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Abstract

The present study proposes a localized thickened flame (LTF) model for the accurate prediction of flame
propagation and autoignition timing. The unresolved-scale terms appeared in spatially-filtered governing
equations due to thin flame structures are constructed under a physical constraint in which laminar flame
speed is maintained. A high-order derivative is introduced to dynamically localize the effects of the LTF in the
regions of unresolved propagating flame. The model is also designed such that the thickened flame is resolved
by the same number of grid points for any grid size used. Therefore, a user-specified constant in the model
does not need to be adjusted depending on the employed grid size. Laminar flame propagation problems
are used to validate the performance of the proposed LTF model and determine the appropriate value of
the user-specified constant. The results using a one-dimensional constant-volume reactor demonstrate that
the LTF successfully captures the accurate flame propagation behaviors under elevated pressure conditions,
while not affecting the end-gas autoignition timing, even on relatively coarse grid resolutions. The high-order
derivative in the LTF serves as a dynamic parameter for detecting the thinning flame under elevated pressure
conditions.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Demand for predicting accurate and detailed
combustion flow fields has grown with the need to
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and controlling combustion flow fields. In such sim-
ulations, chemical kinetics play a significant role in
combustion phenomena. Recently, several attempts
have been made to introduce large detailed reaction
mechanisms in combustion flow simulations to im-
prove the prediction capability of chemical kinet-
ics. For example, some time integration methods
[1-3] have been developed to efficiently solve stiff
chemical reaction equations having detailed reac-
tion mechanisms.

Although the use of detailed reaction mecha-
nisms can provide detailed and useful information
about combustion flow fields (i.e., chemical reac-
tion behavior), a large number of grid points is
required to resolve the structure of a propagating
flame. This is because flame thickness is an order
of 1072 cm, even under atmospheric conditions;
the thickness gets much thinner under increasing
surrounding pressures. Thus, direct numerical sim-
ulations (DNS), where a flame structure is fully
resolved using computational grids, are extremely
difficult for large-scale three dimensional problems.
On the other hand, large-eddy simulation (LES) is
a promising approach in terms of prediction ac-
curacy and computationally required loads. How-
ever, for combustion LESs, the spatial filtering for
the production rate of chemical species is essen-
tially difficult because of the exponential form of
the Arrhenius equation. Thus, a probability density
function method [4], a conditional momentum clo-
sure model [5], a linear-eddy model [6], and artifi-
cially thickened flame (TF) models [7,8] have been
proposed in the context of combustion LESs with
detailed chemical kinetics. However, unfortunately,
there is still an issue that no standard model has
been established because of the difficulty construct-
ing the spatial filter of the production rate based on
the Arrhenius equation.

Among those models, TF models [7,8] offer the
direct use of detailed reaction mechanisms and it
can be easily introduced to the Navier—Stokes equa-
tions with no major modifications. The produc-
tion rate of chemical species is directly calculated
using a detailed reaction mechanism. In the TF
model, a thickening factor is introduced to the dif-
fusion terms of species so that a flame thickness
is artificially diffused and properly resolved by a
relatively coarse computational grid. However, in
the model, the production rate is reduced by the
thickening factor to approximately maintain lam-
inar flame speeds. The progress of chemical reac-
tions is accordingly affected, even in a region apart
from the flame front. Therefore, several studies [9—
12] have been conducted to alleviate the unfavor-
able effects of the thickening factor on chemical
reaction behaviors. For example, Proch [11] mod-
ified the thickening factor by using a flame sensor
to localize the effect of the thickening factor in a
region near the flame front. Schulz et al. [12] intro-
duced an autoignition index using reaction rates as
an indicator to distinguish an autoignition region

from a flame front. However, most studies seem-
ingly focused only on the detection of a flame front;
little attention was paid to the performance of au-
toignition phenomena, including the prediction of
autoignition timing.

In some combustion problems in a confined
space, a flame propagates under elevated pres-
sure conditions, indicating that the flame thickness
dynamically changes. Thus, the thickening factor
should be adjusted for the changes of flame thick-
ness. However, the thickening factor in most TF
models is determined in « priori manner, and there-
fore significant uncertainty still exists in the deter-
mination of the thickening factor under elevated
pressure conditions. Hence, TF models have been
little applied to the simulations of flame propaga-
tion under elevated pressure conditions. This kind
of flame propagation is important to internal com-
bustion engines and the prediction of their au-
toignition timing.

