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ABSTRACT
The effects of body forces (alternatively Froude number) on both vorticity and enstrophy evolutions
within the flame brush have been analysed using Direct Numerical Simulations (DNS) data of freely
propagating statistically planar turbulent premixed flames subjected to different turbulence intensities.
The turbulence parameters are taken to represent the thin reaction zone regime of premixed turbulent
combustion. The enstrophy has been found to decay significantly from the unburned to the burned gas
side of the flame brush for high turbulence intensities and this trend is particularly prominent for the
strengthening of the body force promoting unstable stratification. However, local instances of enstrophy
generation have been observed and in some cases the decay of enstrophy is arrested across the flame
brush for small turbulence intensities. This trend strengthens with the increasing magnitude of the body
force promoting stable stratification. The enstrophy generation due to the baroclinic torque is primarily
responsible for this local enstrophy generation for small turbulence intensities especially under the body
force promoting stable stratification. This baroclinic torque contribution is also found to be responsible
for anisotropic behaviour of vorticity components within the flame brush. The vortex stretching and
viscous dissipation terms have been found to be the leading order source and sink terms, respectively,
in the enstrophy transport for high turbulence intensities especially in the case of body force promoting
unstable stratification. However, baroclinic torque, and the sink term due to dilatation rate continue to
play significant roles even for high turbulence intensity cases considered here but their relative
importance increases with decreasing turbulence intensity especially under the body force promoting
stable stratification. The surface-weighted entrainment velocity has been found to be mostly unaffected
by the body force in this analysis, and a minor influence can be discerned in the case of small turbulence
intensities where an unstable stratification tends to promote high negative values of entrainment
velocity only towards the unburned gas side of the flame brush.
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I. INTRODUCTION
The vorticity and enstrophy fields are fundamentally important for the analysis of turbulent fluid
motion1-3 and they play key roles in determining fluid flow topology.4,5 Corrsin6 in his pioneering work
suggested a superlayer separating the vortical turbulent zone from the irrotational flow region. Libby 7
characterised the interface between the vortical zone and the irrotational flow region in terms of
intermittency function. Dopazo and O’Brien8 derived the exact form of the intermittency function in
terms of entrainment velocity which is dependent on the enstrophy evolution in turbulent flows.
However, the enstrophy evolution in premixed flames has received limited attention 9-15 in comparison
to the vast body of literature for turbulent non-reacting flows.1-8 The velocity pattern induced by the
incompressible vortical motion gives rise to a pressure distribution which increases from the centre to
the periphery of the vortex, whereas flame normal acceleration due to thermal expansion in a freely
propagating laminar premixed flame without any external body force/pressure gradient gives rise to a
self-induced pressure drop within the flame but the pressure eventually increases to the thermodynamic
pressure in the burned gas for low Mach number combustion.16-25 The pressure gradients induced by
both vortical turbulent motion and flame-normal acceleration are expected to affect the enstrophy
evolution and distribution of vorticity in turbulent premixed flames through the baroclinic torque.9-15
The alignment of vorticity with local principal strain rate directions has been analysed for nonreacting26-32 flows and also for non-premixed33-35 and premixed9,10,14,36 flames. It has been found that
vorticity aligns preferentially with the intermediate strain rate eigendirection but its alignments with the
most extensive and the most compressive principal strain rate directions change with the regime of
combustion and the characteristic Lewis number.7 It has been found that vorticity shows considerable
alignment with the most compressive principal strain rate direction and no alignment with the most
extensive principal strain rate direction when the dilatation rate remains almost equal to the most
extensive principal strain rate, which is often realised in the corrugated flamelets regime37 and for flames
with characteristic Lewis number much smaller than unity (i.e., 𝐿𝑒 ≪ 1.0).10 However, vorticity shows
an increased alignment with the most extensive principal strain rate direction in the regions of heat
release for the thin reaction zones regime37 premixed turbulent flames with characteristic Lewis number
close to unity (i.e., 𝐿𝑒 ≈ 1.0).10 The enstrophy evolution across the flame is also determined by the
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density ratio between unburned reactants and fully burned products 𝜎, characteristic Lewis number, and
the regime of combustion.10,11,14 It has been found that enstrophy can be augmented from the unburned
gas to the burned gas side of the flame for the corrugated flamelets regime37 and this trend is further
augmented by an increase in density ratio 𝜎 and a decrease in 𝐿𝑒. By contrast, enstrophy drops from
the unburned gas to the burned gas side for flames with high values of Karlovitz number 𝐾𝑎 (e.g., for
𝐾𝑎 ≫ 1 flames representing the thin reaction zones and broken reaction zones regimes) for 𝐿𝑒 ≈ 1.0
but the enstrophy augmentation across the flame can also be obtained for the thin reaction zones regime
flames with 𝐿𝑒 ≪ 1.0.12,13 The evolutions of enstrophy and vorticity within the flame brush have been
addressed in a number of recent analyses9-14, which revealed that 𝜎, 𝐿𝑒 and 𝐾𝑎 have significant influence
on the terms in the enstrophy transport equation. Recently, Lipatnikov et al.38 analysed the relation
between enstrophy evolution and flame stretch in turbulent premixed flames in the corrugated flamelets
regime and demonstrated a negative correlation between the baroclinic torque and flame stretch in these
flames. However, all the aforementioned analyses on the enstrophy transport characteristics have been
conducted in the absence of external pressure gradient and body forces. In contrast, premixed flames
propagating in ducts are often subjected to external pressure gradients.39,40 Moreover, the presence of
buoyancy is known to affect the flame wrinkling and the nature of turbulent transport. 39,40 Thus, it can
be expected that the presence of external pressure gradient and body force will affect the baroclinic
torque contribution to the enstrophy transport but there is no analysis available in the existing literature
where the effects of external pressure gradient and body forces on the enstrophy transport are addressed.
This gap in the existing literature has been addressed in the current analysis by considering a simple
chemistry Direct Numerical Simulation (DNS) database of statistically planar flames subjected to
different strengths of external pressure gradient/body force (i.e., characterised by Froude number 𝐹𝑟,
which provides the ratio of inertial force to body force) and turbulence intensities, under decaying
turbulence. In this respect, the main objectives of the paper are as follows:
(a) To demonstrate the effects of 𝐹𝑟 on the statistical behaviours of the different terms of the vorticity
𝜔
⃗ and enstrophy Ω transport equations for different values of turbulence intensity.
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(b) To provide physical explanations for the influences of 𝐹𝑟 and turbulence intensity on the statistical
behaviours of the different terms of the vorticity 𝜔
⃗ and enstrophy Ω transport equations.
The rest of the paper is organised as follows. The mathematical background and numerical
implementation related to the current analysis are presented in Sections II and III, respectively. The
results related to the influence of 𝐹𝑟 on the statistical behaviours of the vorticity 𝜔
⃗ and enstrophy Ω
transport for different values of turbulence intensity are presented in Section IV. The main findings are
summarised, and conclusions are drawn in Section V of this paper.

II. MATHEMATICAL BACKGROUND
In premixed flames, the species field is often characterised in terms of a reaction progress variable 𝑐,
which increases monotonically from 0 in the unburned gas to 1.0 in fully burned products. The reaction
progress variable 𝑐 can be defined based on a suitable reactant/product mass fraction 𝑌 as: 𝑐 = (𝑌0 −
𝑌)/(𝑌0 − 𝑌∞ ) where the subscripts 0 and ∞ refer to the values in the unburned gas and fully burned
products, respectively. The conservation equations of mass, momentum, energy and reaction progress
variable take the following form in the presence of the body force term subject to the assumption of
Fickian diffusion: 39,40
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where 𝜌 is the gas density, 𝑢𝑖 is the 𝑖 𝑡ℎ component of fluid velocity, 𝑝 is the pressure, τ𝑖𝑗 is the
𝑇̂

component of shear stress tensor, 𝑆𝑖 = ρΓ𝑖 is the body force term in the 𝑖 𝑡ℎ direction, 𝑒 = ∫𝑇
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𝑟𝑒𝑓

𝐶𝑣 𝑑𝑇′ +

𝑢𝑘 𝑢𝑘 ⁄2 + 𝐻(1 − 𝑐) is the specific internal energy, 𝑇̂ is the dimensional temperature, 𝐶𝑣 is the specific
heat at constant volume, 𝜆 is the thermal conductivity, 𝐷 is the reaction progress variable diffusivity,
𝐻 is heat of combustion per unit consumption of reactants and 𝜔̇ 𝑐 is the reaction rate of reaction
progress variable. The body force term is assumed to take non-zero values only in the 𝑥1 -direction,
which is aligned with the mean direction of flame propagation (i.e., negative 𝑥1 -direction). Based on
the body force term, a Froude number can be defined as: 𝐹𝑟 = 𝑆𝐿 /√Γ1 δ𝑍 where δ𝑍 = α 𝑇0 /𝑆𝐿 is the
Zel’dovich flame thickness, 𝑆𝐿 is the unstrained laminar burning velocity, α 𝑇0 is the thermal diffusivity
in the unburned gas. Thus, 𝑆1 can be expressed as 𝑆1 = ρΓ1 = ρ𝑔∗ 𝑆𝐿2 /δ𝑍 and 𝑔∗ stands for the inverse
of Froude number-squared (i.e., 𝑔∗ = Γ1 δ𝑍 /𝑆𝐿2 = 𝐹𝑟 −2 ). A positive (negative) value of 𝑔∗ indicates an
externally imposed flow acceleration (deceleration). Moreover, a positive (negative) value of 𝑔∗ is
representative of an externally imposed adverse (favourable) pressure gradient. A positive value of 𝑔∗
also represents an unstable configuration where the heavier cold unburned reactants reside on top of the
lighter hot burned products whereas a negative 𝑔∗ value is indicative of a stable configuration where
the heavier cold unburned reactants reside underneath the lighter hot burned products.

