
PHYSICS OF FLUIDS 29, 085105 (2017)

Geometrical aspects of turbulent/non-turbulent interfaces
with and without mean shear

Tomoaki Watanabe,

1,2,a)

Carlos B. da Silva,

1,2

Koji Nagata,

1

and Yasuhiko Sakai

3

1Department of Aerospace Engineering, Nagoya University, Nagoya, Japan
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The geometry of turbulent/non-turbulent interfaces (TNTIs) arising from flows with and without
mean shear is investigated using direct numerical simulations of turbulent planar jets (PJET) and
shear free turbulence (SFT), respectively, with Taylor Reynolds number of about Re� ⇡ 100. In both
flows, the TNTI is preferentially aligned with the tangent to the TNTI displaying convex, where the
turbulent fluid nearby tends to have a stronger enstrophy, more frequently than concave shapes. The
different flow configurations are reflected in different orientations of the TNTI with respect to the flow
direction (and its normal). While the interface orientation with respect to the mean flow direction in
PJET has an influence on the velocity field near the TNTI and the enstrophy production in the turbulent
sublayer, there is no particular discernible dependence on the interface orientation in SFT. Finally, the
intense vorticity structures or “worms,” which are possibly associated with “nibbling” entrainment
mechanism, “feel” the local geometry of the TNTI, and it is shown that in PJET, a smaller local
radius of these structures arises in regions near the TNTI where the local TNTI faces the mean flow
direction. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4996199]

I. INTRODUCTION

Turbulence in the environment and in engineering devices
is often localized and surrounded by a non-turbulent flow,
where the localized turbulence is separated from the outside by
an interfacial layer: the so-called turbulent/non-turbulent inter-
face (TNTI). The flow dynamics near the TNTI is crucial in var-
ious phenomena involving turbulent mixing and entrainment,
e.g., localized turbulent spots are observed in ocean mixed lay-
ers,1,2 atmospheric boundary layers,3 and volcanic eruptions.4

The flow properties dramatically change across the TNTI,
where important exchanges of mass, momentum, energy,
and chemical species occur between the turbulent and non-
turbulent flow regions. Modeling the entrainment mechanism
is therefore very important for the prediction of many envi-
ronmental and engineering flows since the flow evolution is
often governed by the entrainment rate.5 In this context, under-
standing the geometrical characteristics such as the surface
area and curvature and how the turbulent scales and structures
affect these characteristics can be very useful, e.g., the sur-
face area between two fluids or two fluid streams is one of the
leading parameters dictating overall fluid exchanges at these
interfaces.

TNTIs have been studied using canonical flows such
as mixing layers, wakes, jets, and boundary layers. It has
been observed that the TNTI is a finite thickness layer
composed of a viscous superlayer (VSL), where enstrophy
growth is dominated by viscous diffusion, and a turbulent
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sublayer (TSL), where enstrophy production becomes impor-
tant.6 Many recent studies have focused on the flow dynamics
near TNTIs; however, only relatively few works have been
devoted to the study of its geometry. Notable exceptions are
Refs. 7–10.

Observations of the TNTI have long time ago shown
that this interface is sharp and is continually distorted by
a wide range of scales from the turbulent region,11,12 and
in particular, the largest convolutions at the TNTI are the
imprint of the largest-scale eddies from the turbulent region.12

It has been observed that the probability density function
(pdf) of the position of the TNTI is approximately Gaus-
sian.7,11,13–15 However, the TNTI presents different forward
and backward geometrical characteristics, e.g., slopes, in some
flows, such as in wakes.16 The convex and concave regions of
the TNTI have also been linked with different local entrain-
ment velocities8,17,18 and possibly reflect the characteristics of
the intense eddy structures nearby.19 Specifically, the vortic-
ity jump at the TNTI observed in different flows is imposed
by the eddy structure near the TNTI,7,20 while the dynamics
of the small-scale intense vorticity structures (IVSs) neigh-
boring the TNTI suggests that the nibbling eddy motions
are linked to the diffusion of vorticity from these small-
scale motions near the TNTI.21 Finally, the fractal features
of the TNTI have been measured in a number of studies,
where a fractal dimension between D2 ⇡ 2.3-2.4 has been
observed.9,22,23

