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Abstract

The scaling of the turbulent/non-turbulent interface (TNTI) at high Reynolds numbers is es-
tablished by using direct numerical simulations (DNS) of turbulent planar jets (PJET) and shear
free turbulence (SFT), with Reynolds numbers ranging from 142 ≤ Reλ ≤ 371. For Reλ & 200 the
thickness of TNTI as that of its two sublayers - the viscous superlayer (VSL) and turbulent sublayer
(TSL) - all scale with the Kolmogorov micro-scale η. The dynamics of a passive scalar field near a
turbulent/non-turbulent interface (TNTI) is analysed through direct numerical simulations (DNS) of
turbulent planar jets, with Reynolds numbers ranging from 142 ≤ Reλ ≤ 246, and Schmidt numbers
from 0.07 ≤ Sc ≤ 7. The steepness of the scalar gradient, as observed from conditional profiles near
the TNTI, increases with the Schmidt number.
Keywords: Turbulent Jets, Turbulent Entrainment, Turbulent/Non-turbulent Interface, Turbulent
Mixing, Direct Numerical Simulation, High Performance Computing

1. Introduction

The turbulent/non-turbulent interface (TNTI) is
the sharp and highly complex layer that exists at
the edges of jets, wakes, mixing layers and bound-
ary layers, separating the turbulent core from the
irrotational flow region [1]. The importance of this
layer stems from the significant transfers of mass,
momentum and scalars that take place across its
thickness, which renders its physical understanding
crucial to a variety of environmental and engineer-
ing problems, e.g. the flow dynamics near the TNTI
governs the entrainment and mixing rates in turbu-
lent reacting jets [2].

It has been established recently that the TNTI
contains two sublayers within itself: i) a viscous su-
perlayer (VSL), whose existence was first hypothe-
sised by [3] and where viscous effects dominate, and
ii) a turbulent sublayer (TSL), or buffer layer [4],
where inertial effects dominate. The two sublayers
have a small but finite thickness which when added
gives the total thickness of the TNTI, with the VSL
being the outer part of the TNTI, while the TSL is
in contact with the turbulent core region of the flow,
e.g. the turbulent core of a mixing layer.

The scaling of the mean thickness of the TNTI
〈δω〉, has been analysed in many works, where it
has often been obtained by measuring the length
scale of a characteristic vorticity jump observed at
the TNTI. This is typically measured through con-

ditional statistics of the enstrophy in relation to a
fixed position within the TNTI - the irrotational
boundary (IB) - which is the surface delimiting the
outer boundary of the TNTI [5]. This thickness has
been shown to be of the order of the Taylor micro-
scale 〈δω〉 ≈ λ in wakes [1], jets [6], mixing layers
[7], and boundary layers [8].

This issue was systematically studied by [9], who
compared TNTI from turbulent planar jets and
shear free turbulence for a wide range of Reynolds
numbers, between 60 ≤ Reλ ≤ 160, where Reλ =
u′λ/ν is the Taylor based Reynolds number. For
the turbulent planar jets cases, mean thicknesses of
the order λ were obtained, where it was noticed also
that the mean thickness of the TNTI to be close to
the radius of the large-scale eddies neighbouring the
TNTI. Using the Burgers vortex model to described
these eddies one can explain different scaling laws
depending on the mean shear acting upon the vor-
tices, with 〈δω〉 ∼

√
νL/u′ ∼ λ for a flow with mean

shear, and 〈δω〉 ∼
√
νλ/u′ ∼ η, in the absence of

mean shear, where η is the Kolmogorov micro-scale
and L is the integral scale inside the turbulence core
region [10]. Thus, the ”Reynolds number and the
magnitude of the mean shear affect the TNTI thick-
ness insofar as they define the radial dimension of
the large vorticity structures near the interface” [9].

On the other hand, the mean thickness of the
VSL 〈δν〉 has been studied only recently [11] and
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was seen to be of the order of η, and as scaling with
η, as had been anticipated by [3].

Like for the velocity field, the passive scalar mix-
ing is also dominated by large scale ‘engulfment’,
which continuously drags portions of the non-scalar
field into the turbulent region and the small scales
‘nibbling’, which is the process where molecular dif-
fusion is responsible for scalar mixing. This process
is a function of the Schmidt number. For Sc� 1, it
is difficult to have molecular diffusion because the
velocity interface is growing much faster due to the
viscous effects than the passive scalar. This faster
growth leaves the scalar field mainly controlled by
advection, once the molecular diffusion is negligi-
ble. Unlike, for Sc � 1 is clear that the velocity
field has a lower impact in mixing and molecular
diffusion will, in some regions of the flow, be the
dominant physical mechanism.

Stanley et al[12] addressed the dominant terms
during transition and in fully developed regime. Ac-
cording to them, during transition and the roll-up
of vortical structures, the dynamics of passive scalar
field are dominated by large scales and subsequently
by ‘engulfment’ while, in fully developed turbu-
lence, this dominance varnishes and small scales,
‘nibbling’, are responsible for passive scalar mixing.

