Fuel 238 (2019) 248-256

journal homepage: www.elsevier.com/locate/fuel

Contents lists available at ScienceDirect

Fuel

Full Length Article

Gasoline flame behavior at elevated temperature and pressure

Golnoush Ghiasi, Irufan Ahmed', Nedunchezhian Swaminathan*

Cambridge University Engineering Department, Trumpington Street, Cambridge CB2 1PZ, UK

Check for
updates

ARTICLE INFO ABSTRACT

Keywords:

Gasoline surrogate
Iso-octane

Laminar burning velocity
Pressure dependency

Freely propagating laminar premixed flames of stoichiometric mixtures of gasoline surrogate and iso-octane with
air are computed using three chemical kinetics mechanisms of varied complexity and detail. A good agreement
of the computed burning velocities with past experimental data is observed. The burning velocities of these
mixtures at temperature of 850 < T < 950 decrease with pressure up to about 3 MPa and starts to increase be-
yond this pressure. This contrasting behavior is related to the role of pressure dependent reaction involving OH

and the influence of this radical on the fuel consumption rate. The results suggest that the overall order of the
combustion reaction is larger than two at pressures higher than 3 MPa. Hence, one must be cautious in extending
the commonly used laminar flame speed correlation with pressure to thermo-chemical conditions of interest for

future engines.

1. Introduction

The emission legislation for automobile engines are becoming in-
creasingly stringent to curtail environmental impact of fossil fuel
combustion in these engines. This drives a search for finding new
combustion technologies that would offer cleaner and efficient com-
bustion with high thermal efficiency and very low emissions of NO,,
soot and other pollutants. Homogeneous Charge Compression Ignition
(HCCI) and Premixed Charge Compression Ignition (PCCI) technology
with low NO, emission and about 10-15% improvement in fuel effi-
ciency are promising alternatives to current IC engine combustion
technologies [1]. However, maintaining this performance over a broad
range of operating conditions (or loads) can be challenging. This is
because the expected pressure and temperature conditions required for
these combustion concepts can be larger than those in the conventional
engines. For example, the in-cylinder pressure peak can reach up to
11.5 MPa with engine boost system [1] for the above alternative com-
bustion concepts. The SKYACTIV-G engines from Mazda operates with
high compression ratio and spark controlled compression ignition
(SCCI) using gasoline fuels. The next generation, SKYACTIV-X, is pro-
jected to perform at 50% efficiency and a reduction in fuel consumption
by about 20% [2]. Although the autoignition is accepted to be the
mechanism for PCCI/HCCI engines, the use of spark is required to
control engine performance over the wide range of load conditions as
demonstrated by the Mazda engine. Thus, the flame propagation me-
chanism and its behaviour under conditions of interest for these engines
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need to be explored and understood. Despite the practice demonstrated
through SKYACTIVE-G engines, the combustion characteristics and its
interaction with turbulence at such high pressure condition can be quite
different from those in conventional conditions and are yet to be in-
vestigated in detail.

The recent advances in computational hardware, methodologies,
and mathematical modelling techniques for turbulent combustion are
lending computational fluid dynamics (CFD) as an important tool for
developing modern engines. Thus, the CFD simulations and analysis of
turbulent reacting flows are embraced by OEMs as an integral part of
their engine degin processes. The state-of-the-art of turbulent combus-
tion modellings for multi-dimensional in-cylinder flow analysis were
reviewed in earlier studies remarking that the mathematical models
will have adequate fidelity if their parameters were closely tied to the
physics of the problem [3,4]. Such models are needed to investigate
new combustion concepts involving fuel-lean homogeneous and stra-
tified charge mixtures. This is because the in-cylinder combustion of
these mixtures can include strong spatio-temporal variations of turbu-
lence-chemistry interaction and competing effects of flow and thermo-
chemistry. Hence, the models should be able to adopt to these changes
inherently. This is possible only if the model parameters are related
closely to the background physics.