The present study proposes a new flame model
applicable to the prediction of not only flame prop-
agation under elevated pressure conditions, but
also autoignition timing. The model derivation is
based on the spatially-filtered equations, where the
terms emerged due to unresolved scales are con-
sistently constructed by imposing a physically con-
strained condition, which is a different concept
from previous TF models [7-12]. Note that this
study is the first attempt to derive the terms asso-
ciated with thin flame structures in the context of a
TF model. Thus, turbulence effects are not consid-
ered.

2. Numerical methods
2.1. Governing equations

The governing equations are the compressible
Navier-Stokes equations with the mass conserva-
tion equations of chemical species. A thermally
perfect gas is assumed. As with conventional LES
equations [13], the spatially-filtered form of the
governing equations is written as follows:
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where p is the density, u is the velocity vector, E is
the total energy, p is the pressure, 7 is the temper-
ature, and R is the universal gas constant. 7 is the
viscous stress tensor, ¢ is the heat flux vector, and
4 is the unit tensor. Y;, dy, M|, and w, are the mass
fraction, the diffusion vector, the molar mass and
the production rate of species s, respectively. N is
the total number of species. The bar (-) indicates
Reynolds-filtered quantities, and the tilde (*) indi-
cates Favre-filtered quantities [13]. Note that the
spatially-filtered production rate of species is not
directly obtained by the filtered quantities in gen-
eral, 5)5 # (bS(Ia? T? }N/S)

The spatially-filtered viscous stress tensor is rep-
resented as follows:

T = (28 — 2/3(V - w)s), (6)

where p is the viscosity of mixtures and § is the
symmetric strain tensor. Here, i = [t + ptyrs, Where
the breve (T) indicates that the variable is calculated
using Reynolds- and Favre-filtered quantities and
the subscript (- ),s denotes that the term includes
the effects of unresolved scales. The spatially-
filtered heat flux vector is represented as follows:

N
§=—kVT =) hd, (7)
s=1

where ik = K + Ky and « is the thermal conductiv-
ity of mixtures. /; is the enthalpy of each species.
The diffusion vector d; is modeled as

where D, = Dy + Dy and Dy is the diffusion co-
efficient of each species.

The spatially-filtered production rate, which is
key to the LES of reactive flows, is assumed to be
modeled as follows:

é)x = CZ)\ + (5:)\ - CZ)\) = (Z)& + (bs.urSs (9)

where we define that, in contrast to @, the first
term in the right-hand side is the production rate
of species calculated using the filtered quantities,
@5 = wy(p, T, Y;). The second term represents the
effects of unresolved scales. Details on the numer-
ical methods and models for solving the governing
equations can be found in [14], and also provided
in the supplementary material.

2.2. Flame modeling

2.2.1. Constructing unresolved flame components

The terms associated with unresolved scales in
Egs. (6)—(9) are constructed under a physically con-
strained condition. Following the idea of the TF
model [7,8], this study uses laminar flame speed as
a constraint. According to the theoretical analysis
for a steady premixed flat flame [15], the laminar
flame speed may be proportional to the square root
of wDy, wsk, and dgp.

We consider a local (laminar) flame speed s, (x)
in 1-D flame. For a part of an LES flame, an av-
erage, (f)ps = ﬁvg / Auvg fdx, is introduced, while

(f)pns 1s defined as the average for the correspond-
ing part of a DNS flame. Here we consider A, is
the grid size employed in LES. To maintain correct
sy in LES, the following relationship should be sat-
isfied between the corresponding parts of the DNS
and LES flames,

<d)s)DNS (DS)DNS = (J)s + d)s,urs)LES (Ds + Ds,urs)LESa
(10)

where the left-hand side represents o 57 obtained
by DNS, in which the flame structures are fully re-
solved, and the right-hand side represents a corre-
sponding s? computed on a coarse mesh with the
LES Eqgs. (1)—(4).

