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ABSTRACT

In this study, we examine the performance of a multi-scale model for large-eddy simulation (LES) of tur-
bulent premixed flames. The model referred to as RRLES performs the closure of the filtered reaction-rate
term in the species transport equation while performing LES by using the linear eddy mixing (LEM) model.
The RRLES model uses a multi-scale strategy to obtain the filtered reaction rate of the species and has been
shown to address some of the challenges associated with the well-established LEMLES approach. The orig-
inally proposed RRLES strategy used a multilevel adaptive mesh refinement (AMR) framework, which was
extended to use a single grid-based strategy to enable the application to complex geometries. Additionally, a
local dual-resolution grid strategy has also been developed, which can potentially be used with different grid
topologies, without the need for the AMR. We assess the accuracy and efficiency of the dual-grid RRLES
approach by considering a freely propagating turbulent premixed flame under two different initial conditions
corresponding to the thin reaction zone (TRZ) and the broken/distributed reaction zone (B/DRZ) regimes.
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1. INTRODUCTION

Turbulent premixed combustion is observed in several energy conversion and propulsion applications such
as gas turbines, spray combustors, aero and automotive engines, etc. Therefore, an improved understanding
of flame-turbulence interactions is key to the development of novel or improvement of existing applications.
Such devices are usually operated at intense turbulent conditions, however, there can be significant spatial
and temporal variations in the characteristics of flame-turbulence interactions. Such interactions comprise an
interplay of unsteady and nonlinear processes, which are of a multi-scale nature [23]. For example, large-scale
processes include stretching/wrinkling of the flame surface by the turbulent eddies, the small-scale processes
include molecular and turbulent mixing and chemical reactions, and the coupling of small and large-scale pro-
cesses occur in the form of the effect of volumetric expansion due to heat-release from combustion. Therefore,
computational modeling of turbulent combustion should account for such processes. Large-eddy simulation
(LES), where large-scale reacting flow features are resolved by the computational grid and the effects of unre-
solved flow features are parametrized by employing subgrid-scale (SGS) closure, is a promising approach for
the study of practical applications [7, 11, 24, 25]. However, there are several challenges with LES of reacting
flows that need to be addressed so that predictive studies can be carried out in a computationally affordable
and reliable manner. Some of these challenges include efficient handling of finite-rate kinetics effects, accu-
rate modeling of thermodynamics and transport, accounting for flame-turbulence interactions under different
regimes and modes of combustion, etc. In the present study, we examine the capabilities of a multi-scale
strategy for LES of turbulent premixed flames under low and intense turbulent conditions.

A major focus of turbulent combustion modeling is on the closure of the filtered reaction-rate term in the
governing equations [7, 11, 24, 25]. Although there exists a wide range of SGS models for turbulent combus-
tion, there are challenges in terms of their regime of applicability, the ability to account for finite-rate kinetics
effects, handling of different modes of turbulent combustion (premixed and non-premixed), handling of differ-
ent regimes of turbulent premixed flames, the ability to capture ignition and extinction, etc. These challenges
have lead to the development of numerous closures such as partially stirred reactor (PaSR) [7], thickened
flame model (TFM) [3], flame surface density (FSD) [1], conditional moment closure (CMC) [16], condi-
tional source estimation (CSE) [30], transported probability density function (PDF) [4, 9], multi-environment
PDF (MEPDF) [6], one-dimensional turbulence (ODT) [5], and linear-eddy mixing (LEM) [19, 21] and its
variants [22, 27], etc. Here, we focus on the assessment of a multi-scale model for LES, referred to as RRLES
where the subgrid reaction-rate closure is attained using LEM.

The RRLES approach [27] is a modification of the well-known LEMLES approach [19], where a multi-
scale strategy is used to obtain the filtered reaction rate term. The filtered LES equations are evolved on a
three-dimensional (3D) grid and at every LES time step, the filtered species mass fractions and the filtered
temperature fields are used to reconstruct SGS variation on the one-dimensional (1D) notional LEM domain
inside each LES cell. After solving for the subgrid reaction-diffusion equation and including the effect of
turbulent mixing on the 1D LEM domain, the filtered reaction rates are computed and projected back to the 3D
grid. The originally proposed RRLES strategy used a multilevel adaptive mesh refinement (AMR) framework.
The approach was extended to use a single grid-based strategy to enable the application to complex geometries
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[22]. Recently, a local dual grid-based strategy has also been developed, which can potentially be used with
different grid topologies, without the need for an AMR [26]. In the present study, we focus on the assessment
of the single- and dual-grid approaches for the simulation of turbulent premixed flames.