In the present work, we focus on the geometry of
the TNTI by analyzing its outer envelope known as the
irrotational boundary (IB). In order to analyze possible effects
from the existence of mean shear, two different flows are
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analyzed: shear free turbulence (SFT) and turbulent planar jets
(PJET). As will be shown below, even though we do not use the
Reynolds decomposition in most of the subsequent analysis,
the instantaneous fields and TNTI characteristics do show the
imprint of the mean shear, which is determined by the different
flows/initial conditions.

We start by investigating the interface geometry rep-
resented by the local curvature and interface orientation,
and we proceed by investigating the local geometry of the
TNTI in connection with the enstrophy dynamics and the
relative fluid velocity near the TNTI. Wolf et al.17 investi-
gated the role of the mean and Gaussian curvatures in the
local entrainment velocity,24 which was determined right at
the IB, and they showed that the local entrainment is more
sensitive to the mean curvature than to the Gaussian cur-
vature. Therefore, here we use the mean curvature for dis-
tinguishing the IB shape. However, unlike Wolf et al.,17

where the dependence of the vorticity dynamics on the cur-
vature is investigated at the outer edge of the TNTI, we
investigate the enstrophy production in the turbulent sublayer
since the enstrophy production is almost negligible at the
IB.

This paper is organized as follows. Section II describes
the direct numerical simulations (DNSs) of SFT and PJET
and the procedures used to compute statistics in this work.
Section III addresses the geometry of the IB and its relation
with the enstrophy production and with the local entrain-
ment velocity near the TNTI. Section IV analyzes the
relation between the interface geometry and the charac-
teristics of the intense vorticity structures. Section V dis-
cusses different dependence of the TNTI on the geom-
etry observed between SFT and PJET. The article ends
in Sec. VI with an overview of the main results and
conclusions.

II. DIRECT NUMERICAL SIMULATION
A. Direct numerical simulations of shear free
turbulence and planar turbulent jets

The TNTI is investigated in a shear-free turbulence25

(SFT) and a temporally developing planar jet26 (PJET). We
performed DNS of these flows using a DNS code whose details
were described in previous studies.21,26 The DNS uses pseudo-
spectral methods for spatial discretization and a 3rd-order,
3-step Runge–Kutta method for temporal advancement, and
the simulations are fully de-aliased using the 3/2 rule. The
DNSs are carried out in a periodic box, with the origin of the
coordinate system (x, y, z) = (0, 0, 0) placed at the center of
the computational domain. It was confirmed that the periodic
boundaries have no influence on the development of the SFT
and PJET, provided that the computational box is large enough
as is the case here.

In the SFT simulations, the computational domain, whose
size is 2⇡ ⇥ 2⇡ ⇥ 2⇡ is represented by (Nx ⇥ Ny ⇥ Nz)
= (512 ⇥ 512 ⇥ 512) collocation points. Initially, a DNS of
forced homogeneous isotropic turbulence (HIT) is carried out,
and subsequently, a shear free boundary between the turbulent
and the non-turbulent flows is generated by instantaneously

inserting this initial HIT into the middle of a quiescent flow.
The initial field from HIT is taken from the center of the
computational domain (|y|  0.7⇡), while the non-turbulent
flow with initially zero velocity is in the remaining domain
(0.7⇡  |y|  ⇡). The turbulent flow then spreads into the non-
turbulent flow region in the absence of mean shear. Further
details on the procedure used to generate SFT are described in
previous works.25

