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ABSTRACT

The effects of pre-ignition chemistry on laminar flame speed in methane/n-heptane
fuel blends are investigated numerically, leading to flame speed modelling account-
ing for these effects. The laminar flame speeds of fuel blends are important input
parameters for turbulent combustion models needed to support design of dual-fuel
engines. At the autoignitive conditions found in engines, pre-ignition reactions cause
the speed of the reaction front to increase. Fuels that exhibit two-stage ignition be-
haviour, such as n-heptane, also exhibit a two-stage increase in the speed of the
reaction front as the reactant residence time increases. There is a corresponding
reduction in the flame thickness until the residence time approaches the ignition
delay time, whereupon the deflagrative scaling of flame thickness breaks down. The
analysis shows that the increase in flame speed is due to distinct contributions of
heat release, reactant consumption, and enhanced reactivity ahead of the flame.
Addition of methane to n-heptane-air mixtures retards and reduces the first-stage
increase in flame speed, in part due to dilution of the more-reactive n-heptane fuel,
and in part due to consumption of radical species by the methane chemistry. The
effect of methane/n-heptane fuel blending on flame speed is described adequately
by a linear mixing rule. The effect of pre-ignition chemistry can then be modelled
as a linear function of the progress variable ahead of the flame — accounting for
heat release, reactant consumption, and enhanced reactivity ahead of the flame.
The flame speed model accurately describes the variation of flame speed across the
full range of methane/n-heptane blends at engine-relevant conditions, up to the
deflagration/ignition transition.
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1. Introduction

High efficiency combustion engines require conditions at which the reactants may be-
come autoignitive. Even in engine systems nominally characterised by deflagrative
combustion, flame propagation may still be affected by the pre-ignition chemical re-
actions taking place ahead of the flame. Such reactions can affect flame stability and
prompt flashback in steady-flow combustors [1], and affect ignitability [2], heat release
rates [3] and detonation phenomena [4] in piston engines. Ignition chemistry differs
markedly among fuels, with some heavier hydrocarbon fuels exhibiting two-stage ig-
nition under some conditions [5], leading to differences in the structure and speed of
flame propagation through autoignitive mixtures [6]. These differences may be partic-
ularly relevant in dual fuel engines in which fuels with dissimilar ignition behaviours,
such as natural gas and diesel, are introduced separately [7]. In pilot-ignited dual fuel



engines, following the formation of ignition kernels, a majority of the pilot fuel may be
consumed in polybrachial flame structures led through the dual-fuel mixture by defla-
grative edge flames that propagate along stoichiometric isosurfaces [8]. However the
effect that blending fuels with dissimilar ignition chemistry has on flame propagation
through autoignitive mixtures is not well characterised.

Hydrogen and light hydrocarbon fuels such as methane exhibit single-stage high-
temperature ignition behaviour. Pre-ignition reactions have limited effect on flame
propagation through single-stage ignition mixtures until the mixture is close to the
point of autoignition [6, 9, 10]. In contrast, some heavier hydrocarbons relevant to real
transport fuels, such as n-heptane, exhibit low temperature chemistry (LTC) [11] and
cool flames [12]. The chemical kinetics controlling cool flames arise at high pressure
and moderate temperatures, and are closely related to those of two-stage ignition and
Negative Temperature Coefficient (NTC) behaviour [5, 13]. Following much of the lit-
erature, the term ‘cool flame’ is used indiscriminately here to refer both to deflagrative
and to ignitive reaction fronts involving low temperature chemistry. Low temperature
chemistry can significantly modify the chemical and transport properties of a mixture
[3], thereby affecting the laminar flame speed in mixtures well before the onset of
high-temperature ignition [6, 14]. The response of laminar flame properties to blend-
ing of fuels with dissimilar ignition behaviours, such as methane and n-heptane, has
not been characterised fully at autoignitive conditions. Methane/n-heptane mixtures
are of particular interest because these have been used in research studies as surrogate
fuels for the natural gas/diesel mixtures arising in pilot-ignited dual fuel engines, (e.g.,
[15-17]).