We consider two temporally evolving freely propagating methane/air flames with one corresponding to the
thin reaction zone (TRZ) regime and the other corresponding to the broken/distributed reaction zone (B/DRZ)
regime based on the initial conditions. Note that turbulent premixed flames can be classified into wrinkled
flamelets (WF), corrugated flamelets (CF), thin reaction zone (TRZ), and broken/distributed reaction zone
(B/DRZ) [23, 25] regimes based on the length- and velocity-scale ratios corresponding to turbulence and lam-
inar flame properties. In general, the simulation of practically relevant TRZ and B/DRZ flames is considered
challenging, and therefore, flames in these regimes are considered here for the model evaluation.

This article is arranged as follows. Section 2 describes the governing equations and the subgrid closure formu-
lations that are considered in this study. The numerical methodology and computational setup are presented in
Sec. 3. The discussion of results is presented in Sec. 4. Finally, the outcomes of this study and future outlook
are discussed in Sec. 5.

2. MATHEMATICAL FORMULATION

In this section, we first describe the governing equations. Afterward, we describe the SGS closure models
employed in this study.

2.1 Governing equations

The LES equations are obtained by spatially filtering the compressible multi-species Navier–Stokes equations
using a top-hat Favre filter, appropriate for finite volume schemes [31]. Here, f is the spatially filtered quantity
for a field variable f , and f̃ = ρf/ρ is the Favre-filtered quantity where ρ represents the density. The filtered
LES equations can be written as:

∂ρ

∂t
+

∂ρũi

∂xi
= 0, (1)

∂ρũi

∂t
+

∂

∂xj
[ρũiũj + Pδij − τij + τsgsij ] = 0, (2)

∂ρẼ

∂t
+

∂

∂xi
[(ρẼ + P )ũi + qi − ũjτij +Hsgs

i + σsgsi ] = 0, (3)

∂ρỸk

∂t
+

∂

∂xi
[ρ(Ỹkui + ỸkṼi,k) + ysgsi,k + θsgsi,k ] = ω̇k k = 1, ..., Ns. (4)

Here, ρ is the density, (ui)i=1,2,3 is the velocity vector in Cartesian coordinates, T is the temperature, P is
the pressure, and Yk is the mass fraction for the kth species. Additionally, Ns is the total number of species in
the flow. The total energy in the system is the sum of the internal energy and the kinetic energy. As a result,
the filtered total energy is presented as a sum of the filtered internal energy (ẽ), the resolved kinetic energy

(
1

2
[ũiũj ]), and the subgrid kinetic energy (ksgs =

1

2
[ũiui − ũiũi]). The thermally perfect gas equation of

state is used to close the equations as P = ρ(R̃T̃ + T sgs). The filtered viscous stress tensor and the filtered
heat-flux vector are approximated as:
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τij = 2µ(T̃ )(S̃ij −
1

3
S̃kkδij), (5)

qi = −k(T̃ )
∂T̃

∂xi
+ ρ

Ns∑
k=1

h̃kỸkṼi,k +

Ns∑
k=1

qsgsi,k , (6)

where S̃ij =
1

2
(
∂ũi

∂xj
+

∂ũj

∂xi
) is the resolved rate of strain. The filtered diffusion velocity for the kth species is

modeled as

Ṽi,k = −Dk
∂X̃k

∂xi
+

1

W

Ns∑
k=1

DkWk
∂Xk

∂xi
, (7)

where W is the mixture molecular weight, and Dk and X̃k are the diffusion coefficient and mole fraction
of the kth species, respectively. The diffusion coefficient for a species is obtained through the well-known
mixture-averaged formulation [25].