The role of shear and strain in the formation of
intense scalar fields results in a deep impact on the
formation of intense scalar gradients zones since the
mixing is proportional to GiGi/2.

2. Implementation

Five DNS of turbulent planar jets were carried out
which are similar to the simulations described in [9].
The initial condition consists in a mean streamwise
hyperbolic tangent velocity profile to which a three-
dimensional ’spectral noise’ is added. The simula-
tions differ in the initial value of the Reynolds num-
ber which varies between ReH = UH/ν = 3000 to
12000, where U and H are the initial maximum
streamwise velocity and the inlet slot-width of the
jet, respectively. The computational domain ex-
tends to (Lx, Ly, Lz) = (7H, 7H, 3.5H), where H
is the inlet slot-width of the jet, along the stream-
wise (x), normal (y), and spanwise (z) jet direc-
tions, respectively, and four of the simulations use
(Nx × Ny × Nz) = (1536 × 1536 × 768) and one
with (Nx × Ny × Nz) = (2048 × 2048 × 1024) col-
location points. At the far field self-similar region
(where the analysis was carried out), the Reynolds
number based on the Taylor micro-scale is equal
to Reλ = 142, 208, 236, 246, and 371, for simula-
tions PJET142, PJET208, PJET236, PJET246 and
PJET371, respectively, and the resolution is equal
to ∆x/η = 1.1, 1.8, 2.3, 2.3 and 2.1. The PJET142,
PJET246 and PJET236 simulations were carried
out jointly with a passive scalar simulation with

different Schmidt numbers, Sc, and equal to 7, 0.07
and 0.7, respectively.

One shear free turbulence (SFT) simulation is
carried out in a periodic box of size 2π × 2π × 2π
with 10243 collocation points, which is also similar
to the simulations reported in [13]. The initial tur-
bulent field is issued from a previously run DNS of
forced homogeneous isotropic turbulence, using the
forcing scheme by [14] with a peak forcing concen-
trated in the 3 wave numbers centred at kp = 2, and
characterised by a Reynolds number of Reλ = 300
for a resolution of kmaxη = 1.5, while the turbu-
lence integral scale is L = 0.8, which is roughly 8
times smaller than the box size. A subdomain with
size 2π × π/2 × 2π, smoothed at the edges by the
application of an hyperbolic tangent profile, as in
[13]. Then initially fed into a field with zero initial
velocity. The region with initial isotropic turbu-
lence then spreads into the irrotational region in
the absence of mean shear, developing a distinct
TNTI layer, as the turbulence decays within the
core of the turbulent region. During the simulation
the Reynolds number within the turbulent region
decays from Reλ = 271 − 157, while the resolution
increases from ∆x/η = 0.99− 1.37.

3. Validation

In order to validate the DNS results of the sim-
ulations, the classical plane jet statistics were
compared with [15–21]. For HIT validation was
performed with Skewness, S, dependence of the
Reynolds number.

The classical plane jet statistics were obtained
with two instantaneous fields, closely spaced from
the self-similar region with spatial averaging in x
and z directions. In figure 1(a), the mean velocity
profile was compared to experimental results from
[18], [19] and with DNS results of [17], [15] and [16].
The mean profile velocity shows a very good agree-
ment with experimental data and spatial DNS of
plane jets for all the temporal DNS simulations.
Figure 1(b) shows the comparison of streamwise
Reynolds stresses with experimental and DNS data.

Figure 1(c) shows the mean passive scalar pro-
file compared with experimental data from [21], [19]
and [20]. It can be observed that, the passive scalar
mean profile exhibit a self-similarity and correlates
with the provided data.

Gylfason et al.[22] reported that Skewness, −S, is
fitted with −S ∼ 0.33Re0.09λ . However, that fitted
equation is based on data with Reλ < 200. Ishihara
et al. [23] proposed a new fitting equation, −S ∼
(0.32∓0.02)Re0.11±0.01λ , for dataset withReλ > 200.
Figure 2 is the representation of the data from HIT,
with Reλ ≈ 300 and the corresponding skewness
values against the fitting curves of [22] and [23]. It
is clear that there is a very good agreement of the
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Figure 1: Comparison profiles of one point statistics at self-similar regions from the plane jet simulations,
PJET246, PJET236 and PJET142, using experimental and DNS results: (a) Mean streamwise velocity
profile, (b) Streamwise Reynolds stresses, (c) Mean streamwise passive scalar profile. Uc and θc are the
mean streamwise centerline velocity and concentration of passive scalar, respectively. δ05 and θ05 are the
width of jet half centre line velocity and passive scalar concentration.

data with these fitting curves.
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Figure 2: Skewness, S, of the longitudinal velocity
gradient, ∂u/∂x, as a function of Reλ, with a curve
fitting, −S ∼ (0.32∓ 0.02)Re0.11±0.01λ , proposed by
[23] and −S ∼ 0.33Re0.09λ by [22].