The laminar flame speed and laminar flame thickness are centrally important in
characterisation and modelling of turbulent combustion in engines because they di-
rectly affect the turbulent flame speed [18]. The dependence of the turbulent flame
speed on laminar flame properties persists for flames affected by LTC [1, 3]. Knowl-
edge of the laminar flame speed and laminar flame thickness are therefore key to
understanding and modelling turbulent combustion processes under the autoignitive
conditions that predominate in practical combustion systems. However established em-
pirical models for the variation of flame speeds with temperature, pressure, equivalence
ratio and dilution, such as in Ref. [19], do not account for the effect of pre-ignition
chemical processes on flame speed.

1.1. Laminar flame speed

Pre-ignition chemical reactions ahead of a flame affect the propagation speed. As such,
there is not a unique freely-propagating laminar flame speed (s;) at autoignitive con-
ditions. Rather, the flame speed depends on the extent of the pre-ignition reactions
ahead of the flame [6, 9, 14], which can be related to the residence time 74 [20, 21]
between the reactants mixing and arriving at the flame front. The propagation speed
of the flame front can be evaluated in a general way from the density-corrected dis-
placement speed sy [22]. Evaluating s; in any unstrained one-dimensional stationary
flame configuration yields a well-defined residence time-dependent flame speed, pro-
vided that diffusive fluxes through the inlet of the flow domain are negligible [6].

A non-autoignitive freely-propagating laminar flame corresponds to the limit where
the residence time is much less than the ignition delay time 74,, i.e. 7 < Tign.
Conversely, the limit 7 — 7;4,, corresponds to the transition from a deflagrative flame
to a pure ignition front [23]. Hereafter we refer to the flame speed in the short residence



time limit 7y < 734, as reference flame speed s, [6].

1.2. Laminar flame thickness

In the case of diffusion-limited flame propagation with negligible chemical reaction
upstream of and within the preheat layer, the thermal thickness of the flame front o,
scales with the thermal diffusivity o and laminar flame speed as [24]
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The thermal thickness is d; = AT/(dT/dz)maez, where AT is the temperature rise
across the front and (dT'/dz)mae, is the maximum temperature gradient within the
flame. Since the variation of thermal diffusivity and flame speed with reactant prop-
erties are typically well-modelled by established empirical relations, (e.g., [19]), this
scaling relationship provides a simple means for estimating how the reaction front
thickness varies across a range of combustion conditions for which the flame front
behaviour is deflagrative. This scaling relationship breaks down as the flame transi-
tions into an ignition front. The transport equation for progress variable ¢ within a
stationary ignition front is

oc  we
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where x and u are the displacement and velocity normal to the flame and w, is the
reaction source term for progress variable. The thermal thickness of the reaction front
can be approximated using the progress variable gradient: §; ~ (Oc/ 855);;11, giving
the relationship

Sy~ 2 s, (3)
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in which the factor py/wemaz is positive, with magnitude dependent on the thermo-
chemical state of the reactants. The relationship between ¢; and s; therefore provides
an indication of whether a flame front is deflagrative (~ Eq. 1) or ignitive (~ Eq. 3).
The objectives of this study are to investigate and to model the effects of differ-
ent methane/n-heptane fuel blends and their pre-ignition chemistry on the speed of
reaction fronts under dual-fuel compression-ignition engine conditions. The following
section sets out the physical modelling and numerical approach adopted. The results
are then analysed in order (1) to assess the effects on flame speed and structure due
to thermal and chemical contributions of the different fuels; and (2) to develop a new
modelling approach for reaction front speeds under autoignitive conditions.

2. Methodology

Simulations of adiabatic un-stretched steady one-dimensional laminar flames are used
to investigate the combined effects of methane/n-heptane ratios and pre-ignition chem-
istry at engine-relevant temperatures. The effect of the pre-ignition chemistry is as-
sessed by varying the residence time upstream of the flame front. The residence time
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Figure 1. The temperature profile in several steady freely-propagating stoichiometric n-heptane—air flames
with different residence times at 850 K and 40 bar. The location of the cool flame front is indicated.

is changed by varying the position specified for the flame relative to the inlet of the
solution domain, as illustrated in Fig. 1. The residence time 7; at the flame front is
evaluated as

= /x %f u(lx)d:v, ()

i

where z; is the x—location of the inlet to the solution domain, x; is the location of
the upstream edge of the flame, here defined as being half of one thermal thickness
upstream of the maximum temperature gradient location.

