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Abstract

The understanding of energy transfer in fluids is important for the accurate mod-
eling of turbulent reacting flows. In this study, we investigate interscale kinetic-energy
transfer and subgrid-scale (SGS) backscatter using data from direct numerical simula-
tions (DNSs) of premixed isotropic turbulent flames. Results reveal that in the exam-
ined premixed flames, the pressure-transfer term appearing in the transport equation of
turbulent kinetic energy dominates the nonlinear advection and the dissipation at large
scales, and noticeably contributes to the inverse kinetic-energy cascade. Filtered DNS
data show that SGS backscatter is correlated with the appearance of positive pressure-
dilatation work, i.e. thermal expansion. A priori test results of three SGS stress models
reveal that the Smagorinsky stress model is unable to capture SGS backscatter, but
that two nonlinear structural stress models are able to predict SGS backscatter.

Keywords Turbulent premixed flame; Direct numerical simulation; Subgrid scale

1 Introduction

The energy-cascade hypothesis states that turbulent kinetic energy is transferred from large
to smaller and smaller scales until it is dissipated by viscosity. However, the inverse trans-
fer of kinetic energy from small to large scales (also known as ‘inverse energy cascade’ or
‘backscatter’) may noticeably occur in turbulent premixed [1, 2] and diffusion flames [3],5

contrary to the net transfer of kinetic energy from large to small scales in non-reacting tur-
bulence [4]. It is better to consider the directions (forward and inverse) of kinetic-energy
transfer in subgrid-scale (SGS) modeling [5, 6], particularly for large-eddy simulation (LES)
of turbulent combustion.

Analysis of inverse kinetic-energy cascade can be carried out in Fourier space or in phys-10

ical space, although there may not be a simple relationship between them [5, 3]. Spectral
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analysis in Fourier space helps to unravel the scaling characteristics of physical fields. Early
studies including experiments and direct numerical simulations (DNSs) [7, 8] focused mainly
on the spectral features of velocities and scalars under the influence of combustion. For
instance, the experimental study by Furukawa et al. [7] is one of the earliest attempts to15

measure the Kolmogorov scale within the local reaction zone of a turbulent premixed flame.
Kolla et al. [8] have presented evidence that high-wavenumber modes of the spectra of kinetic
energy and reactive scalars in turbulent premixed flames do not adhere to classical incom-
pressible scaling laws. Very few attempts have been made to explore the energy transfer in
Fourier space. Using data from a DNS of a statistically planar turbulent premixed flame,20

Tower et al. [1] have shown that nonlinear advection is the key factor leading to inverse
kinetic-energy cascade in the flame brush close to products, but research has yet to uncover
the effects that pressure has on kinetic energy.

Inverse kinetic-energy cascade appears physically in anisotropic turbulent flows, includ-
ing rotating turbulence [9], boundary layers [10], mixing layers [11], and reacting flows [3, 2].25

O’Brien et al.’s [3, 2] DNS data of a turbulent diffusion flame [3] and a turbulent premixed
flame [2] show that SGS backscatter occurs primarily in regions undergoing volumetric expan-
sion. However, their studies cannot completely isolate the anisotropies caused by turbulent
mixing of fuel and oxidizer [3] or productions and reactants [2].

The research community has lacked a satisfactory grasp of how heat release in combustion30

reactions can affect the interscale transfer of kinetic-energy. To bridge this gap, in the current
study, we adopt the isotropic-turbulence configuration with periodic boundary conditions in
three directions. Isotropic turbulence is an idealized turbulent flow free from the influences
of flow anisotropy. For the most part, classical statistics in the field of turbulence mostly
rest on the isotropic assumption [12], and many theories are widely used in research on35

turbulent combustion [13] (such as Kolmogorov scalings). In this study, we address the
problem of a premixed flame in isotropic turbulence with non-unity Lewis numbers. We
focus on quantifying the relationship between pressure and backscatter. Moreover, in LES
implementations, it is unusual to adopt negative Boussinesq eddy viscosity to achieve SGS
backscatter for stability considerations; therefore, a further issue that we address here is40

ability of SGS models to capture SGS backscatter.

