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ABSTRACT
The statistical behaviors of the evolutions of the components of the strain rate tensor and Favre-averaged dissipation rate of kinetic energy
are analyzed using direct numerical simulations of statistically planar turbulent premixed ﬂames propagating into forced unburned gas turbulence for different turbulence intensities spanning a range of different Karlovitz numbers. The pressure Hessian contribution and the combined molecular diffusion and dissipation terms are found to play dominant roles in the transport equations of diagonal strain rate
components and the Favre-averaged dissipation rate of kinetic energy for ﬂames with small Karlovitz numbers. By contrast, the leading order
balance is maintained between the strain rate, vorticity, and molecular dissipation contributions for ﬂames with large Karlovitz numbers,
similar to non-reacting turbulent ﬂows. The contributions of the terms arising from the correlation between pressure and density gradients
and pressure Hessian in the strain rate and dissipation rate of kinetic energy transport equations weaken in comparison to the magnitude of
the molecular dissipation contribution with an increase in Karlovitz number. These behaviors have been explained in terms of the alignments
of vorticity, pressure gradient, and pressure Hessian eigenvectors with strain rate eigendirections. The magnitudes of the terms in the transport equation of the Favre-averaged dissipation rate of kinetic energy are also found to increase with increasing Karlovitz number, which is
explained with the help of a detailed scaling analysis. This scaling analysis also explains the leading order contributions to the dissipation rate
of kinetic energy for different combustion regimes.
C 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
V

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0076373

I. INTRODUCTION
Turbulent premixed combustion has practical applications in
automotive (e.g., spark ignition) engines and industrial gas turbines
(e.g., lean premixed prevaporized gas turbine combustors), and, therefore, several analyses focused on its physical understanding and a
detailed review of the current state of the art can be obtained from
the monograph by Peters1 or the review papers by Veynante and
Vervisch.2 However, there are still several unresolved challenges in the
analysis of turbulent premixed combustion due to its nonlinear multiscale nature, which translates to several alternative modeling methodologies.3 High pressure and ﬂame instabilities pose additional modeling
challenges.4 The state of the art has been reviewed in several recent collections5 or review papers dealing with turbulent ﬂame speed and
thickness,6 turbulent transport,7 and thermal expansion effects,8 as well
as the turbulent ﬂame structure.9,10 A key aspect in turbulent premixed
ﬂames is the heat release due to chemical reaction, which gives rise to
thermal expansion, which is manifested by the predominantly positive
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6 0 where ui is the ith comvalues of the dilatation rate (i.e., @ui =@xi ¼
ponent of the ﬂuid velocity). This has an important inﬂuence on the
evolutions of turbulent kinetic energy,11–15 enstrophy,16–20 and scalar
gradient21–24 within the ﬂame brush. Moreover, thermal expansion
due to heat release in turbulent premixed ﬂames has been demonstrated to inﬂuence the alignment of the vorticity16 and scalar gradient21–23 with local principal strain rates, and the alignment depends
also on the Karlovitz (or Damk€ohler) number.16,21 Furthermore, it has
been found that the strength of thermal expansion can affect the relative alignment of sub-grid stresses with resolved strain rates, which
can have implications on the sub-grid turbulent kinetic energy production in turbulent premixed combustion.25 Interested readers are
referred to a recent review8 for a detailed discussion on the effects
of heat release and thermal expansion on these aspects, and their
implications on the modeling of turbulent premixed combustion.
However, a relatively limited effort26,27 has been directed to strain rate
Sij ¼ 0:5ð@ui =@xj þ @uj =@xi Þ transport in the context of turbulent
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premixed combustion despite its importance in vortex-stretching and
ﬂame normal strain rate contributions to the enstrophy16–20 and ﬂame
surface density (FSD)/scalar dissipation rate (SDR) transports.28–33
Moreover, Sij is closely linked to the dissipation rate of kinetic energy2
E ¼ 2Sij Sij  2Sii Sjj =3 where  is the kinematic viscosity.
Dissipation of (turbulent) kinetic energy is among the most important
variables for the purpose of the closure of unknown correlations/
terms, for isothermal ﬂow as well as turbulent non-premixed and premixed ﬂames as indicated by several recent analyses.34–38 The most
famous two-equation model solves a transport equation for dissipation
of turbulent kinetic energy and the same holds true for Reynolds
stress-based modeling. However, this equation is also unclosed and,
thus, requires modeling. Furthermore, the dilatation rate Sii ¼ @ui =@xi
plays a key role in turbulent kinetic energy,11–15 enstrophy,17–19 and
FSD/SDR28–33,39 transports. Nomura and Post40 analyzed the statistical
behaviors of the terms of the principal strain rate transport equation
for non-reacting turbulent ﬂows under homogeneous isotropic turbulence. This analysis identiﬁed local and non-local contributions to the
principal strain rate evolution and the generation of principal strain
rates were found to be balanced by the viscous dissipation process.
Steinberg et al.26 used the combined planar laser induced ﬂuorescence
(PLIF) and particle image velocimetry (PIV) to analyze the statistical
behaviors of the different terms of the principal strain rate transport
equation for a piloted jet premixed ﬂame under high Karlovitz number
conditions. It has been found that the terms arising from pressure and
density gradients play key roles in the evolution of the most extensive
principal strain rate, but the inﬂuence of these terms remains weak for
the evolution of the intermediate principal strain rate. The present
authors27 also analyzed the statistical behaviors of the different terms
of principal strain rate transport equations for different turbulence
intensities and Karlovitz numbers based on direct numerical simulations (DNS) of statistically planar turbulent premixed ﬂames subjected
to forced unburned gas turbulence. This analysis27 suggested that the
terms arising from pressure gradient and pressure Hessian play important roles in the evolution of principal strain rates for small values of
the Karlovitz number, and the contributions of these terms diminish
with the increasing Karlovitz numbers. Consequently, due to the deﬁnition of the dissipation rate of turbulent kinetic energy, the Karlovitz
number is expected to affect its transport. This is also evident from the
fact that the dissipation rate of turbulent kinetic energy depends on
the turbulent Reynolds number Ret , which scales with the product of
the Damk€ohler number and Karlovitz number squared (i.e., Ret
 Da2 Ka2 ).1 However, to date, there have not been any analyses
which focused on the evolutions of individual components of the
strain rate tensor Sij and their implications on the evolution of dissipation rate of kinetic energy E. The present analysis addresses the
aforementioned gap in the existing literature by using a threedimensional DNS dataset of statistically planar turbulent premixed
ﬂames representing different regimes of premixed combustion. In
this respect, the main objectives of the current analysis are (a) to
demonstrate the statistical behaviors of the different terms of the
transport equation of the individual components of the strain rate
tensor Sij , (b) to demonstrate the effects of turbulence intensity and
Karlovitz number on the statistical behaviors of the different terms
of the transport equations of strain rate and the Favre-averaged dissipation rate of kinetic energy, and (c) to provide physical explanations for the observed behaviors.
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II. MATHEMATICAL BACKGROUND AND NUMERICAL
IMPLEMENTATIONS
The transport equation of Sij can be derived by taking spatial
derivatives
of both sides
of the momentum conservation equation