Reactant mixtures are described in terms of their total-equivalence ratio, ¢y,
evaluated in the conventional manner by considering the stoichiometric oxygen-fuel
ratio for the fuel mixture, and fuel-equivalence ratios ¢cp, and ¢c,m,, [25]. The
fuel equivalence ratios are defined by écu, = vou,Ycw,u)/Y0.u) and ¢c,m, =
VC, Hyo Y (CrHyou)/ Y(0,,u), where subscript u denotes the unburnt composition and
Vfuel is the stoichiometric oxygen-to-fuel mass ratio for each fuel. These definitions
of the fuel equivalence ratio can be added to obtain the total equivalence ratio,
Gtot = PCH, + PCH,-

The flames are simulated using the COSILAB one-dimensional flame solver [26] with
multi-component molecular transport, ideal gas models with seven-coefficient polyno-
mials for the temperature-dependence of thermodynamic properties. The methane/n-
heptane chemistry is modelled using a 106 species mechanism for n-heptane combus-
tion [27], presenting a good compromise between accuracy and computational time.
There are few experimental data available for autoignition and flame propagation in
methane/n-heptane fuel blends at engine-relevant conditions. Therefore the chemical
model has been selected on the basis of satisfactory autoignition and flame propagation
predictions of experimental data for pure methane—air and n-heptane—air mixtures, and
satisfactory agreement with more detailed models for autoignition and flame propaga-
tion in methane/n-heptane fuel blends. Validation data for the 106 species mechanism
used are provided as supplementary material. Figure 2 presents the variation of ig-
nition delay time with temperature for four stoichiometric methane/n-heptane fuel
blends (¢cma/dror =0, 0.5, 0.8, and 1.0) in air at 40 bar, with results for the 106
species skeletal mechanism in reasonably close agreement with its 451 species parent



detailed mechanism [28]. Fuel blends are mixed with air throughout this study, and
air is modelled as 79% No and 21% Oy by volume.The predictions show significant
NTC behaviour at the conditions investigated in this study, with the NTC behaviour
reducing as the proportion of methane in the fuel is increased.

The COSILAB software employs adaptive grid refinement and a stationary flame so-
lution is obtained using a modified-Newton method [26]. The grid-independence of the
solution data presented in this paper has been established by incrementally tightening
the adaptive grid error tolerances until numerical convergence is achieved, requiring
between one hundred and four hundred grid points, depending on the simulation con-
ditions.
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Figure 2. The temperature-dependence of ignition delay time for stoichiometric methane/n-heptane—air
blends at 40 bar with ¢cp, /dtot = 0.0,0.5,0.8,1.0 computed with POLIMI-106 [27] and POLIMI-451 [28]
mechanisms.

3. Results and Discussion

3.1. Effects of pre-ignition chemistry on flame speed

Figure 3 shows the variation of flame speed with residence time for pure methane,
pure n-heptane and two methane/n-heptane fuel blends with global stoichiometric
equivalence ratio (¢ = 1) at 40 bar and 850 or 1000 K. The results are presented in
terms of residence time, rather than in terms of the flame positions reported in Refs.
[6, 9], since, for autoignitive conditions, the chemical evolution upstream of the flame
can be related to residence time, as shown below. The residence time may serve as a
useful parameter for accounting for chemical evolution in a range of flows [21], whereas
interpretation of the flame position is configuration specific. Nonetheless, the residence
time and flame position are closely related in the present one-dimensional configuration
using to Eq. 4. The flame speed of the methane—air mixture remains approximately
constant until the residence time approaches the ignition delay time, when it increases
indefinitely, as observed previously in Refs. [9, 10]. For an unburned temperature of
1000 K where n-heptane—air mixtures exhibit single-stage ignition, the evolution of the
flame speed of the n-heptane—air mixture is qualitatively similar to the pure methane
case. However, for an unburned temperature of 850 K where n-heptane—air mixtures
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Figure 3. Laminar flame speeds of stoichiometric methane/n-heptane blends versus residence time at 40 bar:
simulations (symbols); model Eq. 8 (solid).

