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Abstract 

Multi-scale interactions and kinetic-energy transfer between turbulence and flames are fundamental to un- 
derstanding and modeling premixed turbulent reacting flows. In order to investigate these phenomena, direct 
numerical simulations of a turbulent premixed flame are analyzed in this study. The results reveal a flux 
of kinetic energy that involves a cross-scale transfer through the turbulence cascade and whose prevailing 
direction in the flame brush is from subgrid to resolved scales. The root cause of this reversal in energy 
transfer, termed subgrid-scale (SGS) backscatter, is the effect of thermal expansion in the subgrid scales, by 
which small amounts of enthalpy created by combustion heat release are transformed into small-scale kinetic 
energy by means of the SGS pressure-gradient velocity correlation. The resulting overload of SGS kinetic 
energy is transferred to the resolved scales through SGS backscatter. This cross-scale flux of energy, along 
with a larger one that relies on large-scale quantities only and does not involve the energy cascade, describes 
the transformation of combustion heat release into kinetic energy in the turbulent premixed flame. Based on 

scaling analyses, it is theorized that the contribution of the cross-scale flux to the total kinetic-energy aug- 
mentation vanishes in combustion regimes in which the flame-transit time is too short to allow for activation 

of the non-linear convective mechanisms of the energy cascade. 
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1. Introduction 

The heat released from combustion chemical 
reactions leads to thermal expansion in premixed 

flames, and, as a result, to hydrodynamic coupling 
with the turbulent gas environment. The resulting 
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Fig. 1. Schematics of the computational setup, including a DNS snapshot of the turbulent deflagration showing isocon- 
tours of the fuel mass fraction Y . 
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nhomogeneous and anisotropic density variations
nfluence the transport of mass, momentum and
nergy. However influential these effects may be for
ommanding exchanges between kinetic and ther-
al energies across multiple scales, the extent to
hich combustion-driven thermal expansion mod-

fies the classical picture of the direct energy cas-
ade is largely unknown. On the contrary, stan-
ard descriptions of turbulence-flame interactions
ake use of Kolmogorov’s equilibrium concepts

1] . Studies of these effects are of practical inter-
st for developing predictive large-eddy simulation
LES) capabilities for turbulent flames. 

Most LES closure models for turbulent trans-
ort have been designed for non-reacting flows, and
re known to concur with the direct energy cascade
hereby a balance between dissipation and produc-

ion (or forward transfer of energy from resolved
cales) is satisfied in the subgrid. The occurrence
f inertial transfer of kinetic energy from the sub-
rid to the resolved scales is classically referred to
s subgrid-scale (SGS) backscatter [2–5] . However,
his reverse transfer of energy leads to unphysi-
al eddy-viscosity coefficients [4] . In incompressible
omogeneous-isotropic turbulence (HIT), the flux
f kinetic energy across the cascade is known to be
irected from the resolved to the subgrid scales in
he mean, with excursions in the opposite backscat-
ering direction being frequently observed due to
ntermittency [5,6] . In contrast, in the combustion
egime analyzed here, it is shown below that kinetic
nergy is transferred from subgrid to resolved scales
n average rather than sporadically. 

The problem addressed computationally in this
tudy is a premixed flame propagating in HIT
long a prismatic unconfined domain with periodic
boundary conditions in the transverse directions, as
depicted in Fig. 1 . Focus is placed on quantifying
the cross-scale transfer of kinetic energy, defined
here as the flux between subgrid and resolved scales
across the cutoff imposed by a low-pass filter. Be-
fore describing the numerical results, an analysis of 
characteristic scales is performed in the next section
to ascertain under which conditions kinetic-energy
transfer across the turbulence cascade is relevant in
premixed flames. 

2. Characteristic scales associated with the transfer
of kinetic energy in premixed flames 

The heat released in laminar planar premixed
flames produces a gasdynamic pressure decrease
�P across the flame thickness δL that is propor-
tional to the square of the flame speed S L . The pres-
sure variation can be computed from the Rankine–
Hugoniot relations as �P ∼ γ Ma 2 τP u / (1 − τ ) ,
where Ma = S L / (γ P u /ρu ) 1 / 2 is the Mach number,
which is small in weak deflagrations far from the
lower Chapman–Jouget conditions. Additionally,
ρu and P u are the unburnt density and pressure, γ
is the adiabatic coefficient, and τ = (T b − T u ) /T b ,
is the heat-release or thermal-expansion coefficient,
with T u and T b the unburnt and burnt temper-
atures, respectively. Conservation of momentum
across the flame requires �P to be balanced with
a characteristic increase of kinetic energy per unit
mass across the flame given by 

�k = 

(2 − τ )�P 

2(1 − τ ) ρu 
= AS 

2 
L (1)
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in the reference frame moving at the flame speed.
The dimensionless coefficient A = (2 − τ ) τ/ [2(1 −
τ ) 2 ] � 1 is of order 30–40 in practical applications,
which indicates that the relative increase in kinetic
energy can be several times the square of the lam-
inar flame speed. In the laboratory frame, the in-
crease in kinetic energy is of the same order as (1) ,
with [ τ/ 4(1 − τ )] 2 replacing A . 