@ui =@t þ uj @ui =@xj ¼ q1 ½@p=@xi þ @sij =@xj  where q is the gas
density and sij ¼ 2qSij  2qdij Skk =3 is the component of the viscous stress tensor with dij and  ¼ l=q being the Kronecker’s delta
and kinematic viscosity, respectively, and l is the dynamic viscosity.
For compressible ﬂow, the transport equation of Sij takes the following
form:


@Sij
@Sij
¼ Sik Skj  xi xj  dij xk xk =4
þ uk
@t
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(1)

ij

G6

where xi ¼ ijk @uk =@xj is the ith component of vorticity, ijk represents the Levi-Civita symbol, and p is the pressure. The two terms on
the left-hand side of Eq. (1) are transient [i.e., partial time ðt) derivaij
tive] and advection terms, respectively. The term G1 accounts for the
ij
strain rate contribution to the evolution of Sij , whereas the term G2 is
ij
the vorticity contribution to the Sij transport. The term G3 arises due
ij
to the correlation between density and pressure gradients, whereas G4
is the pressure Hessian contribution to the strain rate transport. The
ij
term G5 originates due to density gradient and its correlation with the
ij
viscous stress gradient, whereas G6 represents the combined contributions of molecular diffusion and molecular dissipation. From Eq. (1), it
is possible to obtain a transport of the dilatation rate Sii ¼ @ui =@xi in
the following manner:
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Multiplying Eq. (1)  4lSij yields
@ ð2qSij Sij Þ @ ð2quk Sij Sij Þ
þ
@t
@xk
ij

ij

ij

ij

ij

¼ 4lSij G1 þ 4lSij G2 þ 4lSij G3 þ 4lSij G4 þ 4lSij G5
 
D
ij
;
þ 4lSij G6 þ 2qSij Sij
Dt

(3)
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where D=Dt ¼ @=@t þ ui @=@xi is the material derivative of kinematic viscosity. Similarly, multiplying Eq. (2)  4lSjj =3 gives rise to




@ 2qSii Sjj =3
@ 2quk Sii Sjj =3
þ
@t
@xk
¼ 4lSjj Gii1 =3 þ 4lSjj Gii2 =3 þ 4lSjj Gii3 =3 þ 4lSjj Gii4 =3
þ 4lSjj Gii5 =3 þ 4lSjj Gii6 =3 þ 2qSii Sjj ðD=Dt Þ=3:

(4)

Subtracting Eq. (4) from Eq. (3) leads to a transport equation of E,
@ ðqEÞ
D
ðquk EÞ
þ@
¼ TI þ TII þ TIII þ TIV þ TV þ TVI þ q 1 E ;
@t
@xk
Dt
(5)
ij

where Ta ¼ 4l½Ga Sij  Giia Sjj =3 for a ¼ I; II; III; IV; V, and VI.
Reynolds averaging Eq. (5) provides
 


~
@ qE
@ quk E
þ
@t
@xk
D
; (6)
¼ TI þ T II þ T III þ T IV þ T V þ T VI þq 1 E
|{z} |{z} |{z} |{z} |{z} |{z}
Dt
T1

T2

T3

T4

T5

T6

~ ¼ qQ=q; and Q00 ¼ Q  Q
~ are the Reynolds-averaged,
where Q, Q
Favre-averaged values, and Favre ﬂuctuation of a general variable Q,
respectively. The last term on the right-hand side is dependent on
the assumptions made regarding molecular transport and is often
neglected. It has been checked that indeed this term is small compared to T1  T6 for small turbulence intensity and negligible for
higher turbulence intensity. Hence, the same approach has been
adopted for the current analysis. It is important to note that the
terms T3 and T5 do not appear in incompressible non-reacting
ﬂows.
In the context of Reynolds-averaged Navier–Stokes
(RANS) sim