exhibit two-stage ignition, the flame speed also increases in two distinct stages: the
flame speed increases by 15 % when the residence time reaches the first-stage ignition
delay time, then increases gradually during the second-stage ignition-delay, before
increasing indefinitely as the residence time approaches final ignition delay time. The
same two-stage increase in flame speed is observed for methane/n-heptane blends
that show two-stage ignition behaviour, and the two-stage effect is stronger as the
proportion of n-heptane increases.

Figure 4 shows that the first-stage increase in flame speed coincides with the first-
stage increase in temperature, occurring between 0.13-0.18 ms residence time for 40
bar 850 K stoichiometric n-heptane—air flames. The flame speed is expected to be
affected by the temperature increase, however consumption of major reactants and
production of intermediate species by the pre-ignition chemical reactions ahead of
the flame also affect flame speed. We conduct a numerical experiment in order to
quantify the relative influence that the thermal and chemical changes have on the flame
speed during first-stage ignition. The experiment isolates the effect of the intermediate
species from the thermal effects by performing modified flame simulations in which we
remove all intermediate species a short distance upstream of the flame while keeping
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Figure 4. Laminar flame speed and temperature versus residence time for stoichiometric n-heptane—air at
40 bar and 850 K: Unmodified flame in the full domain (white circles); 0.2 mm domain with inlet composition
from the unmodified flame (grey circles); 0.2 mm domain with intermediate species removed from the inlet
composition (black circles).

the temperature and mixture enthalpy unchanged following the procedure set out in
the Appendix, resulting in a modified flame speed sfperm. Since the intermediate
species have been removed from the modified flame, the variation of sy jerm shown in
Fig. 4 is entirely due to the temperature rise and the consumption of major reactants
ahead of the flame front. The results of the modified flame experiment indicate that
the first stage increase in flame speed is due to both thermal and chemical influences
in approximately equal measure. Modelling for the flame speed should take each of
these effects into account.

3.2. Effects of pre-ignition chemistry on flame thickness

Diffusion-limited (i.e. deflagrative) flame propagation is expected to exhibit a scaling
relationship between flame thickness and flame speed given by Eq. 1. Figure 5 shows
the variation of the high-temperature flame’s speed with /d; for premixed combustion
of stoichiometric methane—air and n-heptane—air over a range of reactant temperature
(T, = 700 to 1000 K). Data are normalised by the reference laminar flame speeds of
methane (s, ocm, = 0.79ms™ ') and n-heptane (s, 00,16 = 1.20ms™1) at Ty = 850 K
and py = 40 bar, where subscript ‘0’ refers to datum conditions. Reference properties
for flames with short residence times (shown as symbols) follow the deflagrative scaling
relationship as 7;, is increased from 700 to 1000 K. The gradient of s, with respect
to a/d, is greater for n-heptane—air flames due to the greater reactivity of n-heptane
compared to methane. As residence time increases (dashed lines), the flame speed
of the n-heptane—air mixture remains largely unchanged until the mixture undergoes
first-stage ignition. Subsequently the reaction front speed increases, and the reaction
front thickness initially reduces in accordance with the deflagrative scaling given in
Eq. 1. Finally, as the temperature-based progress variable (¢ = (T — Ty,)/(Ty — T,))
ahead of the flame reaches around 0.15, at the locations indicated by square symbols in
Fig. 5, the deflagrative scaling breaks down and the front thickness starts to increase
(/05 reduces because the residence time ahead of the flame approaches the ignition
delay time — marking the transition from deflagrative to ignitive scaling of the front
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Figure 5. Normalised high-temperature reaction front speed sf/sy 0, fuer versus o/ (058, 0, fuer) for short
residence time (7y — 0) stoichiometric methane-air and n-heptane-air flames with unburnt temperatures
700, 775, 850, 925 and 1000 K (symbols), and data for n-heptane—air combustion with residence times up
to 98% of the ignition delay time at 775, 850, and 925 K (various dashed lines as labelled). Square symbols
indicate the conditions where the progress variable ahead of the flame equals 0.15.

thickness.

