Fig. 3), which will be
considered thereafter in the analysis increasing Ka and varying the amount of
burnt gases.

The reduced mechanism has been obtained considering only the turbu-
lent micro-mixing problem (Eq. 3), which overall features similarities with
non-premixed combustion. It is therefore of interest to verify that a perfectly
premixed combustion regime is also reproduced. Figure 6 shows a comparison
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Lines: Reduced n-decane mechanism (Table 1). Solid-line: Air inlet trajectory. Dotted-
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of the flame velocity, the equilibrium temperature and the equilibrium lev-
els for CO and for NO obtained from perfectly premixed kerosene-air flame
computations at a pressure of 9.63 · 105 Pa with the Cantera solver [22]. Some
departure is observed on the estimation of the flame speed SL for equivalence
ratios between unity and 2, but overall the description is acceptable consider-
ing the level of reduction. For comparison, are added the results obtained with
a less reduced chemical mechanism (32 transported species, with 27 QSS rela-
tions and 419 elementary reactions), obtained keeping the original surrogate
fuel composition. Both reduced mechanisms perfectly capture the equilibrium
temperature and equilibrium CO level for every equivalence ratio. An over
prediction of the NO levels is achieved using the most reduced mechanisms for
conditions around the stoichiometric point. However, because NOx species will
not be considered in the subsequent analysis, this most reduced mechanism
based on n-decane (Table 1) is retained.

4 Basic scaling for high-Ka flames in vitiated mixture

Oversimplified scaling relations for weakly vitiated flames are recalled in this
section.
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Fig. 6 Freely propagating premixed flames. Response versus equivalence ratio, species and
temperature taken in burnt gases. Symbols: Reference chemistry [41]. Solid-line: Reduced
surrogate mechanism. Dashed-line: Reduced n-decane mechanism (Table 1).

4.1 Vitiated steady premixed flamelet

Consider the steady premixed laminar flamelet equation

ρu
dφ

dξ
=

d

dξ

(
ρDφ

dφ

dξ

)
+ ω̇φ − ρṠKφ , (11)

where ρ is the density, u is the velocity, Dφ is the diffusion coefficient of the
scalar φ evolving through the flame front and ω̇φ its chemical source. The

coordinate in the direction normal to the flame front is ξ and ṠKφ is a leakage
term, representative of all fluxes occurring along the flame surface [21], as
transverse convection and diffusion resulting from straining and curvature of
the flamelet surface.

The fresh gases condition φu is expressed from a reference fresh gases un-
burnt condition φo and the dilution (or vitiation) factor fb (the subscript ‘u’
and ‘b’ denote unburnt and burnt gases respectively)

φu = φo(1− fb) + fbφb . (12)
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fb = 0 corresponds to fresh mixtures (fuel mixed with oxidiser) and burnt
vitiated gases appears for 0 < fb << 1.

Integrating (11) through an unstrained one-dimensional flame (ṠKφ = 0)
and accounting for mass conservation, the unstrained flame speed reads

SL(fb, ṠKφ = 0) = uu =

(
ρb
ρu

)
ub =

1

φb − φu

 1

ρu

+∞∫
−∞

ρω̇φdξ

 . (13)

The peak reaction rate in the integral in Eq. (13) is toward the burnt gaz
side, also it is assumed that the density weighted integral of the source does
not vary much with dilution by burnt gases, at least for weak levels of fb.
Combining this hypothesis with the relations (13) and (12) leads to

SL(fb, ṠKφ = 0) =
1

1− fb
× 1

φb − φo

 1

ρo

+∞∫
−∞

ρω̇φdξ

 ,

=

(
1

1− fb

)
So
L (14)

with So
L = SL(fb = 0, ṠKφ = 0). Figure 7 shows the evaluation of this relation

in the simulation of a freely propagating premixed flame with a single-step
chemistry cast as in [38], for a Zeldovitch number β = 15. The expected trend
is recovered for 0 < fb << 1. In this single-step chemistry simulation, the
addition of the vitiated gases is mimicked by preheating the fresh mixture,
and the one-dimensional flame is computed with a fully compressible sixth-
order flow solver using a PADE scheme [36]. This hyperbolic behaviour of
flame speed versus dilution by burnt gases was also reported in the literature
at various places, for instance simulating vitiated premixed flamelets with
detailed chemistry (see Fig. 4a in [63]).1

Considering now a flamelet submitted to stretch without dilution and as-
suming that the integral of the source stays close to the unstretched flame
burning velocity, Eq. (11) leads to

ρoSL(fb = 0, ṠKφ) =
1

φb − φo

 +∞∫
−∞

ρω̇φdξ −
+∞∫
−∞

ρṠKφdξ

 ,

= ρoS
o
L

1−

+∞∫
−∞

ρṠKφdξ

(φb − φo)ρoSo
L

 . (15)

The usual linear response of the flame speed to small levels of stretch is
found [15]

SL(fb = 0, ṠKφ) = So
L(1−K) , (16)

1 This scaling may also be retrieved from high-activation energy asymptotic developments
after matching fluxes with vitiated fresh gases [8].
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Fig. 7 Flame speed SL(fb) versus the dilution factor fb (12). Line: Eq. 14. Symbol: Sim-
ulation of 1D freely propagating premixed flame.

with (φb − φo)ρoS
o
L ×K =

+∞∫
−∞

ρṠKφdξ.