One obtains the transport equation of vorticity 𝜔
⃗ =∇×𝑢
⃗ upon taking curl of eq. 1b. The transport
equation of the ith component of vorticity 𝜔𝑖 = 𝜀𝑖𝑗𝑘 𝜕𝑢𝑘 /𝜕𝑥𝑗 takes the following form: 11-15
𝜕𝜔𝑖
𝜕𝜔𝑖
𝜕𝑢𝑖
1 𝜕𝜌 𝜕𝜏𝑘𝑙 𝜖𝑖𝑗𝑘 𝜕 2 𝜏𝑘𝑙
𝜕𝑢𝑘 𝜖𝑖𝑗𝑘 𝜕𝜌 𝜕𝑝
+ 𝑢𝑘
= 𝜔𝑘
− 𝜖𝑖𝑗𝑘 2
+
−𝜔𝑖
+ 2
𝜕𝑡
𝜕𝑥𝑘 ⏟ 𝜕𝑥𝑘 ⏟ 𝜌 𝜕𝑥𝑗 𝜕𝑥𝑙
𝜌 𝜕𝑥𝑗 𝜕𝑥𝑘
⏟𝜌 𝜕𝑥𝑗 𝜕𝑥𝑙 ⏟ 𝜕𝑥𝑘 ⏟
𝑡1𝑖

𝑡21𝑖

𝑡22𝑖

𝑡3𝑖

(2)

𝑡4𝑖

The term t1i on the right-hand side of eq. 2 is the ith component of the vortex-stretching term, whereas
t21i represents the ith component of the viscous torque term arising from the misalignment between the
gradients of viscous stress and density and vanishes in constant-density flows. The ith component of the
third term on the right-hand side (i.e., 𝑡22𝑖 ) is the vorticity diffusion term and is equal to 𝜈 𝜕 2 𝜔𝑖 ⁄𝜕𝑥𝑗 𝜕𝑥𝑗
in Newtonian fluid flows with constant thermo-physical properties with 𝜈 being the kinematic viscosity.
The term 𝑡3𝑖 depicts the destruction of the ith component of vorticity by dilatation rate, whereas the ith
component of term ⃗⃗⃗
𝑡4 represents the contribution from the baroclinic torque owing to the misalignment
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of the density and pressure gradients. The terms ⃗⃗⃗⃗⃗
𝑡21 , ⃗⃗⃗
𝑡3 and ⃗⃗⃗
𝑡4 vanish in constant-density flows. Note
that the curl of 𝑆𝑖 is zero as the imposed body force has a constant value. Consequently, the source term
𝑆𝑖 does not introduce any additional term in the transport equation of 𝜔𝑖 but this source term can lead
to differences in pressure gradient which can lead to differences in the behaviours of the baroclinic
torque term ⃗⃗⃗
𝑡4 in response to the variations of 𝐹𝑟.

On multiplication of both sides of eq. 2 by 𝜔𝑖 the transport equation of enstrophy Ω = 𝜔𝑖 𝜔𝑖 /2 11-15 is
obtained :
𝜕𝛺
𝜕𝛺
𝜕𝑢𝑖
1 𝜕𝜌 𝜕𝜏𝑘𝑙 𝜖𝑖𝑗𝑘 𝜔𝑖 𝜕 2 𝜏𝑘𝑙
𝜕𝑢𝑘
𝜔𝑖 𝜕𝜌 𝜕𝑝
+ 𝑢𝑘
= 𝜔𝑖 𝜔𝑘
−𝜖𝑖𝑗𝑘 𝜔𝑖 2
+
−2
Ω + 𝜖𝑖𝑗𝑘 2
𝜕𝑡
𝜕𝑥𝑘 ⏟
𝜕𝑥𝑘 ⏟
𝜌 𝜕𝑥𝑗 𝜕𝑥𝑙 ⏟ 𝜌 𝜕𝑥𝑗 𝜕𝑥𝑙 ⏟ 𝜕𝑥𝑘
⏟ 𝜌 𝜕𝑥𝑗 𝜕𝑥𝑘
𝑇1

𝑇21

𝑇3

𝑇22

(3)

𝑇4

̅ 11,12,14,15:
Reynolds averaging eq. 3 yields the following equation for the Reynolds averaged enstrophy Ω
𝜕𝛺
𝜕𝑡

+ 𝑢𝑘

𝜕𝛺
𝜕𝑥𝑘

𝜕𝑢

1 𝜕𝜌 𝜕𝜏𝑘𝑙
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𝜕𝑥𝑘 ⏟
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𝑇𝐼

𝜕𝑥𝑙

+

𝜖𝑖𝑗𝑘 𝜔𝑖 𝜕2 𝜏𝑘𝑙

⏟𝜌

𝑇𝐼𝐼

−2

𝜕𝑢𝑘

𝜕𝑥𝑗 𝜕𝑥𝑙 ⏟ 𝜕𝑥𝑘
𝑇𝐼𝐼𝐼

𝑇𝐼𝑉

𝜔 𝜕𝜌 𝜕𝑝

Ω + 𝜖𝑖𝑗𝑘 2𝑖
⏟ 𝜌 𝜕𝑥𝑗 𝜕𝑥𝑘

(4)

𝑇𝑉

where 𝑄 indicates the Reynolds averaged value of a general quantity 𝑄. The Favre average of a general
quantity 𝑄 is given by: 𝑄̃ = ̅̅̅̅
𝜌𝑄 /𝜌̅ and 𝑄′′ = 𝑄 − 𝑄̃ is the Favre fluctuation of the quantity 𝑄. In the
case of isotropic turbulence, the dissipation rate 𝜀̃ of turbulent kinetic energy 𝑘̃ = ̅̅̅̅̅̅̅̅̅
𝜌𝑢𝑖′′ 𝑢𝑖′′ /2𝜌̅ can be
̅ under the assumption of constant viscosity and therefore the transport of Ω
̅ is
expressed as: 𝜌̅ 𝜀 ̃ ≈ 2𝜇Ω
important for the purpose of the closure of dissipation rate 𝜀̃.1,11 The term TI is the vortex stretching
contribution to the mean enstrophy Ω transport, whereas TII represents the mean value of the crossproduct of two vectors, the density gradient and the viscosity torque. The term TIII, can be rewritten as:
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝜈𝜔𝑖 (𝜕 2 𝜔𝑖 ⁄𝜕𝑥𝑗 𝜕𝑥𝑗 ) = ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝜈 𝜕 2 Ω⁄𝜕𝑥𝑗2 − 𝜈(𝜕𝜔
𝑖 ⁄𝜕𝑥𝑗 )(𝜕𝜔𝑖 ⁄𝜕𝑥𝑗 ) if the dynamic viscosity is constant, and
it represents the combined action of molecular diffusion (i.e., ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝜈 𝜕 2 Ω⁄𝜕𝑥𝑗2 ) and dissipation (i.e.,
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
−𝜈(𝜕𝜔
𝑖 ⁄𝜕𝑥𝑗 )(𝜕𝜔𝑖 ⁄𝜕𝑥𝑗 )) of the mean enstrophy Ω. The dissipation contribution (i.e.,
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
−𝜈(𝜕𝜔
𝑖 ⁄𝜕𝑥𝑗 )(𝜕𝜔𝑖 ⁄𝜕𝑥𝑗 )) dominates over the molecular diffusion term (i.e., 𝜈 𝜕 Ω⁄𝜕𝑥𝑗 ) for high
7

values of turbulent Reynolds number. The term TIV represents enstrophy dissipation due to dilatation
whereas the baroclinic torque contribution to the enstrophy transport is represented by TV. The statistical
behaviours 𝑇𝐼 , 𝑇𝐼𝐼 , 𝑇𝐼𝐼𝐼 , 𝑇𝐼𝑉 and 𝑇𝑉 in response to the variations of turbulence intensity and 𝑔∗ = 𝐹𝑟 −2
will be discussed in detail in Section IV of this paper.

III. NUMERICAL IMPLEMENTATION
A well-known compressible DNS code SENGA+41 is used to generate the database in the present study.
A single step irreversible chemical reaction has been considered for the purpose of simplification of
chemistry in the interest of an extensive parametric analysis in terms of turbulence intensity and 𝑔∗ =
𝐹𝑟 −2 . As the present analysis focuses on the fluid-dynamical aspects of turbulent premixed combustion,
the simplification in terms of chemistry is not expected to influence the results of this paper and the
conclusions drawn from them. Previous studies demonstrated that the enstrophy statistics obtained from
simple chemistry DNS data12,14,42 remain in good qualitative agreement with the corresponding statistics
obtained from detailed chemistry DNS.12,39 In SENGA+, all the spatial derivates for the internal grid
points are evaluated using a 10th order central difference scheme and the order of accuracy gradually
drops to a one-sided 2nd order scheme at the non-periodic boundaries.41 The time advancement has been
carried out using a low-storage 3rd order Runge-Kutta scheme.43 The Lewis number of all species are
considered to be unity and standard values are considered for the Prandtl number 𝑃𝑟 (𝑃𝑟 = 0.7) and
2 (
Zel’dovich number β = 𝑇𝑎𝑐 (𝑇𝑎𝑑 − 𝑇0 )/𝑇𝑎𝑑
β = 6.0), where 𝑇𝑎𝑐 is the activation temperature. The

heat release parameter τ = 𝜎 − 1 = (𝑇𝑎𝑑 − 𝑇0 )/𝑇0 is taken to to be 4.5 (i.e., τ = 4.5 and 𝜎 = 5.5).
The gaseous reacting mixture is assumed to follow ideal gas law.