2 Governing equations and computational setup

The simulations solve the continuity, momentum, and internal energy equations of ideal gas
(with the equation of state being p = ρRT , where R = 8.31446 [J/(mol ·K)] is the universal
gas constant),45

∂ρ

∂t
+

∂ρuj

∂xj

= 0 , (1)

∂ρui

∂t
+

∂ρuiuj

∂xj

= − ∂p

∂xi

+
∂σij

∂xj

, (2)

∂ρε

∂t
+

∂ρεuj

∂xj

= −p
∂uj

∂xj

−
∂qεj
∂xj

+ σij
∂ui

∂xj

+ ω̇ε , (3)

∂ρYi

∂t
+

∂ρYiuj

∂xj

= −
∂qij
∂xj

+ ω̇i , (4)
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where σij = 2µ
(
Sij − 1

3
Skkδij

)
is the shear stress of a Newtonian fluid, Sij =

1
2

(
∂ui

∂xj
+

∂uj

∂xi

)
is

the strain rate tensor, qεj = − µ
Pr

∂ε
∂xj

is the heat flux, Pr is the Prandtl number, qij = − µ
Sci

∂Yi

∂xj

is the species flux, Sci is the Schmidt number for each species i, ω̇ε is the heat release in
combustion reactions, and ω̇i is the mass reaction rate of the species. The reaction terms
are simply omitted in non-reacting simulations.50

The study focuses on a stoichiometric hydrogen-air mixture. We adopt the JANAF poly-
nomial coefficients [14] to calculate the thermodynamic properties of the mixture. The vis-

cosity is calculated based on the Sutherland’s law, µ(T ) = µref

(
T
T0

)3/2
T0+S
T+S

, with T0 =

273.15 [K], S = 110.4 [K] and µref is set according to the Reynolds number. Considering
the non-unity Lewis-number effects in hydrogen-air flames, we follow previous studies (e.g.,55

[3]) and adopt a constant Prandtl number, Pr = 0.7, and four constant Schmidt numbers
for four species: ScH2

= 0.2 (LeH2
= 0.29), ScO2

= 0.84 (LeO2
= 1.2), ScH2O = 0.66

(LeH2O = 0.94), and ScN2
= 0.75 (LeN2

= 1.07). These are approximate property values
of air and species at 101325 [Pa] and 293.15 [K].

Although a detailed mechanism can deliver intermediate products in combustion, a one-60

step global reaction is often used in practical simulations to explore the basic behavior of
combustion system due to its simplicity, and thus a simplified description of chemical kinetics
is extremely useful for practical applications of combustion sciences to engineering problems
[15]. Following previous study on the interaction between turbulence and reaction [1, 2], the
study adopts a single-step irreversible Arrhenius mechanism [16, 1, 2] between fuel and ox-65

idizer to provide realistic predictions of flame structure and heat release while requiring low
computational cost, thereby allowing the high spatial resolution in DNS. The reaction formu-
lation is H2 + 0.5O2 → H2O, and based on the global reaction model by Marinov et al. [16],
the reaction rate expression is K = A[H2]

1.0[O2]
0.5exp(−Ta/T ), where Ta = −17614 [K],

square brackets represent molar concentration, and the pre-exponential coefficient, A, is set70

according to the simulated combustion condition.
We solve the DNS equations (1, 2, 3, 4) by using the standard pseudo-spectral technique

[17, 9, 18, 19] with the 2/3 de-aliasing rule [17] in a triply periodic cube with the resolution
of N3 Fourier modes. The time advance is carried out through the use of an explicit third-
order Runge-Kutta scheme adopted in previous studies (e.g., [9, 19]). Note that, as the75

combustion progresses, the pressure inside the domain will increase as expected because of
the heat release; however, the pressure gradient is the factor that actually affects momentum.