It is well accepted that the laminar burning velocity, Sy, is an es-
sential parameter to determine the fuel burn rate [5] and consequently
the power output and efficiency. Also, it is involved in almost all of the
sophisticated turbulent combustion models for premixed and partially
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premixed charges [6]. This fundamental quantity varies with pressure,
p, temperature, T, and equivalence ratio of the fuel-air mixture. The
pressure and temperature dependence of S; is typically represented
using a power law expression:

a B
I

by M
where S;, is the laminar burning velocity at p, and T, for a given
equivalence ratio, ¢. The exponents a and 8 can vary with ¢ [7,5] and
are obtained using extensive measurements. The laminar burning ve-
locity at p, = 1bar and Ty = 298 K is well investigated for simple hy-
drocarbons and hydrogen fuels [8]. The variation of laminar burning
velocities for fuel-air mixtures of iso-octane, n-heptane, primary re-
ference fuels (PRF) and gasoline with equivalence ratio at elevated
mixture temperature and pressure was also investigated in the past
[9-11]. The maximum pressure and temperature of the fuel-air mixture
were limited to (1 MPa, 473 K) in [10], (2.5, 373) in [9] and (0.6, 358)
in [11]. All of these studies showed that 8 in Eq. (1) takes a negative
value implying that S; decreases with increase in p for a given mixture
temperature and equivalence ratio.

The classical theory of premixed flames suggests that the mass
burning rate per unit area M = 0, 5., where p, is the reactant density,
varies as the square root of fuel consumption rate [12], which was
originally identified by Zeldovich and Frank-Kamenetskii [13]. This
theory suggests that 8 = (n — 2)/2, where n is the overall order for the
global combustion reaction. For most hydrocarbon stoichiometric and
fuel-lean combustion in air n is typically smaller than 1.2 [14] and thus
B is smaller than — 0.4, while the experimental measurements suggest
that 8 ~ —0.5 [15]. For the PRFs-air mixtures, this exponent was shown
to be about —0.3 over the pressure varying from 1 to 10 bar with
mixture temperature ranging between 358 and 450K [16,9,17]. The
pressure dependence of Sy, arise because of the fundamental importance
of the pressure-sensitive chain reactions involved in the combustion
chemistry — the relative importance between the chain branching and
termination reactions changes with pressure [14]. These kind of ana-
lyses are typically done using lower hydrocarbon such as methane for
example and thus, one can ask if these findings would hold or not for
higher hydrocarbons specifically for iso-octane or gasoline combustion.

The iso-octane is one of the PRFs and thus it is important to know
the pressure dependence of its laminar burning velocity at thermo-
chemical conditions expected in future engines. The reactant mixture
temperature ranging from 850 to 950K at pressure ranging from 3 to
4 MPa are of interest here because the low-temperature and high-tem-
perature oxidations of fuel were observed to occur at these conditions in
a dual-fuel stratified PCCI engines [1]. Thus, the laminar flame beha-
viours for stoichiometric mixtures of gasoline surrogate and iso-octane
with air at the above conditions are of interest here. Specifically, the
objective is to find an answer to the question: is there a monotonic
decrease of S; with p as noted above or something else for these mix-
tures at thermo-chemical conditions of interest here? As discussed
earlier Sy, is a central quantity for many combustion models and thus it
is important to understand its behaviour at conditions relevant for next
generation of internal combustion engines.

This objective is addressed by performing laminar flame computa-
tions using the state-of-the art comprehensive chemical mechanisms,
validated well in previous studies, for the reactant mixtures of interest
here. The detail on the laminar flame calculations and the chemical
kinetics mechanisms used are discussed in the next section. Results are
presented in Section 3 and conclusions are summarised in the final
section.
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2. Computational detail

The conservation equations for mass, momentum, energy and var-
ious chemical species mass fractions involved in the combustion
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chemistry are solved for a freely propagating one-dimensional laminar
premixed flame. The specific forms of these equations and the asso-
ciated boundary conditions are well known and they can be found, for
example in [18]. The laminar mass burning flux, M and hence S;, ap-
pears as the eigenvalue of the system of above equations and thus the
laminar burning velocity is computed as a part of the solution. The
coupled algebraic equations resulting from the discretisation of these
conservation equations are solved using an adaptive gridding technique
in PREMIX code of the CHEMKIN-Pro software and the accuracy of the
solution is controlled by limiting the parameters for gradient and cur-
vature of the spatial variations of temperature and various species mass
fractions to be lower than set limits. These parameters were specified to
be about 0.01 for both (gradient and curvature) parameters. The mo-
lecular transport is modelled using mixture-averaged formulation
available in the software to save computational efforts since the dif-
ference in the results with this and multi-component diffusion velocity
formulations were observed to be very small for the conditions in-
vestigated in this study. As noted in the previous section, behaviours of
laminar premixed flames at relatively high temperature and pressure
are of interest and thus the reactant temperatures range from 850 to
950K for pressures varying from 30 to 40 bar. These conditions are
chosen based on the expected in-cylinder pressure and temperature of
mixture for the next generation of internal combustion engines [19,20].
The combustion chemistry is modelled using three different mechan-
isms of varied complexity described next.

