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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 

improve thermal efficiency and reduce greenhouse 
gas emissions. High-fidelity combustion flow sim- 
ulation is certainly a promising tool for predicting 
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nd controlling combustion flow fields. In such sim-
lations, chemical kinetics play a significant role in
ombustion phenomena. Recently, several attempts
ave been made to introduce large detailed reaction
echanisms in combustion flow simulations to im-

rove the prediction capability of chemical kinet-
cs. For example, some time integration methods
1–3] have been developed to efficiently solve stiff 
hemical reaction equations having detailed reac-
ion mechanisms. 

Although the use of detailed reaction mecha-
isms can provide detailed and useful information
bout combustion flow fields (i.e., chemical reac-
ion behavior), a large number of grid points is
equired to resolve the structure of a propagating
ame. This is because flame thickness is an order
f 10 −2 cm, even under atmospheric conditions;
he thickness gets much thinner under increasing
urrounding pressures. Thus, direct numerical sim-
lations (DNS), where a flame structure is fully
esolved using computational grids, are extremely
ifficult for large-scale three dimensional problems.
n the other hand, large-eddy simulation (LES) is
 promising approach in terms of prediction ac-
uracy and computationally required loads. How-
ver, for combustion LESs, the spatial filtering for
he production rate of chemical species is essen-
ially difficult because of the exponential form of 
he Arrhenius equation. Thus, a probability density
unction method [4] , a conditional momentum clo-
ure model [5] , a linear-eddy model [6] , and artifi-
ially thickened flame (TF) models [7,8] have been
roposed in the context of combustion LESs with
etailed chemical kinetics. However, unfortunately,
here is still an issue that no standard model has
een established because of the difficulty construct-

ng the spatial filter of the production rate based on
he Arrhenius equation. 

Among those models, TF models [7,8] offer the
irect use of detailed reaction mechanisms and it
an be easily introduced to the Navier–Stokes equa-
ions with no major modifications. The produc-
ion rate of chemical species is directly calculated
sing a detailed reaction mechanism. In the TF
odel, a thickening factor is introduced to the dif-

usion terms of species so that a flame thickness
s artificially diffused and properly resolved by a
elatively coarse computational grid. However, in
he model, the production rate is reduced by the
hickening factor to approximately maintain lam-
nar flame speeds. The progress of chemical reac-
ions is accordingly affected, even in a region apart
rom the flame front. Therefore, several studies [9–
2] have been conducted to alleviate the unfavor-
ble effects of the thickening factor on chemical
eaction behaviors. For example, Proch [11] mod-
fied the thickening factor by using a flame sensor
o localize the effect of the thickening factor in a
egion near the flame front. Schulz et al. [12] intro-
uced an autoignition index using reaction rates as
n indicator to distinguish an autoignition region
Please cite this article as: H. Terashima, Y. Hanada and S. Ka
of flame propagation and autoignition under elevated pressur
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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 a 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: 

∂ ̄ρ

∂t 
+ ∇ · ( ̄ρ ˜ u ) = 0 , (1)

∂ ̄ρ ˜ u 
∂t 

+ ∇ · ( ̄ρ ˜ u � ˜ u + p̄ δ − τ̄ ) = 0 , (2)

∂ Ē 

∂t 
+ ∇ · [

( ̄E + p̄ ) ̃ u − τ̄ · ˜ u + ̄q 
] = 0 , (3)

∂ ( ̄ρ ˜ Y s ) 
∂t 

+ ∇ · [
ρ̄ ˜ Y s ̃  u − d̄ s 

] = 

¯̇
 ω s , (4)

p̄ = ρ̄R 

N ∑ 

s =1 

( ̃  Y s /M s ) ̃  T , (5)
wai, A localized thickened flame model for simulations 
e conditions, Proceedings of the Combustion Institute, 
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where ρ is the density, u is the velocity vector, E is
the total energy, p is the pressure, T is the temper-
ature, and R is the universal gas constant. τ is the
viscous stress tensor, q is the heat flux vector, and
δ is the unit tensor. Y s , d s , M s , and ˙ ω s 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, ¯̇

 ω s � = ˙ ω s ( ̄ρ, ˜ T , ˜ Y s ) . 
The spatially-filtered viscous stress tensor is rep-

resented as follows: 