~ can be expressed as E
~ ¼ 2qSij Sij  2qSii Sjj =3 =q
ulations, E
h
i
 ~S ij ~S ij  2qS00ij S00ij
 2qS00ij S00ij  2qS00ii S00jj =3 =q ¼ ~e (because 2q~
and 2q~
 ~S ii ~S jj  2qS00ii S00jj ) where ~e is the dissipation rate of turbulent
kinetic energy ~k ¼ 0:5qu00i u00i =q.12,41 Thus, Eq. (6) can also be considered as the transport equation of the dissipation rate of turbulent
kinetic energy in the context of RANS. Therefore, the statistical behaviors of the terms fT1 ; T2 ; …; T6 g provide insights into the behaviors
of the unclosed terms in the ~e transport equation.
ij
The statistical behaviors of Ga for a ¼ I; II; III; IV; V and VI
and fT1 ; T2 ; …; T6 g have been analyzed using an existing DNS database of statistically planar turbulent premixed ﬂames subjected to
forced unburned gas turbulence. Detailed descriptions of the numerical implementations pertaining to this DNS database have been provided elsewhere25,27,42,43 and thus only a brief description has been
provided here. The simulations have been carried out using a wellknown DNS code SENGAþ where the conservation equations of
mass, momentum, energy and species are solved in non-dimensional
form. In SENGAþ, high-order ﬁnite-difference (10th order for internal points and the order of accuracy gradually drops to a one-sided
second order scheme at the non-periodic boundaries) and
Runge–Kutta (third order) schemes are used for spatial discretization
and explicit time advancement, respectively. A 10th order central difference scheme yields almost identical accuracy as that of a spectral
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scheme.44 A skew-symmetric form is used for the convective terms to
minimize the spatial coherence of the discretization error.45 Further,
the grid spacing ensures at least 10 grid points within the thermal
ﬂame thickness dth and 1.5 grid points within the Kolmogorov scale g:
The PDF of turbulent non-reacting velocity ﬁeld is approximately
Gaussian but the deviation from a Gaussian distribution can be
obtained at small length scales, which is consistent with previous ﬁndings.46 Moreover, the PDFs of the velocity derivatives deviate from a
Gaussian distribution and the tails of longitudinal as well as transverse
velocity derivative PDFs are characterized by exponential distributions.
However, the lateral derivative skewness is close to zero due to the
symmetry of the Navier–Stokes equations. Moreover, the skewness Sk
and kurtosis Fk for forced homogeneous isotropic turbulence are
found to be 0:6  Sk  0:35 and 3:30  Fk  4:0, which are consistent with previous experimental47,48 and numerical46,49 results.
These ﬁndings for the current code and the numerical schemes used
in this paper have been reported elsewhere (see Fig. 11 of Ref. 50) and
thus are not repeated here, but interested readers are referred to Ref.
50 for further information.
The boundaries in the direction of mean ﬂame propagation
direction (i.e., x1  direction) are taken to be turbulent inﬂow and partially nonreﬂecting outﬂow, respectively. The transverse boundaries
(i.e., boundaries in x2  and x3 directions) are taken to be periodic.
The boundary conditions are speciﬁed following the Navier–Stokes
characteristics boundary conditions technique. A modiﬁed bandwidth
forcing50 is used to force turbulence in the unburned gas ahead of the
ﬂame so that both the root mean square turbulent velocity and integral
length scale of turbulence can be maintained within the unburned gas.
A single-step Arrhenius type irreversible chemical reaction is assumed
for these simulations and the thermophysical parameters are chosen to
represent the stoichiometric methane-air ﬂame preheated to 415 K,
which leads to a heat release parameter s ¼ ðTad  T0 Þ=T0 ¼ 4:5
where T0 and Tad are the unburned gas temperature and the adiabatic
ﬂame temperature, respectively. This simpliﬁcation allows for an
extensive parametric analysis and does not affect the conclusions of
this investigation,51 as the current analysis focuses on the aspects of
ﬂuid dynamics.
The mean inlet velocity Umean is gradually modiﬁed to match the
turbulent ﬂame speed to ensure a statistically stationary state of the
ﬂame. The simulation domain for statistically planar turbulent pre2
mixed ﬂames is taken to be 79:5dth  ð39:8dth Þ , which is discretized
by a uniform Cartesian grid of dimension 800  400  400 with
dth ¼ ðTad  T0 Þ=maxjrT jL being the thermal ﬂame thickness where
T is the dimensional temperature.
The root ﬃmean square turbulent
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
velocity ﬂuctuation (i.e., u0 ¼ 2kdomain =3) normalized by the
unstrained laminar burning velocity u0 =SL and integral length scale to
thermal ﬂame thickness ratio l=dth are listed in Table I along with the
values of Damk€ohler number Da ¼ lSL =u0 dth and Karlovitz number
Ka ¼ ðu0 =SL Þ3=2 ðl=dth Þ1=2 where kdomain is the turbulent kinetic
energy evaluated over the whole domain. The Damk€ohler number Da
provides the ratio of the integral timescale or eddy turnover time
te ¼ l=u0 to the chemical timescale tc ¼ dth =SL . By contrast the
Karlovitz number Ka corresponds to the smallest Kolmogorov eddies
and is the ratio of the chemical timescale to the Kolmogorov timescale.2 It is noted that a decrease in Da is associated with an increase in
Ka and vice versa and they can be related to each other using the scaling relation Ret  Da2 Ka2 .1 As a consequence, the ﬂame structure
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TABLE I. The attributes of the DNS database considered for this analysis.

Cases

u0 =SL

l=dth

Da

Ka

Regime

A
B
C
D
E

1.0
3.0
5.0
7.5
10.0

3.0
3.0
3.0
3.0
3.0

3.0
1.0
0.6
0.4
0.3

0.58
3.0
6.5
11.9
18.3

Wrinkled/corrugated ﬂamelets
Thin reaction zones
Thin reaction zones
Thin reaction zones
Thin reaction zones

cannot be described by only one parameter, and one needs to consider
different ﬂame structures and modeling strategies2 depending on
the question if turbulent eddies can or cannot enter the preheat and
or reaction zone. The regimes of combustion for these cases are also
indicated in Table I, which shows that the cases considered here
range from the wrinkled/corrugated ﬂamelets to the high Karlovitz
number thin reaction zones regime.1 The total simulation time for
all cases remains greater than one through pass time and at least 10
eddy turnover times (i.e., 10l=u0 ) to ensure a statistically steady state
in all cases.25,27,42,43
For the purpose of evaluating the Reynolds-/Favre-averaged values of the quantity under consideration, it is ensemble averaged in the
homogeneous directions (which are the transverse directions normal
to the mean ﬂame propagation direction in the current conﬁguration)
following previous studies11–15 and also in time once the quasi-steady
state has been obtained.

scitation.org/journal/phf

III. RESULTS AND DISCUSSION
The distributions of the normalized squared strain rate magnitude Sij Sij  d2th =S2L in the central-midplane for cases A, C, and E are
shown in Figs. 1(a)–1(c), respectively. The contours of reaction progress variable c ¼ 0:1; 0:3; 0:5; 0:7; and 0.9, where c is deﬁned in
terms of a suitable reactants mass fraction YR as c ¼ ðYR0  YR Þ=
ðYR0  YR1 Þ with the subscripts 0 and 1 refering to values in
unburned reactants and fully burned products. The DNS cases considered here exhibit a monotonic trend from case A to case E, and therefore, cases B and D are not explicitly shown in these and subsequent
ﬁgures. It can be seen from Figs. 1(a)–1(c) that the distribution of Sij Sij
changes from case A to case E with the change in Ka. Further, high
values of Sij Sij are obtained within the ﬂame in case A and the values
within the ﬂame are much greater than those in both unburned and
burned gases. This behavior changes signiﬁcantly with an increase in
Ka. By contrast, in cases C and E, the magnitude of Sij Sij decreases
from the unburned gas to the burned gas side and this trend strengthens with increasing Ka. Moreover, Figs. 1(b) and 1(c) reveal that Sij Sij
values change sharply from high to low magnitudes, and the length
scale over which Sij Sij values change is smaller in case E than in case C.
An increase in u0 =SL for a given value of l=dth increases the turbulent
Reynolds number and thus the range of length scales observed in case
E is greater than in case C.
The normalized mean values of fS11 ; S22 ; S12 ; S23 ; and
@ui =@xi ¼ Sii g  dth =SL conditional upon c for cases A, C, and E are
shown in Figs. 2(a)–2(c), respectively. As S33 and S13 are statistically
similar to S22 and S12 , respectively, the mean values of S33 and S13 are