The PJET simulation is carried out in a computational
domain with sizes Lx = 7.5h, Ly = 10h, and Lz = 7.5h in the
streamwise (x), lateral (y), and spanwise (z) directions, respec-
tively, where h is the inlet nozzle width of the jet, and the
number of grid points is (Nx ⇥Ny ⇥Nz)= (768⇥ 1024⇥ 768).
As in similar DNS of temporally developing planar jets,26,27

the initial velocity profiles are generated by superimposing
a “spectral noise”28 to the mean velocity profile given by
a hyperbolic tangent function. The initial mean streamwise
velocity at the center of the jet (y = 0) is U1, and no co-
flow is added outside of the jet. The initial Reynolds num-
ber is Re=U1h/⌫ = 6000, where ⌫ is the kinematic viscos-
ity. Further details on the PJET simulation are described
in Refs. 21 and 26. DNSs at a higher Reynolds number
are already available for planar jets.29 However, we have
used the same Reynolds number for the jet and for SFT in
order to be able to compare the two flows. Nevertheless,
the Reynolds number Re� ⇡ 100 is sufficiently high for the
flows to be considered as representatives of high Reynolds
number turbulence in the sense that the dissipation law is
observed.

The TNTI is investigated using one single instantaneous
field in the DNS of the PJET and SFT. The Taylor-based
Reynolds number is Re� = urms�x/⌫ = 100 and 98, at the center
of the SFT and PJET, respectively, where urms is the rms veloc-
ity in the x direction and �x is the Taylor microscale calculated

as �x =

q
hu2i/h(@u/@x)2i. Here, h i is the conventional mean

value, which is computed by taking averages on a x–z plane at
each lateral location, and u = U � hUi is the velocity fluctua-
tion in x direction. The ratio between �x and the Kolmogorov
scale ⌘ = (⌫3/✏)1/4 is �x/⌘ = 19.5 and 19.6 at y = 0 in the
SFT and PJET, respectively, where ✏ is the dissipation rate
of turbulent kinetic energy in the turbulent core region, and
the resolution at y = 0 is 1.41⌘ and 1.35⌘ in SFT and PJET,
respectively.

B. TNTI detection and conditional statistics

As mentioned in the Introduction, the TNTI layer consists
of two (sub)layers: the turbulent sublayer (TSL) and viscous
superlayer (VSL),6 where the latter forms at the outer edge of
the TNTI.30 As in previous studies on the TNTI,26,31 the iso-
surface of the vorticity magnitude |! | =!th is used to detect the
irrotational boundary (IB),32 which delimits the outer surface
of the TNTI layer. The actual value of!th is determined by the
dependence of the detected turbulent volume on !th,33 and as
in previous studies, we confirmed that this method works very
well in both SFT and PJET.14

Once the IB is detected, conditional statistics in relation to
the TNTI (or the IB) can be computed and the present work uses
the same procedure to compute these statistics as previously
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FIG. 1. Definition of the local coordinate axis yI fixed at the irrotational
boundary (IB) used for calculating the conditional statistics in relation to
the TNTI. Examples of concave and convex interface shapes, distinguished
through the large-scale mean curvature H, are also shown. The interface nor-
mal vector and mean curvature are calculated using the three-dimensional
(space) direction components.

described32 (see Fig. 1): We introduce a local coordinate yI,
whose origin is located at the (local) IB, where yI is normal to
the TNTI and points into the non-turbulent region. Because the
IB is an iso-surface with constant enstrophy !2/2 = !i!i/2,
the boundary normal direction is given by the unit normal
vector n= � r!2/|r!2 | at the IB. Thus, the turbulent and
irrotational regions are defined by yI < 0 and yI > 0, respec-
tively. In this work, the distance to the IB is normalized by the
Taylor microscale �= (�x + �y + �z)/3 and/or the Kolmogorov
scale ⌘, taken from the center of the turbulent core region

(y = 0), where �i =
q
hu2

i i/h(@ui/@xi)2i is the Taylor microscale
for the direction i. The conditional average on yI is denoted by
h iI.