τ̄ = μ̄
(
2 ̄S − 2 / 3(∇ · ˜ u ) δ

)
, (6)

where μ is the viscosity of mixtures and S is the
symmetric strain tensor. Here, μ̄ = μ̆ + μurs , where
the breve ˘(·) indicates that the variable is calculated
using Reynolds- and Favre-filtered quantities and
the subscript ( · ) urs denotes that the term includes
the effects of unresolved scales. The spatially-
filtered heat flux vector is represented as follows: 

q̄ = −κ̄∇ 

˜ T −
N ∑ 

s =1 

˜ h s ̄d s , (7)

where κ̄ = κ̆ + κurs and κ is the thermal conductiv-
ity of mixtures. h s is the enthalpy of each species.
The diffusion vector d s is modeled as 

d̄ s = ρ̄D̄ s ∇ 

˜ Y s , (8)

where D̄ s = D̆ s + D s, urs and D s 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: 

¯̇
 ω s = 

˘̇
 ω s + ( ̄˙ ω s − ˘̇

 ω s ) = 

˘̇
 ω s + ˙ ω s, urs , (9)

where we define that, in contrast to 

¯̇
 ω s , the first

term in the right-hand side is the production rate
of species calculated using the filtered quantities,
˘̇
 ω s = ˙ ω s ( ̄ρ, ˜ T , ˜ Y s ) . 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

Eqs. (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 ˙ ω s D s , ˙ ω s κ, and ˙ ω s μ. 
Please cite this article as: H. Terashima, Y. Hanada and S. Ka
of flame propagation and autoignition under elevated pressur
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We consider a local (laminar) flame speed s L ( x ) 
in 1-D flame. For a part of an LES flame, an av- 
erage, 〈 f 〉 LES ≡ 1 

�avg 

∫ 
�avg 

f d x, is introduced, while 
〈 f 〉 DNS is defined as the average for the correspond- 
ing part of a DNS flame. Here we consider �avg is 
the grid size employed in LES. To maintain correct 
s L in LES, the following relationship should be sat- 
isfied between the corresponding parts of the DNS 

and LES flames, 

〈 ̇  ω s 〉 DNS 〈 D s 〉 DNS = 〈 ̆˙ ω s + ˙ ω s, urs 〉 LES 〈 ̆D s + D s, urs 〉 LES , 
(10) 

where the left-hand side represents ∝ s 2 L obtained 

by DNS, in which the flame structures are fully re- 
solved, and the right-hand side represents a corre- 
sponding s 2 L computed on a coarse mesh with the 
LES Eqs. (1) –(4) . 

According to the TF model [7,8] , the DNS term 

in Eq. (10) can be also obtained by using 〈 ̆˙ ω s 〉 LES 

and 〈 ̆D s 〉 LES through a flame thickening opera- 

tion, that is, 〈 ̇  ω s 〉 DNS 〈 D s 〉 DNS = 

〈 ̆˙ ω s 〉 LES 

F 
F 〈 ̆D s 〉 LES = 

〈 ̆˙ ω s 〉 LES 〈 ̆D s 〉 LES holds for maintaining correct s L in 

LES, where F is 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 

〈 ̆˙ ω s 〉 LES 〈 ̆D s 〉 LES = 

(〈 ̆˙ ω s 〉 LES 

+ 〈 ̇  ω s, urs 〉 LES ) 
(〈 ̆D s 〉 LES + 〈 D s, urs 〉 LES 

)
. (11) 

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

〈 ̆˙ ω s 〉〈 ̆κ〉 = 

(〈 ̆˙ ω s 〉 + 〈 ̇  ω s, urs 〉 
)
( 〈 ̆κ〉 + 〈 κurs 〉 ) , (12) 

and the same holds for the viscosity. 
To derive the unresolved-scale components, we 

first model 〈 D s ,urs 〉 as 

〈 D s, urs 〉 = χ〈 ̆D s 〉 , (13) 

assuming a similarity between D̆ s and D s ,urs un- 
der the gradient-diffusion hypothesis. An arbitrary 
function χ has a positive value and is assumed to be 
constant in an average interval �avg for simplicity 
(while χ varies in space and time). Accordingly, the 
flame is thickened as the diffusion increases with 