FIG. 1. Distributions of Sij Sij  d2th =S2L in the central midplane with c ¼ 0:1; 0:3; 0:5; 0:7; 0:9 (left to right) superimposed for cases (a) A, (b) C, and (c) E.
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FIG. 2. Variations of the mean values of fS11 ; S22 ; S12 ; S23 ; @ui =@xi g  dth =SL (ﬁrst column) and fsa ; sb ; sc ; @ui =@xi g  dth =SL (second column) conditioned upon c for
cases (a) (d) A, (b) (e) C, and (c) (f) E.

not explicitly shown in Fig. 2 for the sake of brevity. It can be seen
from Fig. 2 that the mean values of the diagonal components of strain
rate tensor S11 and S22 are of comparable magnitudes and they remain
much greater than the mean values of non-diagonal components S12
and S23 for all cases.
The trace of strain rate tensor Sii provides the dilatation rate
@ui =@xi (i.e., @ui =@xi ¼ Sii ) and its mean assumes positive values, and
they are comparable for all cases because the mean value of dilatation
rate conditional upon c are principally governed by the thermochemistry, which remains unaltered for all cases considered here. For the purpose of completeness, the normalized mean values of the strain rate
eigenvalues fsa ; sb and sc g  dth =SL (where sa ; sb , and sc are the most
extensive, intermediate, and the most compressive principal strain
rates, respectively) conditional upon c are also shown in Figs.
2(d)–2(f). Although the mean values of @ui =@xi ¼ ðsa þ sb þ sc Þ
remain comparable for all cases, the magnitudes of sa and sc increase
from case A to case C. In case A, the mean value of sa remains much
greater than those of sb and sc and is almost equal to the mean value
of @ui =@xi . However, the magnitudes of the mean value of sa and sc
become increasingly comparable moving from case A to case E and
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the mean values of strain rate eigenvalues follow jhsc ij > hsa i > hsb i
for cases C–E where hQi is the mean value of a general quantity Q
conditional upon c.
It is useful to analyze the evolutions of the individual components
of the strain rate tensor Sij within the ﬂame in order to explain the
observed differences in the distributions of Sij Sij  d2th =S2L and Sij
dth =SL in Figs. 1 and 2, respectively. The normalized mean values of
the terms on the right side of the transport equations of diagonal strain
11
11
11
11
11
rate components S11 and S22 (i.e., fG11
1 ; G2 ; G3 ; G4 ; G5 ; G6 g
2
22
22
22
22
22
2
d2th =S2L and fG22
;
G
;
G
;
G
;
G
;
G
g

d
=S
)
conditioned
1
2
3
4
5
6
th L
upon c for cases A, C, and E are shown in Figs. 3 and 4, respectively.
The terms of the transport equation of S33 are both qualitatively and
quantitatively same as that of S22 because x2 and x3 directions are statistically identical for the canonical conﬁguration considered here.
Thus, the terms of the transport equation of S33 are not explicitly
shown for the sake of conciseness.
It can be seen from Figs. 3 and 4 that the strain rate contributions
and G22
G11
1 ¼ ðS11 S11 þ S12 S12 þ S13 S13 Þ
1 ¼ ðS12 S12 þ S22 S22
þS23 S23 Þ assume negative mean values, as dictated by their mathematical expressions. The mean values of the vorticity contributions
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2
11
11
11
11
11
2
FIG. 3. Variations of the mean values of fG11
1 ; G2 ; G3 ; G4 ; G5 ; G6 g  dth =SL conditioned upon c for cases (a) A, (b) C, and (c) E.

22
G11
2 ¼ ðx2 x2 þ x3 x3 Þ=4 and G2 ¼ ðx1 x1 þ x3 x3 Þ=4 remain
small in case A (i.e., for small Karlovitz number ﬂames) but its magnitude and relative strength increases with increasing Ka and becomes
the leading source term for cases C–E where the magnitude of the positive values decreases from the unburned to the burned gas side of the
ﬂame front.
The magnitude of vorticity increases with the increasing u0 =SL ,
which leads to an augmentation in the magnitudes of the mean values
22
of G11
2 ¼ ðx2 x2 þ x3 x3 Þ=4 and G2 ¼ ðx1 x1 þ x3 x3 Þ=4 from case

22
A to case E. The terms G11
3 and G3 arising from the correlation
between pressure and density gradients act as source terms in the
transport equations of S11 and S22 , respectively. The thermal expansion within the ﬂame gives rise to negative values of density gradient
and pressure gradient in the ﬂame normal direction, which gives rise
22
to positive mean values of G11
3 and G3 . The relative alignment of density and pressure gradients within the ﬂame front have been discussed
elsewhere27 along with detailed physical explanations, which are not
repeated here for the sake of brevity. The pressure Hessian terms G11
4