In the present work, the interface geometry is studied in
terms of its local curvature and orientation. Specifically, the
mean curvature of the enstrophy iso-surface is defined with
the outward normal vector n of the IB as H =r · n/2, where
�H < 0 and �H > 0 represent a convex and a concave shape,
respectively (see Fig. 1). Notice that the present definition of
H is symmetrical to the one used by Wolf et al.8,17 because
yI in Fig. 1 points toward the non-turbulent region follow-
ing the work of Bisset et al.31 For comparisons with previous
studies on the shape of the TNTI where the curvature was
defined with the inward normal vector (i.e., �n), we show
the results with H. In order to remove small scale numer-
ical noise from these results and also because we intend to
focus mainly on the large scale geometrical features of the
TNTI, associated with the large-scale vorticity, a box filter

with filter size � = 0.5� was applied to the enstrophy field,
prior to the computation of the vector normal to the interface.
Therefore, in the remainder of this work, the interface cur-
vature is actually the large-scale mean curvature defined by
H ⌘ r · nLS/2, where nLS ⌘ �r!2/|r!2 | and !2 is a low-
pass-filtered value of !2 as described above. The results show
that the filter size used here (� = 0.5�) is large enough to elimi-
nate the small-scale convex and concave shapes resulting from
numerical noise, but small enough to capture the large-scale
convex and concave shapes associated with the large-scale
eddies. We moreover confirmed that the results hardly change
when filter widths slightly larger than from � = 0.5� are
considered.

III. RESULTS
A. Enstrophy transport near the TNTI

The fundamental characteristics of the TNTI can be
examined by using the conditional profile of enstrophy
!2/2 = !i!i/2 and the conditional enstrophy budget, which
is represented by the enstrophy transport equation,

D!2/2
Dt

= !iSij!j + ⌫r2(!2/2) � ⌫r!i · r!i. (1)

The first, second, and third terms on the right-hand side of Eq.
(1) represent the production (P!), viscous diffusion (D!), and
viscous dissipation (✏!), respectively, where!i and Sij are the
vorticity vector !i = "ijk@uk/@xj and the rate of strain tensor
Sij = (@ui/@xj + @uj/@xi)/2, respectively.

Figures 2(a) and 2(b) show the conditional averages
of !2/2, P! , D! , and ✏! for SFT and PJET, respectively.
The conditional profiles for SFT and PJET are very sim-
ilar to previous studies on the TNTI.30,32 Near the IB (yI
= 0), the enstrophy growth arises from the viscous diffu-
sion and the inviscid enstrophy production is negligible. This
region is the so-called viscous superlayer (VSL). After the
VSL, the enstrophy production increases into the turbulent
core region and becomes the dominant term marking the
so-called turbulent sublayer (TSL). Finally, in the turbulent
core region, the enstrophy dissipation roughly balances the
production.

FIG. 2. Conditional mean enstrophy
(!2/2) and conditional average of pro-
duction (P! ), diffusion (D! ), and dissi-
pation (✏! ) terms in the enstrophy trans-
port equation in (a) SFT and (b) PJET.
The vertical broken and dashed-dotted
lines indicate yI/� = �0.5 and 0.25,
respectively. The interface characteris-
tics are investigated in detail at yI/�
= �0.25, and the turbulent fluid motion
relative to the irrotational boundary
movement at yI/� = �0.5 is used for
the analysis. For comparison, yI normal-
ized by the Kolmogorov scale ⌘ is also
shown.
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FIG. 3. Visualization of the irrotational boundary in (a)
SFT and (b) PJET. The color depicts the large-scale
mean curvature H ⌘r · nLS/2 normalized by the Tay-
lor microscale � = (�x + �y + �z)/3 taken from the center
of the turbulent core region (y = 0). The barely visible
high frequency oscillations are likely caused by a small
effect of the Gibbs phenomenon, which is here visible
because of the very small vorticity threshold defining the
IB. The effect of these oscillations is not discernible in
the statistics of the results obtained.

B. Geometric characteristics
of the irrotational boundary

Figure 3 shows the IB in SFT and PJET defined through
iso-surfaces of constant enstrophy |! | = !th and the color con-
tours at the surfaces represent the large-scale mean curvature
H, normalized by � at y = 0. The IB shows a characteristic hilly
surface that has been observed in several previous works27 and
whose large scales are caused by the large-scale eddies from
the turbulent core region. The concave and convex boundary
shapes related to the large-scale convolutions are also well
distinguished through H and show a predominance of con-
vex (�H < 0) over concave (�H > 0) curvatures in both flow
types. The size of the large-scales convolutions observed in the
SFT case also seems to be larger than in PJET, which is prob-
ably explained by the bigger integral scales in SFT compared
with the box shown in the figures.

