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Abstract 

We study interactions between the premixed flame front and evolving vortices using the vortex-surface field 

(VSF) and direct numerical simulation of a hydrogen/air premixed flame propagating in a three-dimensional 
Taylor–Green (TG) flow. The VSF, a Lagrangian-based structure identification method, characterizes the 
evolution of a vortex surface consisting of vortex lines across the flame front. Compared to the VSF evolution 

in non-reacting TG flows, the flame has an impact on the evolutionary geometry of vortex surfaces. We find 

that the vortex surfaces merge into bulky structures without rolling-up of vortex tubes and the transition 

of the TG flow is suppressed in the burnt region. The vortex surfaces near the flame are expanded with a 
slight increase of vorticity magnitude owing to the flame-generated positive dilation. The VSF deformation 

in the burnt region, compared to that in the unburnt region during flow transition, is significantly suppressed 

near impermeable planes and slightly amplified near the flame front. The effects of flame-induced motion on 

flame dynamics and geometry are twofold. By comparing the wrinkling of isosurfaces of a progress variable 
in reacting TG flow and isosurfaces of a passive scalar in non-reacting TG flow, we find that the flame can 

increase its surface area and the scalar gradient by inducing an additional straining field near the flame front, 
whereas it can smooth the very sharp scalar structures in non-reacting TG flows under vortex straining near 
impermeable planes. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

The interaction between premixed flame fronts 
and vortices plays a crucial role in various practical 
combustion applications [1] . It is also a fundamen- 
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al problem in the interaction between flames and
urbulence [2–4] . In general, vortices wrinkle the
ame front, which increases the flame surface area
nd the fuel consumption speed, and very strong
ortices can quench the flame [5] . On the other
and, the flame front generates the strong heat re-

ease rate and volume expansion, which can reduce
he local Reynolds number as relaminarization [6] ,
ncrease local vorticity, and induce combustion in-
tabilities [7] . Moreover, the flame front can cause
he local velocity field to be anisotropic [2,4] , so
he turbulence theory and models based on the as-
umption of local isotropy should be scrutinized in
urbulent premixed combustion [8] . 

Most of existing studies on flame/vortex inter-
ctions are mainly based on two-dimensional (2D)
onfigurations of a propagating planar flame and
 vortex pair or ring [5,7,9–11] , in which the major
orticity direction is either parallel or perpendicu-
ar to the flame [12] . The flame/vortex interactions
n practical applications and turbulence, how-
ver, are much more complex than the quasi-2D
ame/vortex configurations, the background un-
teady vortical flow is generally three-dimensional
3D) and may have laminar-turbulent transitional
egions. 

Although it is easy to identify a vortex in 2D
ows without vortex stretching and twisting using
he magnitude of vorticity, there is a lack of ideal
ortex-identification methods in 3D flows. Most
f former studies identify vortices using Eulerian
ortex-identification criteria such as the vorticity
agnitude and the others based on the local veloc-

ty gradient tensor. These methods can effectively
dentify the region with strong vorticity or rota-
ional motion, but the vorticity magnitude has large
ariations near a flame front, so most of the ex-
sting methods are not able to identify a contin-
ous, complete vortical structure across the flame
nd characterize its evolution. Therefore, it appears
o be challenging to characterize flame/vortex inter-
ctions in 3D configurations. 

Alternatively, the vortex-surface field (VSF),
hose isosurface is a vortex surface consisting of 
ortex lines, is developed to tackle the issue of 
he characterization of evolving vortical structures
13] . This method is rooted in the Helmholtz vortic-
ty theorem, but it can describe the Lagrangian-like
volution of vortex surfaces in variable-density vis-
ous flows with numerical regularization. The VSF
ethod has been applied to incompressible viscous

ighly-symmetric flow [14] , transitional channel
ows [15,16] , and compressible flows with shocklets

17] . Numerical results on the evolution of VSFs
larify the continuous vortex dynamics in these
ransitional flows from a Lagrangian perspective in
erms of topology and geometry of vortex surfaces.