4. Results
4.1. The structure of the V-TNTI
Figure 3 (a,b) show the conditional enstrophy and
the enstrophy budget for the simulation PJET246,
which allows to identify each one of the V-TNTIs
sublayers. Except very close to the V-TNTI (yI ≈
0), the enstrophy dynamics is dominated by the en-
strophy production ωiωjsij and viscous dissipation

−ν (∂ωi/∂xj)
2
, since all the other terms i.e. en-

strophy viscous diffusion ν∂2/∂xj∂xj (ωiωi/2), en-
strophy convection uj∂/∂xj (ωiωi/2) and temporal
variation ∂/∂t (ωiωi/2), are negligible (the small os-
cillations in the advection and temporal variation
are due to insufficient samples).

Figure 3 (b) shows that moving from the irrota-
tional (yI � 0) into the turbulent region (yI � 0)
the initial growth of enstrophy across the V-TNTI
(in 0 . yI/η . 4) is prompted by the enstrophy vis-
cous diffusion, since the enstrophy production re-
mains very low, while latter (4 . yI/η . 17) the
enstrophy production dominates the budget, and

the viscous diffusion becomes negligible. When the
enstrophy ceases to grow and attains an approxi-
mate plateau it has reached the turbulent core re-
gion (yI/η & 17).

The V-TNTI (Fig. 3 b) is delimited by the ir-
rotational region (IR) and by the turbulent core
region (TR), and contains two adjacent sublayers
defined by the relative importance between the en-
strophy production and viscous diffusion: the vis-
cous superlayer (VSL), with mean thickness 〈δν〉 is
the sublayer within the V-TNTI where viscous dif-
fusion dominates the growth of enstrophy, whereas
the turbulent sublayer (TSL), with mean thickness
〈δσ〉, is the sublayer where enstrophy production
outweighs viscous diffusion. Previous works on the
V-TNTI simply defined the mean V-TNTI thick-
ness 〈δω〉 as the thickness associated with the en-
strophy jump across the V-TNTI layer e.g. [1], due
to the difficulty of capturing the very fine VSL. In
the present work the fine resolutions used allow us
to actually measure these three layers simultane-
ously i.e. δν , and δω, while actually measure the
’true’ TSL thickness δσ, for the first time.

4.2. The mean thickness of the V-TNTI sublayers
and their scaling

Figures 4 (a-c) show the mean thickness of the VSL
〈δν〉, TSL 〈δσ〉, and V-TNTI 〈δω〉 obtained from
the conditional enstrophy and enstrophy budgets of
all the simulations used in the present work, which
where computed in the following way. The mean
VSL 〈δν〉 was computed as the distance between
the IB and the point where the enstrophy produc-
tion overcomes the enstrophy viscous diffusion. As
for the TSL thickness 〈δσ〉, it is the distance be-
tween the previous point marking the end of the
VSL, and the point where the flow attains the TR,
which is defined by the point where the enstrophy
becomes roughly constant. Finally, the thickness of
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Figure 3: Conditional enstrophy and enstrophy budget for simulation PJET246, as function of the distance
to the V-TNTI yI , normalised by the Kolmogorov η, and by the Taylor micro-scale λ, from (a) −100 ≤
yI/η ≤ +100 and (b) −5 ≤ yI/η ≤ 30. The viscous superlayer (VSL) and turbulent sublayer (TSL)
within the V-TNTI are also shown.

the V-TNTI 〈δω〉 marking the total extent of the V-
TNTI, is computed by the sum of the two previous
distances 〈δω〉 = 〈δν〉+ 〈δσ〉.

The first result observed from these curves is
that none of the thicknesses is approximately equal
to the Taylor micro-scale e.g. 〈δω〉 6= λ since all
of the mean thicknesses 〈δ〉 not only show a con-
sistent trend of decreasing 〈δ〉 /λ with increasing
Reynolds number, as are always much smaller than
λ, e.g. 0.20 ≤ 〈δσ〉 /λ ≤ 0.26 for SFT. The high-
est obtained value is 〈δω〉 /λ ≈ 0.45 for the small-
est Reynolds number case of the SFT simulations
(Reλ = 157).

Starting with the viscous superlayer thickness
(Fig. 4 a) which is always much smaller than the
Taylor micro-scale with 0.1 ≤ 〈δν〉 /λ ≤ 0.18, and
for which no scaling can be discerned for lower
Reynolds numbers Reλ ≈ 150 for either PJET or
SFT. For Reynolds numbers greater than Reλ ≈
200, the ratio 〈δν〉 /λ closely follows the scaling

law 〈δν〉 /λ ∼ Re
−1/2
λ , strongly suggesting a Kol-

mogorov scaling for this layer i.e. 〈δν〉 /λ ∼ η. In-
deed the VSL is of the order of the Kolmogorov
micro-scale with (for the higher Reynolds num-
ber cases) 3.3 ≤ 〈δν〉 /η ≤ 3.9 (SFT) and 4.9 ≤
〈δν〉 /η ≤ 5.8. This result is not surprising since
it has always been assumed that the VSL does in-
deed scale with η due to its characteristic viscous
dominated role.