The linear reduction of flame speed by (1−K) (Eq. (16)) and the increase of
flame speed by (1−fb)−1 (Eq. (14)), suggest that the effect of flame speed re-
duction by tangential stretch applied to the flame surface can be compensated
by the vitiation of the fresh gases.

4.2 Vitiated diffusion flamelet quenching

The relation (14) for the unstretched and diluted flame may also be combined
with an estimation of the quenching condition in a diffusion flamelet. τmq

the
mechanical time at quenching in a non-premixed system is known to relate to
the stoichiometric and freely propagating flame speed as [46,47]

1

τmq

=
Z2
st(1− Zst)

2

aT /S2
L

, (17)

where aT is the thermal diffusivity and Zst the stoichiometric value of the mix-
ture fraction [47]. Assuming a fixed reference chemical time, Kaq, the Karlovitz
number at quenching varies as τ−1mq

. The introduction in (17) of the relation

(14), giving the unstrained flame speed SL = SL(fb, ṠK = 0) in the presence of
dilution, provides a scaling relation for a non-premixed system weakly vitiated
by burnt gases

Kaq(fb) ≈
(

1

1− fb

)2

. (18)

Hence, the value of the Karlovitz number at the quenching point should in-
crease in the presence of dilution by burnt gases (fb > 0), making the reaction
zones evolving in vitiated mixture more robust to intense turbulence. This
scaling is now tested against calculations with the reduced kerosene chem-
istry.
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Fig. 8 Response of the progress variable cD(tEnd) versus mechanical mixing time. fb = 0.5
and tEnd = 2 ms.

5 Response of Ka at quenching in a vitiated stream

The above dilution factor fb calibrates the relative amount of burnt and fresh
gases present in the unburnt mixture (Eq. (12)). In the canonical problem used
for chemistry reduction (Eqs. (3) and (9)), the relative amount of burnt gases
introduced initially may be varied adjusting the mass flow rates of the three
streams injected in the system (Q̇m1 : fuel, Q̇m2 : air and Q̇m3 : burnt gases), thus
varying 〈Yi(t = 0)〉, the averaged mass fractions injected at t = 0, including
liquid fuel.

To study the sensitivity of the pseudo-reactor to the amount of added
recirculating burnt gases, fb is defined as

fb =
Q̇m3

Q̇m − Q̇m3

. (19)

where Q̇m =
∑
j Q̇mj is the total mass flow rate injected. With this definition,

fb = 0 in the case of no-dilution by burnt gases and fb = 1 in the asymptotic
limit where mass flow rates of fresh (Q̇m1

+ Q̇m2
) and burnt gases (Q̇m3

) are
equal.

The response of the turbulence/chemistry interaction to variations of τ , the
micro-mixing time, is characterized by three stages [38]. (i) very small micro-
mixing times, and thus very fast micro-mixing, prevent combustion. (ii) inter-
mediate values of τ lead to ignition and burning with turbulence/chemistry
interaction. (iii) above a given threshold, the too large micro-mixing times,
associated with very small frequency of micro-mixing, do not allow for suffi-
cient mixing of the fresh and burnt gases to secure ignition within the allowed
residence time (here 2 ms). These three stages ((i) no-burning, (ii) burning
and (iii) no-burning) are seen in Fig. 8, displaying 〈c〉, the average progress
variable (c = 0 in the fresh gases and c = 1 in fully burnt products) plotted
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Fig. 9 Illustration of the arbitrary definition of the chemical time from Y D
CO(t), the CO

mass fraction deterministic trajectory (Eq. (9)). Representative case fb = 0.5.

at tEnd = 2 ms for cases featuring a micro-mixing time τ varying between
0.002 ms and 0.8 ms, and for the representative case fb = 0.5. The average
progress of reaction 〈c〉 is here calculated from the normalised production of
CO2 by combustion

〈c〉 (t) =
〈YCO2〉 (t)− 〈YCO2〉 (t = 0)

Y Eq?

CO2
− 〈YCO2

〉 (t = 0)
, (20)

with Y Eq?

CO2
calculated from the full mixture at t = 0, including primary and

secondary air.
A zoom in the high-Ka zone is given in Fig. 8(b). The decrease of τ down

to τ = 0.015 ms (thus the increase of Ka) is followed by a rapid transition from
burning to non-burning in the progress variable response. The mid-point of a
linear distribution constructed between the last fully burning point and the
first very weakly burning condition is chosen to define, τmq

, the mechanical
time at quenching. This determines the smallest micro-mixing time that does
allow for ignition and burning in the combustion problem defined by Eq (3).
The corresponding quenching Karlovitz number can then be related to a limit
value that would prevent ignition and thus flame stabilisation in burnt gases
vitiated mixture.