According to the TF model [7,8], the DNS term
in Eq. (10) can be also obtained by using {(@,)Les
and (D,) gs through a flame thickening opera-

(@s)LEsF(DX)LES _
(ws)Les(D;)LEs holds for maintaining correct s; in
LES, where Fis usually denoted as a thickening fac-
tor. Therefore, if the unresolved-scale terms have a
similar role to the flame thickening, Eq. (10) may
turn to

tion, that is, {@;)pns{Ds)pns =

(@)res (Ds)ies = () Les
+{@surs)LEs)((Ds)LEs + (Dyurs)LES)- (1)

Similarly, for the thermal conductivity (here-
after the subscript LES is dropped off for brevity),

<J)s><k) = (<5)s) + (Cbs,urs>)((k> + {Kurs)), (12)

and the same holds for the viscosity.
To derive the unresolved-scale components, we
first model (D ) as

<D,s',urs> = X(DS)! (13)

assuming a similarity between D, and Dj . un-
der the gradient-diffusion hypothesis. An arbitrary
function x has a positive value and is assumed to be
constant in an average interval A,,, for simplicity
(while x varies in space and time). Accordingly, the
flame is thickened as the diffusion increases with
(Dg) = (1 4+ x)(Dy) in Eq. (8). Subsequently, sub-
stituting Eq. (13) into Eq. (11) provides a form of
Wg urs s follows:

<d)s,urs) = _(X/(X + 1))(&)5) (14)

Then, the unresolved-scale components of the ther-
mal conductivity and viscosity are obtained from
Eq. (12) as

(Kurs) = x (&) and  (uus) = x (1), (15)

respectively. Consequently, Egs. (13)—(15) indicate
that all the unresolved-scale components can be
constructed with one single arbitrary function y,
and the proposed unresolved components maintain
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correct s, while thickening the flame region by the
factor of (1 + x).

Finally, we obtain approximate forms of
Egs. (13)—(15) as follows:

Ds,urs = XD.W

Kurs = XK,

d)s,urs = _(X/(X + 1))&)31
Murs = X fL. (16)

The derivation of Eq. (16) from Egs. (13)—(15) is
given in the supplementary material.

When x is constant in space and time, the
governing Eqs. (1)—(4) turns to the same form as
the original TF model [7.8] by holding x = F —
1. Thus, the spatially-filtered governing Eqs. (1)-
(4) with the unresolved-scale components (16) can
be considered as the general form of the TF
model. The current process of constructing the
unresolved-scale components based on the filtered
equations is different from that of the original TF
model, where the non-filtered governing equations
were directly modified using a thickening factor.

2.2.2. Determining an arbitrary function

The arbitrary function, x, is the only param-
eter in the unresolved-scale components. Ideally,
x should be active in the regions where the flame
is not well resolved and automatically deactivated
where the flame is well resolved.

The present study introduces a localization
property to x. For the localization, the concept of
localized artificial diffusivity methods [16,17] is ap-
plied. This has been used for compressible turbu-
lent flow simulations to numerically capture shock
waves (here we construct x to capture flames). In
this study, x is modeled using a high-order deriva-
tive of temperature for flame identification, which
is expressed as follows:

Asp\"| % [ T

oS Bl @
where C, is a dimensionless user-specified con-
stant, and Asy is the grid size used for resolving a
flame. §; and T,q are a laminar flame thickness and
an adiabatic flame temperature for a given condi-
tion, respectively. x; refers to the Cartesian coordi-
nates x, y, and z when 7 is 1, 2 and 3, respectively.
AXx; is the grid spacing in each direction. The over-
bar in Eq. (17) denotes an approximate truncated
Gaussian filter [16]. When a flame is unresolved,
the value of x becomes large. Thus, the flame is
preferably diffused through Eq. (13). On the other
hand, when a flame is properly resolved by the grid
used, x is automatically deactivated (x — 0), and
thus the unresolved-scale components disappear.
Accordingly, the original DNS equations are recov-
ered.

In Eq. (17), the term, (Asg/8.)", is introduced
to attain a grid-independent property for the user-
specified constant, C, . Here, we determine an expo-
nent z under the condition that the thickened flame

is resolved using the same number of grid points for
any grid sizes.