2.1. Chemical mechanisms

One of the earlier detailed iso-octane mechanisms was developed by
Warnatz [21], which was upgraded subsequently by Westbrook et al.
[22] to investigate engine knock. This mechanism contained 765 re-
versible reactions involving 212 species. Curran et al. [23] developed a
comprehensive mechanism involving about 860 species and 3600 re-
actions for combustion of iso-octane-air mixtures for reactant tem-
perature up to 1700 K and pressure ranging from 0.1 to 4.5 MPa. Other
mechanisms developed in the past to study laminar flame speeds of iso-
octane and other hydrocarbons were reviewed by Ranzi et al. [17].

Mehl et al. [24] developed a comprehensive mechanism involving
6000 reactions and 1550 species for combustion of gasoline surrogate
mixtures by merging n-heptane, iso-octane and toluene mechanisms.
This comprehensive mechanism was validated for reactant temperature
as high as 1200K and pressure of 5MPa and thus it is useful to in-
vestigate combustion phenomena at engine relevant conditions. This
mechanism can also be used to investigate combustion of pure iso-oc-
tane (without species like n-heptane or toluene and other trace species)
systematically at conditions of interest for this study — reactant tem-
perature varying between 850 and 950 K and pressure up to 4 MPa. The
mechanism of Curran et al. [23] is a sub-mechanism of the compre-
hensive set of Mehl et al. [24]. For comparison purposes, two skeletal
mechanisms for combustion of iso-octane in air are used. A skeletal
mechanism that involves 49 reactions and 29 species was proposed by
Hasse et al. [25] and is referred as Mech-1 in the discussion below. The
second skeletal mechanism by Pepiot-Desjardins and Pitsch [26], re-
ferred to as Mech-2 below, is considerably larger as it has 109 species
and 393 reactions. The comprehensive mechanism of Mehl et al. [24] is
referred as Mech-3 in the discussion below. Details of these mechan-
isms, such as rate parameters, third body collision efficiency factors,
etc., are available in the respective studies cited above. These three
mechanisms are used to investigate the behaviour of S; at thermo-
chemical conditions of interest here.

Stanglmaier et al. [27] reported that the laminar burning velocity of
gasoline was considerably different from that of iso-octane at higher
pressure and temperature based on their experiments. Thus, gasoline
surrogate, in addition to iso-octane, mixture is also considered for this
study. The gasoline surrogate used here has a RON (Research Octane
number) of about 91 and is a mixture of iso-octane (57% by volume), n-
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Fig. 1. Comparison of measured and computed S;, for stoichiometric iso-octane-air mixtures at various reactant temperature, T,, and pressure. Results are shown for
three mechanisms along with commonly used flame speed correlations: Cor1 is from [35], Cor2 is from [7].

heptane (16%), toluene (23%) and 1-pentene (4%), which is taken from
the study of Kukkadapu et al. [28]. Note that this RON value is higher
than the optimum RON value (about 70) typically considered for PCCI
or HCCI applications [29]. Also, fuels with RON value as high as 90 can
also be employed but with a high EGR (exhaust gas recirculation) to
limit high temperature in order to avoid knocking, which is projected to
be used in SKYACTIV-X engines from Mazda [2].