Figure 6 presents the variation of the cool-flame’s speed and thickness for the 850 K
40 bar stoichiometric n-heptane—air flame as the residence time increases. The thick-
ness of the cool-flame follows the linear scaling behaviour given for ignition fronts
in Eq. 3. Despite its name, the cool-flame exhibits ignitive rather than deflagrative
behaviour across all of the conditions in this study: the data flow the a linear relation-
ship between cool-flame speed and thickness as indicated by the dashed lines in Fig.
6. The absence of deflagrative cool-flames is consistent with Ref. [29], where steady
deflagrative cool-flames could only be stabilised when aerodynamic straining was used
to prevent the development of a high-temperature flame. Ju et al. [30], in contrast,
showed that steady deflagrative double-flame structures, involving a cool-flame and
a hot-flame, can arise under very lean low-temperature combustion conditions (e.g.
»=0.1, T, = 530 K). The combustion conditions investigated by Ju et al. are unlike
the conditions in most engines since the magnitude of heat release in the cool-flame is
similar to the magnitude of heat release in the hot flame. At richer, higher-temperature
conditions typical of current engines, it may be that the magnitude of heat release in
the hot-flame is greater, such that its flame speed would cause it to over-take any
cool-flame, should a cool-flame arise, preventing observation of steady deflagrative
cool-flames.

The transition between deflagrative and ignitive scaling of the flame thickness is
accompanied by diminishing importance of diffusive transport within the flame fronts.
Figure 7 shows mass fraction transport budgets for stoichiometric n-heptane flames at
850 K and 40 bar for two residence times 7 /74, = 0.85 and 0.95. The reaction (R),
convection (C) and diffusion (D) terms [6] are presented for the alkyl hydroperoxy rad-
ical (C7H1500H, abbreviated to QOOH) within the cool-flame and for OH within the
high-temperature flame front. The convection term arises because the simulated flames
are stationary. The budgets indicate that diffusive transport in the high-temperature
reaction front becomes gradually less important as the residence time increases, and is
generally less important in the cool-flame front. The magnitude of the diffusion term
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in the high-temperature flame is lower at 7¢/7;4, = 0.95, at which point the flame
thickness is increasing with flame speed, than at 77/7;4, = 0.85, at which point the
flame thickness is reducing in accordance with the deflagrative scaling (Eq. 1). How-
ever the gradual reduction of the diffusive transport contribution does not provide as
clear a delineation of the transition between deflagrative and ignitive behaviours as
the changes in the sy — §; dependence shown in Figs. 5 and 6.

Analysis of the flame thickness indicates that the deflagrative scaling in Eq. 1 applies
to the high-temperature flame front across a wide range of autoignitive conditions and,
given models for sy and «, provides a useful means of modelling the variation of §; in
a flow up to the transition to ignitive behaviour.

3.3. Flame speeds at autoignitive conditions

The laminar flame speed is a key input for a number of turbulent combustion models
[18]. For a given set of conditions the reference laminar flame speed may be evaluated
from experimental measurements or, if suitable chemical and thermodynamic mod-
els are available, from a laminar flame simulation. The laminar flame speed may be
provided to a turbulent combustion model by means of a data table or some form
of algebraic fit to the data. Several empirically-derived algebraic models for laminar
flame speed have been developed and used widely for combustion of individual fuels
at non-autoignitive conditions [19]. Furthermore, due to the effort required to obtain
flame speed data across a wide range of operating conditions as well as for different
blends of fuels, mixing rules have been proposed in order to estimate the reference
laminar flame speed of blends of individual fuels for which reference flame speeds are
available [31-33]. For combustion under autoignitive conditions, however, the preced-
ing analysis indicates that it is necessary also to account for the effect of pre-ignition
chemistry on the flame speed, including the distinct contributions of heat release,
reactant consumption and enhanced reactivity ahead of the flame. Due to the large
domain size needed for the simulations required to generate the data presented in Fig.
3 it is not practical to compute the flame speed directly for the full range of residence
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times, fuel blends and mixture conditions that arise during operation of a dual-fuel
engine. The objective of this section therefore is to develop a method for estimating
the effects of pre-ignition chemistry on flame speed taking the reference flame speed
as an input. This novel method can be applied to reference flame speeds obtained by
any means.