We employ a standard progress variable [13, 2] to initialize temperature and mass frac-
tions of species, c = (YH2

− YH2,u
)/(YH2,b

− YH2,u
) = 1 − YH2

/YH2,u
, where YH2,b

= 0 and
YH2,u

= 0.0284 are the mass fractions of burnt and unburnt hydrogen. To set the initial80

temperature, we adopt the equation T = c(Tb − Tu) + Tu, where the unburnt temperature
is Tu = 300 [K] and the burnt temperature is Tb = 2200 [K]. Likewise, for the initial
mass fractions of oxygen and water vapor, we adopt the equations YO2

= (1− c)YO2,u
and

YH2O = cYH2O,b
, where YO2,u

= 0.2264 and YH2O,b
= 0.2548 are the mass fractions of

unburnt oxygen and burnt water-vapor.85

We have carried out separate DNS of decaying compressible isotropic turbulence at a
low Mach number (Mat ∼ 0.01) to serve as the initial velocity conditions for the reacting
cases. The composition of the non-reacting cases is the stoichiometric hydrogen-air mixture.
Decaying compressible turbulent cases start with a synthetic state (e.g., [20]), and decay over
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Figure 1: (a) Kinetic-energy spectra of three initial fields, and (b) combustion regime diagram
[13] showing initial DNS locations: ∗: Case 1; N: Case 2; and •: Case 3.

more than five initial eddy-turn-over times. Figure 1(a) shows the normalized kinetic-energy90

spectra of three initial fields, and the agreement with the Kolmogorov -5/3 power-law scaling
in the inertial subrange and the collapse in the dissipation range are reasonable.

3 Results

This section addresses the pressure effects on the interscale kinetic-energy transfer in pre-
mixed flames, and also presents a priori results of three SGS models for the SGS backscatter95

prediction. We consider two configurations: i) a spherical flame by considering a progress
variable with a normal distribution at the center; and ii) kinetic-energy transfer from a
particular scale by initializing a progress variable with a random field involving a Gaussian

spectrum localized at a particular wavenumber, Ĉ(k) = E exp (−0.5(k−kp)2/σ2)

(2π)1/2σ
, where kp is the

peak wavenumber, σ is the standard deviation, and E is the magnitude rate. Following100

previous studies [9, 18, 19], we adopt σ = 1 and E = 1. According to the Rankine-Hugoniot
relation, there will be a certain pressure difference before and after the flame front, which is
proportional to the square of the Mach number. For the purposes of this study, we focus on
premixed flames with low Mach numbers; therefore, ignoring the initial pressure difference,
we set the initial pressure as 101325 [Pa].105

The corresponding laminar flame based on the same chemical mechanism and diffusion
properties is characterized as the laminar flame speed Sl and the laminar flame width δl =
(Tl,b − Tl,u)/(dT/dx)max, where the burnt temperature, the unburnt temperature and the
maximum temperature gradient are obtained in the corresponding laminar flame simulation.
These have been calculated by a separate in-house laminar flame code. We compute the110

Damköhler and Karlovitz numbers as follows: Da = τe/τc and Ka = τc/τη, where, τe = k/ε
is the eddy-turn-over time, k is the turbulent kinetic energy (per unit mass), ε is the kinetic-
energy dissipation rate (per unit mass), τη = (ν/ε)1/2 is the Kolmogorov timescale, ν is the
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Figure 2: Contours of instantaneous (a) temperature, (b) mass fraction of water vapor, and

(c) pressure, and (d) power spectra of N̂ (k, t), P̂(k, t) and ε̂(k, t) at t = 75 [ms] in Case 1.