The mean TSL thickness (δσ) can be appreciated
in figure 4 (b) which displays the first known results
for this layer. Recall that the TSL is a region within
the V-TNTI, where viscous effects are not impor-
tant anymore, however the flow has not yet reached
a fully developed turbulent condition, since the en-
strophy is rapidly increasing by non-linear inter-
actions between the enstrophy and strain. Again,

excluding the lower Reynolds number case for the
PJET (Reλ = 142), all the results closely follow a

power law 〈δσ〉 /λ ∼ Re
−1/2
λ , and the observed val-

ues of the thicknesses are typically slightly larger
then the VSL thicknesses with 5.9 ≤ 〈δσ〉 /η ≤ 7.8
for SFT and 11.0 ≤ 〈δσ〉 /η ≤ 11.7 for PJET, re-
spectively for Reλ & 200. The TSL is therefore
larger than the VSL, however it also scales with the
Kolmogorov micro-scale. It is interesting to note
that the end of this sublayer coincides with a char-
acteristic minimum in the enstrophy production -
located at yI/η ≈ 17 for PJET246 (Fig. 3 a,b)
- which has repeatedly been observed in V-TNTI
from other flows. Also, it can be no coincidence
that this sublayer is roughly equal to the typical di-
ameter Divs of the intense vorticity structures ex-
isting inside the turbulent core region, where typi-
cally Divs ≈ 10η [24]. Indeed, if the premise that
the V-TNTI, or more correctly the IB surface, is
drawn around the flow eddies at its proximity this
enstrophy production minimum appears as a natu-
ral decrease caused by the first line of such eddies
having been crossed.

Finally, the mean thickness of the V-TNTI (δω)
is analysed in figure 4 (c). The values vary in the
range 0.31 ≤ 〈δω〉 /λ ≤ 0.45 for SFT and PJET,
with the higher values obtained for the smaller
Reynolds numbers. Unsurprisingly after the previ-
ous discussion, all the results closely display a power

law 〈δσ〉 /λ ∼ Re
−1/2
λ , while the observed values of

the thicknesses are typically one order of magnitude
greater than the Kolmogorov micro-scale with 9.3 ≤
〈δω/η〉 ≤ 12.0 for SFT and 16.5 ≤ 〈δω/η〉 ≤ 16.7 for
PJET, respectively for Reλ & 200. Thus, the mean
thickness of the V-TNTI is one order of magnitude
bigger than the Kolmogorov micro-scale, although
it scales with the Kolmogorov micro-scale.
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Figure 4: Mean thickness of the VSL (δν), the TSL (δσ) and V-TNTI (δω) as function of the Reynolds
number Reλ, for the turbulent planar jet (PJET) and shear free turbulence simulations (SFT).

Note that the mean thicknesses 〈δω〉 obtained
in [9], where the Reynolds number varies within
60 ≤ Reλ ≤ 160, do agree very well with the smaller
Reynolds numbers cases used in the present work,
Reλ = 157 for SFT and Reλ = 142 for PJET, re-
spectively. However, for higher Reynolds numbers
(Reλ ≥ 200) the present results clearly point to
δω ∼ η, for both in SFT and PJET. This is easy
to explain since “in the far field of a very high
Reynolds number free shear flow the large vortic-
ity structures (LVS) tend to be more fragmented
and δω may approach the radius of the (small) in-
tense vorticity structures (IVS), δω ∼ η” [9]. show-
ing the eddy structures near the V-TNTI for the
higher Reynolds number PJET simulation.

4.3. Conditional scalar gradient budgets at the
turbulent/non-turbulent interface

Starting the analysis of the scalar gradient budgets
with figure 5 showing the conditional scalar gradi-
ent budget for the simulation PJET246 (Sc = 0.7),
where the several vertical lines represent the start
of the S-TNTI position (yθI/η = 0), and the IB, end
of the VSL, and end of the TSL (start of the tur-
bulent core region), respectively. At the turbulent
core region, G2 is commanded by an approximate
balance between production and molecular dissipa-
tion (Fig. 5 a), and most of the other terms are
only important near the S-TNTI, in a small dis-
tance of 0 . yθI/η . 25 from the S-TNTI. Interest-
ingly, the V-TNTI is completely outside this region
in 25 . yθI/η . 35 and despite its complex feature
(described before in figure 3) its effects do not seem
to be noticed in any of the terms governing G2. In-
deed these terms are approximately constant from
yθI/η & 25.

It is interesting to observe how the build up of G2

is operated near the S-TNTI (Fig. 5 b). The molec-
ular diffusion starts the process, which is shortly
after taken by the convection, rising into higher
(term) values, and shortly afterwards by the pro-
duction, which attains the highest peaks from all

the terms governing the scalar mixing. The peak of
G2 is right after the peak production. Notice that
since this takes place in the irrotational region, the
velocity associated with this convection term, as the
strain associated with this production, are caused
by the irrotational entrainment wind and irrota-
tional velocity fluctuations near the interface[25],
respectively. Indeed ’true turbulent mixing’ is not
possible at these locations, since the velocity and
strain due to the turbulence are far behind this re-
gion.