In the present study, we propose a new direct
umerical simulation (DNS) case for interactions
f evolving Taylor–Green (TG) vortices [14,18] and
ames in a 3D configuration, and extend the VSF
from non-reacting flows to reacting flows. The TG
vortical flow has a simple initial vorticity field and
has a clear transition process from a laminar flow
to a turbulent-like flow. The VSF has a Lagrangian-
based formalism to characterize the timewise con-
tinuous evolution of vortex surfaces in reacting
flows. In particular, the VSF can characterize a
complete vortical structure consisting of vortex
lines across the flame front, which tackles the prob-
lem of vortex identification in 3D premixed com-
bustion. Furthermore, we will compare a flame
front and a passive scalar interface evolved from the
same initial condition to reveal the influence of the
flame on scalar structures. 

2. Simulation overview 

2.1. DNS 

We consider a planar premixed H 2 /air flame
freely propagating in an evolving TG flow. The
DNS for flame/vortex interactions is performed in
a rectangular domain with sizes L x × L y × L z =
4 L × L × L and L = 2 mm on 1024 × 256 × 256
structured uniform grids. All the boundaries are pe-
riodic. 

The unburnt gas is a lean H 2 /air mixture at at-
mospheric pressure with the equivalence ratio � =
0 . 8 . The temperature of the unburnt gas is T u =
300 K and the adiabatic flame temperature is T ad =
2177 K. The flame speed of the initial laminar
premixed flame is S L = 1 . 467 m/s, the flame ther-
mal thickness is δ = 0 . 318 mm, and the kinematic
viscosity of the unburnt mixture is ν = 2 . 05 ×
10 −5 m 

2 /s. 
The unburnt mixture is ignited by two pla-

nar laminar flames, which are initially around x =
L x / 2 ± L/ 2 and propagate towards opposite x -
directions with the reflectional symmetry respect
to x = L x / 2 . The corresponding initial temperature
profile in the computational domain is 

T ( x , t = 0) = T u + 

T ad − T u 
2 

×
[

1 − tanh 
(

4 
| x − L x / 2 | − L/ 2 

L/ 2 

)]
. 

The Reynolds number in the unburnt region is set
as Re ≡ u 0 l/ν = 400 , which is the same as that
in the former study of VSFs in incompressible
non-reacting TG flows [14] , where u 0 = 25 . 76 m/s
and l = L/ (2 π ) = 0 . 318 mm are characteristic ve-
locity and length scales of the initial TG vortex,
respectively. The TG flows at this moderate Re
and higher Re have the similar transitional process
from a laminar initial flow to a turbulent-like flow.
The Damköhler number Da ≡ lS L / (u 0 δ) = 0 . 057
is low. 

The DNS of flame/TG-vortex interactions is
carried out by the highly parallel code ‘DINO’
[19] which has been used in DNS of turbulent com-
bustion and multiphase flows [20,21] . DINO is a
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low-Mach-number, variable-density flow solver us-
ing a sixth-order finite difference scheme for spatial
discretization and a third-order Runge–Kutta semi-
implicit scheme for time advancement. The nine-
species detailed mechanism [22] for H 2 /air oxida-
tion is used with the reaction rates, thermodynamic
and transport properties evaluated by the soft-
ware package Cantera 1.8. The species diffusion is
treated by the Hirschfelder and Curtiss approxima-
tion, and the Soret effect is neglected. The time step
is set to 12.3 ns, one-thousandth of the characteris-
tic time l / u 0 of the TG flow. All the quantities, e.g.,
the spatial coordinates x , velocity u , vorticity ω,
and time t , are in dimensionless forms as x 

∗ = x /l,
u ∗ = u /u 0 , t ∗ = tu 0 /l , and ω 

∗ = ω l /u 0 in following
expressions, but the asterisks are omitted for clarity.
The initial dimensionless velocity of the TG flow is
( sin x cos y cos z, − cos x sin y cos z, 0) . We remark
that the present DNS setup is the most convenient
one to directly compare the flame/vortex interac-
tion case and the former VSF study of non-reacting
TG flows [14] . The imposed TG initial field leads to
local density variations near the flame front, and
the total mass in the computational domain is con-
served due to TG symmetries. 