3. Results and discussion
3.1. Validation cases

Experimental data for Sy of stoichiometric iso-octane-air mixture at
high temperature and pressure (about 900K and 3-4 MPa) are not
available in the literature and thus a direct comparison of the values
computed in this study cannot be made. The available flame speed
measurements are carefully selected to validate the chemical mechan-
isms and the approach used for this study. Since the interest is on S; at
elevated temperature and pressure, the experimental data are chosen
systematically for validation and the results are shown in Fig. 1. The
measurements were taken by Bradley et al. [16], Lawes et al. [30],
Mandilas et al. [31], Jerzembeck et al. [9], Kelley et al. [32], and
Galmiche et al. [10]. The maximum pressure and temperature explored
in these studies are 2.5 MPa and 473 K respectively. These values are

nearly 50% of the maximum values of interest for this study.

Galmiche et al. [10] showed that there are significant discrepancies
between the measured and computed laminar burning velocity of iso-
octane-air mixtures. They used the, Mech-1, mechanism of Hasse et al.
[25] and another mechanism from Jerzembeck et al. [9]. This second
mechanism is similar to the Mech-2 mechanism used here. It is also
important to note that there are significant discrepancies in the ex-
perimental data shown in Fig. 1. For example at T, = 373 K and 10 bar
there is a difference of about 15% between the results of Galmiche et al.
[10] and Jerzembeck et al. [9]. There is even some difference in S
values measured by a the same research group for atmospheric pressure
at T, = 450 K and for 5bar at T, = 400 K. These differences are due to
the uncertainties associated with the difference in the experimental
setup and methodologies employed [10,33]. The results shown in Fig. 1
are in agreement with measurements reported in past studies and also
this comparison improves for the comprehensive mechanism of Mehl
et al. [24], Mech-3, in general. This echoes the conclusion of Galmiche
et al. [10] that elaborate mechanisms are required for iso-octane
combustion. It is quite likely that this observation also applies to ga-
soline surrogate and PRF mixtures and the published S, measurements
for these mixtures are typically available for temperatures ranging from
298 to 400 K at atmospheric pressure [34]. Thus, further measurements
at elevated pressures of interest for future engines are required.

Two commonly used flame speed correlations are also shown in
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Fig. 5. Variation of normalised flame speed with pressure for stoichiometric iso-octane (left) and gasoline surrogate mixtures at three different temperatures. The
inset shows the variation of 8 with In(p/p,).

Table 1

First 15 most important reactions involving iCgHis.
Number Reaction
3214 iCgHyg = YC;Hs + CHs
3215 iCgHyg = PC7H;s + CHs
3216 iCgHyg = TC4Hg + IC4Hog
3217 iCgHjg = NEOCsHy; + IC3Hy
3218 iCgHyg + H = ACgHy7 + H,
3219 iCgHyg + H = BCgHy7 + Hy
3220 iCsHyg + H = CCgHy7 + Hy
3221 iCgHig + H = DCgHy7 + Hy
3222 iCgHjg + O = ACgHy7 + OH
3224 iCgHyg + O = CCgHy7 + OH
3226 iCgHjg + OH = ACgH;7 + H,0
3227 iCgHyg + OH = BCgH;7 + H,0
3228 iCgHjg + OH = CCgH;7 + H,0
3229 iCgH;g + OH = DCgH;7 + H,0
3230 iCgHyg + CHz = ACgHy7 + CHy

Fig. 1 for comparison purpose. The flame speeds at atmospheric pres-
sure are predicted quite well by these correlations. Also, they capture
the flame speed variations with p for various T, up to 10 bar and they
severely overestimate S; for higher pressures. The correlation CoR1
from [35] underestimates S; for T, > 400 K and it over estimates for
T, = 353, 360 and 373K as shown in Fig. 1. The predictions by corre-
lation CoR2 proposed by Metghalchi and Keck [7] given in Eq. (1) are
similar to CoR1. The flame speed values computed using Mech-2 are
close to those obtained for Mech-3 up to a pressure of 10 bar for all T,
shown in Fig. 1. However, Sy, values from the Mech-2 become gradually
smaller than those from the Mech-3 as p increases beyond 10 bar. More
experimental measurements of the laminar flame speeds for higher
pressures are required for full assessment of these mechanisms. How-
ever, one must note that the pressure dependent elementary reactions
can become important at elevated pressures and these reactions are
present only in comprehensive mechanisms. Their influences on auto-
ignition delay times were noted in previous studies [28] and we shall
explore their role on flame propagation at the conditions considered for
this study.