The way these three terms, molecular diffusion,
convection and production are closely linked to the
build up of G2 can be appreciated by looking into
the joint probability density functions (JPDFs) of
the temporal variation of G2 and some of the terms
at different locations near the S-TNTI. Figure 6
shows in particular the JPDFs of temporal varia-
tion and molecular diffusion at the molecular diffu-
sion peak (yθI/η ≈ 5.6), and at the maximum con-
vection (yθI/η ≈ 7), while figure 7 shows the JPDFs
of temporal variation and production at the same
locations. Clearly, both the molecular diffusion and
production of G2 are correlated with the temporal
variation, but only for positive values of both quan-
tities i.e. when associated with an increase of G2,
as the events of negative diffusion and production
are strongly depleted. The same JPDFs computed
in other locations such as the IB or the turbulent
core region exhibit no correlation at all, and dis-
play similar (symmetric) positive/negative diffusion
and production events (not shown). It is also inter-
esting to remark how, as one moves from the first
(yθI/η ≈ 5.6) to the second (yθI/η ≈ 7) of these lo-
cations, there is a slight decrease of the correlation
level associated with the molecular diffusion and the
production, thus confirming the changing relevance
of the terms as one moves into different locations
within the S-TNTI.

Figure 8 shows the conditional budget of G2/2
for PJET236 (Sc = 0.07). This case differs from
the previous one only on the Schmidt number since
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Figure 5: Conditional budgets of passive scalar gradient G2/2 at the far field self-similar region of
the temporal plane jet simulation PJET246 (Sc = 0.7) as function of the distance from the S-TNTI,
normalised by the Kolmogorov micro-scale η and the Obukhov-Corrsin micro-scale ηOC from (a) −250 ≤
yθI/η ≤ +250, and (b) −10 ≤ yθI/η ≤ +40. The dashed vertical grey line is the start of the S-TNTI
position (yθI/η = 0), detected with the magnitude of the scalar gradient, while the solid vertical red,
blue an green lines represent the IB, end of the VSL and end of the TSL (start of the turbulent core),
respectively, associated with the velocity/vorticity TNTI.

(a) (b)

Figure 6: Joint probability density functions
(JPDFs) of temporal variation and molecular dif-
fusion of G2 for PJET246 (Sc = 0.7) at (a) the
molecular diffusion peak (yθI/η ≈ 5.6), and at the
maximum convection (yθI/η ≈ 7).

(a) (b)

Figure 7: Joint probability density functions
(JPDFs) of temporal variation and production of
G2 for PJET246 (Sc = 0.7) at (a) the molecular
diffusion peak (yθI/η ≈ 5.6), and at the maximum
convection (yθI/η ≈ 7).

the turbulence features of the two flows, for the ve-
locity/vorticity fields, are very similar. As in the

previous case for Sc = 0.7 at the turbulent core re-
gion, there is an approximate balance between pro-
duction and molecular dissipation (Fig. 8 a), and
again most of the scalar mixing dynamics occurs
completely outside the V-TNTI. Whereas the scalar
mixing takes place at 0 . yθI/η . 60 the V-TNTI
layer is at 62 . yθI/η . 75.

In contrast with Sc = 0.7, for Sc = 0.07 the con-
vective term is negligible throughout the S-TNTI
and the build up of G2 is mainly operated first by
the molecular diffusion and latter on by the produc-
tion, with the maximum of G2 taking place after
the production maximum. Thus, the main differ-
ence between the Sc = 0.7 and Sc = 0.07 is the
absence of an important role played by the con-
vective term. Moreover, as in Sc = 0.7 the strain
responsible by the production term is due solely to
irrotational shear induced by the turbulent eddies
in the turbulent core region close to the V-TNTI.

Figure 9 shows the JPDFs of temporal variation
and molecular diffusion, at the peak of molecu-
lar diffusion (yθI/η ≈ 19), and at the peak of G2

(yθI/η ≈ 40), again showing that at these locations
G2 increases by molecular diffusion (which is also
known from the budget), and how the events of
negative diffusion and production are strongly sup-
pressed. The same occurs in the JPDFs from the
turbulent core region, where the JPDFs are sym-
metrical (not shown).

Finally, figure 10 shows the conditional budget of
G2/2 for PJET142 (Sc = 7.0). Again deep inside
the turbulent region there is an approximate bal-
ance between production and dissipation ofG2 (Fig.
10 a), however it is possible to see from the outset
that the situation is very different to the previous
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the temporal plane jet simulation PJET236 (Sc = 0.07) as function of the distance from the S-TNTI,
normalised by the Kolmogorov micro-scale η and the Obukhov-Corrsin micro-scale ηOC from (a) −250 ≤
yθI/η ≤ +250, and (b) −5 ≤ yθI/η ≤ +100. The dashed vertical grey line is the start of the S-TNTI
position (yθI/η = 0), detected with the magnitude of the scalar gradient, while the solid vertical red,
blue an green lines represent the IB, end of the VSL and end of the TSL (start of the turbulent core),
respectively, associated with the velocity/vorticity TNTI.