All of the subgrid-scale terms, denoted with a “sgs” superscript, are unclosed, and therefore, require specific
modeling. These terms are:

τsgsij = ρ(ũiuj − ũiũj), (8)

Hsgs
i = ρ(Ẽui − Ẽũi) + (uiP − ũiP ), (9)

σsgsi = (ujτij − ũjτij), (10)

Ysgs
i,k = ρ(ũiYk − ũiỸk), (11)

θsgsi,k = ρ(ỸkV i,k − ỸkṼi,k), (12)

qsgsi,k = ρ(hkỸkV i,k − h̃kỸkṼi,k), (13)

T sgs = R̃T − R̃T̃ , (14)

Esgs
k = ˜Ykek(T )− Ỹkek(T̃ ). (15)

The governing equations are complete after specifying closure models for the SGS terms, and initial and
boundary conditions for the specific problem. Next, we briefly describe the subgrid models.
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Fig. 1 A typical workflow in the LEMLES and RRLES strategies [27].

2.2 Subgrid Modeling of SGS Stress and Scalar Flux

The subgrid stress and enthalpy flux and the subgrid viscous work terms are present even in non-reacting flows,
and their modeling follows past efforts relying on eddy viscosity/diffusivity formulation [10, 20]. Specifically,
the unclosed subgrid stress term τsgsij is modeled as

τsgsij = −2ρνt(S̃ij −
1

3
S̃kkδij) +

2

3
ksgsδij , (16)

and the two unclosed terms in the energy equation, Hsgs
i and σsgsi , are modeled together as

Hsgs
i + σsgsi = (ρνtµ)

∂ksgs

∂xi
+
ρνtcp
Prt

∂T̃

∂xi
+ ũjτ

sgs
ij . (17)

Here we employ a one-equation model for the subgrid kinetic energy [14, 20] to determine the subgrid eddy
viscosity as νt = Cv

√
ksgs∆, where ∆ is the grid filter width and Cv is a coefficient calculated using the

localized dynamic kinetic energy model (LDKM) [10, 14]. Similarly, Prt is also determined using a locally
dynamic procedure [10]. The modeling of subgrid scalar flux Ysgs

i,k is obtained using an eddy diffusivity-based
approach while employing the RRLES strategy. On the other hand, in LEMLES, the two-scale strategy is used
to solve the scalar transport equations, and therefore, no explicit modeling of Ysgs

i,k is required. Following a
past study LES [8], qsgsi,k , T sgs and Esgs

k , are neglected in the present study. Next, we discuss the closure of the
filtered reaction rate term.

2.3 Subgrid Modeling of Filtered Reaction Rate

The RRLES approach [27] is a modification of the well-known LEMLES approach [19], where the filtered
reaction-rate terms (ω̇k) are modeled using a multi-scale LEM framework. At every LES time step, the filtered
species mass fractions (Ỹi) and the filtered temperature (T̃ ) evolving at the resolved 3D level are used to
reconstruct SGS variation on the 1D notional LEM domain inside each LES cell, and after solving for the
subgrid reaction-diffusion equation and including the effect of turbulent mixing in the 1D LEM domain, the
filtered reaction rates are computed and projected back to the LES grid. A workflow of the RRLES strategy
compared to LEMLES is shown in Fig. 1.

In the RRLES strategy, the first step is the reconstruction of the species mass fraction and the temperature

307



TFEC-2024-50704

Fig. 2 Schematic of the dual-grid strategy employed in the RRLES approach.

field in the 1D LEM domain using the resolved 3D fields, which is performed as

Yi
LEM(s) = R

(
Ỹi,∇Ỹi

)
, TLEM(s) = R

(
T̃ ,∇T̃

)
, (18)

where, R
(
ϕ̃,∇ϕ̃

)
= ϕ̃−∇ϕ̃∆/2+ |∇ϕ̃|∆s is a gradient-based reconstruction operator, ‘s’ represents the

co-ordinate along the 1D LEM domain, and ∆ represents the LES filter size. After the reconstruction step,
the governing equations for the species mass-fraction and the temperature are solved on the notional 1D LEM
domain inside each LES computational cell as

ρ
∂Yk

∂t
= Fk,stir −

∂

∂s
(ρYkVs,k) + ω̇k, (19)