averaged kinetic viscosity, and τc = δl/Sl is the combustion time scale. Table 1 summarizes
simulation-parameter values. Figure 1(b) shows the corresponding initial locations of the115

present DNSs on the combustion regime diagram, and figures 2(a-c) and 3 show the physical
views of two simulated reacting flows, Case 1 and Case 3. It is important to note that
all three cases fall into the region where the turbulence-combustion interactions are strong.
Case 1 simulates the development of a single spherical flame in turbulence. Because the
flame size is relatively large, the resolution of 1283 is sufficient. Although the value of kp is120

20 [1/m] in both Case 2 and Case 3, the corresponding length scale of this wavenumber in
Case 2 with the resolution of 2563 is closer to the dissipation range, whereas in Case 3 with
the resolution of 5123, this wavenumber is in the inertial subrange. These conditions allow us
to explore kinetic-energy transfer under the influence of different combustion scales relative
to the turbulence scale. The simulations have been performed on the Intel Xeon E5-2692125

v2 supercomputers at the National Supercomputer Center in Guangzhou, and the 5123 case
requires 62 thousand CPU-hours running for approximately 10 days on 256 processors.
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Case N3 Reλ Sl [m/s] δl [m] Da Ka kp [1/m]

1 1283 80 0.3 0.126 1.15 22.3 (N.A.)
2 2563 123 0.17 0.41 0.28 138.7 20
3 5123 270 0.36 0.043 6.93 12.3 20

Table 1: Input model parameters including resolutions, initial Reynolds numbers based on
the Taylor scale, initial values ofDa andKa, corresponding laminar flame speeds and widths,
and peak wavenumber values for the progress-variable initialization.

(a) (b)

(c)

Figure 3: Instantaneous (a) temperature, (b) mass fraction of water vapor, and (c) pressure
at t = 62.5 [ms] in Case 3.

3.1 Spectral kinetic energy dynamics

Here, we analyze the effects of premixed flames on interscale kinetic-energy transfer by using
the kinetic-energy transport equation for reacting flow in Fourier space. First, we rewrite
the momentum equation (2) as

∂ui

∂t
= − uj

∂ui

∂xj︸ ︷︷ ︸
Ni

− 1

ρ

∂p

∂xi︸ ︷︷ ︸
Pi

+
1

ρ

∂σij

∂xj︸ ︷︷ ︸
εi

, (5)
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where Ni represents nonlinear advection processes, Pi represents pressure effects, and εi
represents dissipations. When the variables on both sides of the equation are transformed
into Fourier space, the spectral transport equation of velocities are: ∂ûi(k,t)

∂t
= N̂i(k, t) +

P̂i(k, t) + ε̂i(k, t), where (̂·) denotes a 3D Fourier transform, and all of the terms in the
above equation depend on the 3D wave-number vector k = (k1, k2, k3) and time. The

transport equation of turbulent kinetic energy in Fourier space is ∂Ê(k,t)
∂t

=
∂ 1

2
û∗
i (k,t)ûi(k,t)

∂t
=

1
2

(
û∗
i (k, t)

∂ûi(k,t)
∂t

+ ûi(k, t)
∂û∗

i (k,t)

∂t

)
, where û∗

i is the complex conjugate of velocity. The trans-

port equation of Ê(k, t) can be derived as ∂Ê(k,t)
∂t

= N̂ (k, t) + P̂(k, t) + ε̂(k, t), where the

terms on the right are given generically for a function F̂ as F̂ = 1
2
(û∗

i F̂i + ûiF̂∗
i ). Statistics

in isotropic turbulence are independent of direction, thus, we integrate in Fourier space over
k = |k|, and get

∂Ê(k, t)

∂t
= N̂ (k, t) + P̂(k, t) + ε̂(k, t) , (6)

where N̂ (k, t) is the nonlinear advection contribution, P̂(k, t) is the pressure transfer term,

and ε̂(k, t) is the dissipation term. In a non-reacting flow, the sum of N̂ (k, t) and P̂(k, t)130

is often called the nonlinear energy-transfer function, T̂ (k, t) [4]. This study distinguishes
between the effects of nonlinear advection and the effects of pressure in particular, so we
deliberately separate them. The dissipation term also includes the effects of density and
viscous gradients caused by heat release in combustion reactions, but we do not extract
them in this study.135