〈 ̄D s 〉 = (1 + χ ) 〈 ̆D s 〉 in Eq. (8) . Subsequently, sub- 
stituting Eq. (13) into Eq. (11) provides a form of 
˙ ω s, urs as follows: 

〈 ̇  ω s, urs 〉 = −( χ/ (χ + 1) ) 〈 ̆˙ ω s 〉 . (14) 

Then, the unresolved-scale components of the ther- 
mal conductivity and viscosity are obtained from 

Eq. (12) as 

〈 κurs 〉 = χ〈 ̆κ〉 and 〈 μurs 〉 = χ〈 ̆μ〉 , (15) 

respectively. Consequently, Eqs. (13) –(15) indicate 
that all the unresolved-scale components can be 
constructed with one single arbitrary function χ , 
and the proposed unresolved components maintain 
wai, A localized thickened flame model for simulations 
e conditions, Proceedings of the Combustion Institute, 
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orrect s L , while thickening the flame region by the
actor of (1 + χ ) . 

Finally, we obtain approximate forms of 
qs. (13) –(15) as follows: 

 s, urs = χD̆ s , ˙ ω s, urs = −( χ/ ( χ + 1 ) ) ̆̇  ω s , 

κurs = χκ̆, μurs = χμ̆. (16)

he derivation of Eq. (16) from Eqs. (13) –(15) is
iven in the supplementary material. 

When χ is constant in space and time, the
overning Eqs. (1) –(4) turns to the same form as
he original TF model [7,8] by holding χ = F −
 . Thus, the spatially-filtered governing Eqs. (1) –
4) with the unresolved-scale components (16) can
e considered as the general form of the TF
odel. The current process of constructing the

nresolved-scale components based on the filtered
quations is different from that of the original TF
odel, where the non-filtered governing equations
ere directly modified using a thickening factor. 

.2.2. Determining an arbitrary function 
The arbitrary function, χ , is the only param-

ter in the unresolved-scale components. Ideally,
should be active in the regions where the flame

s not well resolved and automatically deactivated
here the flame is well resolved. 

The present study introduces a localization
roperty to χ . For the localization, the concept of 

ocalized artificial diffusivity methods [16,17] is ap-
lied. This has been used for compressible turbu-

ent flow simulations to numerically capture shock
aves (here we construct χ to capture flames). In

his study, χ is modeled using a high-order deriva-
ive of temperature for flame identification, which
s expressed as follows: 

= C χ

(
�s F 
δL 

)n 3 ∑ 

i=1 

∣∣∣∣ ∂ 4 

∂x 

4 
i 

(
T 

T ad 

)∣∣∣∣�x 

4 
i , (17)

here C χ is a dimensionless user-specified con-
tant, and �s F is the grid size used for resolving a
ame. δL and T ad are a laminar flame thickness and
n adiabatic flame temperature for a given condi-
ion, respectively. x i refers to the Cartesian coordi-
ates x, y , and z when i is 1, 2 and 3, respectively.
x i is the grid spacing in each direction. The over-

ar in Eq. (17) denotes an approximate truncated
aussian filter [16] . When a flame is unresolved,

he value of χ becomes large. Thus, the flame is
referably diffused through Eq. (13) . On the other
and, when a flame is properly resolved by the grid
sed, χ is automatically deactivated ( χ → 0), and
hus the unresolved-scale components disappear.
ccordingly, the original DNS equations are recov-

red. 
In Eq. (17) , the term, ( �s F / δL ) n , is introduced

o attain a grid-independent property for the user-
pecified constant, C χ . Here, we determine an expo-
ent n under the condition that the thickened flame
Please cite this article as: H. Terashima, Y. Hanada and S. Ka
of flame propagation and autoignition under elevated pressur
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is resolved using the same number of grid points for
any grid sizes. 