The dilution factor fb (Eq. (19)) is now varied between 0.25 and 1. For
every case, a set of trajectories (Eq. (9)) are obtained for given values of τ ,
to determine the response of τmq

versus fb, according to the procedure shown
in Fig. 8(b). To define a Karlovitz number, a chemical time must be chosen.
With complex chemistry, in the present case 48 species, many options exist.
After considering the evolution of various species, the trajectories of carbon
monoxyde were found to provide a similar shape for the various dilution levels,
it is also a species which is well captured by the reduced scheme (Fig. 3). The
decay of the CO mass fraction after its peak value can be interpolated

YCO(t) = Y max
CO exp(−(t− tpeak)/to) , (21)



16 Bouaniche et al.

0.2 0.4 0.6 0.8 1.0
�b

0

200

400

600

800

1000

Ka
rlo

vi
tz
 @

 q
ue

nc
hi
ng

(a) Full range

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
�b

0

5

10

15

20

25

30

35

Ka
rlo

vi
tz
 @

 q
ue

nc
hi
ng

(b) Zoom for lower values

Fig. 10 Response of Kaq versus fb. Circle: simulations (Eqs. (3) and (9)). Dashed line:
Eq. (18) (b): zoom in moderate Ka level.

where Y max
CO = YCO(tpeak) denotes the peak CO mass fraction (Fig. 9). The

characteristic relaxation time to is measured from the observed CO distribu-
tion, so that YCO(tpeak + to) = Y max

CO exp(−1). Twice the chemical time, 2τc,
is arbitrarily chosen as the time duration between the two observations of
Y max
CO exp(−1) in the CO distributions (Fig. 9). The value of the Karlovitz at

quenching for various fb is finally taken as the ratio

Kaq(fb) =
τc
τmq

. (22)

Obviously, other formulations could be introduced, however this global mea-
sure is sufficient to compare against the basic scaling discussed above.

The response of Kaq versus the dilution factor fb is given in Fig. 10. The
robustness of the n-decane combustion to intense mixing does increase with
dilution by burnt gases. A rapid growth of the value of Kaq at quenching
is particularly observed after reaching fb = 0.6 (Fig. 10(b)). Interestingly, a
zoom in the lower values of fb shows that the response of Kaq follows quite
well the scaling given by Eq. (18). It is worthwhile to note that the relation
(18), which was derived for 0 < fb << 1 (thus without matching in the one-
dimensional approximate analysis the fb definition based on the mass flow rate
(19)), seems here reasonably fit for approximating the flame response, even up
to large values of fb.

6 Discussion and summary

A stochastic canonical problem has been constructed to explore turbulence
chemistry/interaction with kerosene liquid fuel injection. The information ob-
tained has been used at first to optimise a reduced chemical scheme, whose
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objective is to predict major species only. Then, the response of the quenching
Karlovitz number to the amount of burnt gases mixed with the fresh mixture
has been studied. It is found that basic scaling laws derived for burnt-gases
vitiated premixed and non-premixed systems agree well with the results, with
dilution promoting an inverse squared enhancement of the flame robustness to
intense turbulence.

Estimating characteristic length and time scales relevant for turbulent
flames in real combustion systems, or in experiments representative of real
injectors, is not an easy task [30]. Along these lines, well-resolved Large Eddy
Simulation (LES) or quasi Direct Numerical Simulation (DNS) of real burners
provide additional information. The Table 6 summarises length and time scales
extracted from the quasi-DNS [43] of the aeronautical swirl burned studied ex-
perimentally by Meier et al. [42].

ReT Reλ `T τT ηk τk
1480 149 7 mm 2 ms 29 µm 0.051 ms

Table 2 Characteristic length scales approximated from quasi-DNS of a swirl burner [42,
43].

In Fig. 8 for fb = 0.5, combustion is expected for micro-mixing times in
the range 0.015 ms < τ < 0.1 ms. Interestingly, τk in Table 6 lies within this
range, close to the lower limit for this swirled flow injector, which was designed
to operate with a quite strong precessing vortex core, featuring a characteristic
frequency of about 540 Hz with a time scale of the order of 1.9 ms, thus with
strong recirculation of burnt gases. Drawing further conclusions on the exact
numbers would not be fair at this stage. However, above results open perspec-
tives for advanced injector design, thus considering high Karlovitz combustion
aside from toy problems. The opportunity of counterbalancing the negative
impact of strong turbulence on the flame-base thanks to entrainment of burnt
gases, appears actually stronger than expected from usual combustion regime
analysis. At the same times, it confirms that high Karlovitz combustion can
hardly be sustained without addition of burnt gases.
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