Figure 2(c) shows an obvious expansion pressure wave caused by the central spherical
flame. Pressure gradient is one main factor causing the change in velocity, so it is reasonable
to believe that the pressure differences across the expansion wave will inevitably affect the
kinetic energy. Figure 2(d) shows N̂ (k, t), P̂(k, t) and ε̂(k, t) appearing in Eqn. (6) at t =
75 [ms]. In the spectral analysis of these three budget terms, a positive value indicates a140

contribution to the increase in turbulent kinetic energy, while a negative value represents a
contribution to the decrease in turbulent kinetic energy. It is clear that the magnitude of
the pressure transfer term here at the largest scales, k = 1 ∼ 3 [1/m] is significantly larger
than the magnitude of the nonlinear advection (note that the pressure term in figure 2(d)
is divided by a factor of 200). In line with previous findings on premixed flame [1], the145

energy transfer function, T̂ = N̂ + P̂ , bears positive values within the large-scale range,
indicating energy transfers from smaller to larger scales. Moreover, current results reveal
that in this case, the pressure transfer term yields the majority of contributions of the inverse
kinetic-energy cascade.

Different from the reactions in Case 1, which contains a single spherical flame close to150

the integral length scale, reactions in Case 2 and Case 3 occur at smaller scales, specifically
between the inertial scale and the dissipation scale (Case 2), and in the inertial scale (Case
3), respectively. Figures 4(a) and (c) show the power spectra of three terms obtained in two
cases at one moment. Again, it is evident that the overall effect of the pressure-transfer term
is to increase kinetic energy at large scales, and its magnitude is significantly larger than155

the magnitude of the nonlinear advection term. Furthermore, figures 4(b) and (d) show the
time averaged power spectra of three terms. Results confirm that over a period of time,
the pressure transfer term contributes kinetic energy at large scales. In contrast, the results
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Figure 4: Power spectra of N̂ (k, t), P̂(k, t) and ε̂(k, t) (a) at t = 50 [ms] and (b) time
averaged (over 30 [ms]) in Case 2, and (c) at t = 20 [ms] and (d) time averaged (over 21.2
[ms]) in Case 3.

show that the nonlinear term transfers energy from large to small scales, and the dissipation
term dissipates all scales.160

To better understand the interscale kinetic-energy transfer, we draw from Domaradzki
and Carti [21] in calculating the energy flux of each term given generically for a function

F̂ as, ΠF̂(k, t) =
∫ k

0
F̂(k′, t)dk′. The energy flux provides the energy-transfer rate from all

scales below k to those above k, and a positive (negative) value of the energy flux represents
that the wave-number shell at k is a net recipient (donor) of energy from all smaller scales.165

Figure 5 shows the time-averaged energy fluxes of three terms obtained in Case 2 and Case
3. In line with research on incompressible isotropic turbulence [4], our results show that the
nonlinear advection does not produce or dissipate any kinetic energy in any of the scales, and
it transfers energy only from large to small scales. The dissipation term dissipates kinetic
energy over all scales. More importantly, it is evident that at the scales larger than k = 10170

[1/m], the pressure transfer results in noticeable inverse transfers from all smaller scales.
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Figure 5: Time averaged energy flux spectra of N̂ (k, t), P̂(k, t) and ε̂(k, t) in Case 2 and
Case 3.

