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HIGHLIGHTS

« Flame-wall interactions of hydrocarbon flames are studied using 1D DNS.

« Flame-wall interaction time can be scaled by flame time at fixed wall temperature.
« Effects of pressure increase on flame-wall interaction time are insignificant.

« Effects of LTHR in n-heptane flames on wall heat flux are insignificant.
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Direct numerical simulation (DNS) of laminar lean methane-air and n-heptane-air premixed flames with
high exhaust gas recirculation (EGR) ratios propagating towards inert walls in a head-on quenching con-
figuration is conducted to investigate flame-wall interactions at relatively high initial pressure condi-
tions. This study considers the flame propagation under isochoric process after ignition while the
piston is at top dead center (TDC). The effects of EGR ratio, equivalence ratio, initial pressure and wall
temperature on heat loss and quenching distance are investigated. The results showed that change of
EGR ratio in fuel mixture significantly affects the maximum wall heat flux and the heat flux induced
by the burned gas temperature. The normalized flame-wall interaction time is not influenced over a
range of EGR ratios, equivalence ratios and initial chamber pressures for methane-air and n-heptane-
air flames at fixed wall temperature conditions. The dimensional flame-wall interaction time is almost
constant when the chamber pressure is doubled. The influence of low temperature oxidation in n-
heptane flames on wall heat flux induced by temperature differences between the preheated fuel mixture
and the wall is found to be insignificant. Moreover, both thermal conductivity near the wall and quench-
ing distance are sensitive to the wall temperature, and have a substantial influence on the wall heat flux.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

As emission regulations become more stringent, achieving both
higher thermal efficiencies and reduced pollutant emissions is key
to designing combustion devices. Recently, lean-boosted combus-
tion with a high exhaust gas recirculation (EGR) level has been of
particular interest for automotive engines, because both combus-
tion efficiency and pollutant reduction are improved. The presence
of diluted reactants further decreases the end-gas temperature and
improves knock resistance [1,2]. In addition, it was shown that the
effective octane number can be increased by increasing the EGR
ratio of the fuel mixtures [2]. However, heat loss characteristics
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are likely to be modified by such thermo-chemical conditions.
Therefore, to achieve higher thermal efficiency by further reducing
wall heat loss, it is important to understand heat transfer charac-
teristics through the wall as well as the effects of relevant param-
eters such as EGR ratio ), equivalence ratio ¢, and wall temperature
Twar ON these characteristics.

With improvements in computational technology, direct
numerical simulation (DNS) has become an important tool for
investigating flame-wall interactions. Important quantities of
flame-wall interaction phenomenon such as maximum wall heat
flux and quenching distance have been extensively studied in pre-
vious numerical studies [3-8]. Interactions of laminar hydrogen
premixed flames with walls have been studied in a head-on
quenching configuration using a one-dimensional DNS with
detailed chemistry in Refs. [3,4]. Dabireau et al. [3] have shown
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Nomenclature

Y EGR ratio

¢ equivalence ratio

Towan wall temperature
temperature

T, unburned temperature

Ty burned temperature

Towan wall temperature

Tpre preheated temperature

Tini initial temperature distribution

Timax maximum temperature

Tado adiabatic flame temperature

Pini initial chamber pressure

Ie radius of the ignition kernel

or the distance from center to the position at which the
temperature gradient is maximum