In order to evaluate reference flame speeds efficiently and accurately in this study,
well-established algebraic models are used to account for the dependence on equiva-
lence ratio and the blending between fuels [31].

Yang and Reitz [31] modelled the dependence of reference flame speed s, on equiv-
alence ratio using a four-parameter Gaussian function and accounted for fuel blending
using a linear mixing rule which, for blends of methane and n-heptane, takes the form,

Srmiz = ZCH,Sr,cH, + (1 — Z0H, ) Sr.CoHygs (5)

where Zon, = You,u/(Yor,u + Yo, Hyeu) 1S the local mass fraction of methane in
the fuel blend. The Gaussian fit for methane and n-heptane flame speeds, and the
flame speeds of methane/n-heptane blends given by Eq. 5 are validated for a range of
equivalence ratio in Fig. 8, showing a close fit to the numerically-obtained flame speeds.
Alternative mixing rules by Hirasawa et al. [32]and Di Sarli et al. [33] are also tested in
Fig. 8. The Di Sarli et al. model tends to over-emphasise the contribution of methane.
The linear model is adopted here as it is simpler and marginally more accurate than
the Hirasawa et al. model for methane/n-heptane combustion cases considered.
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3.4. Effects of pre-ignition chemistry

The form of the Metghalchi and Keck model [19] suggests how one can account for the
effects of the temperature rise and reactant consumption arising ahead of the flame at
autoignitive conditions, providing the first two factors on the right hand side of the
following equation:

T Xfuel p
Sf, fuel = Sr, fuel * (T) : (1 - 5fuel§b) : ]:(C) : () . (6)
u Pu
Eq. 6 accounts for the flame speed increase due to the temperature increasing by the
factor T'/T;, ahead of the flame. The flame speed decreases by the factor (1 — 5 fue1ép)
because some of the fuel and oxidiser are consumed by the pre-ignition reactions,
diluting the mixture with mass fraction & of burned products. afye and Byye are
fuel-dependent model coefficients. Accounting for the thermal expansion upstream of
a one-dimensional planar flame, the flame speed is multiplied by the density ratio p/py,
where p is the density just ahead of the flame. A further factor F(c) is introduced to
account for the increase in flame speed due to the chemical influence of intermediate
species produced upstream of the flame; this influence is shown by the difference
between s¢ and s perm in Fig. 4. Fig. 9 shows that sf/sf therm has an approximately
linear dependence on progress variable. This suggests a simple model:

]:(C) =1+ Y fuel -Cy (7)

with vc.m,, =~ 1.18 for n-heptane. Equation 6 thus provides a breakdown of the con-
tributions to the increase of the flame speed under autoignitive conditions.

Figure 9 shows that, for small values of progress variable, the laminar flame speed
at autoignitive conditions increases approximately linearly with the value of progress
variable ¢ just ahead of the flame for the full range of methane/n-heptane fuel blends

11
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investigated, suggesting that Eq. 6 may be linearised into the form

Sf,fuel = Sr,fuel (1 + ffud.c) . (8)

where €7, is a model coefficient. The data presented in Fig. 9 suggests that €pye
is in the range 2.4 4+ 0.5 for the blends considered (¢cp,/dior = 0,0.5,0.8,1.0) for
progress variable less than 0.1. The linear model applies well to mixtures of methane
and n-heptane, with pure n-heptane-air and methane-air blends some deviation from
the linear model at 850 K for small values of progress variable, for which the in-
crease in flame speed is anyway relatively small (shown by diamond and triangular
symbols in Fig. 9). The value is potentially fuel specific and significantly higher val-
ues are obtained for example with dimethyl ether blends (not shown). From Eq. 6,
the temperature-dependence leads to super-linear behaviour as the residence time ap-
proaches the ignition delay and the flame transitions into an ignition front, however
this is of limited concern in the modelling of flame speed as flamelet-based turbulent
combustion models that require flame speed as an input would not be applicable to
flames with ignitive, rather than deflagrative behaviour. Therefore the linear mod-
elling approach remains valid for the deflagrative combustion conditions at which the
flamelet approach is applicable.