2.2. VSF 

The VSF φv is defined to satisfy the constraint
ω · ∇φv = 0 , so that every isosurface of φv is a vor-
tex surface consisting of vortex lines [13] . The cal-
culation of VSFs can be implemented as a post-
processing step based on a time series of velocity–
vorticity fields in DNS. The two-time method is
used to solve the evolution equation of VSFs
[14,17] , which divides each time step into predic-
tion and correction steps. In the prediction step, the
temporary VSF φ∗

v is evolved in physical time t as 

∂φ∗
v ( x , t) 
∂t 

+ u ( x , t) · ∇φ∗
v ( x , t) = 0 , t ≥ 0 (1)

where u ( x , t ) is the velocity from DNS.
The initial VSF [14] for the TG flow is
φv 0 = ( cos 2 x − cos 2 y ) cos z, and periodic bound-
ary conditions are applied. In general, temporary
φ∗

v deviates from an accurate VSF owing to the
breakdown of the Helmholtz vorticity theorem in
variable-density viscous flows, so φ∗

v is projected
onto the desired VSF solution through the correc-
tion step. In the correction step, φ∗

v is computed in
pseudo-time τ at a fixed physical time t as 

∂φ∗
v ( x , t) 
∂τ

+ ω ( x , t) · ∇φ∗
v ( x , t; τ ) = 0 , 

0 ≤ τ ≤ T τ , (2)

which is driven by the frozen vorticity at a fixed
physical time with the initial condition φv ( x , t; τ =
0) = φ∗

v ( x , t ) . Finally, φ∗
v in Eq. (1) is updated by

φv ( x , t; τ = T τ ) from Eq. (2) for each physical time
step, where T τ is a pseudo-time period that is typi-
cally less than 100 times of the physical time step. 
In the numerical implementation of solving 
Eqs. (1) and (2) , integrations in t and τ are marched 

by the TVD Runge–Kutta scheme. The convection 

terms are treated by the fifth-order WENO scheme 
[23] . The numerical diffusion in the WENO scheme 
serves as a numerical dissipative regularization for 
removing small-scale, nearly singular scalar struc- 
tures. The volume-averaged VSF deviation, which 

quantifies the mean error of a VSF solution, is 
very small as 〈 | λω | 〉 < 3% during the time period 

of interest 0 ≤ t ≤ 6 in the present study, where 
λω ≡ ( ω · ∇φv )/(| ω| | ∇φv |) denotes the VSF deviation 

as the cosine of the angle between the vorticity and 

the gradient of a VSF solution. 
In the visualization of vortex surfaces, we dis- 

play the normalized VSF 

ˆ φv . It is implicitly de- 
termined by ˆ M ( ̂  φv = ϕ , t ) = 

ˆ M (φv 0 = ϕ , t = 0) by 
searching the isocontour values ˆ φv = ϕ at a given 

time t and φv 0 at t = 0 which correspond to the 
same fluid mass ˆ M [17] . Thus isosurfaces of ˆ φv with 

the same isocontour level at different times can have 
strong time coherence to display the continuous 
temporal evolution of a particular vortex surface 
in a variable-density flow. 

3. Flame/TG-vortex interactions 

3.1. Evolution of the flame front and vortex 

surfaces 

The evolution of flames and vortex surfaces 
can be considered to be driven by both flame- 
induced and vortex-induced motions. Without the 
flame effect, the non-reacting TG flow has been 

extensively studied [14,18] . It has multiple reflec- 
tional and rotational symmetries in a periodic box 
with nondimensional sizes (2 π ) 3 . In particular, the 
planes where x, y , or z is equal to a multiple of 
π are impermeable. The present combustion DNS 

has an additional reflectional symmetry respect to 

the y –z plane at x = 4 π, whereas the propagating 
flame breaks the original TG symmetries in the x - 
direction in each half domain. Thus, we will only 
display the structural evolution in the left half do- 
main within 0 ≤ x ≤ 4 π . 

Figure 1 shows the evolution of the isosur- 
faces of the normalized VSF 

ˆ φv = ±0 . 5 for vor- 
tex surfaces and the isosurface of the progress vari- 
able c ≡ (T − T u ) / (T ad − T u ) = 0 . 41 for the flame, 
which corresponds to the peak heat release rate in 

the unstrained laminar flame of the unburnt mix- 
ture. The VSF isosurface of ˆ φv = 0 . 5 is color-coded 

by | ω|, and the isosurface of ˆ φv = −0 . 5 is in white. 
The VSF isosurfaces at particular contour levels 
ˆ φv = ±ϕ have very similar dynamics in the unburnt 
region, but they move in different directions un- 
der TG symmetries [18] . Some vortex lines are inte- 
grated from points on the surfaces. Since the VSF 