A schematic diagram of the simulation domain is provided in Fig. 1, and it can be seen that the
boundaries in the direction of mean flame propagation (i.e., 𝑥1 -direction) are taken to be partially nonreflecting and the other boundaries are taken to be periodic. The non-periodic boundary conditions are
specified using the Navier-Stokes Characteristic Boundary Conditions (NSCBC) technique.44 A
divergence free, homogeneous, isotropic turbulence field generated using the pseudo-spectral method
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of Rogallo45 according to a Batchelor- Townsend kinetic energy spectrum46 is used to initialise the
turbulent velocity field. The flame and reacting scalar fields have been initialised by steady-state onedimensional unstretched laminar premixed flame solution. The initial values of normalised root-meansquare turbulent velocity fluctuation 𝑢′ /𝑆𝐿 , integral length scale to flame thickness ratio 𝑙 𝑇 /𝛿𝑡ℎ ,
Damköhler number 𝐷𝑎 = 𝑙 𝑇 𝑆𝐿 /𝑢′ 𝛿𝑡ℎ and Karlovitz number 𝐾𝑎 = (𝑢′ ⁄𝑆𝐿 )1.5 (𝑙 𝑇 ⁄𝛿𝑡ℎ )−0.5 are
presented in Table I. Based on the values of 𝑢′ /𝑆𝐿 and 𝑙 𝑇 /𝛿𝑡ℎ listed in Table I, all flames considered in
this analysis belong to the thin reaction zones regime of combustion.34 In the present work the
simulations have been performed for 𝑔∗ = 𝐹𝑟 −2 = −3.12, −1.56, 0.0, 1.56, 3.12 for each set of
turbulence parameters summarised in Table I. A rectangular domain of size 70.2δZ × 35.1δZ × 35.1δZ ,
which amounts to be 12𝑙T0 × 6𝑙T0 × 6𝑙T0 where 𝑙T0 is the initial integral length scale of turbulence has
been used to carry out the simulations. The integral length scale typically increased by a factor of 1.22
at the time statistics were extracted and thus each side of the simulation domain contains enough
independent turbulent samples. The domain dimensions in terms of integral length scale considered for
this analysis remain either comparable or bigger than the analyses which focussed on the vorticity and
enstrophy evolution in turbulent premixed flames in the past.9,11-15 It has also been assessed that halving
the sample size in the transverse directions does not affect both flame wrinkling and vorticity transport
statistics. The simulation domain is discretised by a Cartesian mesh of 400×200×200 with equidistant
grid spacing, ensuring that the grid spacing ∆𝑥 remains smaller than the Kolmogorov length scale and
10 grid points are accommodated within the thermal flame thickness 𝛿𝑡ℎ = (𝑇𝑎𝑑 − 𝑇0 )/ max|∇𝑇̂|𝐿 . The
Kolmogorov length scale can be estimated as: 𝜂~𝑙 𝑇 /(𝐷𝑎3/2 𝐾𝑎3/2 ), which can also be obtained from
the analytical expression of dissipation rate of kinetic energy for the Batchelor-Townsend spectrum.46
At least one Kolmogorov length scale is resolved by 1.2 grid points for the 𝑢′ /𝑆𝐿 = 10 case at the initial
condition and a greater number of grid points resides within the Kolmogorov length scale as turbulence
decays. This implies that in the case of lower initial 𝑢′ /𝑆𝐿 cases (i.e., 3.0 and 5.0) the Kolmogorov
length scale is resolved by more than 1.5-2.0 grid points as the grid spacing is kept constant across all
the cases investigated in this paper. As 𝛿𝑡ℎ /𝜂 scales as 𝛿𝑡ℎ ⁄𝜂 ~𝐾𝑎0.5 , the length scale 𝛿𝑡ℎ ⁄10 is smaller
than 𝜂 for all cases considered here because 𝐾𝑎 remains significantly smaller than 100. Thus, the flame
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resolution determines the grid spacing for the cases considered here. It has been found that the profiles
of reaction progress variable, temperature, and density do not change appreciably when the grid is made
either coarser or finer by a factor of 2.0 and the magnitudes of the differences in 𝑆𝐿 and 𝛿𝑡ℎ for these
grid spacings remain less than 0.1%. All simulations have been carried out for 3.0𝑡𝑒 (where 𝑡𝑒 = 𝑙 𝑇 /𝑢′
is the initial eddy turnover time), which is greater than 2δ𝑡ℎ /𝑆𝐿 for all the cases considered. The
turbulent kinetic energy and dissipation rate evaluated over the unburned gas volume did not change
significantly with time when the statistics are extracted. By that time, 𝑢′ decayed by 55% and 𝑙 𝑇
increased by 22% in comparison to their initial values. The simulation time remains comparable to
several studies11,14,15,40,47-51 which contributed to the enstrophy and vorticity transport analysis in the
past. The Reynolds/Favre-averaged values of a general quantity 𝑞 are evaluated by ensemble averaging
the relevant quantities in 𝑥2 − 𝑥3 planes at a given 𝑥1 location following several previous analyses.
11,14,15,40,47,48

Table I. Initial values of numerical parameters considered for the simulations
𝒖′ /𝑺𝑳

𝒍𝑻 /𝜹𝒕𝒉

𝑫𝒂

𝑲𝒂

Domain size

Grid size

Set-A

3.0

3.0

1.0

3.0

70.2𝛿𝑍 × (35.1𝛿𝑍 )2

400 × (200)2

Set-B

5.0

3.0

0.6

6.45

70.2𝛿𝑍 × (35.1𝛿𝑍 )2

400 × (200)2

Set-C

7.5

3.0

0.4

11.86

70.2𝛿𝑍 × (35.1𝛿𝑍 )2

400 × (200)2

Set-D

10.0

3.0

0.3

18.26

70.2𝛿𝑍 × (35.1𝛿𝑍 )2

400 × (200)2

Figure 1: Schematic diagram of the simulation domain.
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IV. RESULTS & DISCUSSION
The distributions of normalised vorticity magnitude √𝜔𝑖 𝜔𝑖 × 𝛿𝑍 /𝑆𝐿 at the central mid-plane for the
cases considered here are shown in Fig. 2 at the time when the statistics are extracted. The contours of
reaction progress variable 𝑐 = 0.1 to 0.9 (in steps of 0.1 from left to right) are also superimposed on
the normalised vorticity magnitude distribution in Fig. 2. The temporal evolutions of 𝑐 = 0.3, 0.5, 0.7
and 0.9 isosurfaces for Set-A and Set-D with 𝑔∗ = −3.12 and 𝑔∗ = 3.12 are exemplarily shown in
Appendix A for understanding the temporal evolution of flame-turbulence interaction. It can be seen
from Fig. 2 that the extent of flame wrinkling is smaller for negative 𝑔∗ values than for positive 𝑔∗
values, especially for small turbulence intensities. Moreover, for a given value of 𝑔∗ , the flame
wrinkling increases with increasing turbulence intensity 𝑢′ /𝑆𝐿 because of greater extent of flame
surface distortion. The increasing extent of flame wrinkling with increasing values of 𝑔∗ and 𝑢′ /𝑆𝐿 can
be substantiated from the increasing trends of normalised flame surface area 𝐴 𝑇 /𝐴𝐿 and the normalised
volume-integrated reaction rate W𝑇 /W𝐿 with increases in 𝑔∗ and 𝑢′ /𝑆𝐿 , as observed from Fig. 3 where
𝐴 = ∫𝑉 |∇𝑐|𝑑𝑉 and W = ∫V 𝜔̇ 𝑐 𝑑𝑉 with 𝜔̇ 𝑐 being the reaction rate of reaction progress variable, and
subscripts 𝑇 and 𝐿 are used for turbulent and steady laminar flow conditions. A positive value of 𝑔∗ is
representative of the unstable stratification where the heavier reactants are placed on top of the lighter
products, which acts to augment the turbulence-induced flame wrinkling. By contrast, a negative value
of 𝑔∗ is representative of the stable stratification where the lighter products sit on the heavier reactants
and thus the oncoming turbulent flow-induced disturbances are opposed by stable stratification of
density. It can be seen from Fig. 2, and the values of 𝐴 𝑇 /𝐴𝐿 and W𝑇 /W𝐿 in Fig. 3 that the effects of 𝑔∗
are most prominent for small values of 𝑢′ /𝑆𝐿 and the body force effects weaken with increasing 𝑢′ /𝑆𝐿 .
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Figure 2: Distribution of (𝝎𝒊 𝝎𝒊 )𝟏⁄𝟐 × 𝜹𝒁 ⁄𝑺𝑳 in the central 𝒙𝟏 − 𝒙𝟐 plane at time when the
statistics are extracted for Set-A to Set-D (1st - 4th column) for 𝒈∗ = −𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔 and
𝟑. 𝟏𝟐 (1st - 5th row). The contours of reaction progress variable 𝒄 = 𝟎. 𝟏 to 0.9 (in steps of 0.1 from
left to right) are also superimposed on the normalised vorticity magnitude distribution.
In order to understand this behaviour it is worthwhile to consider the ratio of body forces to the inertial
forces due to turbulent velocity fluctuations as: 𝐹𝑟𝑇−2 = Γ1 𝑙 𝑇 ⁄𝑢′2 = (𝑔∗ 𝑆𝐿2 /δ𝑍 )/(𝑢′2 /𝑙 𝑇 )~𝑔∗ (𝑙 𝑇 /𝛿𝑍 )/
(𝑢′2 /𝑆𝐿2 ) where 𝐹𝑟𝑇 = 𝑢′⁄√Γ1 𝑙 𝑇 is the turbulent Froude number. This suggests that for a given set of
values of 𝑙 𝑇 /𝛿𝑍 and 𝑔∗ , 𝐹𝑟𝑇 decreases with increasing 𝑢′ /𝑆𝐿 suggesting a diminishing effect of the
body force in comparison to the inertial forces. Thus, at high values of turbulence intensity, the body
force plays a marginal role and therefore the variation of 𝑔∗ does not affect both vorticity distribution
and flame wrinkling for high values of 𝑢′ /𝑆𝐿 (e.g., 𝑢′ ⁄𝑆𝐿 = 7.5 and 10.0 cases).
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Figure 3: Variations of 𝑨𝑻 /𝑨𝑳 and 𝑾𝑻 /𝑾𝑳 with 𝒈∗ for all sets of turbulence parameters
considered.