2
22
22
22
22
22
2
FIG. 4. Same as Fig. 3 but for fG22
1 ; G2 ; G3 ; G4 ; G5 ; G6 g  dth =SL for cases (a) A, (b) C, and (c) E.
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and G22
4 assume positive mean values for a major part of the ﬂame
before exhibiting negative values toward the burned gas side of the
ﬂame front. In a steady state laminar ﬂame, the pressure attains its
minimum value within the ﬂame, which leads to a negative pressure
gradient toward the unburned gas side before assuming positive values
toward the burned gas side. This pressure gradient distribution induces negative (positive) values for the second spatial derivative of pressure toward the unburned (burned) gas side of the ﬂame front and
22
accordingly the pressure Hessian terms G11
4 and G4 assume positive
(negative) values on the unburned (burned) gas sides of the ﬂame. The
behavior of the mean pressure Hessian term in the turbulent cases
remains qualitatively similar to that in the case of a steady laminar
ﬂame. The magnitudes of the mean values of the pressure Hessian
22
terms G11
4 and G4 remain much higher compared to that of the strain
22
rate contributions (i.e., G11
1 and G1 ) and vorticity contributions (i.e.,
22
and
G
)
for
case
A
but
magnitudes
of the mean values of the
G11
2
2
pressure Hessian, strain rate, and vorticity contributions become comparable for ﬂames with higher values of Karlovitz number (e.g., case
E). The contributions of the mean molecular diffusion and dissipation
22
term G11
6 and G6 behave just opposite to the mean pressure Hessian
22
contributions G11
4 and G4 but the magnitudes of the mean values of
22
22
and
G
remain
comparable
to the mean values of G11
G11
6
6
4 and G4 ,
respectively. The magnitudes of the mean values of the term originating from the correlations of the density and viscous stress gradients
22
G11
5 and G5 remain small in comparison with the magnitudes of the
11
11
11
22
22
22
22
mean values of G11
1 ; G2 ; G4 ; G6 and G1 ; G2 ; G4 ; G6 , respectively.
22
and
G
assume
relatively
signiﬁcant
The mean values of the terms G11
5
5
negative values only toward the burned gas side of the ﬂame.
The strengthening of the strain rate and vorticity contributions
and the weakening of the pressure Hessian contributions with the
increase in Ka for the diagonal components are consistent with previous DNS ﬁndings27 for principal strain rate transports for this dataset.
However, the principal strain rate directions are not aligned with the
Cartesian coordinate directions and thus a direct quantitative comparison with the terms of the transport equations of the diagonal elements
of the strain rate tensor is not possible. The weak contributions of the
pressure Hessian term in comparison with the strain rate and vorticity
contributions to the transport of the diagonal elements of strain rate
are also consistent with previous experimental26 and DNS27 ﬁndings
for the principal strain rate transport.
A comparison between Figs. 3 and 4 reveals that the magnitudes
of the mean values of the terms of the transport equation for S11 , especially the pressure Hessian and dissipation terms, in case A remain
smaller than that of the corresponding terms in the transport equation
for S22 (and also for S33 but not explicitly shown here). However, this
tendency diminishes with an increase in Ka and the terms of the transport equations of S11 and S22 (and also for S33 but not shown here)
remain comparable for cases C–E. This suggests that the terms of the
strain rate transport exhibit anisotropy for turbulent premixed ﬂames
for small values of Ka but the extent of this anisotropy decreases with
increasing Karlovitz numbers. This behavior was observed also for subgrid/Reynolds stresses and interested readers are referred to Refs. 8, 25,
and 52–54 for further information in this regard in terms of Lumley’s
triangle, which is not repeated here for the sake of conciseness.
The sum of the corresponding terms of the transport equations
of the diagonal components of the strain rate tensor provides the terms
for the transport equation for dilatation rate @ui =@xi [see Eq. (2)].
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33
Thus, the statistical behaviors of the mean values of G11
a , Ga and Ga
(for a ¼ 1; 2…; 6) provide insights into the mean behaviors of the
terms on the right-hand side of Eq. (2). Figures 3 and 4 indicate that
the evolution of @ui =@xi is signiﬁcantly affected by strain rate, vorticity, molecular dissipation, and pressure Hessian contributions but the
relative inﬂuence of pressure Hessian weakens with increasing Ka.
For the sake of completeness, the normalized mean values of the
terms on the right side of the transport equations of non-diagonal
12
12
12
strain rate components S12 and S23 (i.e., fG12
1 ; G2 ; G3 ; G4 ;
2
2
12
2
23
23
23
23
23
23
2
G12
;
G
g

d
=S
and
fG
;
G
;
G
;
G
;
G
;
G
g

d
=S
)
con5
6
1
2
3
4
5
6
th L
th L
ditioned upon c for cases A, C, and E are shown in Figs. 5 and 6,
respectively. The terms of the transport equation of S13 are both qualitatively and quantitatively same as that of S12 because x2 and x3 directions are statistically similar for the canonical conﬁguration considered
here. Thus, the terms of the transport equation of S13 are not explicitly
shown here.
A comparison between Figs. 3–6 reveals that the magnitudes of
the mean values of the terms for the non-diagonal strain rate components are smaller (almost by an order of magnitude) than those of the
diagonal strain rate components. However, the magnitudes of the
mean values of the terms in the transport equation of the nondiagonal strain rate components remain non-negligible, indicating
that the principal strain rate directions do not necessarily coincide
with the Cartesian coordinates. The mean values of the terms due to
23
pressure Hessian (i.e., G12
4 and G4 ), correlation between density and
12
pressure gradients (i.e., G3 and G23
3 ), and the combined molecular dif23
fusion and dissipation (i.e., G12
6 and G6 ) remain as the signiﬁcant contributors in case A. In this case, the mean values of the pressure
23
Hessian contributions (i.e., G12
4 and G4 ) assume positive (negative)
mean values toward the unburned (burned) gas side of the ﬂame and
just the opposite behavior was observed for the combined molecular
23
diffusion and dissipation terms (i.e., G12
6 and G6 ). However, the qualitative behaviors of the mean values of the pressure Hessian (i.e., G12
4
and G23
4 ) and combined molecular diffusion and dissipation terms
23
(i.e., G12
6 and G6 ) change for cases B–E (B and D not shown) where
23
the mean values of G12
4 and G4 assume predominantly negative mean
values for the major portion of the ﬂame before exhibiting positive
mean values toward the burned gas side. By contrast, the combined
molecular diffusion and dissipation term shows predominantly positive mean values for the major portion of the ﬂame before exhibiting
negative mean values toward the burned gas side. The mean contribu23
12
tions of the strain rate (i.e., G12
1 and G1 ) and vorticity terms (i.e., G2
23
and G2 ) to the transports of the non-diagonal strain rate components
S12 and S23 strengthen with increasing Ka. The effects of thermal
expansion are relatively strong for small values of Ka (e.g., in case A),
which induces stronger anisotropy in the ﬂow ﬁeld and this inﬂuence
is particularly strong in the direction of mean ﬂame propagation. This
makes the mean behaviors of the terms of the transport equation of
S12 and S13 in case A differ from that in cases C–E.
It is important to note that the terms of the transport equations
of sa ; sb ; and sc are presented and their statistical behaviors have been
explained elsewhere27 and the interested readers are referred to Kasten
et al.27 for further information in this regard. This information plays a
~
key role in explaining the statistical behaviors of the terms in the E
transport equation which will be discussed next. The variations of
fT1 ; T2 ; T3 ; T4 ; T5 ; T6 g  d3th =l0 S3L with ~c for cases A, C, and E are
shown in Figs. 7(a)–7(c), respectively.
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12
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FIG. 5. Same as Fig. 3 but for fG12
1 ; G2 ; G3 ; G4 ; G5 ; G6 g  dth =SL for cases (a) A, (b) C, and (c) E.