deviation is very small in this simulation, the vortex 
lines lie almost on the VSF isosurfaces. In Fig. 1 (a), 
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Fig. 1. Evolution of the VSF isosurface in flame/TG-vortex interactions at (a) t = 0 , (b) t = 2 , (c) t = 4 , and (d) t = 6 . 
Isosurfaces of ˆ φ = 0 . 5 are color-coded by 0 ≤ | ω| ≤ 8 from blue through green to red. Some vortex lines are integrated and 
plotted on the isosurfaces. Isosurfaces of ˆ φ = −0 . 5 are translucent and in white, and they are not shown in (c) and (d) for 
clarity. The translucent, orange isosurface of c = 0 . 41 represents the flame front (propagating from right to left). Typical 
vortex pairs for further analysis are labeled by capital letters in (b). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Isosurfaces of | ω | = 4 (light blue) and c = 0 . 41 
(orange) at t = 4 . Some vortex lines are integrated and 
plotted on the isosurface of | ω|. (For interpretation of the 
references to color in this figure legend, the reader is re- 
ferred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

ll the blob-like vortex surfaces are identical
t t = 0 . 

In the unburnt region around x < 2 π , vortex
urfaces are almost not affected by the flame, so
heir evolution is very similar to that in non-
eacting TG flows [14] . The vortex surfaces are
tretched and approach to each other at t = 2 in
ig. 1 (b), and then they merge together as vortex re-
onnection during 3 ≤ t ≤ 4 at impermeable planes
n Fig. 1 (c). The edge of the merged vortex surface
s rolled up into vortex tubes with significant vor-
icity intensification, and the tubes are persistently
tretched and twisted at t = 6 to reach a nearly tur-
ulent state in Fig. 1 (d). It is noted that the vortex
ubes at higher Re show more obvious helical ge-
metry and generate more intense small-scale ve-

ocity fields [14] , but they have the same topology
nd generation mechanism as in the present study. 

In contrast, the strong heat release rate in the
ame causes the surge of local temperature and vis-
osity in the burnt region around x > 3 π . The lo-
al Re is reduced from 400 in the unburnt region
o 16.4 in the burnt region. As a result, the transi-
ion from laminar flow to turbulent-like flow is sup-
ressed as relaminarization, and the rolling-up of 
ortex tubes after t = 4 is not observed. At t = 6 ,
he characteristic length scale of thin, twisted vor-
ex tubes with high | ω| in the unburnt region is
uch smaller than bulky vortical structures with

ow | ω| in the burnt region. In order to obtain the
SF at a full turbulent-like state in the unburnt re-
 

gion and with rolling-up of vortex tubes at Re >
100 [14] in the burnt region, we would need to
simulate the TG flow at Re ≥ 2500 on grid points
4096 × 1024 × 1024 for studying flame/turbulence
interactions. 

It has been demonstrated that the isosurface of 
the vorticity magnitude and other Eulerian vortex-
identification criteria are very different from vortex
surfaces owing to the significant misalignment of 
their isosurfaces and nearby vortex lines (also see
Fig. 2 ), and the evolution of the Eulerian vortical
structures cannot be explained by the Helmholtz
vorticity theorem [14] . By comparing visualizations
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Fig. 3. Different volume changes of vortex surfaces at t = 

3 . (a) The isosurface of ˆ φ = −0 . 5 (vortex pair C) color- 
coded by | ω| and isosurface of c = 0 . 41 in orange. (b) The 
contour of θ and contour line of ˆ φ = −0 . 5 on the x –y 
plane at z = π . (For interpretation of the references to 
color in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 4. Evolution of the normalized volume of four typi- 
cal vortex pairs labeled in Fig. 1 (b), where pair A is in the 
unburnt region, pairs B and C are near the flame front, 
and pair D is in the burnt region. 
of the VSF in Fig. 1 (c) and | ω| in Fig. 2 , we find
that the isosurface of | ω | = 4 suddenly disappears
around x > 2 π owing to diminishing | ω| across the
flame front, so it is challenging to characterize how
the flame influences continuous vortex dynamics
using the Eulerian vortical structures. Moreover, we
fix ˆ φv = ±0 . 5 in the VSF visualization and display
strong temporal coherence in the evolution of vor-
tex surfaces in Fig. 1 , unlike the subjective selec-
tion of varied isocontour levels at different times in
most of vortex-identification methods. 