Dy wall heat flux

D, normalized maximum wall heat flux

Df laminar flame power

Stho thermal flame thickness at initial pressure conditions

SLo laminar burning velocity at initial pressure conditions

¢ equivalence ratio

p density

u fluid velocity vector

yA thermal conductivity of the gaseous mixture

N number of chemical species

Y; mass fraction for species i

V; diffusion velocity for chemical species i

R; characteristic gas constant for chemical species i

h; enthalpy for chemical species i

w; reaction rate for chemical species i

Cpi heat capacity at constant volume for chemical species i

Cp,i heat capacity at constant pressure for chemical species i

Cy mixture averaged specific heat capacity at constant vol-
ume

P stress tensor

p pressure

u dynamic viscosity

TFo flame time at initial pressure conditions

Tfw flame-wall interaction time

that at atmospheric pressure with inert boundary conditions, pre-
mixed flames generate high heat release rate near the wall than it
does away from the wall. Owston et al. [4] investigated the effects
of equivalence ratio and pressure on wall heat flux @,, and the
results show a significant increase in maximum &, when the pres-
sure is doubled. Owston et al. [5] have also investigated laminar n-
heptane-air flames at different wall temperatures under constant
pressure conditions. They have found a significant increase in the
maximum ¢, with increasing wall temperature from 300 to
1200 K in stoichiometric flames. A similar trend in maximum wall
heat flux has also been reported using DNS of laminar stoichiomet-
ric methane, propane [6,7] and iso-octane [8] premixed flames
with wall temperature ranging from 300 to 600 K. Overall trends
of quenching distance and the maximum @, are similar in experi-
mental studies [9,10]. A more detailed discussion of flame-wall
interactions on DNS and experimental studies can be found in
Ref. [11]. The aforementioned DNS studies on flame-wall interac-
tion phenomenon consider constant pressure conditions. Whereas,
in a constant volume vessel such as IC engines, the mean pressure
increases during combustion which significantly influences wall
heat transfer characteristics via temporal evolution of thermo-
chemical properties. One consequence is that flame thickness
rapidly decreases with increasing pressure, leading to a decreased
quenching distance near the wall. This results in an increased max-
imum wall heat flux [12]. Therefore, the mechanism influencing
overall wall heat flux is based on a complex balance of varying
flame properties due to environmental changes in the vessel as
combustion proceeds. This mechanism needs to be understood to
lower the heat loss for high-efficiency engines. In this study, due
to the enormous computational resources required by DNS, a
one-dimensional configuration similar to the previous studies [3-
8] is employed. Moreover, the compromise made in the numerical
configuration is accommodated by employing a more complex
chemistry, an isochoric process and relatively high pressure condi-
tions. Thus, the present results add new insight to our knowledge
of flame-wall interaction phenomena. This study also serves as a
preliminary DNS for the future three-dimensional DNS configura-
tion which is similar to our previous DNS studies [12,13].

In this study, a series of one-dimensional DNS of lean methane-
air and n-heptane-air premixed flames with different EGR ratios

propagating towards inert walls in a head-on quenching configura-
tion is conducted in a constant volume vessel under elevated, ris-
ing pressure conditions to investigate the effects of EGR ratio,
equivalence ratio, initial pressure and wall temperature on wall
heat flux and quenching distance. This paper is organized as fol-
lows: The details of the DNS database is explained in Section 2,
the results are discussed in Section 3 and the conclusions are sum-
marized in the final section.

2. Direct numerical simulation

The DNS code developed in our previous study [14] is
employed. The fully-compressible governing equations for conser-
vation of mass, momentum, energy and chemical species mass
fractions, respectively can be written as:

op _

V() =0, (1
opu

T (Vpuu) = -V -P, 2)
apT 1 . 18, o

5 TV (pul) = av -(AVT) — E—v;(py,v,cp_,vr)

T & 1
- a;[RiV ~(pYiVi)] - ap

1 & T &
(V) — ?Z(hiwi) +?Z(Riwi>v 3)
V=1 via
Y __1 v Wi
GEu VY= =V (prvy) + 2L ()

where p,u, T, . and N; denote density, fluid velocity vector, temper-
ature, thermal conductivity and the number of chemical species,
respectively. Y;, Vi, Ri, hi,w;,c,; and c,; denote, respectively, mass
fraction, diffusion velocity, characteristic gas constant, enthalpy,
reaction rate, specific heat capacities at constant volume and pres-
sure for chemical species i. The stress tensor, P is given by
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P:[p+§u<vu>

I p|(Vu) +(Va)'], (5)

where p, 1 and I denote pressure, dynamic viscosity and the unit
tensor, respectively. The mixture averaged specific heat capacity
at constant volume, ¢, is given by