It can be seen from Figs. 7(a)–7(c) that the term T6 acts as a leading order sink in the dissipation rate transport for all cases irrespective
of Ka. The terms due to the correlation between density and pressure
gradients, and pressure Hessian (i.e., T3 and T4 ) act as the major sour~ for case A (and also in
ces to the Favre-averaged dissipation rate E
case B but not shown here) but these terms become insigniﬁcant in
1 (e.g.,
comparison with the magnitudes of T6 for ﬂames with Ka
case E). Moreover, the strain rate term T1 acts as a sink term in case A

throughout the ﬂame brush (and also for the major part of the ﬂame
brush in case B except for the leading edge of the ﬂame brush but not
shown here), whereas T1 becomes the leading source term for ﬂames
with Ka
1 (e.g., case E). However, in case C, the strain rate contribution assumes high positive values toward the unburned gas side of
the ﬂame brush, but it becomes weakly negative for ~c > 0:4, and in
this case the pressure Hessian term T4 continues to play an important
role as a leading order source term. The magnitude of the vorticity

2
23
23
23
23
23
2
FIG. 6. Same as Fig. 3 but for fG23
1 ; G2 ; G3 ; G4 ; G5 ; G6 g  dth =SL for cases (a) A, (b) C, and (c) E.
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FIG. 7. Variations of fT1 ; T2 ; T3 ; T4 ; T5 ; T6 g  d3th =l0 S3L with ~c for cases (a) A, (b) C, and (c) E.

contribution T2 remains negligible in comparison with the terms
T3 ; T4 ; and T6 in case A. However, T2 assumes negative values and
plays a signiﬁcant role toward the unburned gas side of the ﬂame
brush before becoming insigniﬁcant in comparison with the magnitudes of T3 ; T4 ; and T6 in cases C–E. The term T5 arising from the
correlations of density and viscous stress gradients remains small in
magnitude in comparison with the leading order contributors (e.g.,
~ transport for all cases,
T6 ) to the Favre-averaged dissipation rate E
ij
which is consistent with the behavior of G5 presented in Figs. 3–6. For
ﬂames with Ka
1, the leading order balance is maintained between
T1 and T6 similar to non-reacting ﬂows,40 and the inﬂuence of T3 and
T4 weakens with increasing Karlovitz number, which is consistent
with the observations made from Figs. 3–6 regarding the transport of
individual strain rate components. However, for Ka
1 ﬂames, the
magnitudes of the leading order contributions of T1 ; T2; and T6
decrease from the unburned to the burned gas side of the ﬂame brush.
The term T1 can be written as T1 ¼ 4lðs3a þ s3b þ s3c Þ
þ 4lðs2a þ s2b þ s2c Þðsa þ sb þ sc Þ=3 where sa ; sb and sc are the most
extensive (or most positive), intermediate and the most compressive
(or most negative) principal strain rate, respectively. For case A, sa
sb and sa
jsc j (see Fig. 2), and thus, T1 assumes negative values
in this case. However, in case E, jsc j > sa > sb (see Fig. 2), as in the
case of non-reacting ﬂows,55,56 which leads to positive values of T1 .
For case C, jsc j > sa > sb is maintained toward the unburned gas side
of the ﬂame, where the effects of heat release are weak and therefore
T1 assumes positive values in this region. However, the magnitudes of
sa and sc become comparable in the middle of the ﬂame brush in case
C, which results in small negative values of T1 . The tendency obtaining
55,56
jsc j > sa > sb (see Fig. 2), as in the case of non-reacting ﬂows,
increases with increasing Ka, and therefore the likelihood of obtaining
positive value of T1 increases with an increase in Ka.
Based on the eigendecomposition, T2 can be expressed as: T2
^ bx
^ b þx
^ cx
^ c 2x
^ ax
^ a Þ=3 þlsb ðx
^ ax
^ a þx
^ cx
^ c 2x
^ bx
^ b Þ=3
¼ lsa ðx
^ ax
^ bx
^ cx
^ a; x
^ b , and x
^ c are the
^ a þx
^ b 2x
^ c Þ=3 18 where x
þlsc ðx
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components of vorticity in the directions of the most extensive, intermediate and the most compressive principal strain rate directions,
~ preferentially
respectively. It was shown in previous studies16,27 that x
aligns with the intermediate principal strain rate direction irrespective
~ with the most extenof the combustion regime but the alignment of x
sive and most compressive eigendirections changes depending on the
regime of combustion.16,27 For the combination of small Ka (i.e.,
~ does not show
Ka < 1) and large Da (i.e., Da > 1), such as in case A, x
any alignment with the most extensive principal strain rate eigendirection but a signiﬁcant amount of collinear alignment with the eigendirection associated with the most compressive principal strain rate
^ ax
^b x
^a
^ bx
(shown in Ref. 27 for this database), which leads to x
^ cx
^ ax
^c x
^ a . By contrast, for Ka > 1 and Da< 1 ﬂames (e.g.,
and x
cases C–E), ~
x exhibits signiﬁcant collinear alignment with the eigendirection associated with sa , which was shown in Ref. 27 for this data^b x
^ cx
^ c and x
^ ax
^a x
^ cx
^ c for Ka > 1 and
^ bx
base. This leads to x
Da< 1 ﬂames (e.g., cases C–E). The explanations for the above behaviors are provided elsewhere16,27 and thus are not repeated here. These
vorticity alignment characteristics with strain rate eigendirections sug^ b þx
^ c 2x
^ a Þ=3 is the dominant contributor
^ bx
^ cx
^ ax
gest that lsa ðx
^ ax
^ a þx
^ bx
^ b 2x
^ cx
^ c Þ=3 is the major
to T2 in case A, whereas lsc ðx
contributor to T2 in cases C–E (also in case B but not shown here).
~ remains small in case A, as suggested by
However, the magnitude of x
ij
the small magnitudes of G2 in Figs. 3–6. This leads to a negligible contribution of T2 in case A. The negative value of sc leads to a negative
~ decreases from the
value of T2 in cases C–E. As the magnitude of x
unburned to the burned gas side, the magnitude of T2 drops with the
increasing ~c in cases C–E (also in case B but not shown here).
The term T3 can be written as T3 ¼ 4lðsa Ga3 þ sb Gb3 þ sc Gc3 Þ
4lðGa3 þ Gb3 þ Gc3 Þðsa þ sb þ sc Þ=3,
which
leads
to
T3
 c