3.2. Flame speed and structure at elevated T and p

If the autoignition is likely to occur for a given T, and p then a flame
solution ceases to exists leading to numerical divergence while solving
the required conservation equations with convection, diffusion and
reaction balance for flame propagation. This is because the ignition
delay time is of the same order as the characteristic flame time when

the autoignition is likely to occur [36]. The conditions, T, and p, at
which the numerical divergence occurs are plotted in Fig. 2 for the two
mechanisms, Mech-2 and Mech-3. The region below each curve allows a
flame solution and the region above is for autoignition (marked as “No
Flame” in the figure). The results are shown for stoichiometric iso-oc-
tane and air mixture using both the Mech-2 and Mech-3 mechanisms.
The gasoline surrogate mixture requires a comprehensive mechanism
and thus the results obtained using the Mech-3 are shown for this
mixture. The adiabatic compression curve is also shown for reference
and this curve is obtained using y = 1.3 which is an average value of y
over the temperature range of 298 < T < 1500 K [37]. The onset of the
autoignition is sensitive to the detail in the chemical kinetics me-
chanism used. The skeletal mechanism, Mech-2, suggests autoignition
to occur above 45bar for T > 800 K whereas the comprehensive me-
chanism, Mech-3, allows flame solution as seen in Fig. 2. Some of these
conditions are suggested to be autoignition by the skeletal mechanism
but the comprehensive mechanism suggests flame propagation. The
chemical kinetic description of iso-octane combustion requires an ela-
borate mechanism as concluded by Galmiche et al. [10] and thus fur-
ther results discussed below are for the Mech-3, the comprehensive
mechanism of Mehl et al. [24].

Fig. 3 shows the spatial variations of temperature and few major
and minor species across the computed flames for 40 bar pressure and
two reactant temperatures, 900 and 950 K. The distance through the
flame is normalised using the respective thermal thickness, 8, as
x = (X — Xo)/6m, where X is the dimensional distance through the flame
and X, corresponds to the location for ¢ = (T — T,,)/(T, — T,) = 0.5. The
thermal thickness is defined as &y, = (T, — T,)/|dT/dX |n.x and the pro-
duct temperature is denoted using 7;. Only a small part of the domain is
shown in this figure to emphasis the variations around the flame. There
is a very sharp rise in T and its spatial variation typical of a laminar
premixed flame. The mole fraction of CgHy; starts from about 9.2 X 1073
and drops to zero at x = 0 for T, = 900 K as shown in the figure. The
variations of other species shown in this figure are typical for laminar
premixed flames. When the reactant temperature is increased to
T, = 950 K there is a substantial change in the variation of iso-octane
mole fraction. Its value drops by about 18.5% at x ~ —25 compared to
the case with T, = 900 K although the equivalence ratio is the same for
these two cases. Also, there is a quick drop in the iso-octane mole
fraction value as seen in Fig. 3. Furthermore, there is an increase in
H20 mole fraction for x < 0 when the reactant temperature is 950 K.
The atomic hydrogen mole fraction is substantially larger but the CH20
variation has not changed. The strong variation seen for the iso-octane
and atomic hydrogen mole fractions suggests that the low-T chemistry
becomes important when T, = 950 K. Nevertheless, the variations of
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Fig. 6. Net rate of elementary reaction involving iso-octane, see Table 1, integrated across the flame. The results are shown for both gasoline surrogate and iso-octane
mixtures at 4 pressures, 35, 40, 45 and 50 bar, with T, = 850 (left set of frames) and 900K (right).

temperature and various species mole fractions shown in Fig. 3 de-
monstrate that there is a high T flame structure with its peak heat re-
lease occurring at about x = 0.