In turbulent premixed flames, the simple de-
scription given above is incomplete due to multi-
scale interactions [7,8] . As with laminar flames,
only a small portion of the heat released in the
flame is transformed into kinetic energy. However,
both mean and fluctuating kinetic energies are in-
fluenced by combustion. The most important effect
of heat release is the augmentation of the mean
kinetic energy, corresponding to the large scales
of the flow. This mean transfer of energy does
not require a cascade mechanism, as it transforms
large-scale thermal enthalpy into large-scale kinetic
energy through the work done by the large-scale
pressure gradient. As the turbulent eddies move
through the flame, however, they become subjected
to the multi-scale anisotropic action of heat release,
which distorts their shape and fluctuating kinetic
energies [9] . 

The propagation of thermal distortions caused
by combustion heat release across the turbulence
kinetic-energy cascade takes place over a charac-
teristic transfer time. In incompressible turbulent
flows, a model for the characteristic transfer time
across the cascade was proposed by Lumley [10] ,
whereby the time required for energy to cascade
from large to small scales is of the same order as
the large-scale eddy turnover time t � ∼ � / u � , where
� is the integral length and u � the corresponding
velocity. Using this estimate, for the cascade trans-
fer of energy to take place within the flame brush,
the propagation time t � must be smaller than the
characteristic flame-transit time, t L ∼ δL /S L , with
the Damköhler number Da = t � /t L measuring their
ratio. However, not all combustion regimes satisfy
this condition, as shown in Fig. 2 . 

The condition t � � t L is unachievable in weakly
turbulent flames, which are characterized by
u � /S L � 1 and Da � 1. In these, the mean flow is
too fast to allow for activation of transfer across the
cascade in the flame. In this limit, the flame thick-
ness δL < � k is in the dissipative range of the turbu-
lence according to the high Reynolds numbers in-
volved, Re � = u � �/ν � 1 , with � k the Kolmogorov
length and ν the kinematic viscosity. In this way,
any cascade interaction through convective trans-
port between small and large scales is relegated to
the far wake of the burnt gases, at downstream dis-
tances of order �S L /u � � � . This spatial delay is the
result of the rapid distortion involved in the pas-
sage of turbulence through the thin wrinkled flame,
whose analytical description does not require to re-
tain non-linear convective terms in the first approx-
imation [11] . 
At moderate turbulent intensities u � /S L ∼
A 

1 / 2 > 1 the characteristic energy increase (1) be- 
comes of the same order as the turbulent kinetic 
energy, �k/u 2 � ∼ 1 . The interaction departs from 

the rapid-distortion dynamics described above 
as the flame-transit time becomes comparable 
to inertial time scales, Da ∼ 1. These values of 
u � /S L and Da involve flame thicknesses of order 
δL ∼ �A 

−1 / 2 < � corresponding to spatial scales in 

the inertial subrange, with Karlovitz numbers of 
order Ka = (u � /S L ) 3 / 2 (δL /� ) 1 / 2 ∼ A 

1 / 2 > 1 . In this 
limit, the residence time of the large eddies in the 
flame is sufficiently long to enable transfer of en- 
ergy across the entire range of scales of the cascade 
in the flame brush. The corresponding combus- 
tion regime corresponds to the thin-reaction 

zones. 
Too large departures from the conditions Da ∼

1 and u � /S L ∼ A 

1 / 2 diminish the importance of en- 
ergy transfer through the cascade mechanism. For 
instance, while small values of the turbulent inten- 
sity render too short times for transport across the 
cascade, too large intensities u � /S L � A 

1 / 2 imply 
�k/u 2 � � 1 , which leads to very weak thermal 
distortions of the highly energetic turbulence. Sim- 
ilarly, smaller Damköhler numbers imply larger 
residence times for eddies in the flame brush, but 
also rapidly decaying turbulence unless external 
forcing is applied. As the Damköhler number in- 
creases above unity when u � /S L > A 