(a) (b)

Figure 9: Joint probability density functions
(JPDFs) of temporal variation and molecular dif-
fusion of G2 for PJET236 (Sc = 0.07) at (a) the
molecular diffusion peak (yθI/η ≈ 19), and at the
maximum of G2 (yθI/η ≈ 40).

cases, since now clearly the V-TNTI and S-TNTI
overlap and turbulent fluctuations exist inside the
S-TNTI. Everything takes place in the small space
between 0 . yθI/η . 8 because the turbulent fluctu-
ations at the S-TNTI strongly enhance the mixing.
In contrast to the cases with Sc ≤ 1, the molec-
ular diffusion is now negligible throughout the S-
TNTI and the evolution of G2 at the S-TNTI is
solely commanded by the convective and produc-
tion terms. The IB and start of the S-TNTI almost
coincide and allow to observe the interplay between
the velocity and scalar fields in the very different
flow physics of the VSL and TSL regions.

The production term seems to be dominating the
mixing in the entire S-TNTI, attaining its peak
roughly at the boundary between the viscous su-

perlayer (VSL) and the turbulent sublayer (TSL).
Similar observation was reported by Tomoaki et al.
[5]. The convective term on the other hand is ob-
served to transport G2 from the TSL region into
the VSL across this VSL/TSL boundary. Another
(smaller) peak is observed in the convective term,
very close to the IB/start of the S-TNTI, suggesting
that the double peak convection is caused by two
different mechanisms in the S-TNTI. One, more in-
tense, probably linked to the fully non-linear nature
of the velocity fluctuations as is found inside the
TSL, and another, less strong, probably associated
with the motion very close to the cores of the first
row of eddies neighbouring the V-TNTI.

4.4. The structure of the scalar/scalar gradient
turbulent/non-turbulent interface (S-TNTI)

The results from the previous section allow to
outline of the several sublayers existing within
the scalar/scalar gradient turbulent/non-turbulent
interface layer (S-TNTI) at the edges of veloc-
ity/vorticity turbulent/non-turbulent interfaces (V-
TNTI). Only two cases need to be separated be-
cause as could be seen the only difference regarding
the case Sc = 0.7 and Sc = 0.07 (apart from the
sizes and magnitudes of the different mechanisms)
concerns the lack of importance of the convective
term for Sc = 0.07.

The two cases are represented by sketches in fig-
ure 11. Whereas for Sc = 0.7 the scalar gradi-
ent convective term plays a role in the mixing pro-
cess, for Sc = 0.07 it does not. Otherwise, the
structure of the S-TNTI is similar for both cases
(Sc ≤ 1). It consists of i) an external layer with
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Figure 10: Conditional budgets of passive scalar gradient G2/2 at the far field self-similar region of
the temporal plane jet simulation PJET142 (Sc = 7.0) as function of the distance from the S-TNTI,
normalised by the Kolmogorov micro-scale η and the Obukhov-Corrsin micro-scale ηOC from (a) −250 ≤
yθI/η ≤ +250, and (b) −5 ≤ yθI/η ≤ +100. The dashed vertical grey line is the start of the S-TNTI
position (yθI/η = 0), detected with the magnitude of the scalar gradient, while the solid vertical red,
blue an green lines represent the IB, end of the VSL and end of the TSL (start of the turbulent core),
respectively, associated with the velocity/vorticity TNTI.

irrotational velocity fluctuations, where the mixing
occurs by molecular diffusion, and then named as
the irrotational-diffusive superlayer, and ii) a sec-
ond (inner layer), where the mixing is mainly gov-
erned by the production, caused by the interac-
tion of the scalar gradient and fluctuating irrota-
tional strain. Naming this second sublayer as the
irrotational-straining sublayer. When Sc > 1 the
S-TNTI presents an altogether different structure
because there no diffusive superlayer, as the entire
S-TNTI is now under the action of turbulent veloc-
ity fluctuations. For the highest Schmidt number
studied in the present work (Sc = 7.0) having i)
an external sublayer where the mixing proceeds by
production of G2 controlled by ’viscous’ strain aris-
ing from the initial turbulent fluctuations within
the viscous-superlayer, and ii) by a second sublayer
where the production of G2 is governed by ’iner-
tial’ strain existing in the turbulent sublayer (TSL).
Calling these two sub-layers the viscous-convective
and inertial-convective sublayers, respectively, and
remark that they are very close, possibly coinciding,
with the VSL and TSL regions, respectively. As in
Tomoaki et al. [5].