The burning rate mass flux M = p, S; is directly related to the fuel
consumption rate per unit volume, dy, integrated across the flame, ie.,
M = [y dx/Y,. It is quite easy to verify this by integrating the fuel
mass fraction transport equation across the steady laminar flame and
applying the boundary conditions. The variation of M normalised by its
value at p, = 1 bar is plotted against (p/p,) in Fig. 4. Logarithmic scales
are used to emphasis a power-law behaviour, ie., M ~ p™, which im-
plies that 8 = (m — 1) (see Eq. 1). This gives m = n/2, where n is the
overall order of the global combustion reaction. The generally accepted
value of 8 ~ —0.5 for most of the hydrocarbons suggests that m = 0.5,
which is different from m =~ 0.75 deduced from the results in Fig. 4 for
p < 10 bar. However, this computationally deduced value of 0.75 is
close to the experimental value of m ~ 0.78 reported in [35] for iso-
octane combustion with air. A close scrutiny of the results in the figure
suggests that the value of m is smaller for p larger than 10 bar but it
starts to increase beyond about 33 bar. This increase is observed to be
negligible for 850 and 900 K iso-octane mixture but it is appreciable for
iso-octane at 950 K and also for the gasoline surrogate mixtures shown
in the figure. This behaviour clearly suggests that m, thus the overall

order of the combustion reaction, varies with pressure. It is also worth
to note that these changes are observed for pressures well within the
range of validity (up to 50 bar) for the chemical mechanism, Mech-3.
One can deduce the flame speed, Sy, variations with p using the mass
burning rate results discussed above. If one needs to have a negative
pressure dependence (ie., 8 < 0 for Eq. (1)) then m must be less than 1
(see above) but the sharp increase in the slope of the curves shown in
Fig. 4 suggests that 8 > 0. Indeed, this is observed in Fig. 5 showing the
normalised flame speed variation with normalised pressure for both iso-
octane and gasoline mixtures. The upward turn around 36 bar for the
iso-octane mixture at 950 K shows that 8 > 0. Such a behaviour is seen
for the gasoline surrogate mixtures also. The insets in Fig. 5 depicts the
variation of 8 with In(p/p,) showing that the laminar flame speed in-
creases with pressure beyond about 33 bar for the conditions con-
sidered in this study, which are of interest for alternative engine com-
bustion technologies. This behaviour of S; increasing with p is in
contrast to the behaviour at relatively lower pressures and this is be-
cause of the change in the behaviour of pressure dependent reaction
producing OH as discussed in the next section. The increase in S, with p
was also reported in the past for stoichiometric methane-air mixture at
T, = 1450 K and this behaviour was suggested to come from autoigni-
tion events [38], for which S, definition is quite ambiguous. The current
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observation is for premixed flames and is because of the change in the
role of pressure dependent reaction involving OH.

4. Discussion

The fuel, for example iso-octane, is consumed by a number of ele-
mentary reactions involving radicals and intermediate species and fuel
pyrolysis. Thus, the fuel consumption rate is the sum of net rates of
these elementary reactions, ie., w; = Wy ) @;, where W; is the mole-
cular mass of the fuel species. Analysing these reactions by rank or-
dering them according to their contribution to the total fuel con-
sumption rate allows us to identify the first 15 most important reactions
involving iCgH;g and these reactions are listed in Table 1. The reaction
numbers listed in the table are those in the chemical mechanism [24].
The first 4 are fuel pyrolysis and the other reactions represent the fuel-
attack by radicals and an intermediate, CH;. The net rates of these re-
actions integrated across the flame are shown in Fig. 6 for both iCgHjg
and gasoline surrogate mixtures at four different pressures, 35, 40, 45
and 50 bar, and two reactant temperatures, 850 and 900 K. It is ap-
parent that the relative contributions of these reactions to the fuel
consumption rate remain almost the same for both iso-octane and ga-
soline mixtures for both temperatures. Generally, the rates of these
reactions increase with reactant temperature as one would expect. The
rates of reactions 3214-3224 and 3230 either decrease or remain more
or less constant with pressure and thus they are not responsible for the
increase in Sy (or fuel consumption rate) with p.

The rates of reactions involving OH, numbered 3226-3229 in
Table 1, standout for all the cases shown in Fig. 6 and also their relative
contributions increase with p, implying that these reactions are

responsible for the sharp increase in S; and M with p. All of these
elementary reactions listed in Table 1 are bimolecular and so their rates
do not depend on pressure. Hence the increase in their net rates with p
should come through the relative role of pressure dependent reactions
involving OH. Typically, pressure dependent reactions are chain ter-
minating reaction, ie., they consume radicals like OH. A careful scrutiny
of the chemical mechanism identifies a pressure dependent OH-pro-
ducing reaction, H,0,(+M) « OH + OH(+M), which is numbered as
16 in the mechanism [24].