Figure 2 indicates that √𝜔𝑖 𝜔𝑖 × 𝛿𝑍 /𝑆𝐿 mostly decays from the unburned to the burned gas side of the
flame for high values of 𝑢′ /𝑆𝐿 (e.g., initial 𝑢′ ⁄𝑆𝐿 = 7.5 and 10.0 cases), whereas the instances of
localised augmentation of the vorticity magnitude can be discerned across the flame for small and
moderate values of turbulence intensity (e.g., initial 𝑢′ ⁄𝑆𝐿 = 3.0 and 5.0 cases) irrespective of the value
of 𝑔∗ . This localised vorticity generation across the flame is not only evident for initial 𝑢′ ⁄𝑆𝐿 = 3.0
and 5.0 cases but also can be seen for initial 𝑢′ ⁄𝑆𝐿 = 7.5 cases albeit with a reduced strength. The
effects of 𝑔∗ on the vorticity magnitude are marginal for the cases with initial 𝑢′ ⁄𝑆𝐿 = 10.0. This is
also consistent with the expected marginal influence of body forces for large turbulence intensities as a
result of the weakening of body forces relative of the inertial forces.

The variations of the Reynolds averaged normalised vorticity magnitude ̅̅̅̅̅̅̅̅̅̅̅̅
(𝜔𝑖 𝜔𝑖 )1/2 × 𝛿𝑍 /𝑆𝐿 , and its
flame normal ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝜔𝑛 𝜔𝑛 )1/2 × 𝛿𝑍 /𝑆𝐿 (here the repeated indices do not indicate summation) and flame
̅̅̅̅̅̅̅̅̅̅̅̅̅
1/2 × 𝛿 /𝑆 (here the repeated indices indicate summation over two tangential
tangential (𝜔
𝑡 𝜔𝑡 )
𝑍 𝐿
directions) contributions with Favre-averaged reaction progress variable 𝑐̃ are shown in Fig. 4 for cases
with different values of 𝑢′ /𝑆𝐿 and 𝑔∗ where 𝜔𝑛 𝜔𝑛 = 𝑁𝑖 𝑁𝑗 𝜔𝑖 𝜔𝑗 and 𝜔𝑡 𝜔𝑡 = (𝛿𝑖𝑗 − 𝑁𝑖 𝑁𝑗 )𝜔𝑖 𝜔𝑗 are the
flame normal and flame tangential components of 𝜔𝑖 𝜔𝑖 respectively with 𝑁𝑖 = −(𝜕𝑐/𝜕𝑥𝑖 )/|∇𝑐| being
the ith component of the local flame normal vector. As statistically planar flame cases are considered
here, all Reynolds/Favre averaged values are only the function of the coordinate which is aligned with
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the mean direction of flame propagation (i.e., 𝑥1 −direction). Thus, all the results in Fig. 4 and
subsequent figures are shown as a function of the Favre-averaged reaction progress variable 𝑐̃ . It can
be seen from Fig. 4 that ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝜔𝑛 𝜔𝑛 )1/2 mostly decays from the unburned to burned gas side of the flame
̅̅̅̅̅̅̅̅̅̅̅̅̅
1/2 decays from the unburned gas side of the flame brush before rising
for all cases. By contrast, (𝜔
𝑡 𝜔𝑡 )
again for negative values of 𝑔∗ in the cases with small values of turbulence intensity (e.g., initial
𝑢′ ⁄𝑆𝐿 = 3.0 cases). However, this trend weakens with increasing values of 𝑢′ ⁄𝑆𝐿 and 𝑔∗ but localised
augmentations of ̅̅̅̅̅̅̅̅̅̅̅̅
(𝜔𝑖 𝜔𝑖 )1/2 are obtained for initial 𝑢′ ⁄𝑆𝐿 = 7.5 and 10.0 cases for 𝑔∗ = −1.56 and ̅̅̅̅̅̅̅̅̅̅̅̅̅
1/2 is principally responsible for the localised augmentation of
3.12. Figure 4 suggests that (𝜔
𝑡 𝜔𝑡 )
̅̅̅̅̅̅̅̅̅̅̅̅
(𝜔𝑖 𝜔𝑖 )1/2 for negative values of 𝑔∗ under small values of turbulence intensity. It can further be
appreciated from Fig. 4 that ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝜔𝑡 𝜔𝑡 /2)1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝜔𝑛 𝜔𝑛 )1/2 are not equal to each other throughout the
flame brush, which is indicative of the anisotropic nature of the vorticity distribution within the flame
brush.

In order to explain the differences in vorticity distribution within the flame brush due to the changes in
𝑢′ ⁄𝑆𝐿 and 𝑔∗ , it is instructive to investigate the statistical behaviour of the terms of the vorticity and
(𝑡1𝑡 𝑡1𝑡 )1/2 ,
enstrophy transport equations (i.e., eqs. 2 and 4). The variations of the normalised values of ̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡21𝑡 𝑡21𝑡 )1/2 , (̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡3𝑡 𝑡3𝑡 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡4𝑡 𝑡4𝑡 )1/2 with 𝑐̃ are shown in Fig. 5 for all cases
𝑡22𝑡 𝑡22𝑡 )1/2 , ̅̅̅̅̅̅̅̅̅̅̅̅̅
considered

here

where

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1/2
(𝑡𝑞𝑡 𝑡𝑞𝑡 ) = ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[(𝛿𝑖𝑗 − 𝑁𝑖 𝑁𝑗 )𝑡𝑞𝑖 𝑡𝑞𝑗 ]1/2

with

𝑞 = 1, 21,22, 3,4.