Let §r denote a physical flame thickness,
whereas 8, denotes a numerically-diffused flame
thickness resolved with a grid size of Asy. Also, 8, -
is defined as a numerically-diffused flame thickness
resolved with a larger grid size of mAsg, where m
> 1. In simulations, as a flame is thickened with
the factor, (1 + x), the numerically-diffused flame
thicknesses can be expressed as follows:

FE .
8)(4 AXI- ap,

(18)

8p = (1 + x)dr

<1+c <ASF>nli:

8;,”F = (1 + Xm)aF

(e ()

L i=1

a4 T

— = )|Ax? )sF,
8x§‘<7}d>‘ x,) i
(19)

where yx,, is the function x used for the larger grid
size. Then, comparing the number of grid points N,
in a flame region for the grid size of Asr and N,
for the larger grid size of mAsy gives

]Vmg _ 5;;1F/(MASF) ~
Ne  8p/Asr

(I +m"x)or/(mAsr)
(L4 x)8r/Asp

(20)

where since we design the LTF model such that the
flame is represented using the same number of grid
points, we may assume that the high-order deriva-
tive of temperature is approximately identical be-
tween the two flames.

The concept of the present model is to numer-
ically diffuse a flame, and thus m is sufficiently
large and x accordingly becomes large. Therefore,
Eq. (20) reduces to

Noe/Ne % (" x) /x = m". @1)

Consequently, the exponent, n =1, is approxi-
mately obtained to satisfy the condition, N,,, = Ny,
in which the flame is resolved with the same num-
ber of grid points, even with the different grid sizes.
Finally, the arbitrary function, x, is given as

N
a—4<l>‘Ax?, (22)

ASF
=C _—
X X(&)é vt \ Tg

where, as demonstrated in the results below, T,q
and §;, are preliminary specified using initial con-
ditions. Thinning flames during simulations can be
detected by the high-order derivative of tempera-
ture. Thus, C, is the only parameter in the model,
which should be a grid-independent value. C, is
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thus determined in simulations of laminar flame
propagation in a following section.

In contrast to other TF models [7-12], the
present flame model may be referred to as a lo-
calized TF (LTF) model from the localization
property.

3. Results and discussions

One-dimensional (1-D) laminar flame propaga-
tion problems are used to determine the dimension-
less user-specified constant, C,, and to validate the
fundamental performance of the LTF. Then, we ap-
ply the LTF to a 1-D autoignition and flame prop-
agation problem in an open space, and finally a 1-
D constant-volume reactor model [14,18] is used to
demonstrate the capability of the LTF on the pre-
diction of both flame propagation and autoigni-
tion under elevated pressure conditions. The sup-
plementary material provides two-dimensional re-
sults to demonstrate the multi-dimensional capabil-
ity and superiority of the LTF model.

3.1. Laminar flame propagation in an open space

A stoichiometric CHy/air premixed mixture is
considered. The flame propagates freely in an open
space on a computational domain of —L/2 < x <
L/2, where a large length of L =80 m is used to
minimize the boundary effects. The Dirichlet con-
dition is imposed on the left and right boundaries.
A uniform grid size is used for |x| <12 cm, and the
grid spacing is coarsened toward the boundary. The
unburned premixed gas and the corresponding gas
at adiabatic equilibrium (sp constant) are initially
placed on x <0 and x>0, respectively. The un-
burned gas temperature is 300 K, and two pressure
conditions of 1 and 10 atm are used. The initial pro-
file is generated using an error function. The reac-
tion mechanism of CHy is generated by GRI-Mech
3.0 [19], which consists of 53 species and 325 reac-
tions. In Eq. (22), §; = 0.044 cm and T,4 = 2224 K
for 1 atm and §; = 0.010 cm and 7,4 = 2267 K for
10 atm are used.