NS
=Y cuiYi (6)
i=1

The Soret effect, the Dufour effect, pressure gradient diffusion,
bulk viscosity and radiative heat transfer are assumed to be negli-
gible. The GRI-Mech 3.0 kinetic mechanism [15], which includes 53
reactive species and 325 elementary reactions, is used to describe
methane-air combustion chemistry. For n-heptane-air premixed
flames, a reduced kinetic mechanism, which includes 37 reactive
species and 61 elementary reactions is used [16]. Temperature
dependence of the viscosity, the thermal conductivity and the dif-
fusion coefficients are taken into account by linking the CHEMKIN-
Il packages [17,18]. The governing equations are discretized using a
fourth-order central finite difference scheme, and advanced in time
by using the third order Runge-Kutta method with At = 1 ns. The
fourth order compact finite difference filter [19] is used to elimi-
nate unphysical oscillations with higher spatial frequencies than
the spatial resolution. Only the reaction source terms are advanced
by the implicit method [20]. For the boundary condition, isother-
mal and no-slip conditions expressed in the form of the Navier-
Stokes characteristic boundary condition (NSCBC) [22,21] are
imposed on both of the walls and the wall surfaces are assumed
to be chemically inert. The initial distribution of species mass frac-
tion is uniform.

The schematic of the computational domain representing the
constant volume vessel in the present study is shown in Fig. 1a.
Fig. 1b shows the initial temperature distribution (T;;) in the
domain. The computational domain has a closed configuration
with walls at both ends and has a size of L, = 5.0 mm, which is dis-
cretized with uniform mesh, ensuring at least 80 grid points within
the laminar flame thickness at the initial pressure to resolve the
flame-wall interactions. This domain length represents the state
when the piston head is at the top dead center (TDC) at the end
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Fig. 1. Schematic of the computational domain (a) and initial temperature
distribution in the domain (b). Wall boundary at x=-2.5 and 2.5 mm. Arrows
indicate the direction of flame propagation after ignition.

of the compression stroke. Although this length is smaller than that
in practical applications, the present domain length is chosen to
allow flames to develop before impinging on the wall. T;; is given
as a Gaussian distribution and written as follows:

r2
Tini = Ipre + (Tmax - Tpre) €xXp <_ ﬁ>~ (7)
T

or =r1./3. 8)

Here, Tiax, Tpre, T'e, T and o denote the maximum temperature of the
ignition kernel, preheat temperature, radius of the ignition kernel,
distance from center and the distance from center to position at
which the temperature gradient is maximum, respectively.

Table 1 shows the relevant parameters of methane and n-
heptane flames. y indicates the EGR ratio. S; o, ;0 and Toq0 denote
the laminar burning velocity, the laminar flame thickness based on
the maximum temperature gradient, and the adiabatic flame tem-
perature for initial flames, respectively. The subscript 0 indicates
the quantity obtained from the laminar flame under constant ini-
tial pressure Pi; and T,. conditions. In this study, Tin, Tinax, Tpre
and r. are the same for all cases. Ty is 1600 K, Ty is 700 K and
1. is taken to be 0.5 mm. The present study simulates the phenom-
ena at which the flame propagates under isochoric process after
ignition while the piston is at TDC. After the mixture is ignited at
the center of the domain, the flame propagates towards both ends.
As the flame propagates, the pressure in the domain increases and
the effects of time-varying thermo-chemical properties can be
addressed using the present DNS configuration. Since the initial
preheated temperature is set to 700 K, the mean pressure (Pineqn)
is expected to increase by a factor of 2.4-2.7 for the present lean
hydrocarbon flames. Both methane-air and n-heptane-air mix-
tures are diluted with EGR consisting of O, N,, H,O and CO,. The
mole fraction of H,O in EGR is twice that of CO, in methane flames
and 0.875 times that in n-heptane flames. The effects of EGR ratio,
equivalence ratio, initial pressure and wall temperature on wall
heat flux and quenching distance are discussed.

3. Results and discussions
3.1. Influence of EGR ratio, equivalence ratio and initial pressure

Fig. 2 shows the temporal developments of the mean pressure
of the domain as well as the maximum heat flux of methane-air
flames for an equivalence ratio of 0.5 at different EGR ratios. Here,
mean pressure is defined as pressure averaged in the whole
domain. Wall heat flux is defined as the product of the thermal
conductivity of the gas mixture and the temperature gradient on
the wall, written as follows:

Dq = 7;'VT‘wall 9)

The wall temperature is fixed at 450 K. The time is normalized
using the  corresponding  characteristic  flame  time
(Tro = dtno/SLo)- Therefore tr( is different for each case, and can
be calculated from Table 1. For this reason, the flame with the fast-
est laminar burning velocity (case M10W045) reaches the wall
first, but has the largest non-dimensional time duration when it
impinges on the wall. Note that the heat flux induced by tempera-
ture differences between the preheated fuel mixture and the wall
in the early period (t/tro < 1) is high due to the initial develop-
ments of a temperature profile near the wall (i.e., the thermal
boundary layer development in the 2D and 3D fields.). The heat
flux stabilizes after approximately 17ro and has values around
0.1 MW/m? for all 3 cases. When the flame impinges on the wall,
the wall heat flux at the attached point increases drastically. The
maximum @, decreases by 37% when the EGR ratio increase is
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Table 1
Numerical parameters for DNS of methane-air and n-heptane-air premixed flames.

