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Abstract
The alignment of vorticity and gradients of conserved and reactive scalars with the eigenvectors of the strain rate tensor
(i.e., the principal strains) is investigated in a direct numerical simulation of a turbulent nonpremixed flame achieving a
Taylor’s scale Reynolds number in the range100 ≤ Reλ ≤ 150 (Attili et al. Comb. Flame, 161, 2014). The vorticity
vector displays a pronounced tendency to align with the direction of the intermediate strain. These alignment statistics
are in almost perfect agreement with those in homogeneous isotropic turbulence(Ashurstet al. Physics of Fluids 30,
1987) and differ significantly from the results obtained in other nonpremixed flames in which vorticity alignment with
the most extensive strain was observed(Boratavet al. Physics of Fluids 8, 1996). The gradients of conserved and
reactive scalars align with the most compressive strain. Itis worth noting that conditioning on the local values of the
mixture fraction, or equivalently conditioning on the distance from the flame sheet, does not affect the statistics. Our
results suggest that turbulence overshadows the effects ofheat release and chemical reactions. This may be due to the
larger Reynolds number achieved in the present study compared to that in previous works.

Introduction
Understanding the interaction between strain rate and

scalar gradients (i.e., scalar dissipation rate) is critical
to the modeling of turbulent flames as scalar dissipation
affects chemical reaction strongly. In addition, RANS
and LES combustion models often rely on closure strate-
gies developed in the framework of incompressible tur-
bulence; therefore, it is important to characterize the ef-
fects of heat release and hydrodynamic-combustion inter-
actions on the small scale features of turbulence. The
principal components of the strain rate tensor are com-
puted with the eigendecomposition of the tensor. The
three eigenvaluesα > β > γ of the strain rate tensor
are the principal strains and the corresponding eigenvec-
tors identify the direction of the three principal strains.In
the case of isotropic turbulence, Ashurst et al. [1] showed
that the vorticity vector tends to align with the interme-
diate principal strainβ, while the passive scalar gradi-
ent aligns preferentially with the most compressive strain
γ and is perpendicular to the intermediate strain; there-
fore, scalar dissipation occur predominantly in sheet-like
structures whose normal is aligned perpendicularly to the
most compressive strain. These observations for isotropic
turbulence have been confirmed by many studies. In ad-
dition, the most probable values of the three principal
strains have been found to be in the ratio3 : 1 : −4
(the sum must be zero in incompressible flow) [1]. In
the past, it has been reported that in turbulent flames, the
alignment statistics show significant deviation from in-
compressible isothermal flows. Nomura and Elghobashi
[2] and Boratav et al. [3] showed that the dominance of
strain over vorticity in DNS of turbulent low-Reynolds
flames causes the alignment of vorticity with theα-strain,
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in contrast with theβ-strain/vorticity alignment in con-
stant density flows. Boratav et al. [4] extended this
study conditioning the result on the value of mixture frac-
tion Z. They foundβ-strain/vorticity alignment in the
fuel (Z → 1) and oxidizer (Z → 0) regions andα-
strain/vorticity alignment in region of mixture fraction
around stoichiometry, characterized by significant heat
release. The conserved scalar gradient (i.e., mixture frac-
tion) shows a clear alignment with the most compres-
sive γ-strain in isotropic turbulence as well as in non-
premixed [4] and premixed [5] flames. However, Malke-
son and Chakraborty [5] showed that the gradient of a re-
active scalar (the fuel mass fraction) aligns with the most
extensiveα-strain when chemical reactions overshadow
the effect of turbulence.

In the present study, the alignment of vorticity and
gradients of conserved (mixture fraction) and reactive
(temperature and naphthalene mass fraction) scalars with
the eigenvectors of the strain rate tensor (i.e., princi-
pal strains) is investigated in a DNS of turbulent non-
premixed flame achieving a Taylor’s scale Reynolds
number in the range100 ≤ Reλ ≤ 150 [6–8]. The
naphthalene mass fraction has been selected because it
is characterized by a strong sensitivity to the local flow
condition due to its slow chemistry [6]; in addition, it has
negligible effects on the hydrodynamics.

