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Details of numerical methods

Numerical schemes

This study uses the spatially-filtered compressible Navier-Stokes equations for the govern-
ing equations. An operator-splitting method [S1] is applied to solve the governing equations.
The fluid and chemical reaction parts are solved separately in the temporal direction and vari-
ables are exchanged at each time step [S2]. In the fluid part, the spatially-filtered compressible
Navier–Stokes equations are solved by assuming chemically frozen flows, that is, ω̇s = 0 where
ω̇s is the production rate of species. The chemical reaction equations, which are derived from
the spatially-filtered compressible Navier–Stokes equations under constant volume and internal
energy conditions, are written as follows:

ρ̄
dỸs

dt
= ¯̇ωs, (S1)

ρ̄c̆v
dT̃
dt
= −

N∑
s=1

ẽs ¯̇ωs, (S2)

where ρ is the density, T is the temperature, and cv is the specific heat at constant volume for mix-
tures. Ys and es are the mass fraction and the internal energy of species, respectively. The spatial
derivative terms are neglected in the chemical reaction part. The bar ¯(·) indicates Reynolds-
filtered quantities and the tilde ˜(·) indicates Favre-filtered quantities. The breve ˘(·) denotes that
the variable is calculated using Reynolds- and Favre-filtered quantities.

Conventional numerical methods for the compressible Navier–Stokes equations are applied
in the fluid part. The numerical flux is evaluated by a Harten-Lax-van Leer-constant (HLLC)
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scheme [S3]. The monotone upstream centered scheme for conservation law (MUSCL) is used to
achieve high-order spatial accuracy [S4] with the minmod limiter. The viscous, heat conduction,
and diffusion terms are discretized by a second-order central differencing. The time integration
is conducted by the third-order total variation diminishing (TVD) Runge-Kutta scheme [S5]. In
the chemical reaction part, an extended robustness-enhanced numerical algorithm [S6], called
ERENA, is applied to the time integration for the chemical reaction equations.

Thermodynamic and transport models

The thermally perfect gas is assumed in this study and the CHEMKIN-II library [S7] is used to
calculate the thermodynamic property. The transport property is calculated using a code package
[S8]. The mixture-averaged viscosity is modeled using an empirical approximation [S9] for a low
computational cost that is analogous to the thermal conductivity used in the CHEMKIN-II library
[S7]. The mixture-averaged diffusion coefficient is used and the species bundling technique [S10]
is applied in the case of large hydrocarbon fuels such as n-butane to reduce the computational
cost. n-butane with 113 species is bundled into 19 groups with a threshold value of 0.1. The
Dufour and Soret effects are neglected in this study.

Derivation of unresolved-scale components

Equation (14) in the main manuscript,

⟨ω̇s,urs⟩ = −
χ

χ + 1
⟨ ˘̇ωs⟩, (S3)

is rewritten using the definition, ⟨ f ⟩LES ≡
1
∆avg

∫
∆avg

f dx, as

1
∆avg

∫
∆avg

ω̇s,ursdx = − χ

χ + 1
1
∆avg

∫
∆avg

˘̇ωsdx, (S4)

where an average interval ∆avg may correspond to a computational cell size in LES. Differentiat-
ing Eq. (S4) in terms of x gives

ω̇s,urs = −
χ

χ + 1
˘̇ωs −

d
dx

(
χ

χ + 1

) ∫
∆avg

˘̇ωsdx. (S5)

As we assume a constant χ in a computational cell in this study, the second term in the right-
hand side of Eq. (S5) may be neglected. Thus, we obtain the unresolved-scale component,
ω̇s,urs, represented in Eq. (16) in the main manuscript. The same holds for the viscosity, thermal
conductivity, and diffusion coefficients.
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Results

Laminar flame propagation in an open space

The supplemental data for section 3.1 in the main manuscript is presented. Figure S1 shows
the flame propagating speeds under 10 atm in terms of the user-specified constants, Cχ, in the
case of n = 0 in the LTF model (Eq. (17) in the main manuscript). In contrast to the results with
n = 1 in Fig. 1, the results with n = 0 show that the different grid size has a different suitable
value of Cχ (e.g., for a grid size of 80 µm, Cχ = 30 well predicts the DNS propagation speed,
whereas Cχ = 100 is needed for a grid size of 320 µm). Figure S2 shows the number of grid
points in a flame region defined with Eq. (23) in the main manuscript. It is confirmed that a
flame is resolved with the different number of grid points in the case of n = 0. An appropriate
user-specified constant depends on employed grid sizes and needs to be adjusted in simulations
when n , 1 is applied.
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Figure S1: Flame propagation speed under 10 atm in terms of the dimensionless constant Cχ in the case of n = 0 in Eq.
(17).

Autoignition and circular flame propagation in a two-dimensional open space

The results of autoignition and circular flame propagation in a two-dimensional (2-D) open
space are presented to investigate the multi-dimensional performance of the proposed LTF model.
The simulation is conducted in a 10 m × 10 m rectangular domain (−5 m ≤ x & y ≤ 5 m), that
is filled with a stoichiometric CH4/air premixed mixture gas of 300 K under 1 atm. A circular-
shaped hot spot of 1500 K is initially imposed on the center of the domain with the radius of
0.5 cm for inducing autoignition and flame propagation. An error function is used to smoothly
connect the high-temperature region (1500 K) to the surrounding region (300 K). Uniformly
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Figure S2: Number of grid points in a flame region in terms of the dimensionless constant Cχ in the case of n = 0 in Eq.
(17).

spaced grid is used for the region of |x| ≤ 6 cm and |y| ≤ 6 cm, and the grid spacing is coarsened
toward the boundary to minimize boundary effects. The Dirichlet condition is applied to all the
boundaries. The reaction mechanism is the same as that used for the 1-D study in the main
manuscript. In the LTF model, δL = 0.044 cm, Tad = 2224 K, and Cχ = 100 are used. A
reference solution (denoted as DNS solution) is obtained using the grid size of 40 µm.

Figure S3 shows the comparisons of temperature distributions at t = 10 ms, where the result of
the LTF model is obtained with a coarse grid size of 320 µm. The result of the LTF model agrees
well with that of the DNS despite the use of much coarser grid size. In contrast, no LTF model
with the coarse grid size (i.e., DNS with insufficient grid resolution) induces spurious angular
flame and flame instability due to the lack of grid resolution. Figure S4 compares the time
history of the flame position in the radial (x) direction. Although there is a slight discrepancy
between the DNS and LTF, the difference originates from the induced velocity ahead of the
flame, and the flame speed obtained by the LTF agrees well with the DNS. In contrast, the
flame speed is decelerated due to the spurious flame front configuration in the case of no LTF
model. In conclusion, the LTF model successfully captures the autoignition and 2-D circular
flame propagation behavior despite the use of coarse grid size, while not inducing spurious flame
front and instability as those generated with no LTF model. This 2-D problem demonstrates the
multi-dimensional capability of the proposed LTF model.
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(a) DNS with 40 µm

(b) No LTF with 320 µm

(c) LTF with 320 µm

Figure S3: Comparisons of temperature distributions at t = 10 ms. Right figures, 10 equally spaced contours from 300
to 3000 K.
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Figure S4: Comparisons of time histories of flame position in the radial (x) direction.
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