ρCp,mix
∂T

∂t
= FT,stir +

∂

∂s

(
κ
∂T

∂s

)
− ∂

∂s

(
Ns∑
k=1

hiρYkVs,k

)
−

Ns∑
k=1

hkω̇k. (20)

Each 1D LEM domain is discretized using NLEM cells to ensure the required spatial resolution of the scalar
fields. The processes involved in the subgrid evolution include molecular diffusion, turbulent transport by
the unresolved eddies, chemical reaction, and thermal expansion for the species at their respective spatial
and temporal scales. The terms Fk,stir and FT,stir represent the stochastic events, which simulate the effects
of turbulent mixing by the SGS eddies on the 1D LEM lines [13, 19]. Finally, after solving for the SGS
variations, the filtered reaction-rate term ω̇k is obtained for the corresponding LES cell through:

ω̇k =

∑NLEM

m=1 ω̇k,m∆Vm∑NLEM

m=1 ∆Vm

. (21)

The approach was extended to use a single grid-based strategy to enable the application to complex geometries
[22]. Recently, a local dual grid-based strategy has also been developed, which can potentially be used with
different grid topologies, without the need for an AMR [26]. We will assess the performance of both these
approaches in the present study.

A schematic of the local dual-grid strategy is shown in Fig. 2. In this strategy, the LEM subgrid fields evolve
on a coarser LES grid with an effective resolution ∆LEM = 2∆, while the LES governing equations are
still resolved on the much finer grid of resolution ∆. The coarser grid has more unresolved scales, which
can potentially lead to an improved prediction by solving the 1D LEM equations. Additionally, this strategy
requires consistent restriction operations for the resolved LES quantities needed by LEM.
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Table 1 Simulation parameters of all cases considered in this study.

Case Closure Nx ×Ny ×Nz u′/SL l/δL Re Ka Da

A

DNS 192× 192× 192 10.0 0.74 62.8 36.8 0.07
LEMLES 64× 64× 64 10.0 0.74 62.8 36.8 0.07
RRLES-S 64× 64× 64 10.0 0.74 62.8 36.8 0.07
RRLES 64× 64× 64 10.0 0.74 62.8 36.8 0.07

B

DNS 256× 256× 256 50.0 6.2 478.7 142.0 0.12
LEMLES 96× 96× 96 50.0 6.2 478.7 142.0 0.12
RRLES 96× 96× 96 50.0 6.2 478.7 142.0 0.12

3. COMPUTATIONAL APPROACH AND SETUP

In this section, the details of the numerical methodology and the computational setup for the turbulent pre-
mixed flame cases are discussed.

3.1 Numerical methodology

The governing equations described in Sec. 2.1 are solved using a well-established three-dimensional (3D)
parallel, multi-species compressible reacting flow solver, referred to as AVF-LESLIE [15, 28]. It is a multi-
physics simulation tool capable of performing DNS and LES of reacting/non-reacting flows in canonical and
moderately complex flow configurations. It has been extensively used in the past to study a wide variety of flow
conditions, including acoustic flame-vortex interaction, premixed flame turbulence interaction, non-premixed
combustion, and compressible turbulence [2, 15, 17, 28, 32].

The solver utilizes a finite volume-based spatial discretization of the governing equations in their conservative
form on a structured grid using the generalized curvilinear coordinates. The spatial discretization is based on
the well-known second-order accurate MacCormack scheme [18]. The time integration of the semi-discrete
system of equations is performed by an explicit second-order accurate scheme. The solver can handle arbi-
trarily complex finite-rate chemical kinetics. The mixture-averaged transport properties, the finite-rate kinetics
source terms, and the thermally perfect gas-based thermodynamic properties are obtained using the Cantera
software [12]. The parallelization of the solver is based on the standard domain decomposition technique
based on the message-passing interface library.

3.2 Computational setup

The cases considered here correspond to the interaction of an initially premixed laminar flame with decaying
isotropic turbulence. Figure 3(a) shows a schematic of the premixed planar flame configuration. The initial
flame front is specified near the center of the computational domain with reactants and products on its left and
right sides, respectively. The extent of the computational domain is Lx×Ly×Lz in the streamwise, transverse,
and spanwise directions, where L = 0.0055 m. The flow field is initialized using an isotropic turbulent flow
field and is superimposed with a one-dimensional planar flame solution obtained at ϕ = 0.8, Tref = 570 K, and
Pref = 1 atm. Here, ϕ denotes the equivalence ratio of the methane-air mixture, Tref is the temperature on the
reactants side, and Pref is the reference pressure. A characteristic-based inflow-outflow boundary condition is
used in the streamwise direction and a periodic boundary condition is used along the spanwise and transverse
directions.