3.2 SGS backscatter dynamics

The density-weighted (which defines the change of variables as: f̃ = ρf
ρ
) LES equations of

momentum conservation are,

∂ρũi

∂t
+

∂ρũiũj

∂xj

= − ∂p

∂xi

− ∂τij
∂xj

+
∂σij

∂xj

, (7)

where τij = ρ (ũiuj − ũiũj) is the SGS stress tensor, which needs an SGS stress model to
close. The SGS kinetic energy is Ksgs =

1
2
ρ (ũiui − ũiũi) =

1
2
τii, and its transport equation

[22] is,175

∂Ksgs

∂t
+

∂Ksgsũj

∂xj

=

(
p
∂uj

∂xj

− p
∂ũj

∂xj

)
︸ ︷︷ ︸

Πsgs

−τij
∂ũi

∂xj︸ ︷︷ ︸
Psgs

+

(
ui
∂σij

∂xj

− ũi
∂σij

∂xj

)
︸ ︷︷ ︸

εsgs

− ∂

∂xj

[
1

2
ρ
(
ũiuiuj − ũiũiũj

)
− τijũi +

(
puj − pũj

)]
︸ ︷︷ ︸

Dsgs

, (8)

where Πsgs =
(
p
∂uj

∂xj
− p

∂ũj

∂xj

)
is the SGS pressure-dilatation term (often neglected in open-

environment flames [23]), Psgs = −τij
∂ũi

∂xj
= −τijS̃ij is the SGS kinetic-energy production,

εsgs =
(
ui

∂σij

∂xj
− ũi

∂σij

∂xj

)
is the SGS dissipation term (commonly modeled as εsgs = −Ceρ

k
3/2
sgs

∆
,

where ksgs = Ksgs/ρ, Ce = 1 [19]), and the last term including the diffusion effects of the
triple correlation, the SGS production, and the pressure-velocity correlation is often modeled180

as an SGS diffusion, Dsgs =
∂

∂xj

(
(µsgs + µ) ∂ksgs

∂xj

)
, where µsgs = Ckρ

√
ksgs∆, Ck = 0.05 [19].

The SGS production term, Psgs, represents the rate at which kinetic energy is transferred
from resolved to subgrid scales. For the subgrid field, Psgs is an energy production term,; but
for the resolved field, it is a dissipation term of kinetic energy and is therefore also known as

9



the SGS dissipative term [3]. The SGS production can be locally negative, Psgs < 0, which185

corresponds to the inverse transfer of kinetic energy from subgrid to resolved scale (i.e., SGS
backscatter) [10, 6]. We define the backscatter SGS production as Psgs,b = H (−Psgs)Psgs,
where H(x) is the Heaviside step function. Moreover, previous studies [3, 2] have shown that
SGS backscatter occurs primarily in regions undergoing volumetric expansion. In this study,
we investigate the relationship between the backscatter SGS production and the resolved190

pressure-dilatation work, which is defined as Π = p∂ũi

∂xi
. Depending on the sign of the flow

dilatation, the positive (negative) Π represents expansion (compression).

DNS GCDSM SM SSM

Case 3

Figure 6: A priori results in Case 3: (first row) scatter plots of exact and modeled SGS
stresses, (second row) joint PDFs between SGS kinetic energy and SGS production, and
(third row) joint PDFs between backscatter SGS production and resolved pressure-dilatation
work. Note that the first column shows results from the filtered DNS data, the second column
shows the predictions using the GCDSM, the third column shows the predictions using the
SM (no backscatter SGS productions are available using the SM), and the last column shows
the predictions using the SSM.

Figures 6 and 7 show a priori test results obtained by filtering the DNS data using the
Gaussian filter with the width, ∆ = π/kc, corresponding to a wavenumber of kc = 40 [1/m]
in Case 3 and Case 2. The joint probability density function (PDF) between Ksgs and Psgs195

bears a structure similar to that noted in previous studies [2, 24], and the negative region
of Psgs is observable, indicating the existence of SGS backscatter. Moreover, in line with
O’Brien et al. [3], there exists noticeable correlation (the value of the correlation coefficient
is 0.51) between Psgs,b and positive Π, indicating that the backscatter SGS production region
is correlated with the thermal expansion in Case 3. But the correlation between Psgs,b and200

positive Π is 0.4 in Case 2. One possible reason is that case 2 bears stronger turbulence-
combustion interactions since its Ka is higher. Further studies are needed to reveal the
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Figure 7: A priori results in Case 2. Refer to the caption in figure 6 for details.