Figure 1 shows the flame propagating speeds un-
der 10 atm in terms of C,, where three LTF re-
sults having different grid sizes (320, 160, and 80
pm) and a DNS solution having the grid size of 5
pwm are also plotted. The three LTF results demon-
strate that a grid-independent solution is success-
fully achieved by using C, 2 50, and are properly
converged to the DNS solution even with coarser
grid resolutions. Fig. 2 shows the number of grid
points in a flame region that is defined by

(= /15 nas
o Asp ’

where 7' is the temperature of unburned gas, and
T> is the adiabatic flame temperature. The result in-
dicates that, as analytically designed, the number of

N (23)

I ———
2 14f 1
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Fig. 1. Flame propagation speed under 10 atm in terms
of the dimensionless constant, C,, for three different grid
sizes.
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Fig. 2. Number of grid points in a flame region in terms
of the dimensionless constant C,, (for 10 atm).

grid points in a flame region is almost identical for
any grid size. Thus, it is demonstrated the LTF us-
ing Eq. (22) owns a grid-independent property of
C,, which is preferable since the constant C, does
not need to be adjusted depending on the employed
grid size. The values of C, = 50 — 150 are recom-
mended. Almost identical results are also obtained
for the pressure condition of 1 atm and a premixed
H,/air mixture. For reference, the results in the case
of n = 0in Eq. (17) are presented in the supplemen-
tary material. It is found that the solution signifi-
cantly depends on employed grid sizes with n = 0.

3.2. Autoignition behavior in an open space

An advantage of the LTF, compared with the
original TF model, may lie in the prediction ca-
pability of autoignition timing, because the LTF
owns the automatic localization property through
the use of the high-order derivative. Here, a simula-
tion for the flame propagation induced by autoigni-
tion is carried out. The computational domain and
boundary conditions are the same as those used in
Section 3.1. The domain is filled with an unburned
CHy/air premixed mixture of 300 K under 1 atm.
A high-temperature gas of 1500 K is inserted in
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Fig. 3. Comparisons of flame propagation behaviors
caused by autoignition. The original TF model is denoted
as ATF.

the region of |x| < 1.0 cm with an error function for
autoignition. The dimensionless user-specified con-
stant is C, = 100, based on the results in Fig. 1.

Figure 3 shows the time history of the flame
position in x>0 region, in which the results ob-
tained by a DNS having the grid size of 20 pm,
the original TF model having a thickening factor
of (1+ x) =15 and the grid size of 320 wm, and
the LTF having the grid size of 320 wm are com-
pared. The result of the LTF agrees well with that
of the DNS in terms of the autoignition timing
occurring at £ = 1.1 ms and the subsequent flame
propagation. In contrast, the result of the original
TF model shows a delay of autoignition timing be-
cause of the modification of the production rate by
the thickening factor.

3.3. Flame propagation and end-gas autoignition in
a confined space

A process relevant to knocking combustion is
modeled by using a 1-D constant-volume reactor
[14]. A symmetric condition is imposed on the left
boundary, whereas the right boundary is adiabatic
wall. A high-temperature kernel is initially intro-
duced at the left boundary to induce a flame prop-
agation. The initial pressure is 5 atm and the ini-
tial temperature changes from 600 K to 900 K.
The reactor is initially filled with a stoichiomet-
ric n—C4H;¢/air premixed mixture. For the LTF in
Eq. (22), 8, =0.0189 cm and T4 = 2455 K are
used for all the conditions, which are estimated us-
ing a laminar flame under 5 atm and 600 K. The
dimensionless user-specified constant is set to C,, =
100. The grid size is uniformly distributed. The de-
tailed reaction mechanism is generated by KUCRS
[20], where n—C4H ;o comprises 113 species and 426
reactions. More detailed information about this
problem can be found in [14,18].

3.3.1. Results with no model

First, the result with no LTF is discussed. Fig. 4
shows the time histories of pressure at the wall, ob-
tained using five grid sizes at 600 K. The pressure

Time / ms

Fig. 4. Comparisons of time histories of pressure at the
wall with no model at 600 K.

rr T T T T T T T =
1.8 A 40 pm
O 20 um
1.6F 0 10 pm -
v 5.0 um
&"’ 14 > 2.5um ]
> 14F 4
£ A ]
(=9
12F © 1
AN 4
1.0t :
i 1 i 1 i 1 i 1 i

600 700 800 900
Initial temperature / K

Fig. 5. Comparisons of knocking intensity with no
model.

gradually increases according to the flame propa-
gation in the confined space. Although no differ-
ences are observed during the initial stage, the dif-
ference caused by grid size becomes apparent from
t~ 10 ms. In the case of the maximum grid size of
40 pm, the increase of pressure becomes relatively
slow, and a small pressure peak is eventually ob-
served at approximately 1 = 21 ms. This indicates
that the end-gas autoignition takes place because
of the decrease of flame propagation speed. On the
other hand, the pressure variation becomes steeper
with smaller grid sizes, and no pressure peaks are
observed. The pressure history is fully converged
with the grid size of 5 jwum. The results demonstrate
that larger grid sizes are insufficient to properly re-
solve the thinning flame caused by the pressure in-
crease in the reactor.