The simulation parameters for all of the cases are presented in Table 1. Here, l is the integral length scale,
u′ is the turbulence intensity, SL is the laminar flame speed, and δL = (Tb − Tu)/|∇T |max is the laminar
thermal flame thickness. The subscripts ‘u’ and ‘b’ denote unburnt and burnt sides of the flame respectively.
Additionally, Re, Ka, and Da denote the integral Reynolds number, the Karlovitz number, and the Damköhler
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(a) (b)

Fig. 3 A schematic of the turbulent premixed flame configuration (a) and the premixed flame regime diagram
[23] (b) showing the cases considered in the present study.

number, respectively. These are defined as Re =
u′l

ν
, Ka =

√
u′3δL

S3
Ll

and Da =
SLl

u′δL
, respectively. We

consider two turbulent premixed flame configurations, labeled as cases A and B. For each of these cases,
we conduct simulations employing DNS, LEMLES, single-grid RRLES, and dual-grid RRLES techniques.
Here onwards, the single-grid RRLES strategy is denoted by ‘RRLES-S’ and the dual-grid RRLES strategy is
denoted by ‘RRLES’. Case A corresponds to the TRZ regime and Case B corresponds to the B/DRZ regime.
The regimes of the flames are characterized based on the initial conditions and these cases are shown on the
regime diagram in Fig. 3(b).

The grid resolution is chosen based on previous studies, and for the conditions considered here is more than
sufficient to reach kmaxη ≥ 1 for DNS, where kmax is the largest wave number and η is the Kolmogorov
length scale. With the grids employed in the present study, it is estimated that the thermal flame thickness, δL,
is resolved by around 20 points in DNS and 5 points in LES cases. The simulations are carried out till 3t0,
where t0 = l/u′ denotes the initial eddy turnover time. Past studies have shown that 2-3 eddy turnover times
are adequate for flame-turbulence interaction to evolve in the configuration considered in this study.

4. RESULTS AND DISCUSSION

In this section, we first compare single and dual-grid RRLES strategies by considering Case A. Afterward, we
assess the capabilities of the dual-grid strategy to simulate the two cases by comparing with reference DNS
and LEMLES results.

4.1 Comparison of Single and Dual-Grid Approaches

A comparison of some of the spatially averaged quantities for single- and dual-grid RRLES modeling strate-
gies for Case A is shown in Fig. 4. The shown quantities include the progress variable (c), normalized heat-
release rate (q∗), and the normalized mass fraction of the intermediate species (Y ∗

H2
). Here, c is defined based

on the mass fraction of the fuel as

c =
YCH4,u − YCH4

YCH4,u
− YCH4,b

. (22)

The value of c varies from 0 in the fresh reactants to 1 in the burned products. The normalization of heat-
release rate and mass fraction of H2 is performed using the peak value of these quantities of the corresponding
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(a) (b) (c)

Fig. 4 Streamwise profile of the spatially averaged progress variable (a), normalized heat release rate (b), and
normalized mass fraction of H2 (c) comparing single- and dual-grid RRLES strategies for Case A.

laminar premixed flame. The spatial averaging of a quantity ψ is performed along the homogeneous y- and
z-directions through

⟨ψ⟩(x, t) ≡ 1

L2

∫ L

0

∫ L

0

ψ(x, y, z, t) dy dz. (23)

The variation of ⟨c⟩ along the streamwise direction shows a broadening of the flame brush. We observe that
both single- and dual-grid RRLES approaches show a good agreement with DNS, with the dual-grid strategy
showing marginally better agreement. However, the effect of single- and dual-grid approaches is apparent
from the streamwise variation of heat-release rate and the intermediate species. The single-grid RRLES tends
to under-predict q∗ and Y ∗

H2
, whereas the dual-grid RRLES show a very good agreement with the reference

DNS results.