b
a
¼ð4l=3Þ½G3 ð3sa @ui =@xi ÞþG3 3sb @ui =@xi þG3 3sc @ui =@xi 
ij

with Ga3 ;Gb3 and Gc3 being the components of the tensor G3 in the
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principal strain rate eigendirections corresponding to the most extensive, intermediate, and the most compressive principal strain rate
directions, respectively. It was demonstrated in a previous analysis27
that Ga3 ;Gb3 , and Gc3 assume predominantly positive values because
both pressure and density drop within the ﬂame and rp and rq
show collinear alignment with rc in these ﬂames (see Figs. 3 and 11
in Ref. 27). In case A, Ga3 Gb3 and Ga3 Gc3 are obtained because both
rp and rq show collinear alignment with the eigendirection associated with sa (see Figs. 4 and 8 in Ref. 27), which suggests that
ð4l=3Þ½Ga3 ð3sa @ui =@xi Þ is the dominant contributor to T3 in this
case. As sa @ui =@xi in case A (see Fig. 2), ð4l=3Þ½Ga3 ð3sa @ui =@xi Þ
yields a relatively strong positive contribution of T3 . A qualitatively
similar behavior is also observed in case B (not shown here). However,
in other cases, the positive contribution of ð4l=3Þ½Ga3 ð3sa  @ui =@xi Þ
 i =@xi Þ, which
is nulliﬁed by the negative values of ð4l=3Þ½Gc3 ð3sc @u
leads to a relatively weak contribution of T3 in ﬂames with Ka > 1
and Da < 1 (e.g., cases C–E).
The pressure Hessian contribution T4 can be expressed as T4
¼ð4l=3Þ½sa ð2Ga4 Gb4 Gc4 Þþsb ð2Gb4 Ga4 Gc4 Þþsc ð2Gc4 Gb4 Gc4 Þ,
ij
where Ga4 ;Gb4 ; and Gc4 are the components of the tensor G3 in the principal strain rate eigendirections corresponding to the most extensive,
intermediate, and the most compressive principal strain rate directions, respectively. The components Ga4 ;Gb4 ;andGc4 are given by
^ a ; ^e a Þ þ Pb cos2 ðp
^ b ; ^e a Þ þ Pc cos2 ðp
^ c ; ^e a Þ;
Ga4 ¼ Pa cos2 ðp

(7a)

^ a ; ^e b Þ þ Pb cos2 ðp
^ b ; ^e b Þ þ Pc cos2 ðp
^ c ; ^e b Þ;
Gb4 ¼ Pa cos2 ðp
c
2
2
2
^ a ; ^e c Þ þ Pb cos ðp
^ b ; ^e c Þ þ Pc cos ðp
^ c ; ^e c Þ;
G4 ¼ Pa cos ðp

(7b)
(7c)

where Pa ; Pb ; and Pc are the most extensive, intermediate, and the
^ a; p
^ b , and p
^c
most compressive eigenvalues of @ 2 p=@xi @xj with p
being the corresponding eigenvectors, and ^e a ; ^e b , and ^e c are the strain
rate eigenvectors corresponding to sa ; sb , and sc , respectively. It was
shown by Kasten et al.27 that for case A ^e a ; ^e b and ^e c preferentially
^ c; p
^ b , and p
^ a , respectively, within a major part
align collinearly with p
of the ﬂame but toward the burned gas side ^e a ; ^e b , and ^e c remain
^ a; p
^ c , and p
^ b , respectively. Although these trends are
aligned with p
observed for moderate turbulence intensities (e.g., cases B and C), the
extent of these alignments decreases with the increasing u0 =SL . The
^ c and between ^e c with p
^ a yield large posalignments between ^e a with p
itive values of Ga4 and Gc4 within the reaction zone but the perfect
^a ; p
^ c , and p
^ b , respectively,
alignment between ^e a ; ^e b and ^e c with p
leads to negative values of Ga4 and Gc4 toward the burned gas side for
cases A and B. Moreover, this leads to small magnitudes of Gb4 in comparison with Ga4 and Gc4 for cases A and B. For non-reacting isotropic
^ a and
turbulent ﬂows, ^e a and ^e c are in incomplete alignment with p
^ b are collinearly aligned, whereas under aniso^ c , whereas ^e b and p
p
^a
tropic turbulence, ^e a and ^e c exhibit incomplete alignment with p
^ b , but a perfect alignment is obtained between ^e b and p
^ c .27
and p
The incomplete alignments between ^e a (^e c ) and p
^ a (^
p c ) are also
obtained for cases D and E, similar to non-reacting ﬂows,57,58 and
these imperfect alignments give rise to reduced relative importance
of Ga4 ; Gb4 , and Gc4 for high turbulence intensities.27 However, the
^ c ; and p
^ a , respectively,
collinear alignment of ^e a and ^e c with p
increases in the heat releasing zone of the ﬂame even for cases D and
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E, and this leads to positive values of Ga4 ; Gb4 , and Gc4 for
0:5  c  0:8.27 The behaviors of Ga4 and Gc4 are found to be
mostly qualitatively similar to G11 and G22 in Figs. 3 and 4. The combination of sa > jsb j, sa > jsc j, jGa4 j > jGb4 j, and jGc4 j > jGb4 j in
case A gives rise to a signiﬁcant positive contribution of T4
¼ð4l=3Þ½sa ð2Ga4 Gb4 Gc4 Þþsb ð2Gb4 Ga4 Gc4 Þþsc ð2Gc4 Gb4 Gc4 Þ in
case A (and also in case B) because Ga4 and Gc4 assume positive values
for the major part of the ﬂame brush. However, the magnitudes of
sa ;sb ; and sc are comparable (see Fig. 2) and the same holds
for Ga4 ;Gb4 , and Gc4 for high turbulence intensities27 and thus
positive and negative contributions of ð4l=3Þsa ð2Ga4 Gb4 Gc4 Þ,
ð4l=3Þsb ð2Gb4 Ga4 Gc4 Þ, and ð4l=3Þsc ð2Gc4 Gb4 Gc4 Þ mostly nullify
each other to yield relatively weak magnitude of T4 in comparison
with T1 .
ij
It has been found that the magnitudes of G5 remain small in
comparison with the leading order source/sink terms of the transport
equations of Sij , and therefore, the magnitudes of T5 are found to be
negligible in comparison with the leading order source and sink terms
~ for all cases. The term T6 can be decomof the transport equation of E
posed as
!

 2
d
@
S
ij
mm
T6 ¼ 4q 2 Sij 
3
@xi @xj
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
T6ðiÞ

!