Methane & n-heptane ¢ y (%) Sio (mfs) S0 (Mm) Twan (K) P;,i (atm) Tago (K)
M10W045 0.5 10 0.137 0.208 450 10 1743
M15W045 0.5 15 0.119 0.236 450 10 1713
M20W045 0.5 20 0.102 0.270 450 10 1680
M20W045E 0.6 20 0.166 0.175 450 10 1816
M20W070 0.5 20 0.102 0.270 700 10 1680
M20W090 0.5 20 0.102 0.270 900 10 1680
M20W110 0.5 20 0.102 0.270 1100 10 1680
M20W045P 0.5 20 0.075 0.188 450 20 1680
H20W045 0.5 20 0.156 0.188 450 10 1711
H20W070 0.5 20 0.156 0.188 700 10 1711
H20W090 0.5 20 0.156 0.188 900 10 1711

35 —r——1+——+—1r—r—"71"—r 11— 10 Fig. 3a shows the temporal developments of wall heat flux for
F—°— MI10W045 --e- - MIOW045 flames with different equivalence ratios. The EGR ratio (), initial

0 iﬁg\xgig 3 MISW045 g g pressure and wall temperature are kept constant at 20%, 10 atm

— 25| LT Ma0Wes ] S and 450 K, respectively. It was found that changing the equivalence
g : 0.6 QE ratio has a higher impact on the maximum wall heat flux than
< 20F = changing the EGR ratio. The maximum @, is 83% higher for the
Qf sk 0.4 Ez increased ¢ case, (¢ = 0.6, M20WO045E), because a thinner flame
: — can reach the wall closer thereby increasing the temperature gra-

10 # 02 dient on the wall. Moreover, the heat flux induced by the burned
L gas temperature is also higher than that in M20W045 (¢ = 0.5)

3 0 2 4 6 8 10 0.0 since the flame temperature is higher. Although the time span of
% the maximum @, acting on the wall is much shorter than that of

Fig. 2. Temporal developments of mean pressure and wall heat flux of methane
flames with different EGR ratio.

10% (M10W045 and M20WO045). This is because the flame is
thicker at higher EGR ratios. The wall heat flux induced by the
burned gas is also reduced since the flame temperature is lower
for higher EGR ratios.
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Fig. 3. Temporal developments of wall heat flux of methane flames at different
equivalence ratio (a) and at different initial pressure conditions with mean pressure

(b).

the wall heat flux induced by burned gas temperature, it was
shown that the wall heat flux induced by flame impingement
(maximum wall heat flux) contributes substantially to the total
heat loss during combustion [13].

The initial pressure is doubled to investigate pressure effects on
flame-wall interactions. Fig. 3b shows the temporal developments
of mean pressure and maximum heat flux for different initial pres-
sure cases, Py;=10atm (M20WO045) and Pj;=20atm
(M20WO045P). The maximum P, reaches up to 50 atm when
the flame impingement occurs in M20WO045P. Since the burning
speed is slower in M20WO045P, a longer time is required for the
flame to reach the wall. However, the flame-wall interaction time
Ty, Which can be defined as the time required for @, to reach its
maximum from its half value [9], does not seem to be affected
when the pressure is doubled. This result is consistent with an
experimental study for stoichiometric methane flames under con-
stant pressure conditions (0.5-17 atm) by Sotton et al. [23]. Here,
T is 1.93ms and 1.91ms for Pj;=10atm (M20WO045) and
Pini = 20 atm (M20WO045P), respectively. In addition, regardless of
any conditions reported in this study - different EGR ratios, equiv-
alence ratios and initial pressures - the normalized 7y, are similar
when normalized by 7, and they are in the range of 0.73-0.767.
The maximum @, of M20WO045P is 43% higher than that of
M20WO045 due to a smaller quenching distance, which is discussed
in Section 3.2.