Figures 5 and 6 show the knocking intensity
and timing obtained by changing the grid size. The
knocking intensity is the ratio of the first peak pres-
sure to the equilibrium pressure obtained from the
time history of the maximum pressure in the re-
actor [14]. The disagreement of knocking intensity
caused by the grid size appears at lower tempera-
ture conditions (e.g., 600 K and 650 K). The re-
sults of knocking timing also show that there are
differences at lower temperature conditions. The
slower flame propagation caused by the large grid
size leads to the spurious occurrences of end-gas
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Fig. 7. Time histories of pressure at the wall by LTF in
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Fig. 8. Comparisons of knocking intensity using LTF.

autoignition. Below, the result having the minimum
grid size of 2.5 um is used as a reference solution.

3.3.2. Results with LTF

Figure 7 shows the pressure history at the wall
obtained using the LTF, in which the results with
three different grid sizes and the reference solution
are plotted. In contrast to the result with no LTF,
the LTF results with three grid sizes are almost
identical and agree well with the reference solution.

The knocking intensity and timing obtained by
using the LTF are shown in Figs. 8 and 9. The
knocking occurrence is accurately predicted by us-

600 700 800 900
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Fig. 9. Comparisons of knocking timing using LTF.
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Fig. 10. Time histories of temperature (dashed lines) and
thickening factor (solid lines) distributions using the grid
size of 40 pwm at 600 K.

ing the LTF even on the larger grid sizes of 40
pm and 20 pm. At 700 K, the knocking intensity
with the largest grid size of 40 pm is a bit smaller
than the other knocking intensities. This is because
the end-gas region at 700 K becomes very narrow.
Therefore, the flame thickening affects the end-gas
region and thus the autoignition timing through the
modification of the production rate, which may be
prevented by increasing the grid resolution near the
end wall. The results demonstrate that the LTF pro-
vides the accurate prediction of flame propagation
speed and end-gas autoignition timing under ele-
vated pressure conditions, even on the coarse grid
solutions.

Figure 10 presents a temporal sequence of the
thickening factor, (1 4+ x ), and temperature profiles
using the grid size of 40 pm at 600 K. It is found
that the thickening factor is locally distributed in
the flame region, and overall the peak becomes
larger with the flame propagation. Fig. 11 shows the
time histories of the maximum value of the thick-
ening factor obtained using three grid sizes. All the
results show that the maximum values automati-
cally increase according to the thinning flame due
to the elevated pressures. The automatic increase of
the thickening factor demonstrates that the high-
order derivative in the LTF model dynamically de-
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tects the unresolved flames on the employed grids.
Thus, the flame is dynamically thickened depend-
ing on the grid size to properly resolve the flame
region. These results demonstrate the localization
and dynamic operation properties of the LTF for
capturing flame propagation and autoignition be-
haviors under elevated pressure conditions.

4. Conclusions

A localized thickened flame (LTF) model was
proposed for the accurate prediction of flame prop-
agation and autoignition using detailed chemical
kinetics. The unresolved-scale components in the
governing equations were consistently constructed,
such that laminar flame speed is maintained on ar-
bitrary grid sizes, while the flame is thickened. The
model introduced the high-order derivative of tem-
perature to localize the effect of the LTF in a flame
region. The model parameter was determined by
using grid size and laminar flame thickness to at-
tain a grid-independent property. The 1-D laminar
flame propagation problem in an open space de-
termined an appropriate value of the user-specified
constant in the model parameter and validated the
performance of the LTF. The result using the 1-
D constant-volume reactor demonstrated that the
LTF successfully captures the flame propagation
and end-gas autoignition behaviors under elevated
pressure conditions, even on coarse grid resolu-
tions. The thickening factor is locally distributed in
the flame region, and the value automatically and
dynamically is adjusted according to the change of
flame thickness.