Configuration and methods
Three-dimensional, temporally-evolving turbulent

nonpremixed planar jet flames are considered [6]. The
fuel jet is n-heptane diluted in 85% nitrogen at 400 K
and is surrounded by air at 800 K, yielding a stoichio-
metric mixture fractionZst = 0.147. The pressure is
atmospheric. The gas phase hydrodynamics are modeled
with the reactive Navier-Stokes (N-S) equations in the
low Mach number limit. The transport of heat and



Figure 1: Two-dimensional cut of the temperature field at three different times. Only the central part of the domain in
the crosswise direction is shown.
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Figure 2: Favre-averaged statistics at several time in-
stants: 5 ms (filled circles), 10 ms (squares), 15 ms (open
circles), and 20 ms (triangles). Mean (a) and variance
(b) of the streamwise velocity; mean (c) and variance
(d) of mixture fraction. The crosswise coordinatey is
scaled with the initial jet thicknessH . The mean veloc-
ity is scaled with the initial centerline velocityUc and
the velocity variance with the instantaneous mean ve-
locity difference between the center of the jet and the
coflow∆U(t) = 〈U(y = 0, t)〉F − U(y → ±∞), where
U(y → ±∞) = −Uc. The mixture fraction variance is
scaled with∆Z(t) = 〈Z(y = 0, t)〉F − Z(y → ±∞),
whereZ(y → ±∞) = 0.
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Figure 3: Probability density functions of the three eigen-
values of the strain rate tensorα (red),β (green), andγ
(blue). Each line represents a different value for the con-
ditioning variableZ: 0.1, 0.147, 0.17, 0.3, 0.55, 0.8.

mass is described using the Hirschfelder and Curtiss
approximation to the diffusive fluxes and all properties
are computed with a mixture-average approach [6].
Combustion is modeled using a detailed chemical
mechanism for the oxidation ofn-heptane comprising 47
species and 290 reactions [9].

The flow is periodic in the streamwise (x) and span-
wise (z) directions and open boundary conditions are
prescribed in the crosswise direction (y). A realization
of a fully developed turbulent channel flow atReτ =
390 is used to initialize the velocity field in the fuel
core. The mean axial velocity on the jet centerline
(y/H = 0) is Uc = 8.74 m/s and the air coflow ve-
locity is Uco = −8.74 m/s. The jet Reynolds number is
(Uc − Uco)H/ν ≈ 15000. The domain spansLx = 9.4,
Ly = 10.5, andLz = 4.7 cm and is discretized with
1024× 1024× 512 ≈ 500 million points. The mesh size
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Figure 4: Probability density functions of the cosine of theangle between the direction of the principal strainseα
(red),eβ (green), andeγ (blue) and the direction of vorticity and scalar gradients (mixture fraction, temperature, and
naphthalene mass fraction). Each line represents a different value for the conditioning variableZ: 0.1, 0.147, 0.17,
0.3, 0.55, 0.8.

h results in a spatial resolution below the minimum av-
erage Kolmogorov scale (η = 110 µm andh/η ≈ 0.82)
and the thin reaction fronts are adequately resolved.

An overview of the flowfield evolution is shown in
Fig. 1 using a two-dimensional cut of the temperature
field at three different time instants. Two twin non-
premixed flames develop in the region of high turbulence
production. The velocity field resulting from the Kelvin-
Helmholtz instabilities and the subsequent turbulent mo-
tion wrinkle and stretch the flames. In the second half
of the simulation time, the flow and temperature fields
are characterized by complex flow structures and by the
simultaneous presence of very different length scales.

Favre-averaged statistics of the streamwise velocity
and mixture fraction are shown in Fig. 2 at several time
instants. The Favre average of the fieldφ is defined as
〈φ〉F = 〈ρφ〉 / 〈ρ〉, where the angular brackets indicate
an average in the streamwise and spanwise directions and
the fluctuationsφ′′ are defined with respect to the Favre
average:φ′′ = φ− 〈φ〉F.