4.2 Application of Dual-Grid RRLES

Now, we employ the dual-grid RRLES to examine its capabilities to simulate flames in different regimes. We
compare the performance of the RRLES strategy with respect to DNS and LEMLES approaches.

4.2.1 Structural features of flames The flame structure and its characteristics are assessed using the progress
variable c. Following past studies [28, 29], we identify a notional flame surface by an iso-level of c = 0.8
and the bounds of the flame brush correspond to c ∈ [0.01, 0.99]. While comparing LEMLES and RRLES
predictions, the filtered progress variable c̃ is defined in a way similar to Eq. 22 but using the filtered mass
fraction of the fuel.

Figure 5 shows the instantaneous structure of the flame brush obtained from DNS for the two cases. We can
observe intense wrinkling and stretching of the initially planar flame surface by the turbulent eddies. The
effect of heat release and associated thermal expansion across the flame is apparent in terms of an increase in
the overall length scales associated with the protruding structures on both the reactants and the products sides.
Turbulent eddies sustain the flame by transporting pockets of cold reactants toward the reaction zone. In both
cases, the flame structure is continuous, thus precluding the presence of any local extinction. We also observe
the spatial broadening of the flames along the streamwise direction, where the broadening is higher in Case B
due to a higher value of Ka in this case [22, 27].

Figure 6 compares the flame structure obtained from DNS, LEMLES and RRLES for the two cases in the
central x − y plane. Qualitatively, the wrinkling and stretching of the flame surface is captured by both
LEMLES and RRLES approaches in a manner similar to the DNS cases. Furthermore, the increased flame
broadening and increased amount of wrinkling in Case B due to a higher Ka is also captured by the two
closure models. However, there are observable differences as well. Similar to DNS, the RRLES results show
fine-scale grid-resolved wrinkling, which is not evident in the LEMLES cases. This can be attributed to the
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(a) Case A: DNS (reactants side) (b) Case A: DNS (products side)

(c) Case B: DNS (reactants side) (d) Case B: DNS (products side)

Fig. 5 Structure of the flame brush from cases A (a, b) and B (c, d) obtained using DNS.

way scalar fields are evolved in the RRLES and LEMLES approaches. While in the resolved scalar field
corresponds to the resolved value of the corresponding LEM field on the LES grid, in the RRLES formulation
the resolved scalar field is explicitly solved. Additionally, in Case A, the spatial variation of temperature tends
to be diffused. This is associated with the limitations of LEMLES in accurately capturing features of low Re
flame, where RRLES tends to perform better. This is discussed next quantitatively in terms of spatially and
conditionally averaged statistics of thermo-chemical quantities.

4.2.2 Flame statictics The streamwise profile of several spatially averaged quantities is shown in Fig. 7 com-
paring LEMLES and RRLES with corresponding DNS cases. We observe the effect of turbulence in both
cases, as due to the spatial broadening of the flames, the spatially averaged profile in both cases differs from
the corresponding laminar flame profiles. As expected, in the low Ka case, i.e., Case A, LEMLES does not
perform well. In particular, the heat-release rate and the mass fraction of the intermediate species, i.e., H2

are under-predicted compared to DNS. However, RRLES shows a good agreement with the DNS results for
this case. This illustrates that the blending employed by the dual-grid RRLES formulation allows it to include
contributions from LEM at the subgrid level as the turbulence level increases and with a decrease in turbulence
level it takes contributions from the quasi-laminar chemistry. At the higher value of Ka, i.e., in Case B, the
performance of LEMLES tends to improve, which is expected. On the other hand, RRLES tends to yield a
reasonable agreement, where we observe an over-prediction of the peak heat release rate and the mass fraction
of H2.