Declaration of Competing Interest

None.

Supplementary material associated with this ar-
ticle can be found, in the online version, at doi:10.
1016/j.proci.2020.06.063

References

[1] F. Perini, E. Galligani, R.D. Reitz, Combust. Flame
161 (2014) 1180-1195.

[2] Y. Morii, H. Terashima, M. Koshi, T. Shimizu,
E. Shima, J. Comput. Phys. 322 (2016) 547-558.

[3] J.-H. Wang, S. Pan, X.Y. Hu, N.A. Adams, Combust.
Flame 204 (2019) 397-413.

[4] S.B. Pope, Prog. Energy Combust. Sci. 11 (1985)
119-192.

[5] B. Thornber, R. Bilger, A. Masri, E. Hawkes, J. Com-
put. Phys. 230 (2011) 7687-7705.

[6] S. Menon, W.H. Calhoon, Jr, in: Symp. (Int.) Com-
bust., volume 26, Elsevier, pp. 59-66.

[7] T. Butler, P. O’rourke, in: Symp. (Int.) Combust., vol-
ume 16, Elsevier, pp. 1503-1515.

[8] O. Colin, F. Ducros, D. Veynante, T. Poinsot, Phys.
Fluids 12 (2000) 1843-1863.

[9] J.-P. Legier, T. Poinsot, D. Veynante, in: Proceedings
of the summer program, volume 12, Center for Tur-
bulence Research Stanford, CA,

[10] S. Yu, S. Navarro-Martinez, Proc. Combust. Inst. 35
(2015) 1955-1961.

[11] E Proch, A. Kempf, Proc. Combust. Inst. 35 (2015)
3337-3345.

[12] O. Schulz, T. Jaravel, T. Poinsot, B. Cuenot,
N. Noiray, Proc. Combust. Inst. 36 (2017) 1637-1644.

[13] T.B. Gatski, J.P. Bonnet, Compressibility, Turbulence
and High Speed Flow, Academic Press, 2013.

[14] H. Terashima, M. Koshi, Combust. Flame 162 (2015)
1944-1956.

[15] EA. Williams, Combustion Theory, CRC Press, 2018.

[16] A.W.Cook, W.H. Cabot, J. Comput. Phys. 195 (2004)
594-601.

[171 S. Kawai, S.K. Lele, J. Comput. Phys. 227 (2008)
9498-9526.

[18] H. Terashima, A. Matsugi, M. Koshi, Combust.
Flame 184 (2017) 324-334.

[19] G. Smith, D. Golden, M. Frenklach, N. Moriarty, B.
Eiteneer, M. Goldenberg, C. Bowman, R. Hanson,
S. Song, W. Gardiner Jr, V. Lissianski, Z. Qin, GRI-
Mech 3.0, http://combustion.berkeley.edu/gri-mech/
version30/text30.html, (2000).

[20] A. Miyoshi, KUCRS software library. see the web:
http://akrmys.com/K UCRS/ for update information,
2011.

https://doi.org/10.1016/j.proci.2020.06.063

Please cite this article as: H. Terashima, Y. Hanada and S. Kawai, A localized thickened flame model for simulations
of flame propagation and autoignition under elevated pressure conditions, Proceedings of the Combustion Institute,



https://doi.org/10.13039/501100001691
https://doi.org/10.1016/j.proci.2020.06.063
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0011
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0011
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0011
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30118-8/sbref0015
http://combustion.berkeley.edu/gri-mech/version30/text30.html
http://akrmys.com/KUCRS
https://doi.org/10.1016/j.proci.2020.06.063

	A localized thickened flame model for simulations of flame propagation and autoignition under elevated pressure conditions
	1 Introduction
	2 Numerical methods
	2.1 Governing equations
	2.2 Flame modeling
	2.2.1 Constructing unresolved flame components
	2.2.2 Determining an arbitrary function


	3 Results and discussions
	3.1 Laminar flame propagation in an open space
	3.2 Autoignition behavior in an open space
	3.3 Flame propagation and end-gas autoignition in a confined space
	3.3.1 Results with no model
	3.3.2 Results with LTF


	4 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Supplementary material
	References