Results
Probability density functions of the three eigenval-

ues of the strain rate tensorα, β, and γ, conditioned
on different values of mixture fraction, are shown in
Fig. 3. The conditioning values are: 0.1 (lean side of
the flame), 0.147 (stoichiometry), 0.17 (mixture fraction
at peak temperature), 0.3 (mixture fraction at peak naph-
thalene), 0.55 and 0.8 (rich mixture fraction). The PDFs
are characterize by wide exponential tails due to the in-
termittency of the velocity gradient. Theα-strain (most
extensive) is alway positive, while theγ-strain is charac-
terize by the existence of a non-zero, albeit small, prob-
ability of positive value. In this case the three princi-
pal strains are all positive (extensive) due to the effect
of heat release on the velocity divergence as the sum of
the principal strains is equal to the velocity divergence.
This does not occur in constant density flows due to the

divergence being zero. The PDFs display a weak depen-
dence on the conditional value of mixture fraction, with
a slight increase in the variance at largerZ. The most
probable values of the three eigenvalues are in the ratio
6.5 : 1 : −6.5, different from that for constant density
flow: 3 : 1 : −4. The value of the ratio observed in the
present flame are in good agreement with the measure-
ment reported by Gamba et al. [10] in the far field of a
turbulent nonpremixed jet flame.

Figure 4 shows the alignment statistics of the eigen-
vectors of the strain rate tensor, i.e., direction of the prin-
cipal strains, with the vorticity and the gradient of se-
lected scalars. The vorticity vector displays a tendency
to align with the direction of the intermediate straineβ .
The probability of vorticity to be perpendicular to the
most compressive strain is found also. It is apparent that
there is no preferential alignment of the vorticity vec-
tor in the direction of theα-strain. The results are in-
dependent with respect to the conditioning on mixture
fraction. These alignment statistics between vorticity and
strain are in almost perfect agreement with that of homo-
geneous isotropic turbulence [1] and differ significantly
from the results obtained in other nonpremixed flames in
which theα-strain/vorticity alignment was observed [3].

Boratav et al. [3] explain that the alignment of vorticity
with theα-strain in flame is induced by the dominance of
strain over vorticity. This phenomenon is present in in-
compressible flows also, but occurs with relatively low
probability [11]. Statistics of the ratio between strain and
vorticity magnitude are shown in Fig. 5 for the present
flame. For all the conditioning values of mixture fraction,
the volume of fluid characterized by the dominance of
vorticity over strain is larger that that characterized by the
opposite case. In particular, for 65 to 80% of the points
the vorticity magnitude is larger than the strain magni-
tude, depending on mixture fraction.

We speculate that the differences between the flame
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Figure 5: Cumulative distribution function of the ratio
between strain and vorticity magnitudes at different mix-
ture fractions.

described by Boratav et al. [3] and the present case are
related to the much larger Reynolds number achieved in
the latter.

Alignment statistics between strain and the gradient of
selected scalars are also shown in Fig. 4. Three scalars
are considered:(i) mixture fraction, a conserved passive
scalar;(ii) temperature, a reactive and active scalar that
affects the fluid density, viscosity, and velocity field;(iii)
naphthalene mass fraction, a reactive scalar that is very
sensitive to the local scalar dissipation and strain fields,
but has a negligible influence on the flame hydrodynam-
ics [6]. It is evident that the gradient of all the three
scalars aligns with strain in the same way and the result is
also independent of mixture fraction. All gradients align
with theγ-strain, that is mostly compressive (see Fig. 3),
are perpendicular to the intermediate strain, and tends to
be at 45 degrees with respect to the most extensive strain.
Similarly to the case of vorticity, this results is very simi-
lar to the isotropic turbulence case. We conclude that the
statistics of alignment are not sensitive to heat release in
the present turbulent flame and do not change whether the
scalar is active (temperature) or sensitive to the hydrody-
namics due to its slow chemistry (naphthalene).

Conclusions

Alignment statistics of vorticity and scalar gradients
with respect to the principal axis of the strain rate ten-
sor are analyzed in a turbulent nonpremixed jet flames.
The analysis clearly shows that the alignment statistics in
the turbulent flame agree with those observed in constant-
density homogeneous isotropic turbulence. In addition,
conditioning on the local values of the mixture fraction
does not affect the statistics. As our results contradict
previous studies, we speculate that the effects of heat
release and chemical reactions are completely overshad-
owed by turbulence in the present case. This is perhaps
due to the larger Reynolds number achieved in the present
study compared to that in previous works.
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