The local and mean thickness of these layers was
computed from the present data. The irrotational-
diffusive superlayer (Sc ≤ 1) can be defined as
the distance from the start of the S-TNTI until
the point where the convective term takes over the
growth of G2 (for Sc = 0.7), or when the production
term takes over that role (for Sc = 0.07). Denot-
ing the thickness of this layer by δθγ to imply that
molecular diffusivity γ, is important in this region.
In the present work, it was obtained mean values

for these thicknesses equal to
〈
δθγ
〉
/η = 7.4 and〈

δθγ
〉
/η = 24.8, for Sc = 0.7 and Sc = 0.07, respec-

tively. The local thicknesses were simply computed
by using the ’local’ conditional profiles of the scalar
gradient budgets for each simulation. The PDFs
display single well defined peaks which are near
the mean values of its corresponding PDF, how-
ever δθγ presents a wider range of possible values for
Sc = 0.07 than for Sc = 0.7. The thickness of the
second sublayer δθS , is defined by the distance be-
tween the end of the previous layer and the point
whereG2 attains its ’turbulent core’ value. Here the
subscript S represents the strain rate effects govern-
ing the production.

For Sc > 1, defining the thickness of the viscous-
convective superlayer δθ∇ as the distance from the
start of the S-TNTI and the point of maximum
production, while the thickness of the inertial-
convective sublayer δθS is defined as the distance be-
tween this point and the location of the asymptotic
turbulent value of G2.

The total extent of the scalar-scalar gradient
turbulent/non-turbulent interface (S-TNTI), here
denoted by δθG, is obtained by adding (for each case)
the two sublayers. Thus, for Sc ≤ 1, δθG = δθγ + δθS ,

whereas for Sc > 1, δθG = δθ∇ + δθS . The thickness
of the S-TNTI is the counterpart of the thickness of
the V-TNTI δω, defined in reference [2].

5. Conclusions
Direct numerical simulations of turbulent planar
jets (PJET) and shear free turbulence (SFT) were
carried out to analyse the TNTI and its sublay-
ers at Reynolds numbers varying between 142 ≤
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Figure 11: Sketch representing the scalar/scalar gradient turbulent/non-turbulent interface layer (S-
TNTI) at the edge of the V-TNTI, where darker/lighter colours represent more/less intense values of the
scalar gradient magnitude. The thicknesses of the irrotational-diffusive superlayer (δθγ), viscous-convective

superlayer (δθ∇), irrotational-strainig sublayer or inertial-convective superlayer (δθS), are also represented.

Reλ ≤ 271, which compares with 50 ≤ Reλ ≤ 100
in previous works. For Reynolds numbers higher
than Reλ & 200 the mean thickness of the VSL,

TSL and TNTI all scale with ∼ Re
1/2
λ thus indi-

cating a Kolmogorov scaling. However, the scaling
constants slightly depend on the sublayer type and
flow configuration

The VLS thicknesses are always smaller than the
corresponding TSL, and exhibit a Kolmogorov scal-
ing with 〈δν〉 /η ≈ 3− 5, i.e with a scaling constant
of the order of η, independently of the flow type.
On the other hand, for the TSL and TNTI the value
of the scaling constant is typically one order larger
than η. Specifically, both the TSL and TNTI have
length scales typically equal to δσ ∼ δω ∼ 10η,
respectively, with slightly smaller values for SFT
compared to PJET: 〈δω〉 /η ≈ 9 − 12 in SFT and
〈δω〉 /η ≈ 16 − 17 in PJET. The difference may
be related to large-scale inhomogeneities present in
PJET, although visualisation of the flow structures
shows that these are much more fragmented than
in previous numerical and experimental works con-
ducted at smaller Reynolds numbers.

The results suggest that TNTIs from other flow
types e.g. wakes and boundary layers, should also
scale with η provided the Reynolds number is suffi-
ciently high, so that large-scale inhomogeneities are
no longer reflected in the vortices characteristics at
the TNTI.

Some of aforementioned turbulent planar jets
(PJET) simulations were carried out alongside with
a passive scalar simulation with the Schmidt num-
ber ranging from 0.07 ≤ Sc ≤ 7 in order to
study the passive scalar mixing. The Schmidt num-
ber varies one order of magnitude between the

three simulations used Sc = 0.07, 0.7, 7.0 for
PJET236, PJET246, and PJET142, respectively.
Both PJET236, and PJET246 are similar in terms
of velocity fields, while the PJET142 simulation has
a lower turbulent activity. For Sc � 1 simulations
the passive scalar field, initially was similar to ve-
locity profile, evolution is controlled by molecular
diffusion, while for higher Schmidt numbers Sc� 1
is mainly controlled by advection and molecular dif-
fusion is negligible.

The scalar/scalar gradient interface (S-TNTI)
shares the sharpness presented in velocity/vorticity
interface (V-TNTI) since the turbulent volume frac-
tion (V olT ) partake of the independence of the
threshold value for a given threshold range.

For Sc ∼ 1, the establishment of the scalar gra-
dient product G2 near the S-TNTI is mainly con-
trolled by molecular diffusion, shortly after the en-
trainment wind and irrotational velocity attain the
growing of G2 by convection. Finally the G2 rises
until its turbulent core value due to production.
The three contributions are closely linked to build
the G2 increase through the S-TNTI. Only positive
values for molecular diffusion and production are
positively affecting the growth of G2 and exhibit a
strong correlation near the viscous diffusion loca-
tion and the maximum convection locations.