3.2. Influence of wall temperature

The wall temperature of an engine cylinder has important
effects on wall heat transfer. Thus, the influence of wall tempera-
ture on the wall heat flux is investigated in this section. The equiv-
alence ratio, EGR ratio and initial pressure is fixed at 0.5, 20% and
10 atm, respectively. Both methane-air and n-heptane-air flames
are considered since low-temperature chemistry of n-heptane
flames will be influenced by the wall temperature. Fig. 4 shows
the wall heat flux development at different wall temperature con-
ditions. It should be noted that wall temperatures higher than
900 K was conducted for n-heptane flames as well, but only the
results of Tyu =450 —-900K are shown since autoignition
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Fig. 4. Temporal developments of wall heat flux at different wall temperature conditions for methane-air (a) and n-heptane-air (b) flames.

occurred near the hot wall region. Wall heat flux induced by the
burned gas temperature decreases slightly due to the decrease in
temperature difference between the wall and burned gas, when
higher wall temperatures are considered. It should be noted that
insensitivity of the 15, normalized by 7, which is explained in
Section 3.1, still holds for n-heptane flame at T, = 450K and
has a value of 0.77tro. Thus, this insensitivity is not influenced
by the presence of two-stage ignition of large hydrocarbon flames.

The maximum @, increases drastically with increasing wall
temperature, and the maximum @, of n-heptane flames is compa-
rable with those of methane flames. One of the contributions to
this high wall heat flux can be explained by thermal conductivity
of the gaseous mixture. Fig. 5 shows the maximum &, and thermal
conductivity of the gaseous mixture on the wall as a function of
wall temperature. Clearly, the maximum @, has a positive correla-
tion with 2, suggesting that the effects of . should be taken into
account for prediction of heat loss through the wall. Another con-
tribution can be explained by the near wall flame behavior. For
higher T, cases, the unburned temperature of the reactant near
the wall region increases due to heat transfer from the wall, result-
ing in higher flame speed and shorter quenching distance near the
wall than that in the cold wall case. This phenomenon can be seen
in Fig. 6, which shows the temporal development of temperature
profiles with respect to wall distance for methane and n-heptane
flames. For the methane flame at T, = 450 K (M20WO045), the
flame speed decreases steadily as it propagates, then decreases
drastically in the near wall region. For T, = 900 K (M20W090),
the flame propagation speed in the near wall region is comparable
to the speed away from the wall and the flame can approach the

(x10%)
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Fig. 5. Maximum wall heat flux and thermal conductivity of methane (red open
symbols) and n-heptane (black closed symbols) as a function of wall temperature.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

wall closer than it does in the cold wall case, thereby increasing
the temperature gradient near the wall. Since heat loss is lower
before flame impingement occurs for hot wall cases, the maximum
pressure for the hot wall cases are higher than those for cold wall
cases. This also leads to a relatively thinner flame when it impinges
on the wall. This trend is observed for both fuels (see Fig. 6¢c and d).

Low temperature heat release (LTHR), which is observed for
large hydrocarbon flames under high pressure conditions, occurs
between the wall and the flame front which is the location of the
maximum heat release rate. Although this increases the unburned
temperature by approximately 100 K, which can be seen in Fig. 6¢
and d, it does not seem to have significant effects on the wall heat
flux induced by temperature differences between the preheated
temperature of the fuel mixture and the wall as shown in Fig. 4b.
The peak and burned-gas-induced heat flux still seem to be domi-
nant. Note that according to the study by Popp et al. [6], including
the Soret effect or surface reaction at wall temperatures larger than
400 K affects the maximum wall heat flux, and decreases the dis-
crepancies between experimental and numerical results. However,
in their results, although the maximum value of wall heat flux is
overestimated by about 10-20% without the Soret effect or surface
reaction, the general trend of wall heat flux with wall temperature
is not influenced. Therefore, exclusion of the Soret effect and sur-
face reaction does not unduly change the conclusion of the present
study.