@Sij @Sij 1 @Sll @Smm
@
@E
þ
l
4q 2

:
@xj
@xj
@xk @xk 3 @xk @xk
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
|ﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄ}
T
T6ðiiÞ

(8)

6ðiiiÞ

The term T6ðiiiÞ is a negative semi-deﬁnite term (i.e., T6ðiiiÞ  0)
because of the mathematical identity [ð@Sij =@xk Þð@Sij =@xk Þ
1=3ð@Sll =@xk Þð@Smm =@xk Þ > 0 and in the context of RANS,
T6ðiiÞ  jT6ðiiiÞ j. The term @ 2 Smm =@xn @xn changes the sign within
the ﬂame and positive and negative values are equally likely for
@ 2 Smm =@xt @xt (where subscripts n and t are used for ﬂame normal
and tangential directions, respectively), and therefore, the net contribution of T6ðiÞ remains much smaller in magnitude in comparison
with T6ðiiiÞ (i.e., T6ðiÞ  jT6ðiiiÞ j) for all cases. This suggests that T6
assumes negative values for all cases due to negative semi-deﬁnite values of T6ðiiiÞ .
Finally, it is worthwhile to consider the scaling estimates of the
terms T1  T6 . The timescale associated with the ﬂuctuating
strain rate is scaled with respect to a timescale ts given by:
ts1 ¼ maxðSL =dth ; u0 =KÞ  ðSL =dth Þmaxf1; Kag where the strain
rate is expected to be dominated by the chemical timescale in the
corrugated ﬂamelets regime (i.e., Ka < 1),1 whereas in the thin
reaction zones regime the ﬂuctuating strain rate can be scaled
using u0 =K following Tennekes and Lumley59 where K is the
Taylor micro-scale. The ﬂuctuating vorticity components can also
be scaled as: u0 =K following Tennekes and Lumley.59 In addition, if
the density and pressure gradients and the second-derivative of
pressure are scaled using q0 =dth ; sq0 S2L =dth , and sq0 S2L =d2th , respectively, following Steinberg et al.,26 it is possible to obtain the following scaling estimates:
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T2  l0 ts1 u02 =K2 ; T3  l0 ts1 sS2L =d2th ;


T4  l0 ts1 sS2L =d2th ; T5  l0 ts2 ðSL =dth Þðdth =ld Þ;
(9)
 2 2
2
T6  l0 ts ðSL =dth Þ dth =ld ;

T1  l0 ts3 ;

where ld is a length scale associated with the strain rate gradients,
which is taken to be ld  maxðdth ; gÞ  dth maxð1; Ka0:5 Þ (where g
is the Kolmogorov length scale) because the largest strain rate gradient is expected to be associated with dth and g in the corrugated
ﬂamelets (i.e., Ka < 1) and thin reaction zones (i.e., Ka > 1)
regimes, respectively. According to Eq. (9), T1 ; T3 ; T4 , and T6 are
expected to play leading order roles in the corrugated ﬂamelets
regime (i.e., Ka < 1), and are expected to be of the order of
l0 S3L =d3th , which is consistent with the observations made for case
A in Fig. 7. By contrast, T1 ; T2 ; and T6 become the leading order
terms in the thin reaction zones regime (i.e., Ka > 1) ﬂames, and
scale as l0 S3L =d3th  Ka3 , which is consistent with the observations
made from Fig. 7 for cases C–E. For the thin reaction zones regime
(i.e., Ka > 1) ﬂames, the terms T3 and T4 scale as sl0 S3L =d3th  Ka,
and therefore, these terms remain negligible in comparison with
the magnitudes of T1 ; T2 and T6 in cases C–E. These scaling estimates are also consistent with an increase in the magnitudes of
~ with an increase in Ka.
terms of the transport equation of E
The two-equation model for turbulent ﬂuid motion solves a
transport equation for the dissipation rate of turbulent kinetic
energy and the same holds true for Reynolds stress closures.
However, this equation is also unclosed and requires modeling.
The present analysis of the dissipation rate transport equation, and
the scaling analysis suggests that the leading order terms that need
to be modeled most accurately change depending on the regime of
premixed combustion (i.e., on the value of Karlovitz number). It
also indicates that the alignments of vorticity and pressure Hessian
with strain rate eigenvectors change depending on the regime of
combustion. For large Karlovitz numbers, they resemble those of
non-reacting turbulent ﬂows, but signiﬁcant differences are to be
expected for small Karlovitz numbers due to the signiﬁcant contributions of the density variation and pressure Hessian terms in the
dissipation rate transport equation, which do not play leading
order roles for high values of Karlovitz number.
IV. CONCLUSIONS
The statistical behaviors of the evolutions of the components of
the strain rate tensor and Favre-averaged dissipation rate of kinetic
energy have been analyzed for different turbulence intensities spanning a range of different Karlovitz numbers using DNS data of statistically planar turbulent premixed ﬂames propagating into forced
unburned gas turbulence. The mean direction of ﬂame propagation is
taken to align with the x1-direction. Consequently, the magnitudes of
the terms of the transport equations of the diagonal components of
the strain rate tensor remain much greater than the corresponding
terms of the non-diagonal components of the strain rate tensor within
the ﬂame. It has been found that the pressure Hessian contribution
and the combined molecular diffusion and dissipation terms remain
the dominant contributors and the magnitudes of their mean values
remain greater than the strain rate and vorticity contributions in the
transport equations of the diagonal strain rate components and Favreaveraged dissipation rate of kinetic energy for ﬂames with small turbulence intensities characterized by Da > 1 and Ka < 1. However, the
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leading order balance is maintained between the strain rate, vorticity,
and molecular dissipation contributions for ﬂames with Da < 1 and
Ka > 1, similar to non-reacting turbulent ﬂows. The contributions of
the terms arising from the correlation between pressure and density
gradients and pressure Hessian to the strain rate and dissipation rate
of kinetic energy transports are found to weaken in comparison to
the corresponding molecular dissipation contributions with an
increase in Ka. Detailed physical explanations have been provided in
terms of alignments of vorticity, pressure gradient, and pressure
Hessian eigenvectors with principal strain rate directions for the
changes in relative importances of different terms of the transport
equations of strain rate components and the Favre-averaged dissipation rate of kinetic energy. The magnitudes of the terms of the Favreaveraged dissipation rate of kinetic energy increase with the increasing
Ka, which has been explained with the help of a detailed scaling analysis. The scaling analysis has also been utilized to identify the leading
order contributions to the dissipation rate of kinetic energy for different combustion regimes. Although the present analysis focuses on
ﬂuid-dynamical aspects and previous ﬁndings from simple and
detailed chemistry cases revealing qualitatively similar enstrophy
transport statistics,17–19 the present ﬁndings based on simple chemistry need to be validated in the future in the context of detailed chemistry and transport. Moreover, the modeling of the unclosed terms of
the Favre-averaged dissipation rate of kinetic energy will form the
foundation for future analyses.
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