3.2. Effects of the flame on vortex surfaces 

Compared to the fully unburnt and burnt re-
gions, the flame and vortex surfaces have strong
interactions in the flame brush which is lo-
cated around x = 3 π at t = 0 and spanned over
2 π < x < 4 π at later times. The flame has an impact
on the geometry of nearby vortex surfaces, and the
straining motion induced by vortices wrinkles the
flame at the mean time. Figure 3 (a) shows a curved
flame as the isosurface of c = 0 . 41 , between a pair
of vortex surfaces as the isosurface of ˆ φv = −0 . 5 at
 = 3 , which is evolved from the vortex pair labeled

by ‘C’ in Fig. 1 (b). Figure 3 (b) shows the contour
of the nondimensional dilatation θ ≡ ∇ · u on the
x –y plane at z = π, which is formed by the strong
heat release rate and large density gradient near
the flame. By comparing VSF isocontour lines in
the two dashed rectangles, we find that the strong 
positive dilation adjacent to the flame significantly 
expand the vortex surface and increase local | ω|, 
while the weak negative dilatation on the burnt side 
slightly shrinks the vortex surface and reduce | ω|. 

The volume changes of four typical pairs of 
vortex surfaces, which are labeled in Fig. 1 (b), are 
quantified by the normalized volume ˆ V φ ≡ V φ ( ̂  φv = 

ϕ ) /V 0 ( ̂  φv 0 = ϕ ) in Fig. 4 , where V 0 is the initial vol- 
ume of the fluid enclosed in the isosurface of ˆ φv 0 = 

ϕ for each vortex pair. Thus ˆ V φ > 1 and 

ˆ V φ < 1 
characterize volume expansion and shrinkage of a 
vortex pair, respectively. We find that ˆ V φ is almost 
unaltered for vortex pair A in the unburnt region, 
while it is decreased for pair D in the burnt region. 
Pairs B and C near the flame have notable overall 
volume expansion. 

Figure 5 (b) displays that a pair of merging vor- 
tex surfaces, which is evolved from vortex pair B in 

Fig. 1 (b), crosses the frame front at t = 4 . As shown 

in the dashed rectangle in Fig. 5 (b), the geometry of 
the counterpart of vortex pair B in the unburnt re- 
gion is symmetric respect to x = π, while the sym- 
metry is broken by the flame. Since the burnt region 

has lower local Re , vortex surfaces on the burnt side 
merge together and exhibit less geometric deforma- 
tion than those on the unburnt side. 

It is interesting that the deformation of vor- 
tex surfaces around x = 2 π in Fig. 5 (a) is even 

stronger than its counterpart around x = 0 in the 
unburnt region. Figure 5 (b) shows that strong 
- 
like positive dilation is generated near the flame 
front. Thus vortex surfaces are expanded along the 
positive dilatation on the unburnt side of the flame, 
while they are shrunk on the burnt side. The flame- 
induced expansion of vortex surfaces is partially 
blocked by the impermeable plane at x = 2 π de- 
fined in the non-reacting TG flow, which causes the 
rolling-up of the temperature structure (not shown) 
and forms a weak, bow-like positive dilation near 
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Fig. 5. Different deformation of vortex surfaces at t = 4 . 
(a) The isosurface of ˆ φ = 0 . 5 (vortex pair B) color-coded 
by | ω| and the isosurface of c = 0 . 41 in orange. (b) The 
contour of θ and contour line of ˆ φ = 0 . 5 on the x –y plane 
at z = π . (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version 
of this article.) 

Fig. 6. Deformation of vortex surfaces and rms velocity 
fluctuation along the x -direction (lines: 〈 g 〉 yz at different 
times; symbols: u ′ at t = 4 ). 
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Fig. 7. Decomposition of the straining effect on VSF de- 
formation at t = 4 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 = 2 π . Thus the left edge of vortex surfaces of 
air B are rolled up to form a nose-like structure
ith large curvatures. It appears that the effect of 
ames on vortex evolution increases the local veloc-

ty anisotropy, which supports the relevant statisti-
al study in flame/turbulence interactions [2,4,8] . 