specific reasons for this difference.
In comparing the ability of typical SGS stress models to capture backscatter, we inves-

tigate three SGS stress models at the a priori test level. Based on the Boussinesq hypothe-205

sis, the first introduced SGS stress model, the Smagorinsky model (SM) [25] parameterizes

the SGS stress’ deviatoric (residual) part [12] as τ rij = τij − 1
3
δijτkk = −2ρνsgsS̃ij, where

νsgs = C2
s∆

2|S̃| is the SGS eddy viscosity, |S̃| = (2S̃ijS̃ij)
1/2 is the strain rate, and the

Smagorinsky coefficient, Cs, is a dimensionless coefficient in a range of 0.1 to 0.2 [12]. Here,
we adopt Cs = 0.17. It is necessary to note that the value of the coefficient affects not the210

correlation calculation, but only the magnitude of the modeled SGS stress. Two nonlinear
structural SGS stress models [6] are examined here. To resolve the issue of low correlation
[18] between the exact and modeled SGS stress terms, researchers since 1980 [26, 12] have

used the scale similarity model (SSM), τij = ρ
(˜̃uiũj − ˜̃ui

˜̃uj

)
. It has been found at the

tensor level, the modeled SGS stress tensor by using the SM or the SSM is not material-215

frame-indifference consistent with the exact SGS stress tensor [18, 19]. To resolve this lack
of consistence, researchers since 2007 [18, 19] have introduced the gradient-type consistent

dynamic structure model (GCDSM), τij = 2Ksgs

(
G̃ij

G̃mm

)
, where G̃ij = ∆̃2

12
∂ũi

∂xm

∂ũj

∂xm
is the

leading terms of the Taylor expansions of the exact SGS stress.
The second, third and fourth columns of figures 6 and 7 show - by means of the GCDSM,220

the SM and the SSM, respectively - 1) the scatter plots of the exact and predicted SGS
stress τ11 components, 2) joint PDFs between the SGS kinetic energy and the predicted SGS
production, and 3) joint PDFs between the predicted backscatter SGS productions and the
positive resolved pressure-dilatation work in Cases 2 and Case 3. In line with previous a
priori studies [18], the GCDSM and the SSM can yield quite satisfactory predictions on the225
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SGS stresses, whereas the SM fails in this regard. Specifically, the correlation coefficients
between the exact and predicted SGS stress τ11 components using the GCDSM, the SSM
and the SM (for the residual part) are 0.90, 0.98 and 0.24 in Case 3 and 0.88, 0.97 and 0.26
in Case 2. More importantly, the SM cannot yield negative Psgs; in other words, the SM
cannot predict SGS backscatter. In contrast, as two representatives of the structural SGS230

model, both the GCDSM and the SSM both can predict SGS backscatter. The reason for
this difference is that the SGS eddy-viscosity approach rests the assumption that the energy-
transfer mechanism is analogous to the molecular mechanism represented by dissipation in
the momentum equations and by diffusion in scalar equations; therefore, the eddy-viscosity
stress model, like the dissipation term shown in figures 4 and 5, can allow the kinetic-energy235

transfer only from large to small scales.
To the first-row plots in figures 6 and 7, we have added the expected regression lines