The model has been developed with respect to numerically-simulated flame speed
data, therefore the model coefficient €y, is subject to uncertainty associated with
the accuracy of the chemical mechanism employed. However the broad validity of
the relatively detailed 106 species mechanism used in this study suggests that the
approximately-linear response of flame speed indicated in Fig. 9 is at least qualitatively
correct. In principle, €, could be evaluated directly from experimental measurement
rather than by computation, however experimental measurements of flame speeds
in partially-reacted mixtures are likely to be very challenging and will also involve
significant, possibly greater, uncertainty.

The specification of progress variable may also affect the value of the model coeffi-
cient €yye. Linear combinations of species mass fractions may be used as a basis for
progress variable as an alternative to temperature, however it is important to employ
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a progress variable specification that resolves the evolution of the low-temperature
combustion processes. For example, it is found that a progress variable specification
based on the sum of carbon dioxide and carbon monoxide mass fractions also yields
a linear flame-speed relationship, whereas use of carbon dioxide alone would not be
appropriate since relatively little carbon dioxide is produced by the low-temperature
chemistry. Due to the weak non-linearity between alternative definitions of progress
variable, small differences in the value of €, can arise depending on the progress
variable specification.

In order to linearise Eq. 6, each of the factors in Eq. 6 can be expressed as a function
of progress variable: rearranging the definition of progress variable gives T/T,, = 1 +
¢(Ty/T, — 1); approximating the fraction of reactants that have been consumed by the
progress variable gives &, ~ c¢; and, neglecting changes in pressure and molar mass, the
ideal gas equation gives p/p, ~ [1 + ¢(T}/T,, —1)] . Since the model is only required
to be valid for small values of progress variable, a first-order Taylor expansion of Eq.
6 yields the linear relationship

T,
Sf, fuel = Sr, fuel <1 + |:(afuel - 1) X (TZ - 1> - Bfuel + '7fueli| -C> . (9)

The coefficients ac.p,, = 2.79, To,/Ty, = 3.18, Bc,H,, = 3.02 are obtained by least-
squares fitting to a data set containing reference flame speeds for n-heptane flames
with 700 < T, < 1000 K, 20 < p < 60 bar, 0.8 < ¢ < 1.2 and 0 < £ < 0.15.
These coefficients and ~v¢. p,, = 1.18 lead to a prediction that ec,p,, = 2.1, which is
reasonably close to the value of € ~ 2.4 obtained from Fig. 9. Since the difference in
€ fuel between the methane/n-heptane fuel blends considered is relatively small it is
convenient to adopt a single value € = 2.4 for the full range of fuel blends.

The flame speed model given by Eq. 8 is tested in Fig. 3, providing a good prediction
of the variation of reference flame speed with residence time for all of the fuel blends
and temperatures investigated. The model is tested across a range of lean equivalence
ratios in Fig. 8, showing that the simple linear model correctly describes the reduc-
ing magnitude of the pre-ignition chemistry effect reduces under lean conditions. In
order to apply the flame speed model in engine simulations, the progress variable in
the mixture ahead of the flame then needs to be modelled, either by simulating the
evolution of the chemical composition during ignition as in Ref. [34], or potentially by
modelling the progress variable as a function of the Livengood-Wu integral [35].