1 / 2 , it becomes 
less likely for the large scales in the flame brush to 

receive or give energy to the small scales. However, 
in these conditions, energy transfer through the 
cascade is active in the flame brush across an inter- 
val of smaller scales formed by � m 

∼ δL u m 

/S L and 

� k , with � m 

the scale at which the eddy turnover 
time is of the same order as the flame-transit 
time, with Da m 

= � m 

/ (u m 

t L ) ∼ 1 the associated 

Damköhler number. In this regime, for LES cutoffs 
� > � m 

the energy cascade is necessarily confined 

to subgrid scales. 
In this phenomenological description, no men- 

tion has been made of the direction of the cascade 
when it is active in the flame brush, whether the en- 
ergy transfer is from resolved to subgrid scales or 
vice-versa, although the computations shown be- 
low suggest that the energy is predominantly trans- 
ferred from small to large scales. Similarly, the tur- 
bulence energy cascade is readily conceptualized in 

Fourier space in incompressible HIT. However, the 
inhomogeneity of the streamwise direction, along 
with variations of density and molecular diffu- 
sivities, complicates spectral analyses in premixed 

flames. Low-pass filtering the conservation equa- 
tions, as done below, does not require any period- 
icity and provides three-dimensional fluxes across 
the filter scale that originate from cumulative non- 
linear convective interactions responsible for the 
cascade [2] . The spectral representation of these 
cross-scale fluxes in sums of triadic ones is straight- 
forward in incompressible HIT [12] , but not in pre- 
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Fig. 2. Combustion regime diagram [1] adapted to highlight the turbulence-cascade characteristics in the flame brush. 
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ixed flames. The analysis below is therefore pre-
luded to physical-space considerations. 

. Formulation and computational setup 

In this study, the unsteady, compressible,
hemically-reacting Navier–Stokes equations 
∂ρ

∂t 
+ 

∂ 

∂x i 
(ρu i ) = 0 , 

∂ 

∂t 
(ρu i ) + 

∂ 

∂x j 
(ρu i u j ) = − ∂P 

∂x i 
+ 

∂τi j 

∂x j 
+ ρF i , 

∂ 

∂t 
(ρY ) + 

∂ 

∂x j 
(ρu j Y ) = 

∂ 

∂x j 

(
ρD 

∂Y 

∂x j 

)
− ρ ˙ w , 

∂ 

∂t 
(ρe t ) + 

∂ 

∂x j 
(ρu j e t ) = − ∂ 

∂x j 
(Pu j ) 

+ 

∂ 

∂x j 
(τi j u i ) + 

∂ 

∂x j 

(
κ

∂T 

∂x j 

)
+ ρq ̇  w , (2)

re integrated numerically along with the equation
f state P = ρR g T . In this formulation, ρ is the
ensity, u i are the velocity components, P is the
hermodynamic pressure, T is the temperature, F i 

s a volumetric forcing term, e t is the total energy
including thermal and kinetic energies), Y is the
uel mass fraction, R g is the gas constant, and κ and
 are the thermal conductivity and mass diffusiv-

ty, respectively. Additionally, τi j = 2 μS i j + η�v δi j 

s the viscous stress tensor, with μ being the dy-
amic viscosity, η the second viscosity coefficient
 η = μ is used here), �v = S ii the flow dilatation,
nd S i j = (1 / 2)(∂ u i /∂ x j + ∂ u j /∂ x i ) the strain-rate
ensor. Constant specific heats are used in the cal-
ulations, while temperature-dependent values of 
viscosity, thermal conductivity and mass diffusivity
are employed according to a power law with expo-
nent 0.7. 

The computations are performed using Athena-
RFX [13] . The flame propagation regime stud-
ied pertains to low Mach numbers. However, the
thermodynamic pressure gradient, kinetic energy
and viscous dissipation are retained in writing Eq.
(2) because the numerical scheme is compressible. It
consists of a fully unsplit, finite-volume, Godunov-
type integration algorithm [14] that accounts for
molecular fluxes and utilizes a PPM-type spatial re-
construction along with a HLLC Riemann solver. 

A single-step irreversible Arrhenius reaction be-
tween fuel and oxidizer is assumed in which the
former is the limiting reactant, with q units of 
heat being released per unit mass of fuel burnt.
The corresponding chemical source in (2) is ˙ w =
ρBY exp (−T a /T ) in terms of an activation temper-
ature T a and a pre-exponential factor B . In the fol-
lowing, use of the progress variable C = 1 − Y is
made, with C = 0 on the reactants side while C = 1
on the products side. 