(with a slope value of 1 indicating that the modeled term is identical to the exact term), and
to the third-row plots in these figures, we have added the regression lines. The two examined
structural SGS models have different issues: the GCDSM results in over-predictions of Psgs240

at low turbulent levels; and the SSM results in underestimations of the SGS stress, leading
to underestimations of SGS backscatter. Moreover, the implementation of the SSM requires
a test filtering, which is computationally expensive. By contrast, the implementation of
the GCDSM requires only velocity gradients, making the cost of the GCDSM similar to
that of the SM. The modifications of the GCDSM have been applied to LESs involving a245

variety of turbulence types [19, 27, 22, 24, 28]. Results show that these applications can
ensure not only low grid sensitivity, but high accuracy as well. Through these a posteriori
practices, it is further shown that the prediction of inverse energy cascade (see the Appendix)
is important to accurately simulation turbulent combustion, especially under high Reynolds
number conditions.250

4 Conclusions

Based on well-resolved DNS data of premixed isotropic flames, the results presented herein
show that there exists inverse kinetic-energy transfer from small to large scales in flames,
and that the pressure-transfer term is an important contributor in the transfer. Our a priori
analyses of the joint PDFs between backscatter SGS production and pressure-dilatation work255

show that, in premixed isotropic flames, SGS backscatter also occurs primarily in regions
undergoing expansion. A priori test results of three representative SGS stress models show
that although the eddy-viscosity approach cannot yield SGS backscatter, two examined
nonlinear structural models are evidently able to capture this mechanism. This outcome
implies to some extent that in the LES of high-Reynolds-number turbulent combustion, the260

nonlinear SGS approach could be more reliable than the eddy-viscous SGS approach.
Further studies would do well to focus on the effects of Mach, Lewis, and Karlovitz

numbers on energy transfer, and the effects of density and viscosity fluctuations caused by
heat release in reactions on energy transfer.
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Appendix: a posteriori results of Sandia Flame F sim-

ulations

It is important to test how well SGS stress models accurately reproduce turbulence charac-270

teristics of flows. In this way, one can understand whether or not a corresponding LES can
capture stochastic processes and flow dynamics. For the purpose of comparison, we assess
results obtained using the SM [25], and the mixed-version of the GCDSM [19] in simulat-
ing Sandia Flame F. Note that the mixed hyper-viscosity term is significantly smaller than
the structural term [18, 19], and only plays the role of making the simulated flow stable at275

small scales. The details of the case and simulation results have been reported previously
[22], and here we present the models’ characteristics regarding the prediction of backscatter.
Figure 8 compares the SM results with the results using the mixed-version of the GCDSM
in predicting instantaneous SGS kinetic energy production. To demonstrate the difference
between the structural stress model and the eddy-viscosity stress model, we set two contour280

plots in a range extending approximately from −40000 to 800000 [kg/ms3]. The SM cannot
yield negative Psgs. This fact implies that the SM always delivers energy from resolved to
subgrid scales. Thus, the mechanism for the mixing of small eddies into large eddies must
be undertaken by the resolved field. This mixing would be a significant issue for simulating
high-Reynolds-number flows, and would certainly reduce the accuracy in efforts to capture285

large-scale flows. Different from the eddy-viscosity/diffusivity approach, the nonlinear SGS
approach consists mainly of two parts, a model for the magnitude of the corresponding SGS
term, and a normalized gradient term to determine its structure, i.e., the relative magnitude
of the different components. As expected, the adopted structural SGS stress model can
provide negative SGS productions, which represent reverse energy transfers from subgrid290

to resolved scales, and are particularly important for the formation of large-scale coher-
ent structures, such as Kelvin-Helmholtz vortices, in turbulent mixing layers. Further, the
mixed-version of the GCDSM solves the transportation of ksgs, and thus we can show the
joint characteristics of ksgs and Psgs. As shown in figure 9(b), the SGS backscatter region,
Psgs < 0, is clearly evident. Figure 9(a) shows the magnitude of mean backscatter SGS295

production predicted using the NLES. This magnitude exhibits a significant peak between
x/D = 10 and x/D = 20. Previous studies (e.g. [22]) have shown that this height range is
also the region where the extinction and re-ignition phenomenon is most intense.
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Figure 8: Filled contours of instantaneous SGS production computed using (a) the SM and
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