The overall deformation of vortex surfaces
long the x -direction is quantified by averaged
 ≡ | ∇φv | at different x in Fig. 6 . The profile of 
 g 〉 yz is a function of cos 4 x at t = 0 , and in general
 is increased with time owing to vortex-induced
training, where 〈 · 〉 yz denotes the average over
he y –z plane. In non-reacting TG flows or in the
nburnt region, 〈 g 〉 yz has peak values near imper-
meable planes as shown as flatten vortex surfaces
in Fig. 1 (b) and (c) at t = 2 and 4. Nevertheless,
the flame breaks the periodicity and symmetries
at x > 2 π , which destructs the impermeable plane
at x = 3 π and significantly reduces local Re . Thus
〈 g 〉 yz near x = 3 π in the burnt region is much
smaller than its counterpart in the unburnt re-
gion, which is consistent with the observation on
the vortex deformation in Figs. 1, 3 , and 5 . The
flame-induced deformation on the right of x = 2 π
in Fig. 5 is also quantified as the secondary peak
of 〈 g 〉 yz around x = 2 . 1 π in Fig. 6 . In addition, we
find that the VSF deformation is highly correlated
to the rms velocity fluctuation u ′ at t = 4 during
transition. 

Since the VSF deformation is close to the defor-
mation of a Lagrangian tracer field at early times
before significant vortex reconnection [13] , the evo-
lution equation of g can be approximated by [24] 

D g/ D t = −( n · S · n ) g, (3)

where S is the rate-of-strain tensor and n ≡ ∇φv / g
is the normal of the vortex surface. Let the prin-
cipal strain rates for S be �α, �β , and �γ , with
the specified order �α ≥�β ≥ �γ and correspond-
ing unit vectors along the principal axes of strain
e α , e β , and e γ . We decompose the averaged straining
effect on VSF into 〈 n · S · n 〉 = 〈 �αλ

2 
α〉 + 〈 �βλ2 

β〉 +
〈 �γ λ2 

γ 〉 , where the alignment vector λi = n · e i is de-
fined as the cosine of the angle between n and e i .
In general, negative 〈 n · S · n 〉 in Fig. 7 increases g
implied by Eq. (3) . The major contribution comes
from 〈 �γ λ2 

γ 〉 indicating the preferential alignment
between n and the most compressive strain direc-
tion, which is consistent with the finding in non-
reacting turbulent flows [24] . In the burnt region,
the flame significantly suppresses 〈 �αλ

2 
α〉 by weak-

ening the alignment λα between n and the most
extensional strain direction (not shown), so the
straining effect and VSF deformation in the burnt
region can be slightly larger than the counterpart



H. Zhou et al. / Proceedings of the Combustion Institute 37 (2019) 2461–2468 2467 

Fig. 8. Contour lines of c = 0 . 36 , 0 . 41 , 0 . 46 (from left to 
right, black) and | ω | = 1 (red) and the contour of | ω| on 
the x –z plane at y = π and at t = 4 , (a) flame/TG-vortex 
interactions, (b) non-reacting TG flow. (For interpretation 
of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Deformation of isosurfaces of c (solid lines: 
progress variable in the flame; dashed lines: passive scalar 
in the non-reacting flow). 
in the unburnt region except for the region close to
impermeable planes in Figs. 6 and 7 . 

3.3. Wrinkling of the flame front 

The flame can relaminarize a vortical flow and
create vorticity near its front [6] . These influences
on the flow field also feedback on its own dynam-
ics and geometry. Figure 8 (a) shows a curved flame
front as black contour lines of c = 0 . 41 and c =
0 . 41 ± 0 . 05 along with the contour of | ω| on the x –
z plane at y = π and at t = 4 . Here, we only show
the bottom half owing to the reflectional symmetry
respect to z = π . The flame wrinkling is caused by
vortex-induced straining and flame-induced expan-
sion and propagation. In order to isolate the former
effect, we also perform a separate DNS for the evo-
lution of c in a cold and non-reacting TG flow at the
same Re = 400 , where c becomes a passive scalar
with the same initial value of the progress variable
in the flame case at t = 0 . Then we compare con-
tour lines of the passive scalar in Fig. 8 (b) with
those of the progress variable as an active scalar in
the flame in Fig. 8 (a). 