The computations are carried out on a uniform
Cartesian grid of 512 × 512 × 16 , 384 elements in
the x 1 , x 2 and x 3 directions, respectively. The cor-
responding domain lengths are L 1 /δL = L 2 /δL = 8
and L 3 /δL = 256 (see Fig. 1 ), which provide 4.2 and
134 integral lengths in the spanwise and streamwise
directions, respectively. The minimum grid spac-
ing h satisfies δL /h = 64 and �/h = 122 , as well as
� k /h = 2 and � k /h = 25 on the reactants and prod-
ucts sides, respectively, with the effective resolution
increasing in the burnt gases as a result of a 27-fold
increase in ν with temperature. Periodic boundary
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Fig. 3. Instantaneous mid-plane DNS field of enstrophy 
normalized by (S L /δL ) 2 at t = 14 . 1 t � . The white line with 
arrowheads indicates the integral length � . Yellow and 
blue lines represent, respectively, C = 0 . 05 and C = 0 . 95 , 
while red-dashed lines indicate the boundaries of the in- 
terval 0.005 < 〈 C 〉 < 0.995. (For interpretation of the ref- 
erences to color in this figure legend, the reader is referred 
to the web version of this article.) 
conditions are used in the x 1 and x 2 directions. The
boundaries in the x 3 direction are periodic prior to
ignition of the premixed flame, while zero-order ex-
trapolation boundary conditions are used after ig-
nition in order to allow gases to flow in and out
without causing a build-up of pressure. 

The simulations are initialized as follows. First,
in absence of combustion, forced turbulence is let
to develop everywhere in the computational do-
main for a duration of 6 t � . The forcing F i , which
only acts upon the largest scales and whose details
can be found elsewhere [13] , remains active for the
remainder of the simulation in order to enable the
calculation of steady statistics. After this spin-up
phase, a planar laminar flame is inserted in the do-
main and is allowed to develop for another 6 t � , dur-
ing which transition to a fully turbulent reacting
regime occurs, with 27 three-dimensional solution
snapshots recorded thereon during 3 t � . Ensemble-
averaged statistics, denoted by the symbol 〈 · 〉 N 

,
are computed from these snapshots after planar-
averaging the relevant variables, the latter being
represented by the operator 〈 · 〉 corresponding to
spatial averaging over the transverse planes { x 1 ,
x 2 }. 

Turbulence-flame interactions are characterized
by u � /S L = 2 . 7 , Re λ = 86 . 5 (with λ the Taylor
scale), Da = 0 . 71 , Ka = 20 . 7 , τ = 0 . 87 ( A = 29 . 1 ),
τT a /T b = 5 . 7 and Ma = 0 . 01 , while a unity Lewis
number is employed for the reactant. In this range
of parameters, the flame corrugation caused by
turbulence increases the global fuel consumption
speed up to factors of order 4 relative to S L . The
resulting values of these dimensionless parameters
may be ascribed to the thin-reaction zones, with
δL = 0 . 52 � in the inertial subrange. However, the
release of chemical energy increases the products
temperature by a factor of 7, which leads to a
28-fold increase in the kinematic viscosity on the
burnt side of the flame. This effect, in turn, drasti-
cally reduces the value of the Reynolds number on
the products side. As a result, no significant flame
broadening is observed, as shown in Fig. 3 . 

4. Kinetic-energy transfer dynamics 

In order to calculate the cross-scale transfer of 
kinetic energy between resolved and subgrid levels,
a differential filter [15] is applied to the DNS ve-
locity, which results in resolved eddy motion whose
kinetic energy is k = ̃

 u i ̃  u i / 2 . In the notation, over-
lines and tildes denote regular and Favre filtering,
respectively. In the results shown below, the filter
width is varied from � = δL / 4 to � = 4 δL . The dif-
ference between the filtered kinetic energy of the
full-scale flow field, ˜ K = 

˜ u i u i / 2 , and the resolved
kinetic energy, k , corresponds to the SGS kinetic
energy, k SGS = ( ̃  u i u i − ˜ u i ̃  u i ) / 2 . 