The wall temperature seems to significantly affect the quench-
ing distance. Fig. 7 shows the temporal developments of distance
between wall and flames for cases of Pj; =10 atm (M20W045)
and P;,; =20 atm (M20WO045P). The wall temperature, EGR ratio
and equivalence ratio are fixed at 450 K, 20% and 0.5, respectively
to see the effects of chamber pressure on the quenching distance.
Here, the flame position is identified as the location of the maxi-
mum heat release rate. The minimum value indicates the quench-
ing distance, g4, which decreases from 0.17 mm to 0.11 mm when
the pressure is doubled. As shown in Fig. 7, this quenching distance
may be measurable in scalar measurements since the trend is fully
reproducible by using [CH,0] x [OH] product [24,25]. The quench-
ing distances and peak @, of all cases are summarized in Table 2. It
can be seen that the wall temperature has a higher impact on the
quenching distance than pressure change in the domain and
clearly the peak &, is dependent on the quenching distance.

The maximum ¢ for all cases are normalized using the laminar
flame power (@ = p, oCpuo(Ty — Tu)SLo) oObtained from the initial
flame conditions, where p and c, denote the density and specific
heat at constant pressure, respectively. The subscript u and b indi-
cate the unburned and burned sides, respectively. The normalized
maximum wall heat flux, (®, = @qma/Ps), are shown in Table 2.
Normalization by &y, is used in many previous studies under con-
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Table 2
Quenching distance, @y me and @,.
qd (mm) ¢q.mnx (Mw/mz) (I)"
M10W045 0.130 0.601 0.741
M15W045 0.148 0.517 0.754
M20W045 0.169 0.438 0.770
M20WO045E 0.106 0.801 0.754
M20W070 0.101 0.713 1.254
M20W090 0.059 1.283 2.255
M20W110 0.026 2.641 4.644
M20W045P 0.114 0.625 0.747
H20W045 0.071 0.497 0.535
H20W070 0.038 0.789 0.849
H20W090 0.022 1.296 1.394

stant pressure conditions [5-8,26,27]. Popp et al. [6] showed that
the maximum @, for a stoichiometric methane flame at atmo-
spheric pressure is about 0.75 for chemically inactive wall bound-

aries and no Soret effect. This value is very close to the present
methane flames at a wall temperature of 450 K, under different
pressures, equivalence ratios and EGR ratios (M20WO045P,
M20W045, M20WO045E, M10W045 & M15W045). In Table 2, the
normalized maximum wall heat flux decreases with increasing
mean pressure (M20W045 & M20WO045P) and equivalence ratio
(M20W045 & M20WO045E), while &, increases with an increase
of wall temperature. Similar trends have been reported in previous
studies for non-EGR and constant pressure cases [5-8,23,26,27],
and clearly the present results show that this can be extended to
isochoric and diluted conditions. This, together with the flame
marker (pixel by pixel multiplication of mole fractions of CH,0
and OH) shown in Fig. 7, can be used in experimental studies to
further our understanding of underlying physics of wall heat loss.

4. Conclusions

In this study, one-dimensional DNS of lean methane-air and n-
heptane-air premixed flames with high EGR ratios propagating
towards isothermal and inert walls in a head-on quenching config-
uration are conducted under an isochoric process to investigate
wall heat flux and quenching distance at elevated pressure condi-
tions. The effects of EGR ratio, equivalence ratio, initial pressure
and wall temperature on flame-wall interaction are examined.

Increased EGR ratios result in reduced maximum wall heat flux
and burned-gas-induced wall heat flux. It was found that changes
in the equivalence ratio of the fuel mixture have a higher impact on
the maximum wall heat flux than changes in the EGR ratio. Thus,
leaner and more diluted combustion conditions are desirable on
the heat loss point of view. The flame-wall interaction time,
Tw/Tro, is not influenced by changing the EGR ratio, equivalence
ratio and initial chamber pressure for methane-air and n-
heptane-air flames at fixed wall temperature conditions. The
dimensional flame-wall interaction time is almost constant when
the chamber pressure is doubled. The influence of the low temper-
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ature oxidation in n-heptane flames on wall heat flux induced by
temperature differences between the preheated temperature of
the fuel mixture and the wall was found to be insignificant. It
was also shown that the thermal conductivity near the wall, as
well as the quenching distance, are sensitive to the wall tempera-
ture, and have a substantial influence on the wall heat flux.

The present results also show that the findings in previous stud-
ies [5-8,23,26,27] can be applied in a straightforward manner even
for heat loss phenomenon under pressure-varying conditions with/
without low-temperature chemistry in a range of ¢, ), Pi,i and Tyq.
Effects of turbulent motion on heat loss characteristics will be
investigated in future research.
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