The overall deformation of flame and scalar
surfaces along the x -direction is quantified by
plane-averaged �′ ≡ | ∇c | at different x in Fig. 9 .
Profiles of 〈 �′ 〉 yz for both surfaces are the same
as a transform of sech 

2 x at t = 0 . In the non- 
reacting flow, the symmetric 〈 �′ 〉 yz is spread over 
2 π ≤ x ≤ 4 π , while it is also gradually concentrated 

at the impermeable plane at x = 3 π under vortex 
straining. In contrast, the profile of 〈 �′ 〉 yz is skewed 

to the unburnt side, because the large heat release 
rate near the propagating flame front increases the 
local temperature gradient. In general, 〈 �′ 〉 yz of 
the flame is larger than 〈 �′ 〉 yz of the passive scalar 
except near impermeable planes. 

The wrinkling of the flame front in the TG 

vortex significantly changes scalar structures of 
c and nearby vorticity fields. Comparing contour 
lines of c in Fig. 8 , the passive surface is confined 

between two impermeable planes at x = 2 π and 

3 π , whereas the flame is stretched over the im- 
permeable planes. The flame front is stretched via 
tangential strain-rate and propagation-curvature 
effects. Since the self-propagation speed of the 
initially planar flame is much smaller than the TG 

vortex straining speed as S L /u 0 = 0 . 057 , the in- 
crease of the flame surface is primarily due to the 
tangential strain-rate. Implied by Figs. 8 and 9 , the 
flame induces an additional velocity gradient near 
its front, which increases the flame surface area and 

the corresponding fuel consumption speed. Since 
the flame-induced motion affects scalar structures 
and subsequent mixing, the flame-induced mixing 
should be considered in mixing models of the 
PDF-like modeling approach [25] . Comparing 
contours of | ω| in Fig. 8 , the vorticity magnitude 
is diminished along the flame. On the other hand, 
the flame-generated vorticity, which manifests as 
the slight expansion of the contour lines of | ω | = 1 
near highly-curved portions of the flame front 
around x = 1 . 9 π and x = 3 . 3 π, is relatively small. 

4. Conclusions 

We investigate interactions between the pre- 
mixed flame front and vortex surfaces in a 3D TG 
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ow at Re = 400 using VSF and DNS. The unburnt
 2 /air mixture with � = 0 . 8 in the TG flow is ini-

ially ignited near the center of the computational
omain, then propagating premixed flames interact
ith evolving TG vortices. The VSF, a Lagrangian-
ased structure identification method, is applied to
ame/vortex interactions. The two-time method is
sed to calculate VSFs with very small VSF devia-
ion 〈 | λω | 〉 < 3%. 

The evolution of the flame front and vortex sur-
aces is visualized by isosurfaces of the progress
ariable c = 0 . 41 and the normalized VSF 

ˆ φv =
0 . 5 , respectively. Compared to the VSF evolu-

ion in non-reacting TG flows, the flame breaks
he periodicity and symmetries in the x -direction
nd has an impact on the vorticity magnitude and
volutionary geometry of vortex surfaces. We find
hat the vortex surfaces merge into bulky structures
ithout rolling-up of vortex tubes after t = 4 in the
urnt region with diminishing vorticity magnitude,
hile they are almost not affected in the unburnt

egion. The vortex surfaces near the flame front
re expanded owing to the flame-generated positive
ilation at t = 3 . Compared to the VSF deforma-
ion in the unburnt region, g is significantly sup-
ressed near impermeable planes and slightly am-
lified near the flame front in the burnt region at
 = 4 . 

The effects of flame-induced motion on flame
ynamics and geometry are twofold. By compar-

ng the wrinkling of the flame, characterized by the
sosurface of a progress variable, in reacting TG
ow and the isosurface of a passive scalar in non-
eacting TG flow, we find that the flame can in-
rease its surface area and the scalar gradient by in-
ucing an additional straining field near the flame
ront, whereas it can smooth the very sharp scalar
tructures in non-reacting TG flows under vortex
training near impermeable planes. 

The present study demonstrates that the VSF
ethod is applicable to more complex turbulent

ombustion, e.g., it can be applied to investigate
ame/turbulence interactions and elucidate the lo-
al anisotropy near the flame front in turbulent pre-
ixed combustion. 
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