A transport equation for the resolved kinetic en-
ergy is obtained by filtering the momentum equa-
tion in (2) and multiplying it by ̃  u i , which yields the 
expression 

∂k 

∂t 
+ ̃

 u i 
∂k 

∂x i 
= αp + αv + αSGS + f . (3) 

In this formulation, αp , αv and αSGS are given by 

ραp = −˜ u i 
∂ P 

∂x i 
, ραv = ̃

 u i 
∂ τ i j 

∂x j 
, 

ραSGS = −˜ u i 
∂T i j 

∂x j 
, (4) 

which represent the work done by the resolved 

pressure, resolved viscous stresses and unresolved 

turbulent stresses, respectively. In Eq. (4) , T i j = 

ρ( ̃  u i u j − ˜ u i ̃  u j ) is the SGS stress tensor, and f = 

˜ F i ̃  u i 
is the resolved energy injected by the forcing. 

Subtraction of (3) from the transport equa- 
tion of ˜ K , obtained by multiplying the momentum 

equation in (2) by u i and filtering the corresponding 
expression, leads to the transport equation 

∂k SGS 

∂t 
+ ̃

 u i 
∂k SGS 

∂x i 

= αSGS 
p − αSGS + αSGS 

v + φSGS + f SGS , (5) 

where 

ραSGS 
p = ̃

 u i 
∂ P 

∂x i 
− u i 

∂P 

∂x i 
(6) 

is the SGS pressure-gradient velocity correlation 

(in analogy to Reynolds-Averaged Navier Stokes 
RANS terminology [17] ), and 

ραSGS 
v = u i 

∂τi j 

∂x i 
− ˜ u i 

∂ τ i j 

∂x i 
(7) 

is the SGS viscous work. Additionally, 

ρφSGS = − ∂ 

∂x i 

(
ρ˜ u i K − ρ˜ u i ̃  K 

)
(8) 
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a b

c d

Fig. 4. Ensemble-planar-averaged distributions conditioned on the planar-averaged progress variable for (a) resolved and 
(b) subgrid kinetic energies, including streamwise and spanwise components, along with (c) SGS and (d) pressure-gradient 
transport in the budget of resolved kinetic energy (3) . 
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s an unclosed flux of the full-scale kinetic energy
hat contains a filtered triple product of velocities.
he term f SGS = 

˜ F i u i − ˜ F i ̃  u i corresponds to exter-
al forcing energy injected in the subgrid, which is
egligible since F i acts primarily upon the largest
cales. 

The SGS flux αSGS , defined in (4) , appears on the
ight hand sides of both transport Eqs. (3) and (5) ,
hereby indicating a two-way connection between
he resolved and subgrid energetics. In conservative
orm, it can be written as ραSGS = −∂ (T i j ̃  u i ) /∂ x j −
εSGS , where ρεSGS = −T i j ̃

 S i j is the SGS dissipation
nd 

˜ S i j is the strain rate of the resolved velocity
eld. In incompressible HIT, εSGS is the prevailing
echanism for transfer of kinetic energy between

esolved and subgrid scales [5,6,12] , with ρ〈 εSGS 〉 =
 τi j S i j − τi j ̃

 S i j 〉 indicating the subgrid production–
issipation average balance implicitly assumed in
ES modeling strategies. In particular, εSGS < 0
orresponds to an intermittent reverse flux of ki-
etic energy from subgrid to resolved scales that
as been referred to as SGS backscatter [2–5] . In
he present configuration, however, SGS backscat-
er is more expediently indicated by αSGS > 0 due to
 

the streamwise inhomogeneity caused by thermal
expansion in the premixed flame. 

The resolved kinetic energy k increases through
the flame brush, as shown in Fig. 4 (a). There
are two sources of augmentation of k in (3) act-
ing through different paths: the resolved pressure-
gradient work αp > 0, resulting directly from the
large-scale density gradient across the flame, and
the transfer of energy from subgrid to resolved
scales given by αSGS > 0 . The relative strength of 
both sources can be inferred from Fig. 4 (c,d),
which shows that αSGS < αp , suggesting that most
of the production of large-scale kinetic energy (ap-
prox. 80% for � = 2 δL ) does not involve transfer
across the cascade. The remainder is produced by
a cross-scale transfer or SGS backscatter of energy
from subgrid to resolved scales. 