Let δF denote a physical flame thickness,
whereas δ

′ 
F denotes a numerically-diffused flame

thickness resolved with a grid size of �s F . Also, δ
′ 
mF 

is defined as a numerically-diffused flame thickness
resolved with a larger grid size of m �s F , where m
> 1. In simulations, as a flame is thickened with
the factor, (1 + χ ) , the numerically-diffused flame
thicknesses can be expressed as follows: 

δ
′ 
F = (1 + χ ) δF 

= 

( 

1 + C χ

(
�s F 
δL 

)n 3 ∑ 

i=1 

∣∣∣∣ ∂ 4 

∂x 

4 
i 

(
T 

T ad 

)∣∣∣∣�x 

4 
i 

) 

δF , 

(18)

δ
′ 
mF = (1 + χm 

) δF 

= 

( 

1 + C χ

(
m �s F 

δL 

)n 3 ∑ 

i=1 

∣∣∣∣ ∂ 4 

∂x 

4 
i 

(
T 

T ad 

)∣∣∣∣�x 

4 
i 

) 

δF , 

(19)

where χm 

is the function χ used for the larger grid
size. Then, comparing the number of grid points N g

in a flame region for the grid size of �s F and N mg

for the larger grid size of m �s F gives 

N mg 

N g 
= 

δ
’ 

mF / ( m �s F ) 

δ
’ 

F / �s F 
≈ ( 1 + m 

n χ ) δF / ( m �s F ) 
( 1 + χ ) δF / �s F 

, (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 χ accordingly becomes large. Therefore,
Eq. (20) reduces to 

N mg /N g ≈
(
m 

n −1 χ
)
/χ = m 

n −1 . (21)

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

χ = C χ

(
�s F 
δL 

) 3 ∑ 

i=1 

∣∣∣∣ ∂ 4 

∂x 

4 
i 

(
T 

T ad 

)∣∣∣∣�x 

4 
i , (22)

where, as demonstrated in the results below, T ad
and δL are preliminary specified using initial con-
ditions. Thinning flames during simulations can be
detected by the high-order derivative of tempera-
ture. Thus, C χ is the only parameter in the model,
which should be a grid-independent value. C χ is
wai, A localized thickened flame model for simulations 
e conditions, Proceedings of the Combustion Institute, 
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Fig. 1. Flame propagation speed under 10 atm in terms 
of the dimensionless constant, C χ , for three different grid 
sizes. 

Fig. 2. Number of grid points in a flame region in terms 
of the dimensionless constant C χ (for 10 atm). 
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 χ , 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 CH 4 /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 ( hp 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 CH 4 is generated by GRI-Mech
3.0 [19] , which consists of 53 species and 325 reac-
tions. In Eq. (22) , δL = 0 . 044 cm and T ad = 2224 K
for 1 atm and δL = 0 . 010 cm and T ad = 2267 K for
10 atm are used. 

Figure 1 shows the flame propagating speeds un-
der 10 atm in terms of C χ , where three LTF re-
sults having different grid sizes (320, 160, and 80
μm) and a DNS solution having the grid size of 5
μm are also plotted. The three LTF results demon-
strate that a grid-independent solution is success-
fully achieved by using C χ � 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 

N = 

(T 2 − T 1 ) / | d T d x | max 

�s F 
, (23)

where T 1 is the temperature of unburned gas, and
T 2 is the adiabatic flame temperature. The result in-
dicates that, as analytically designed, the number of 
Please cite this article as: H. Terashima, Y. Hanada and S. Ka
of flame propagation and autoignition under elevated pressur
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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 χ , which is preferable since the constant C χ does 
not need to be adjusted depending on the employed 

grid size. The values of C χ = 50 − 150 are recom- 
mended. Almost identical results are also obtained 

for the pressure condition of 1 atm and a premixed 

H 2 /air mixture. For reference, the results in the case 
of n = 0 in 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 

CH 4 /air premixed mixture of 300 K under 1 atm. 
A high-temperature gas of 1500 K is inserted in 
wai, A localized thickened flame model for simulations 
e conditions, Proceedings of the Combustion Institute, 
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Fig. 3. Comparisons of flame propagation behaviors 
caused by autoignition. The original TF model is denoted 
as ATF. 
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Fig. 4. Comparisons of time histories of pressure at the 
wall with no model at 600 K. 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

he region of | x | ≤ 1.0 cm with an error function for
utoignition. The dimensionless user-specified con-
tant is C χ = 100 , based on the results in Fig. 1 . 

Figure 3 shows the time history of the flame
osition in x ≥ 0 region, in which the results ob-
ained by a DNS having the grid size of 20 μm,
he original TF model having a thickening factor
f (1 + χ ) = 5 and the grid size of 320 μm, and
he LTF having the grid size of 320 μm are com-
ared. The result of the LTF agrees well with that
f the DNS in terms of the autoignition timing
ccurring at t = 1 . 1 ms and the subsequent flame
ropagation. In contrast, the result of the original
F model shows a delay of autoignition timing be-
ause of the modification of the production rate by
he thickening factor. 