To assess the performance of LEMLES and RRLES, we examine the state-space variation of thermo-chemical
quantities, which is shown in Fig. 8 for all cases. Similar to the spatially averaged profile shown in Fig. 7,
the conditionally averaged profiles in both cases tend to differ from the corresponding laminar flames. The
differences are much more apparent in the variation of q̇∗ and Y ∗

H2
. Furthermore, similar to the spatially

averaged profile shown in Fig. 7, the asymptotic behavior of the RRLES closure is evident here, as we can
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(a) Case A (DNS) (b) Case A (LEMLES) (c) Case A (RRLES)

(d) Case B (DNS) (e) Case B (LEMLES) (f) Case B (RRLES)

Fig. 6 Contours of filtered temperature field overlaid with the flame brush extents in the central x − y plane
obtained using DNS (a, d), LEMLES (b, e), and RRLES (c, f) approaches for cases A (a, b, c) and B (d, e, f).
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(a) Case A (⟨c⟩) (b) Case B (⟨c⟩)

(c) Case A (q̇∗) (d) Case B (q̇∗)

(e) Case A (Y ∗
H2

) (f) Case B (Y ∗
H2

)

Fig. 7 Streamwise profile of the spatially averaged progress variable (a, b), normalized heat release rate (c,
d), and normalized mass fraction of H2 (e, f) from cases A (a, c, e) and B (b, d, f). The curves labeled as ‘LF’
corresponds to results from laminar flame.
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(a) Case A (T ∗) (b) Case B (T ∗)

(c) Case A (q̇∗) (d) Case B (q̇∗)

(e) Case A (Y ∗
H2

) (f) Case B (Y ∗
H2

)

Fig. 8 Conditionally averaged normalized temperature (a, b), normalized heat release rate (c, d), and normal-
ized mass fraction of H2 (e, f) with respect to the progress variable from cases A (a, c, e) and B (b, d, f). The
curves labeled as ‘LF’ corresponds to results from laminar flame.
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observe that its prediction approaches DNS when the turbulence level is relatively lower in Case A compared
to Case B. Here, we again see the limitations of the LEMLES approach in Case A when the local flow
conditions have low subgrid-scale turbulence due to lower Ka and Re. But in the higher Ka case, i.e., Case
B, LEMLES tend to approach DNS results, while RRLES approach exhibits over-prediction of q̇∗ and Y ∗

H2
.

The quantitative results discussed in this section illustrate that RRLES tend to yield an overall good agreement
with the DNS in capturing the flame structure of both cases. However, further improvements can be performed
in the RRLES closure to improve accuracy in the results for the high Ka case.

5. CONCLUSIONS

LES is a promising strategy for the numerical investigation of turbulent premixed combustion. However, ac-
curate and reliable SGS models are needed to enable predictive studies of turbulent premixed combustion ob-
served in practically relevant configurations where spatial and temporal variations can lead to different regimes
of premixed combustion. In the present study, we assess the capabilities of a multi-scale strategy, referred to as
RRLES, to capture features of turbulent premixed flames. In RRLES, the filtered reaction rate is obtained by
solving scalar transport equations at the subgrid level using the LEM model. The model addresses some of the
challenges associated with the well-established LEMLES strategy, particularly, in capturing flame-turbulence
interactions prevalent at low to moderate Re.

The RRLES strategy was originally established using an AMR framework, where the flow field equations are
solved on a fine grid and the scalar equations are solved on a coarse grid to enable effective contributions by
the subgrid LEM model. The approach was also extended to a single-grid strategy to allow for the simulation
of complex geometries using solvers that do not have AMR capability. It was later extended to allow for a
locally dual-grid strategy so that AMR is not needed while the effectiveness of the subgrid LEM model is still
retained. In the present study, we assessed the capabilities of the single and dual-grid RRLES strategies and
then examined dual-grid RRLES for the simulation of turbulent premixed flames from two different regimes.
We simulated methane/air freely propagating and temporally evolving turbulent premixed flames in the TRZ
and B/DRZ regimes to assess the capabilities of the RRLES strategies.

The dual-grid strategy showed improved agreement of the spatially-averaged flame structure with the DNS
results compared to the single-grid strategy. Additionally, the dual-grid strategy also showed an improved
agreement with the DNS for the low Re and low Ka case and a reasonable agreement with the DNS for the
high Re and high Ka case. The results illustrated the robustness of the dual-grid RRLES in capturing features
of turbulent premixed flames in different regimes. Future studies will focus on assessing the capabilities of
RRLES for the simulation of turbulent non-premixed flames and attaining closure of some of the terms that
are neglected at the resolved level in the present study.
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