The

corresponding variations of the normalised values of (̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑡1𝑛 𝑡1𝑛 )1/2 , (̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑡21𝑛 𝑡21𝑛 )1/2 , (̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑡22𝑛 𝑡22𝑛 )1/2 ,
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1/2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡3𝑛 𝑡3𝑛 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡4𝑛 𝑡4𝑛 )1/2 with 𝑐̃ are shown in Fig. 6 where (𝑡𝑞𝑛 𝑡𝑞𝑛 )
= ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[(𝑁𝑖 𝑁𝑗 )𝑡𝑞𝑖 𝑡𝑞𝑗 ]1/2 with
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1/2
1/2
𝑞 = 1, 21,22, 3,4. It is important to note that (𝑡𝑞𝑛 𝑡𝑞𝑛 )
and (𝑡𝑞𝑡 𝑡𝑞𝑡 )
(for 𝑞 = 1, 21,22, 3,4) are
not the magnitudes of the transport equations of 𝜔𝑛 and 𝜔𝑡 , respectively but these terms are to be
interpreted as the magnitudes of the projections of the terms in the vorticity transport equation in local
flame normal and tangential directions, respectively.
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̅̅̅̅̅̅̅̅̅̅̅̅̅
𝟏/𝟐 × 𝜹 ⁄𝑺
Figure 4: Variation of ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝝎𝒊 𝝎𝒊 )𝟏/𝟐 × 𝜹𝒁 ⁄𝑺𝑳 , ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝝎𝒏 𝝎𝒏 )𝟏/𝟐 × 𝜹𝒁 ⁄𝑺𝑳 , (𝝎
𝒕 𝝎𝒕 )
𝒁
𝑳 and
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝟏/𝟐
(𝝎𝒕 𝝎𝒕 /𝟐) × 𝜹𝒕𝒉 ⁄𝑺𝑳 with Favre averaged reaction progress variable 𝒄̃ for Set-A to Set-D (1st 4th column) for 𝒈∗ = −𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔 and 𝟑. 𝟏𝟐 (1st - 5th row).
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(𝒕𝟐𝟏𝒕 𝒕𝟐𝟏𝒕 )𝟏/𝟐 × 𝜹𝟐𝒁 /𝑺𝟐𝑳 , ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝒕𝟐𝟐𝒕 𝒕𝟐𝟐𝒕 )𝟏/𝟐 × 𝜹𝟐𝒁 /𝑺𝟐𝑳 ,
Figure 5: Variations of (̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝒕𝟏𝒕 𝒕𝟏𝒕 )𝟏/𝟐 × 𝜹𝟐𝒁 /𝑺𝟐𝑳 , ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝟐
𝟐
𝟐
𝟐
st
(̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝒕𝟑𝒕 𝒕𝟑𝒕 )𝟏/𝟐 × 𝜹𝒁 /𝑺𝑳 and (̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝒕𝟒𝒕 𝒕𝟒𝒕 )𝟏/𝟐 × 𝜹𝒁 /𝑺𝑳 with 𝒄̃ for Set-A to Set-D (1 - 4th column) for 𝒈∗ =
−𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔 and 𝟑. 𝟏𝟐 (1st - 5th row).
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(𝒕𝟏𝒏 𝒕𝟏𝒏 )𝟏/𝟐 × 𝜹𝟐𝒁 /𝑺𝟐𝑳 , (̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Figure 6: Variations of ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝒕𝟐𝟏𝒏 𝒕𝟐𝟏𝒏 )𝟏/𝟐 × 𝜹𝟐𝒁 /𝑺𝟐𝑳 , (̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝒕𝟐𝟐𝒏 𝒕𝟐𝟐𝒏 )𝟏/𝟐 × 𝜹𝟐𝒁 /𝑺𝟐𝑳 ,
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝒕𝟑𝒏 𝒕𝟑𝒏 )𝟏/𝟐 × 𝜹𝟐𝒁 /𝑺𝟐𝑳 and ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝒕𝟒𝒏 𝒕𝟒𝒏 )𝟏/𝟐 × 𝜹𝟐𝒁 /𝑺𝟐𝑳 with 𝒄̃ for Set-A to Set-D (1st - 4th column) for 𝒈∗ =
−𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔 and 𝟑. 𝟏𝟐 (1st - 5th row).
A comparison between Figs. 5 and 6 indicates that the magnitude of the baroclinic torque contribution
(𝑡4𝑡 𝑡4𝑡 )1/2 ) remains much greater than its vanishingly small magnitude
in the tangential direction (i.e., ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡4𝑛 𝑡4𝑛 )1/2 ). For globally adiabatic unity Lewis number flames, the gas
in flame normal direction (i.e., ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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density 𝜌 can be expressed as: 𝜌 = 𝜌0 /(1 + 𝜏𝑐) 21, which suggests that ∇𝜌 = −𝜌0 𝜏∇𝑐/(1 + 𝜏𝑐 )2 =
⃗ |∇𝑐|/𝜌0 and thus the baroclinic torque (∇𝜌 × ∇𝑝)/𝜌2 does not have any component in the local
𝜌2 𝜏𝑁
⃗ , there is no component of
flame normal direction. As the density gradient ∇𝜌 aligns collinearly with 𝑁
the term arising from the misalignment of density and viscous stress gradients in the local flame normal
(𝑡21𝑛 𝑡21𝑛 )1/2 = 0.0). It is important to note that the magnitude of the baroclinic torque
direction (i.e., ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡4𝑡 𝑡4𝑡 )1/2 ) remains significant for all cases and the magnitude of this term dominates
contribution (i.e., ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡1𝑡 𝑡1𝑡 )1/2 , (̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
over the magnitudes of other contributions of vorticity transport (i.e., ̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑡21𝑡 𝑡21𝑡 )1/2 ,
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡22𝑡 𝑡22𝑡 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡3𝑡 𝑡3𝑡 )1/2 ) in the tangential direction for small and moderate values of 𝑢′ ⁄𝑆𝐿 (e.g.,
initial 𝑢′ ⁄𝑆𝐿 = 3.0, 5.0 and 7.5 cases) for negative values of 𝑔∗ and this tendency is observed also for
small turbulence intensities (e.g., initial 𝑢′ ⁄𝑆𝐿 = 3.0 case) without any body force (i.e., 𝑔∗ = 0.0). The
magnitude of the contribution arising from the combined viscous diffusion and dissipation (i.e.,
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡22𝑡 𝑡22𝑡 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡22𝑛 𝑡22𝑛 )1/2 ) play leading order roles in both flame tangential and normal directions
(𝑡1𝑡 𝑡1𝑡 )1/2 increases with increasing
(see Figs. 5 and 6). The magnitude of the vortex-stretching term ̅̅̅̅̅̅̅̅̅̅̅̅̅
turbulence intensity 𝑢′ ⁄𝑆𝐿 irrespective of the values of 𝑔∗ . Moreover, the relative importance of
̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡1𝑡 𝑡1𝑡 )1/2 with respect to the leading order contributions of (̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡4𝑡 𝑡4𝑡 )1/2 increases
𝑡22𝑡 𝑡22𝑡 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡1𝑡 𝑡1𝑡 )1/2 and (̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
with increasing 𝑢′ /𝑆𝐿 and under these conditions ̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑡22𝑡 𝑡22𝑡 )1/2 remain comparable for
(𝑡1𝑛 𝑡1𝑛 )1/2 plays a
large values of 𝑢′ ⁄𝑆𝐿 similar to non-reacting flows. It can be seen from Fig. 6 that ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡1𝑛 𝑡1𝑛 )1/2 remains
leading order role for all turbulence intensities and 𝑔∗ values considered here, and ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡22𝑛 𝑡22𝑛 )1/2 , which is similar to non-reacting flows for high turbulence intensities
comparable to ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡3𝑡 𝑡3𝑡 )1/2 plays a
and/or positive values of 𝑔∗ . The magnitude of the dilatation rate contribution ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡3𝑡 𝑡3𝑡 )1/2 remains comparable
significant role in all cases. For negative values of 𝑔∗ , the magnitude of ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡4𝑡 𝑡4𝑡 )1/2 at small turbulence intensities (e.g.,
to the leading order contributions of (̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑡22𝑡 𝑡22𝑡 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡3𝑡 𝑡3𝑡 )1/2
initial 𝑢′ ⁄𝑆𝐿 = 3.0 case) but the relative importance of the dilatation rate contribution ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡1𝑡 𝑡1𝑡 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡3𝑡 𝑡3𝑡 )1/2
diminishes with increasing 𝑢′ ⁄𝑆𝐿 and 𝑔∗ . However, the magnitudes of ̅̅̅̅̅̅̅̅̅̅̅̅̅
remain comparable for high positive values of 𝑔∗ and high turbulence intensities for the parameter range
(𝑡3𝑛 𝑡3𝑛 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡1𝑛 𝑡1𝑛 )1/2
considered here. It can further be seen from Fig. 6 that the magnitudes of ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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remain comparable for small values of 𝑢′ ⁄𝑆𝐿 (e.g., initial 𝑢′ ⁄𝑆𝐿 = 3.0 case) but the relative importance
(𝑡3𝑛 𝑡3𝑛 )1/2 diminishes with increasing 𝑢′ ⁄𝑆𝐿 and 𝑔∗ . Moreover, the magnitude of ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡3𝑛 𝑡3𝑛 )1/2 also
of ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
decreases with increasing 𝑔∗ . The magnitude of the term arising from the misalignment between the
(𝑡21𝑡 𝑡21𝑡 )1/2 assumes nondensity gradient and viscous stress gradient in the flame tangential direction ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡1𝑡 𝑡1𝑡 )1/2 for large turbulence intensities.
negligible values and remains comparable to ̅̅̅̅̅̅̅̅̅̅̅̅̅

The vortex stretching term 𝑡1 can be expressed as10,14,15:
𝑡1 = (𝜔𝑖 𝜔𝑖 )1/2 [𝑠𝛼 𝑐𝑜𝑠𝜃𝛼 𝑒𝛼 + 𝑠𝛽 𝑐𝑜𝑠𝜃𝛽 𝑒𝛽 + 𝑠𝛾 𝑐𝑜𝑠𝜃𝛾 𝑒𝛾 ]

(5)

where 𝜃𝛼 , 𝜃𝛽 and 𝜃𝛾 are the angles between 𝜔
⃗ and 𝑒𝛼 , 𝑒𝛽 , and 𝑒𝛾 , respectively with 𝑒𝛼 , 𝑒𝛽 , and 𝑒𝛾 being
the eigenvectors corresponding to the most extensive, intermediate and the most compressive principal
⃗ )+
strain rates (i.e., 𝑠𝛼 , 𝑠𝛽 and 𝑠𝛾 ), respectively. This leads to 𝑡1𝑛 = (𝜔𝑖 𝜔𝑖 )1/2 [𝑠𝛼 𝑐𝑜𝑠𝜃𝛼 (𝑒𝛼 ∙ 𝑁
⃗ ) + 𝑠𝛾 𝑐𝑜𝑠𝜃𝛾 (𝑒𝛾 ∙ 𝑁
⃗ )] and 𝑡1𝑖 𝑡1𝑖 = (𝜔𝑖 𝜔𝑖 )[𝑠𝛼2 cos 2 𝜃𝛼 + 𝑠𝛽2 cos 2 𝜃𝛽 + 𝑠𝛾2 cos 2 𝜃𝛾 ]. For
𝑠𝛽 𝑐𝑜𝑠𝜃𝛽 (𝑒𝛽 ∙ 𝑁
⃗ preferentially aligns collinearly with 𝑒𝛼 (i.e.,
small values of 𝑢′ /𝑆𝐿 (e.g., initial 𝑢′ ⁄𝑆𝐿 = 3.0 case) 𝑁
⃗ | = 1.0, |𝑒𝛽 ∙ 𝑁
⃗ | ≈ 0.0 and |𝑒𝛾 ∙ 𝑁
⃗ | ≈ 0.0) where 𝑠𝛼 ≫ |𝑠𝛽 |, |𝑠𝛾 | and 𝑠𝛼 ≈ ∇ ∙ 𝑢
|𝑒𝛼 ∙ 𝑁
⃗ = (𝑠𝛼 + 𝑠𝛽 +
𝑠𝛾 ) (not shown here but interested readers are referred to Refs. 10, 14 for the relevant statistics for
(𝑡3𝑛 𝑡3𝑛 )1/2 = (𝜔𝑖 𝜔𝑖 )1⁄2 |(∇ ∙ 𝑢
turbulence parameters similar to Set-A and Set-B). Thus, ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃗ )[𝑐𝑜𝑠𝜃𝛼 (𝑒𝛼 ∙
⃗ ) + 𝑐𝑜𝑠𝜃𝛽 (𝑒𝛽 ∙ 𝑁
⃗ ) + 𝑐𝑜𝑠𝜃𝛾 (𝑒𝛾 ∙ 𝑁
⃗ )]| turns out to be ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃗ )| ≈
(𝑡3𝑛 𝑡3𝑛 )1/2 ≈ (𝜔𝑖 𝜔𝑖 )1⁄2 |𝑠𝛼 𝑐𝑜𝑠𝜃𝛼 (𝑒𝛼 ∙ 𝑁
𝑁
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡1𝑛 𝑡1𝑛 )1/2 for small turbulence intensities (e.g., initial 𝑢′ ⁄𝑆𝐿 = 3.0 and 5.0 cases) with this trend
weakening with increasing 𝑢′ ⁄𝑆𝐿 . Moreover, for small turbulence intensities (e.g., initial 𝑢′ ⁄𝑆𝐿 = 3.0
⃗|=
case), 𝑡1𝑛 𝑡1𝑛 ≈ (𝜔𝑖 𝜔𝑖 )𝑠𝛼2 𝑐𝑜𝑠𝜃𝛼 , which approaches 𝑡1𝑖 𝑡1𝑖 ≈ (𝜔𝑖 𝜔𝑖 )𝑠𝛼2 cos 2 𝜃𝛼 because of |𝑒𝛼 ∙ 𝑁
⃗ | ≈ 0.0 and |𝑒𝛾 ∙ 𝑁
⃗ | ≈ 0.0 along with 𝑠𝛼 ≫ |𝑠𝛽 |, |𝑠𝛾 | and 𝑠𝛼 ≈ ∇ ∙ 𝑢
1.0, |𝑒𝛽 ∙ 𝑁
⃗ = (𝑠𝛼 + 𝑠𝛽 + 𝑠𝛾 ).
(𝑡1𝑡 𝑡1𝑡 )1/2 = ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡1𝑖 𝑡1𝑖 − 𝑡1𝑛 𝑡1𝑛 )1/2 remain small for small turbulence
Therefore, the magnitudes of ̅̅̅̅̅̅̅̅̅̅̅̅̅
intensities (e.g., initial 𝑢′ ⁄𝑆𝐿 = 3.0 case), as can be observed from Fig. 5.