4. Conclusions

The effects of pre-ignition chemistry on laminar flame speed in autoignitive methane/n-
heptane fuel blends are investigated using premixed laminar flame simulations. Pre-
ignition reactions cause the speed of the flame to increase. Fuels that exhibit two-stage
ignition behaviour, such as n-heptane, also exhibit a two-stage increase in the speed of
the reaction front as the reactant residence time increases. The increase in flame speed
is due to distinct contributions of heat release, reactant consumption, and enhanced
reactivity ahead of the flame. Addition of methane to n-heptane-air mixtures retards
and reduces the first-stage increase in flame speed, in part due to dilution of the
more-reactive n-heptane fuel, and in part due to consumption of radical species by
the methane chemistry. As the residence time of the reactants approaches the ignition
delay time, the reaction front transitions into a pure ignition front, in which diffusive
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transport is negligible.

Prior to transitioning into a pure ignition front, the behaviour of the flame can be
classified as deflagrative or ignitive depending whether the flame thickness and flame
speed obey the deflagrative scaling dy ~ a/sy. The thickness of cool-flames exhibits
ignitive scaling with flame speed, d; ~ sy, for all conditions simulated. The transition
between deflagrative and ignitive scaling is also associated with a reduction in the
relative magnitude of diffusive transport within the flame front, however examination
of the transport budget alone does not provide a sharp delineation between deflagrative
and ignitive behaviours.

Modelling for flame speed in dual-fuel blends at autoignitive conditions should ac-
count for the local composition of the fuel blend, and for the effects of pre-ignition
chemistry. Modelling is introduced to account for the effects of pre-ignition chemistry
on the flame speed. The model is a simple linear function of the progress variable
ahead of the flame — accounting for the distinct contributions of heat release, reactant
consumption, and enhanced reactivity ahead of the flame. The flame speed model ac-
curately describes the variation of flame speed and hence flame thickness for the full
range of methane/n-heptane blends at engine-relevant conditions, up to the deflagra-
tion/ignition transition.
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Appendix A. Procedure for removing intermediate species ahead of the
flame

The modified flame simulation involves two steps illustrated in Fig. Al.
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Figure A1l. Illustration of the reduced-domain simulation procedure: temperature field from a full-domain
simulation of a stoichiometric n-heptane-air flame with 74 = 0.957;4,, (top); temperature field from the reduced-
domain simulation.

A.1. Step 1

The first step determines the modified composition ahead of the flame. A single pre-
cursor flame simulation (Fig. Al top) is used to determine the variation of the reactant
composition with residence time upstream of the flame front. The composition recorded
for each residence time is then modified by replacing the intermediate species with a
mixture of reactants and major products of stoichiometric combustion, while keeping
the temperature and total enthalpy unchanged. The replacement mixture consists of
CHy, C7Hyg, Og, No, COg, and HyO. The modified mass fraction vector Y’ is calcu-
lated by weighting the unburnt and burnt composition of complete combustion, Y,
and Y}, respectively, with an enthalpy-based progress variable ¢y,

Y =Yye, + Y. (1—cp). (A1)
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The burnt composition is taken as the products of complete stoichiometric combustion,
consisting of No, CO9 and HyO. The progress variable ¢y is given by

o~ ZaB Yaha(T) = Yauha(Tu)
Znspec [Ya,bha (Tb) - Ya,uha (Tu>] ’

a=1

(A2)

where Y and T are the original unmodified mass fraction vector and temperature, and
he is the specific total enthalpy of each species.

A.2. Step 2

The second step produces a flame solution using the modified composition as the inlet
condition with the flame positioned 67um from the inlet (Fig. A1 bottom). The total
domain length is 200 gm. The flame residence time for the modified flame simulation is
sufficiently small that the results are not influenced significantly by chemical reaction
upstream of the modified flame front, and sufficiently large that the flame speed is not
influenced significantly by diffusive flux through the domain inlet. This is confirmed
in Fig. 4 by applying the two-step procedure without removing intermediate species
from the reactant mixture: the flame speeds obtained using this ‘reduced’ solution
domain closely follow the residence time-dependence obtained using a single ‘full’
solution domain with the same total residence time. The difference due to the use of
the reduced domain procedure is negligible compared with the effect of replacing the
intermediate species. This confirms the validity of the modified flame approach for
determining the relative influences of intermediate species and thermal effects.
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