.3. Flame propagation and end-gas autoignition in 
 confined space 

A process relevant to knocking combustion is
odeled by using a 1-D constant-volume reactor

14] . A symmetric condition is imposed on the left
oundary, whereas the right boundary is adiabatic
all. A high-temperature kernel is initially intro-
uced at the left boundary to induce a flame prop-
gation. The initial pressure is 5 atm and the ini-
ial temperature changes from 600 K to 900 K.
he reactor is initially filled with a stoichiomet-

ic n –C 4 H 1 0 /air premixed mixture. For the LTF in
q. (22) , δL = 0 . 0189 cm and T ad = 2455 K are
sed for all the conditions, which are estimated us-

ng a laminar flame under 5 atm and 600 K. The
imensionless user-specified constant is set to C χ =
00 . The grid size is uniformly distributed. The de-
ailed reaction mechanism is generated by KUCRS
20] , where n –C 4 H 1 0 comprises 113 species and 426
eactions. More detailed information about this
roblem can be found in [14,18] . 

.3.1. Results with no model 
First, the result with no LTF is discussed. Fig. 4

hows the time histories of pressure at the wall, ob-
ained using fiv e grid sizes at 600 K. The pressure
Please cite this article as: H. Terashima, Y. Hanada and S. Ka
of flame propagation and autoignition under elevated pressur
https://doi.org/10.1016/j.proci.2020.06.063 
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 μm, the increase of pressure becomes relatively
slow, and a small pressure peak is eventually ob-
served at approximately t = 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 μm. 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
wai, A localized thickened flame model for simulations 
e conditions, Proceedings of the Combustion Institute, 
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Fig. 6. Comparisons of knocking timing with no model. 

Fig. 7. Time histories of pressure at the wall by LTF in 
the case of 600 K. 

Fig. 8. Comparisons of knocking intensity using LTF. 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Comparisons of knocking timing using LTF. 

Fig. 10. Time histories of temperature (dashed lines) and 
thickening factor (solid lines) distributions using the grid 
size of 40 μm at 600 K. 
autoignition. Below, the result having the minimum
grid size of 2.5 μm 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-
Please cite this article as: H. Terashima, Y. Hanada and S. Ka
of flame propagation and autoignition under elevated pressur
https://doi.org/10.1016/j.proci.2020.06.063 
ing the LTF even on the larger grid sizes of 40 
μm and 20 μm. At 700 K, the knocking intensity 
with the largest grid size of 40 μm 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 + χ ) , and temperature profiles 
using the grid size of 40 μm 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- 
wai, A localized thickened flame model for simulations 
e conditions, Proceedings of the Combustion Institute, 
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Fig. 11. Time histories of the maximum value of the 
thickening factor at 600 K with the effects of grid sizes. 
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ects the unresolved flames on the employed grids.
hus, the flame is dynamically thickened depend-

ng on the grid size to properly resolve the flame
egion. These results demonstrate the localization
nd dynamic operation properties of the LTF for
apturing flame propagation and autoignition be-
aviors under elevated pressure conditions. 

. Conclusions 

A localized thickened flame (LTF) model was
roposed for the accurate prediction of flame prop-
gation and autoignition using detailed chemical
inetics. The unresolved-scale components in the
overning equations were consistently constructed,
uch that laminar flame speed is maintained on ar-
itrary grid sizes, while the flame is thickened. The
odel introduced the high-order derivative of tem-

erature to localize the effect of the LTF in a flame
egion. The model parameter was determined by
sing grid size and laminar flame thickness to at-
ain a grid-independent property. The 1-D laminar
ame propagation problem in an open space de-
ermined an appropriate value of the user-specified
onstant in the model parameter and validated the
erformance of the LTF. The result using the 1-
 constant-volume reactor demonstrated that the

TF successfully captures the flame propagation
nd end-gas autoignition behaviors under elevated
ressure conditions, even on coarse grid resolu-
ions. The thickening factor is locally distributed in
he flame region, and the value automatically and
ynamically is adjusted according to the change of 
ame thickness. 
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