It is worth noting that the terms 𝑡21 , 𝑡3 and 𝑡4 arise due to thermal expansion as a result of heat release
and thus the magnitudes of these terms in both flame normal and tangential directions assume
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vanishingly small values both on the unburned and the burned gas side of the flame brush. It can be
seen from eq. 2 that the dilatation contribution destroys all vorticity components because of the
predominantly positive dilatation rate 𝜕𝑢𝑖 /𝜕𝑥𝑖 values in premixed flames. The variations of the mean
value of normalised dilatation rate ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝜕𝑢𝑖 /𝜕𝑥𝑖 ) × 𝛿𝑍 /𝑆𝐿 with 𝑐̃ for different values of 𝑔∗ for each set of
turbulence parameters in Table I are shown in Fig. 7. It can be seen from Fig. 7 that the magnitude of
̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝜕𝑢𝑖 /𝜕𝑥𝑖 ) × 𝛿𝑍 /𝑆𝐿 increases significantly with increasing negative magnitudes of 𝑔∗ for small values
of 𝑢′ /𝑆𝐿 (e.g., Set-A with initial 𝑢′ ⁄𝑆𝐿 = 3.0). However, this behaviour weakens with increasing 𝑢′ /𝑆𝐿
and thus there is no significant impact of 𝑔∗ for large values of 𝑢′ /𝑆𝐿 (e.g., Set-C and Set-D with initial
values of 𝑢′ ⁄𝑆𝐿 = 7.5 and 10.0) because the influence of the body force weakens for large values of
turbulence intensity, as discussed earlier. Figures 2 and 3 suggest that the extent of flame wrinkling
(quantified in terms of flame surface area) increases significantly with increasing 𝑔∗ for small values
of 𝑢′ /𝑆𝐿 (e.g., Set-A with initial 𝑢′ ⁄𝑆𝐿 = 3.0) and thus the flame brush thickens with an increase in 𝑔∗ .
This phenomenon for small turbulence intensities (e.g., Set-A with initial 𝑢′ ⁄𝑆𝐿 = 3.0) leads to a
decrease in ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝜕𝑢𝑖 /𝜕𝑥𝑖 ) × 𝛿𝑍 /𝑆𝐿 with an increase in 𝑔∗ . A comparison between Figs. 5-7 reveals that
(𝑡3𝑛 𝑡3𝑛 )1/2 do not change in proportion to ̅̅̅̅̅̅̅̅̅̅̅̅̅
the magnitudes of (̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑡3𝑡 𝑡3𝑡 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝜕𝑢𝑖 /𝜕𝑥𝑖 ) because of
the correlation between 𝜔𝑖 and 𝜕𝑢𝑖 /𝜕𝑥𝑖 within the flame.

(𝑡4𝑡 𝑡4𝑡 )1/2 is principally responsible for either augmenting
A comparison between Figs. 4-6 reveals that ̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅̅
1/2 within the flame brush. Moreover, a comparison between Figs. 4or arresting the decay of (𝜔
𝑡 𝜔𝑡 )
6 reveals that the baroclinic torque contribution is responsible for the anisotropic behaviour of vorticity
components within the flame brush. Thus, it is worthwhile to consider the variations of density and
pressure gradients (i.e., ∇𝜌 and ∇𝑝) within the flame brush for the cases considered here. In this respect,
it is also worth noting that the density gradient statistics also affect the behaviour of 𝑡21 within the flame
brush.

The variations of |∇𝜌| × 𝛿𝑍 /𝜌0 with 𝑐̃ for the cases considered here are shown in Fig. 8, which exhibits,
in consistence with the variations of ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝜕𝑢𝑖 /𝜕𝑥𝑖 ) × 𝛿𝑍 /𝑆𝐿 , a decreasing trend with increasing 𝑔∗ for small
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values of 𝑢′ /𝑆𝐿 (e.g., Set-A with initial 𝑢′ ⁄𝑆𝐿 = 3.0). However, this behaviour weakens with increasing
𝑢′ /𝑆𝐿 , and 𝑔∗ does not have any significant influence for large values of 𝑢′ /𝑆𝐿 (e.g., Set-C and Set-D
with initial values of 𝑢′ ⁄𝑆𝐿 = 7.5 and 10.0), as discussed earlier. For globally adiabatic unity Lewis
⃗ |∇𝑐|/𝜌0 and thus it
number combustion under low Mach number, ∇𝜌 can be expressed as ∇𝜌 = 𝜌2 𝜏𝑁
does not have any component in the flame tangential direction. Accordingly, 𝑡21 and 𝑡4 do not have any
components in the flame normal direction and their contributions are felt only in the flame tangential
direction (see Figs. 5 and 6).

Figure 7: Variations of ̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝝏𝒖𝒊 /𝝏𝒙𝒊 ) × 𝜹𝒁 ⁄𝑺𝑳 with 𝒄̃ for Set-A to Set-D for 𝒈∗ =
−𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔 and 𝟑. 𝟏𝟐.
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Figure 8: Variations of ̅̅̅̅̅̅
|𝛁𝝆| × 𝜹𝒁 /𝝆𝟎 with 𝒄̃ for Set-A to Set-D for 𝒈∗ = −𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔
and 𝟑. 𝟏𝟐 .
̅̅̅̅̅̅} × 𝛿𝑍 /𝜌0 𝑆𝐿2 with 𝑐̃ for all cases considered here are
(∇𝑝)𝑡 |, ̅̅̅̅̅̅̅̅̅̅
The variations of {|̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑛 | and |∇𝑝|
⃗ ∙ ∇𝑝| and ̅̅̅̅̅̅̅̅̅
reported in Fig. 9 where ̅̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑛 | and ̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑡 | are evaluated as ̅̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑛 | = ̅̅̅̅̅̅̅̅̅̅
|𝑁
|(∇𝑝)𝑡 | =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
|√(∇𝑝)2 − (∇𝑝)2𝑛 |. It can be seen from Fig. 9 that ̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑡 | and ̅̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑛 | remain comparable for large
values of 𝑢′ ⁄𝑆𝐿 (e.g., Set-C and Set-D with initial values of 𝑢′ ⁄𝑆𝐿 = 7.5 and 10.0) irrespective of the
value of 𝑔∗ . However, for small values of 𝑢′ ⁄𝑆𝐿 (e.g., Set-A with initial values of 𝑢′ ⁄𝑆𝐿 = 3.0), ̅̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑛 |
dominates over ̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑡 | and this tendency decreases with an increase in the value of 𝑔∗ . The flame
⃗ ∙ ∇𝑝| is associated with locally normal flow
normal pressure gradient magnitude ̅̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑛 | = ̅̅̅̅̅̅̅̅̅̅
|𝑁
acceleration, whereas the pressure gradient in tangential direction is induced by heat release in the

22

surrounding flame wrinkles. The extent of flame wrinkling within the flame brush can be quantified by
⃗ ∙ 𝑒1 | from 1.0 where 𝑒1 is the unit vector in the direction of mean flame propagation.
the departure of |𝑁
⃗ ∙ 𝑒1 | with 𝑐̃ for all cases are shown in Fig. 10.
The variations of ̅̅̅̅̅̅̅̅̅
|𝑁