The SGS kinetic energy k SGS increases across
the flame, as shown in Fig. 4 (b). Nonetheless, the
increase of viscosity on the products side, which
leads to a 6-fold decrease in Re λ, rapidly attenu-
ates the upsurge of k SGS , as evidenced by the glob-
ally decaying trend in Fig. 4 (b). The increase in
k SGS is observed to produce, on average, a prevail-
ing SGS backscatter that enables the transfer of the
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Fig. 5. Normalized joint probability density functions conditioned on the local Favre-filtered progress variable for SGS 
kinetic energy versus: SGS production rate (upper row), SGS dissipation (center row) and SGS pressure-gradient velocity 
correlation (bottom row), all panels being computed for � = 1 . 0 δL . The white dots represent global averages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

excess SGS kinetic energy toward resolved scales.
This phenomenon is shown in Fig. 4 (c), where the
ensemble-planar-averaged αSGS varies from being
negative in the upstream HIT (indicating the usual
mean transfer from resolved to subgrid scales), to
being positive in the flame (indicating transfer from
subgrid to resolved scales) and decreasing down-
stream as a result of the much lower turbulent
intensity there. Statistics of this process, condi-
tioned on the local (rather than planar-averaged)
progress variable, are shown in the upper row of 
Fig. 5 in terms of the joint PDFs between k SGS and
ραSGS . Specifically, while upstream from the flame
no clear pattern of joint dynamics is discerned,
SGS backscatter becomes statistically dominant in
the flame. Similar conclusions are obtained for the
SGS dissipation in the center row, where it is ob-
served that the statistics strongly differ from the
mean forward-dissipating dynamics in incompress-
ible HIT [5,6] . It is noteworthy that, in contrast to
non-premixed combustion in mixing layers stud-
ied in [16] , where it was found that a net forward-
scatter of energy occurred in the mean across the
mixing layer, in the present study a net backscat-
ter is obtained on average in the premixed-flame
brush. 

The main source of k SGS is the effect of ther-
mal expansion in the subgrid, or equivalently the
SGS pressure-gradient velocity correlation αSGS 

p , as
shown in Fig. 6 (a). The joint staistics of ραSGS 

p and
k SGS are depicted in the bottom row in Fig. 5 . In
particular, a clear correlation trend between the two 

arises in the flame, with correlation coefficient 0.90 
at ̃  C = 0 . 75 . The clear energy imbalance created by 
αSGS 

p in the subgrid suggests that additional mod- 
eling considerations may be needed for turbulent 
transport models based on (5) . Furthermore, the re- 
sults shown in Fig. 6 (b) suggest that the SGS trans- 
port flux to higher moments φSGS also participates 
in the local transfer of k SGS , although its net contri- 
bution integrated across the flame is much smaller 
than that of αSGS 

p . In particular, φSGS displays an 

oscillatory trend whose sign is exactly the oppo- 
site of the curvature of the k SGS profile, which sug- 
gests that a negative eddy viscosity would be re- 
quired if φSGS were modeled using a gradient as- 
sumption in analogy to RANS [17] . Since such an 

eddy viscosity would render the solution unstable, 
it is evident that a different model form is required 

to account for the additional thermal-expansion 

phenomena. 

5. Concluding remarks 

The energy-transfer dynamics described in this 
study can be summarized in the flux diagram shown 

in Fig. 7 . The results reveal the occurrence of a flux 
of kinetic energy that involves a cross-scale trans- 
fer through the turbulence cascade and whose pre- 
vailing direction in the flame is from subgrid to re- 
solved scales. The root cause of this reverse trans- 
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a b

Fig. 6. Ensemble-planar-averaged distributions conditioned on the planar-averaged progress variable for (a) SGS pressure- 
gradient velocity correlation and (b) SGS transport flux in the budget of SGS kinetic energy (5) (see legend in Fig. 4 (a)). 

Fig. 7. Schematic of kinetic-energy transfer pathways in premixed flames. 
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er is the effect of thermal expansion in the sub-
rid, which is manifested in the form of a SGS
ressure-gradient velocity correlation that trans-

orms small amounts of enthalpy created by the
ombustion heat into SGS kinetic energy. The ex-
ess of SGS kinetic energy is transferred to the re-
olved scales by SGS backscatter. Scaling analyses
uggest that the contribution of the cross-scale flux
o the total kinetic-energy augmentation vanishes
n combustion regimes in which the flame-transit
ime is too short to allow for activation of the
on-linear convective mechanisms of the energy
ascade. 

In connection with the results presented here,
ourier analyses of turbulent premixed flames
ave pointed out similarly relevant effects of the
ressure-gradient work at small scales on the
inetic-energy spectrum [7] and have addressed the
ccurrence of spectral backscatter in the flame [8] .
n aspect worthy of further research is the ef-

ect that the observed breakdown of equilibrium
n the subgrid has on the turbulent fluxes across
he flame, including possible relations with the un-
olved problem of SGS counter-gradient transport
18] . 
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