Fig. 7 shows the variations of net rates with p for reactions
3226-3229 and 16. A positive value implies that net reaction is in the
forward direction and a negative value implies the backward direction.
These reaction rates are integrated across the flame and they are shown
for the gasoline mixture at 900 K. These results are consistent with the
results in the Fig. 6. The sum of these net rates for reactions 3226-3329
is also shown in the Fig. 7, marked as “Total”. It is quite clear that the
consumption of iCgH;g increases with p and this increase is because of
the change in the role of reaction 16, which gradually shifts to the right
as the pressure increases implying that this reaction changes from OH-
consuming to OH-producing reaction, the net rate of this reaction
changing from negative to positive values as in Fig. 7. A similar beha-
viour is seen for other temperatures in the range, 850-950 K, con-
sidered for this study. Thus, the increase in S; with p is because of the
change in the role of reaction 16. Since this reaction is pressure de-
pendent and the collision partner M includes all the species except H,0,
in the mixture, the overall order of the combustion reaction is also
changing with p.
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5. Summary and conclusion

Freely propagating laminar premixed flames of stoichiometric
mixtures of gasoline surrogate and iso-octane with air are computed in
the view to understand their structures and burning velocities at con-
ditions which are of interest for future IC engine combustion technol-
ogies such as PCCI and HCCI. The reactant temperature and pressure of
interest for this study are 850 < T, < 950 K and 3-4 MPa. These flames
are computed using CHEMKIN-PRO software and the combustion ki-
netics are modelled using three different mechanism of varied level of
detail and complexity. These mechanisms are validated using carefully
selected experimental data of burning velocity for iso-octane from
several past studies. It is observed that elaborate mechanisms are re-
quired to capture iso-octane combustion and to predict its laminar
burning velocity as noted by Galmiche et al. [10]. This observation also
applies for gasoline surrogate mixtures.

The computations using a comprehensive mechanism [24], denoted
here as Mech-3, suggest that propagating flames exists for the tem-
perature (850-950K) and pressure up to 80 bar whereas a skeletal
mechanism [26], denoted as Mech-2, yield no flame for T = 900 K and
p > 45bar as shown in Fig. 2 suggesting possible autoignition. The
results obtained using the comprehensive mechanism, which is valid up
to 50 bar, are analysed in detail. The burning velocity of both stoi-
chiometric iso-octane and gasoline surrogate mixtures decreased with
pressure for the temperature range of interest (850 < T < 950 K) and
these results, both flame structure and burning velocity, are consistent
with the classical theory of premixed flames. The pressure exponent,
m =~ 0.75, for the mass burning rate flux calculated using the laminar
flame results of iso-octane flames up to 30 bar is close to the experi-
mental value of 0.78 [35]. However, this mass flux start to increase
quite significantly beyond this pressure for the temperature range in-
vestigated and thus the laminar burning velocity increases with pres-
sure. This behaviour is in contrast to that suggested by a commonly
used correlation given in Eq. (1) and it ensues for the following reasons.
The net rate of pressure dependent reaction
H,0,(+M) < OH + OH(+M) changes progressively from negative to-
wards positive value as the pressure increases suggesting that this re-
action changes from OH-consuming to OH-producing reaction. Thus,
the rate of iso-octane consumption through reactions 3226-3229 in
Table 1 involving OH increases with p leading to the observed beha-
viour (increase) of S; with p. It is worth noting that this behaviour is for
pressures well within the range of validity for the comprehensive che-
mical mechanism used in this study. It is imperative that chemical
mechanisms validated carefully for pressures up to 100 bar and beyond
are of interest in the view of future combustion technologies which may
be friendlier to the environment.

It is also important to note that higher hydrocarbons such as iso-
octane and gasoline can pyrolyse into smaller hydrocarbons at elevated
temperature and also the low-T chemistry can play a role. Thus, the
fuel-air mixture approaching the high-T flame may have a number of
hydrocarbons of varied reactivity, which are different from the original
fuel-air mixture. Hence, carefully conducted experimental investiga-
tions are required to shed further lights on the contrasting behaviour of
the laminar flame speed with pressure observed in this study.
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