⃗ ∙ 𝑒1 | exhibit comparable
It can be seen from Figs. 9 and 10 that the cases with small values of ̅̅̅̅̅̅̅̅̅
|𝑁
magnitudes of ̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑡 | and ̅̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑛 | (e.g., Set-C and Set-D for all values of 𝑔∗ and Set-B for high positive
⃗ ∙ 𝑒1 |
values of 𝑔∗ ), whereas ̅̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑛 | > ̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑡 | is obtained for the cases which exhibit high values of ̅̅̅̅̅̅̅̅̅
|𝑁
(e.g., negative values of 𝑔∗ for Set-A). Figure 8 reveals that high magnitudes of ̅̅̅̅̅̅
|∇𝜌| for decreasing
negative values of 𝑔∗ for small turbulence intensities (e.g., Set-A and Set-B with initial 𝑢′ ⁄𝑆𝐿 = 3.0
and 5.0). This leads to increasingly strong contribution of baroclinic torque (∇𝜌 × ∇𝑝)/𝜌2 in the flame
tangential direction with decreasing 𝑔∗ in the cases for small turbulence intensities (e.g., Set-A and SetB with initial 𝑢′ ⁄𝑆𝐿 = 3.0 and 5.0), which exhibit comparable magnitudes of ̅̅̅̅̅̅̅̅̅
|(∇𝑝)𝑡 | for different
values of 𝑔∗ . The baroclinic torque may not only generate vorticity but can also locally damp vorticity
depending on the angle between the vectors 𝜔
⃗ and 𝜌−2 ∇𝜌 × ∇𝑝. This angle is characterized by 𝜃𝑝 =
cos −1 (∇𝜌 × ∇𝑝) ∙ 𝜔
⃗ /(|∇𝜌 × ∇𝑝||𝜔
⃗ |). The variation of ̅̅̅̅̅̅̅̅
𝑐𝑜𝑠𝜃𝑝 with 𝑐̃ for all cases considered here are
shown in Fig. 11. It can be seen from Fig. 11 that the directions of 𝜔
⃗ and (∇𝜌 × ∇𝑝)/𝜌2 are completely
independent of each other for leading and trailing edges of the flame brush. Within the flame brush,
̅̅̅̅̅̅̅̅
𝑐𝑜𝑠𝜃𝑝 assumes relatively high magnitudes for negative values of 𝑔∗ when subjected to small levels of
turbulence intensities (e.g., initial 𝑢′ /𝑆𝐿 =3.0 cases and weakly in the initial 𝑢′ /𝑆𝐿 =5.0 cases) where the
̅̅̅̅̅̅̅̅̅̅̅̅̅
1/2 within the flame
tangential components of (∇𝜌 × ∇𝑝)/𝜌2 contribute to the augmentation of (𝜔
𝑡 𝜔𝑡 )
brush.
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Figure 9: Variations of ̅̅̅̅̅̅̅̅̅
|(𝛁𝒑)𝒕 | × 𝜹𝒁 /𝝆𝟎 𝑺𝟐𝑳 , ̅̅̅̅̅̅̅̅̅̅
|(𝛁𝒑)𝒏 | × 𝜹𝒁 /𝝆𝟎 𝑺𝟐𝑳 and ̅̅̅̅̅̅
|𝛁𝒑| × 𝜹𝒁 /𝝆𝟎 𝑺𝟐𝑳 with Favre
averaged reaction progress variable 𝒄̃ for Set-A to Set-D (1st - 4th column) for 𝒈∗ =
−𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔 and 𝟑. 𝟏𝟐 (1st - 5th row).
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The variations of the normalised values of the terms of the right-hand side of the enstrophy transport
equation (i.e., 𝑇𝐼 , 𝑇𝐼𝐼 , 𝑇𝐼𝐼𝐼 , 𝑇𝐼𝑉 and 𝑇𝑉 ) with 𝑐̃ are shown in Fig. 12 for all cases considered here. It can
be seen from Fig. 12 that the mean contribution of vortex-stretching term 𝑇𝐼 remains positive throughout
the flame brush for all cases. The vortex-stretching term 𝑇𝐼 can be expressed as 10,14,15:
𝑇𝐼 = ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Ω(𝑠𝛼 cos 2 𝜃𝛼 + 𝑠𝛽 cos 2 𝜃𝛽 + 𝑠𝛾 cos 2 𝜃𝛾 )

(6)

In all cases 𝜔
⃗ exhibits preferential collinear alignment with the eigenvector 𝑒𝛽 associated with the
intermediate principal strain rate (not shown here) in accordance with several previous analyses for both
reacting9,10,14,34-36 and non-reacting flows26-33. As the intermediate principal strain rate 𝑠𝛽 is mostly
positive, 𝑇𝐼 assumes positive values in all cases. However, the components of the vortex-stretching
term 𝑡1 and the dilatation rate term 𝑡3 in the most extensive eigendirection cancel each other (see almost
(𝑡1𝑛 𝑡1𝑛 )1/2 and ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝑡3𝑛 𝑡3𝑛 )1/2 in Fig. 6), and there is no component of 𝑡4 in the flame
identical values of ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
normal direction which is in collinear alignment with the most extensive strain rate eigendirection for
initial 𝑢′ ⁄𝑆𝐿 = 3.0 cases for all values of 𝑔∗ , and in 𝑢′ ⁄𝑆𝐿 = 5.0 cases for negative values of 𝑔∗ .
Therefore, in these cases 𝜔
⃗ shows some alignment with the most compressive eigendirection along with
the predominant alignment with the intermediate eigendirection, which suggests that negative
𝑠𝛾 cos 2 𝜃𝛾 partially nullifies positive 𝑠𝛽 cos 2 𝜃𝛽 to yield small positive values of 𝑇𝐼 .
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⃗⃗ ∙ 𝒆
⃗ 𝟏 | with Favre averaged reaction progress variable 𝒄̃ for Set-A to
Figure 10: Variations of ̅̅̅̅̅̅̅̅̅̅
|𝑵
∗
Set-D for 𝒈 = −𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔 and 𝟑. 𝟏𝟐.
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⃗⃗⃗ /(|𝛁𝝆 × 𝛁𝒑| ∙ |𝝎
⃗⃗⃗ |) with Favre averaged reaction
Figure 11: Variations of ̅̅̅̅̅̅̅̅
𝒄𝒐𝒔𝜽𝒑 = ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(𝛁𝝆 × 𝛁𝒑) ∙ 𝝎
∗
progress variable 𝒄̃ for Set-A to Set-D for 𝒈 = −𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔 and 𝟑. 𝟏𝟐.
The relative importance of source contribution of the vortex-stretching term 𝑇𝐼 strengthens with
increasing values of both 𝑢′ ⁄𝑆𝐿 and 𝑔∗ , and for large turbulence intensities 𝑇𝐼 becomes the most
significant source term. For high values of 𝑢′ ⁄𝑆𝐿 and 𝑔∗ , the leading order balance is maintained
between 𝑇𝐼 and the combined molecular diffusion and viscous dissipation term 𝑇𝐼𝐼𝐼 . The magnitude of
the term arising from the misalignment of density gradient and viscous stress gradient remains negligible
in comparison to the leading order sink contribution of the combined molecular diffusion and viscous
dissipation term 𝑇𝐼𝐼𝐼 . The term 𝑇𝐼𝐼𝐼 can be expressed as10,52:
(μ⁄ρ)∇2 Ω + ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(μ⁄3ρ)ω
𝑇𝐼𝐼𝐼 = ̅̅̅̅̅̅̅̅̅̅̅̅̅
⃗⃗ ∙ [∇ × ∇(∇ ∙ 𝑢
⃗ )] + 𝑓(𝜇) − 𝐷𝑣
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(7)

where

𝑓 (𝜇 )

represents

the

contributions

from

viscosity

gradients

and

– 𝐷𝑣 =

(μ⁄ρ)(𝜕𝜔𝑖 ⁄𝜕𝑥𝑙 )(𝜕𝜔𝑖 ⁄𝜕𝑥𝑙 ) is the molecular dissipation of enstrophy. As dilatation rate ∇ ∙ 𝑢
−̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃗ is a
scalar the second term on right hand side of eq. 7 vanishes according to the mathematical identity
∇ × ∇(∇ ∙ 𝑢
⃗ ) = 0. For the present analysis, 𝜇 is taken to be constant so 𝑓(𝜇) is identically zero and the
(μ⁄ρ)∇2 Ω remains negligible in comparison to (– 𝐷𝑣 ) = −̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(μ⁄ρ)(𝜕𝜔𝑖 ⁄𝜕𝑥𝑙 )(𝜕𝜔𝑖 ⁄𝜕𝑥𝑙 )
magnitude of ̅̅̅̅̅̅̅̅̅̅̅̅̅
and 𝑇𝐼𝐼𝐼 assumes negative values due to (– 𝐷𝑣 ) for all cases considered here. The dilatation rate
contribution 𝑇𝐼𝑉 acts as a sink term for all cases but it is the most significant enstrophy sink for small
values of 𝑢′ /𝑆𝐿 (e.g., initial 𝑢′ ⁄𝑆𝐿 = 3.0 and 5.0 cases) and this trend strengthens (weakens) for
increasing magnitudes of negative (positive) values of 𝑔∗ . The relative strength of 𝑇𝐼𝑉 diminishes with
increasing 𝑢′ /𝑆𝐿 but this term continues to play an important role even for initial 𝑢′ ⁄𝑆𝐿 = 7.5 and 10.0
cases. The baroclinic torque term 𝑇𝑉 acts as the most significant source term for flames with low and
moderate turbulence intensities (e.g., initial 𝑢′ ⁄𝑆𝐿 = 3.0 and 5.0 cases) but its relative strength
diminishes with increasing 𝑔∗ , which is consistent with the observations made from Fig. 5. The relative
importance of 𝑇𝑉 also weakens with increasing 𝑢′ ⁄𝑆𝐿 , but even in initial 𝑢′ ⁄𝑆𝐿 = 7.5 and 10.0 cases,
𝑇𝑉 assumes values comparable to the magnitude of the vortex-stretching term 𝑇𝐼 and remains in
approximate equilibrium with the dilatation rate contribution 𝑇𝐼𝐼𝐼 . This suggests that although leading
̅ transport similar to non-reacting
order contributions of 𝑇𝐼 and 𝑇𝐼𝐼𝐼 determine the mean enstrophy Ω
flows1-3,35 for high turbulence intensities especially for positive values of 𝑔∗ , the dilatation rate and
baroclinic torque terms (i.e., 𝑇𝐼𝑉 and 𝑇𝑉 ), which arise due to density change and thermal expansion as a
result of premixed combustion, continue to play important roles in the enstrophy evolution within the
flame brush. A comparison between Figs. 2, 3 and 11 reveals that the baroclinic torque contribution is
principally responsible for local instances of enstrophy generation and arresting the decay of enstrophy
within the flame brush in the case of small turbulence intensities and this trend strengthens with the
increasing magnitude of negative 𝑔∗ .