Onto Sc� 1, the scalar dynamics is largely con-
trolled by molecular diffusion since the S-TNTI is
well distanced from the V-TNTI. This strongly sug-
gests that the growth of G2 is controlled by molec-
ular diffusion and latter by the production. The
distance between the two interfaces is large thus
the velocity fluctuations near the S-TNTI are neg-
ligible and the convective term is absent of impor-
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tance. Besides that, the scalar gradient produc-
tion GiGjSij is totally established within the irro-
tational zone. The scalar gradient G2 is also almost
completely established when the V-TNTI arises.

For the Sc � 1 cases the S-TNTI and V-TNTI
are almost overlapped and the turbulent fluctua-
tions of the V-TNTI are strongly controlling the
mixing of the passive scalar. The production term
to be dominating the mixing in the entire S-TNTI,
attaining its peak roughly at the boundary between
the viscous super-layer (VSL) and the turbulent
sublayer (TSL). The convective term is responsi-
ble for the transport of the G2 from the TSL region
into the VSL across this VSL/TSL boundary.

Concerning the S-TNTI structure and its sublay-
ers only two cases are considered I) Sc ≤ 1 and
II) Sc > 1. The first (Sc ≤ 1) consists of two
sublayers: i) the irrotational straining sublayer (δθγ)
which is the inner layer where mixing occurs due to
molecular diffusion, and ii) the irrotational strain-
ing sublayer (δθS) where production is responsible
for mixing. For Sc > 1 the scalar/scalar gradi-
ent turbulent/non-turbulent interface has also two
sublayers: i) the viscous-convective sublayer where
the mixing proceeds by production of G2 controlled
by ’viscous’ strain arising from the initial turbulent
fluctuations within the viscous-superlayer ii) the in-
ertial convective sublayer where the production of
G2 is governed by ’inertial’ strain existing in the
turbulent sublayer (TSL).

Acknowledgements

The author acknowledge the Laboratory for
Advanced Computing at University of Coim-
bra for providing HPC, computing, consult-
ing resources that have contributed to the re-
search results reported within this thesis. URL
http://www.lca.uc.pt

References
[1] D. K. Bisset, J. C. R. Hunt, and M. M. Rogers. The

turbulent/non-turbulent interface bounding a far wake.
J. Fluid Mech., 451:383–410, 2002.

[2] C. B. da Silva, J.C.R. Hunt, I. Eames, and J. Wester-
weel. Interfacial layers between regions of different tur-
bulent intensity. Annu. Rev. Fluid Mech., 46:567–590,
2014.

[3] S. Corrsin and A. L. Kistler. Free-stream boundaries
of turbulent flows. Technical Report TN-1244, NACA,
1955.

[4] M. van Reeuwijk and M. Holzner. The turbulence
boundary of a temporal jet. J. Fluid Mech., 739:254–
275, 2014.

[5] T. Watanabe, Y. Sakai, K. Nagata, Y. Ito, and
T. Hayase. Turbulent mixing of passive scalar near
turbulent and non-turbulent interface in mixing layers.
Phys. Fluids, 27:085109, 2015.

[6] J. Westerweel, C. Fukushima, J. M. Pedersen, and
J. C. R. Hunt. Momentum and scalar transport at
the turbulent/non-turbulent interface of a jet. J. Fluid
Mech., 631:199–230, 2009.

[7] A. Attili, J. C. Cristancho, and F. Bisetti. Statistics

of the turbulent/non-turbulent interface in a spatially
developing mixing layer. Journal of Turbulence, 15:555–
568, 2014.

[8] Kapil Chauhan, Jimmy Philip, and I. Marusic. Scal-
ing of the turbulent/non-turbulent interface in bound-
ary layers. J. Fluid Mech., 751:1–31, 2014.

[9] C. B. da Silva and R. R. Taveira. The thickness of the
turbulent/nonturbulent interface is equal to the radius
of the large vorticity structures near the edge of the
shear layer. Phys. Fluids, 22:121702, 2010.

[10] J. C. R. Hunt, I. Eames, J. Westerweel, P. A. Davidson,
S. Voropayev, J. Fernando, and M. Braza. Thin shear
layers - the key to turbulence structure. Journal of
Hydro-environment Research, 4:75–82, 2010.

[11] R. R. Taveira and C. B. da Silva. Characteristics of
the viscous superlayer in free shear turbulence and in
planar turbulent jets. Phys. Fluids, 26:021702, 2014.

[12] S. Stanley, S. Sarkar, and J. P. Mellado. A study of
the flowfield evolution and mixing in a planar turbulent
jet using direct numerical simulation. J. Fluid Mech.,
450:377–407, 2002.

[13] A. Cimarelli, G. Cocconi, B. Frohnapfel, and E. De An-
gelis. Spectral enstrophy budget in a shear-less flow
with turbulent/non-turbulent interface. Phys. Fluids,
27:125106, 2015.

[14] K. Alvelius. Random forcing of three-dimensional ho-
mogeneous turbulence. Phys. Fluids, 11(7):1880–1889,
1999.
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