For a given enstrophy isosurfaces, the kinematic equation is written as6-8,53,54:
𝜕Ω
𝜕𝑡

+ 𝑢𝑗

𝜕Ω
𝜕𝑥𝑗
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= 𝑉Ω |∇Ω|

(8)

where 𝑉Ω is the entrainment velocity6-8, which signifies that the iso-enstrophy surface moves with a
⃗ Ω where 𝑁
⃗ Ω = −∇Ω/|∇Ω| is the normal vector of the iso-enstrophy
propagation velocity of 𝑢
⃗ + 𝑉Ω 𝑁
surface. A comparison between eqs. 4 and 8 reveals that the net contribution of (𝑇𝐼 + 𝑇𝐼𝐼 + 𝑇𝐼𝐼𝐼 + 𝑇𝐼𝑉 +
̅̅̅̅̅̅, where |∇Ω|
̅̅̅̅̅̅ can be considered as the surface area to
(𝑉Ω )𝑠 |∇Ω|
𝑇𝑉 ) provides the value of ̅̅̅̅̅̅̅̅̅
𝑉Ω |∇Ω| = ̅̅̅̅̅̅
volume ratio of iso-enstrophy surface and (̅̅̅̅̅̅
𝑉Ω )𝑠 is the area-weighted entrainment velocity value. It can
be seen from Fig. 12 that (𝑇𝐼 + 𝑇𝐼𝐼 + 𝑇𝐼𝐼𝐼 + 𝑇𝐼𝑉 + 𝑇𝑉 ) predominantly assumes negative values, which
implies that (̅̅̅̅̅̅
𝑉Ω )𝑠 is predominantly negative for the cases considered here, which can be verified from
Fig. 13 where the variations of (̅̅̅̅̅̅
𝑉Ω )𝑠 /𝑆𝐿 with 𝑐̃ are shown for Set-A to Set-D for different values of 𝑔∗ .
The predominance of negative values of entrainment velocity is consistent with the recent findings 53,54
for the thin reaction zones regime flames. A turbulent/non-turbulent (T/NT) interface moves from the
high vorticity region to a low vorticity region for a positive value of 𝑉Ω and accordingly a negative value
of (̅̅̅̅̅̅
𝑉Ω )𝑠 implies that T/NT interfaces retreats into the high vorticity region. A comparison between
Figs. 2 and 13 reveals that the movement of T/NT isosurfaces takes place from the burned gas to the
(𝑉Ω )𝑠 remains comparable
unburned gas side of the flame. Figure 13 reveals that the order of magnitude ̅̅̅̅̅̅
to 𝑆𝐿 , which is also consistent with the previous findings.53,54 Moreover, it can be seen from Fig. 13 that
(𝑉Ω )𝑠 /𝑆𝐿 for moderate and high turbulence intensities (e.g.,
𝑔∗ does not have any major influence on ̅̅̅̅̅̅
Set-B to Set-D with initial 𝑢′ ⁄𝑆𝐿 = 5.0-10.0) but some minor influences can be discerned for low
turbulence intensities (e.g., Set-A with initial 𝑢′ ⁄𝑆𝐿 = 3.0) where high positive values of 𝑔∗ (i.e.,
unstable stratification) tends to induce high negative values of (̅̅̅̅̅̅
𝑉Ω )𝑠 /𝑆𝐿 but these effects remains
prominent only towards the unburned gas side of the flame brush.
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Figure 12: Variations of 𝑻𝑰 × 𝜹𝟑𝒁 /𝑺𝟑𝑳 , 𝑻𝑰𝑰 × 𝜹𝟑𝒁 /𝑺𝟑𝑳 , 𝑻𝑰𝑰𝑰 × 𝜹𝟑𝒁 /𝑺𝟑𝑳 , 𝑻𝑰𝑽 × 𝜹𝟑𝒁 /𝑺𝟑𝑳 , 𝑻𝑽 × 𝜹𝟑𝒁 /𝑺𝟑𝑳 and
(𝑻𝑰 + 𝑻𝑰𝑰 + 𝑻𝑰𝑰𝑰 + 𝑻𝑰𝑽 + 𝑻𝑽 ) × 𝜹𝟑𝒁 /𝑺𝟑𝑳 with 𝒄̃ for Set-A to Set-D (1st - 4th column) for 𝒈∗ =
−𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔 and 𝟑. 𝟏𝟐 (1st - 5th row).
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(𝑽𝛀 )𝒔 /𝑺𝑳 with 𝒄̃ for Set-A to Set-D for 𝒈∗ = −𝟑. 𝟏𝟐, −𝟏. 𝟓𝟔, 𝟎. 𝟎, 𝟏. 𝟓𝟔
Figure 13: Variations of ̅̅̅̅̅̅
and 𝟑. 𝟏𝟐.
V. CONCLUSIONS
The effects of body forces on the evolution of vorticity and enstrophy within the flame brush have been
analysed using DNS data of freely propagating statistically planar turbulent premixed flames subjected
to different turbulence intensities and Froude numbers. The cases investigated here are characterised by
𝐾𝑎 > 1 and 𝐷𝑎~𝑂(1) and are representative of the thin reaction zones regime of premixed turbulent
combustion.37 It has been found that, under the conditions of the present study, enstrophy decreases
significantly from the unburned to the burned gas side of the flame brush for high turbulence intensities
and also for the strengthening of body force in the positive 𝑥-direction, which is representative of
unstable stratification for the flames with the mean direction of flame propagation aligned with the
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negative 𝑥 −direction. However, local instances of enstrophy augmentation within the flame brush has
been observed for small turbulence intensities and this becomes increasingly prominent with the
strengthening of body forces promoting stable stratification. The vorticity components have been shown
to exhibit anisotropic behaviour within the flame brush. It has been demonstrated that the baroclinic
torque term is principally responsible for this anisotropic behaviour. The vortex-stretching and viscous
dissipation terms have been found to be the leading order source and sink terms respectively for large
turbulence intensities but the source term due to baroclinic torque and the sink term due to dilatation
continue to play significant roles for all cases within the parameter range considered here. However,
the baroclinic torque and the sink term due to dilatation play increasingly important roles with
decreasing turbulence intensities and this tendency strengthens further with the strengthening of body
forces promoting stable stratification. The body force has been found not to have any major influence
on the surface-weighted entrainment velocity. However, an unstable stratification for small turbulence
intensities tends to promote high negative values of entrainment velocity only towards the unburned gas
side of the flame brush. The surface weighted entrainment velocity assumes negative values throughout
the flame brush in all cases and assumes values comparable to the laminar burning velocity which are
consistent with previous findings. 53,54

The qualitative nature of the findings of the current investigation is unlikely to be modified in the
presence of detailed chemistry, as indicated in previous analyses.15,42 However, three-dimensional
detailed chemistry DNS data for high values of turbulent Reynolds number will be necessary for deeper
understanding of vorticity and enstrophy evolutions in premixed turbulent flames under the influence
of external body forces. Furthermore, the present analysis does not address the wall-induced shear
effects, which are likely to have significant influences on the vorticity transformation mechanisms for
vorticity dynamics in turbulent reacting flows.52 Some of the issues will form the basis of future
investigations in this regard.
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APPENDIX A
The temporal evolutions of 𝑐 = 0.3, 0.5, 0.7 and 0.9 isosurfaces based on 3D views for with 𝑔∗ =
−3.12,0 and 𝑔∗ = 3.12 are shown in Figs. 14 and 15 for Set-A and Set-D, respectively. The initial
conditions for these isosurfaces correspond to flat square plates and thus are not explicitly shown here.
It can be seen from Figs. 14 and 15 that the flame shape and wrinkling do not appreciably change
between 2.25𝑡𝑒 and 3.0𝑡𝑒 (which corresponds to 75% and 100% of the simulation time, respectively).
Therefore, a reasonable quasi-steady state has been obtained when the statistics were extracted.

𝟑 . 𝟎 𝒕𝒆

𝟐. 𝟐𝟓 𝒕𝒆

𝟏. 𝟓 𝒕𝒆

𝟎. 𝟕𝟓 𝒕𝒆

𝒖′ /𝑺𝑳 = 𝟑. 𝟎 (𝑺𝒆𝒕 − 𝑨)

Figure 14: Temporal evolution of progress variable 𝒄 = 0.3, 0.5, 0.7 and 0.9 isosurfaces for Set-A
with 𝒈∗ = -3.12, 0.0 and 3.12
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𝟑 . 𝟎 𝒕𝒆

𝟐. 𝟐𝟓 𝒕𝒆

𝟏. 𝟓 𝒕𝒆

𝟎. 𝟕𝟓 𝒕𝒆

𝒖′ /𝑺𝑳 = 𝟏𝟎. 𝟎 (𝑺𝒆𝒕 − 𝑫)

Figure 15: Temporal evolution of progress variable 𝒄 = 0.3, 0.5, 0.7 and 0.9 isosurfaces for Set-D
with 𝒈∗ = -3.12, 0.0 and 3.12
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