Figure 4 shows the probability density function (pdf)
of H at the IB. The maximum of the pdf appears around
�H� = �1 (convex) while large and positive values of H
also exist, and the pdf is positively skewed. This agrees with
the visualizations of the IB in Fig. 3, in which the greatest
part of the IB area displays negative values of H, although
large positive values appear on thin lines, occupying a very
small surface area. This also agrees with the dominating idea
that the IB and the TNTI are largely formed at the outer
edge of the vortical structures20 and explains how the largely

FIG. 4. Pdf of large-scale mean curvature H ⌘ r · nLS/2 of the irrotational
boundary in the SFT and PJET.

convex shape of the IB can be related to the shape of the vor-
tical structures underneath its surface. The fact that concave
zones appear to separate large-scale convex regions is also
consistent with the presence of different large-scale vortical
structures.

The orientation of the IB can be appreciated by ana-
lyzing the unit normal vector to the IB, here denoted by
n = (nx, ny, nz), as shown in Fig. 5 through the joint pdf of (nx,
ny) at the irrotational boundary in the SFT and PJET. Note that
the joint pdf includes information on the three components of n
because n2

x +n2
y +n2

z = 1 and we cannot statistically distinguish
between the z and z directions. The spanwise component |nz |
is represented by cos ✓, where ✓ is the angle between n and the

z direction, and cos ✓ ⌘ |nz | =
q

1 � n2
x � n2

y for ✓ = 30�, 60�,
and 90� are shown by white broken lines.

In the DNS of SFT, the x and z directions are statistically
equivalent. Since the joint pdf maps for large |ny|, the most
frequent orientation corresponds to the IB normal facing the
y direction. In contrast, in the PJET case, the IB faces sev-
eral different orientations with a similar probability, which is
consistent with its shape being more corrugated. Thus, the
orientation of the IB in SFT and PJET is different, which
probably reflects the effects of the different eddy structure
underneath the IB in both flows, which is indirectly related to
the effects of the presence (or lack) of mean shear in the two
flows.

To complete the assessment of the IB geometry, the joint
pdf between the mean curvature of the IB and the nearby
enstrophy, taken from yI/� = �0.25 (i.e., from the TSL region),
is shown in Fig. 6. When the IB has a convex shape, the enstro-
phy nearby tends to be stronger. This is particularly true near
convex shapes with �H� ⇡ �1. Conversely when the local IB
has a concave shape (�H > 0), the neighboring TSL region
tends to display smaller enstrophy levels.

The relatively intense enstrophy levels observed near
convex-shaped regions of the IB can be explained also by
recalling that the local shape of the IB is imposed by the
presence of the nearby vortical structures and their associ-
ated (approximately cylindrical) geometry. If the convex shape
in the IB forms around the vortex structures, it is natural
to find a locally strong vorticity near these regions since
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FIG. 5. Joint pdf of x and y direction
components (nx and ny) of irrotational
boundary unit normal vector n = (nx ,
ny, nz) in (a) SFT and (b) PJET. The
three white broken lines indicate cos ✓
⌘ |nz | =

q
1 � n2

x � n2
y for ✓ = 30�, 60�,

and 90� (from the inner line toward the
outer line), where ✓ is the angle between
n and the z direction.

enstrophy is concentrated in the core of these eddy struc-
tures. In contrast, concave regions are formed at the periph-
ery of, or between, the vortices and are therefore expected
to be associated with relatively smaller levels of enstro-
phy. As we will see below, the particular topology of the
enstrophy near the TNTI also explains the enstrophy pro-
duction in relation to the IB shape, which is the topic of
Sec. III C.

C. The relation between the interface geometry
and enstrophy and relative velocity

The relation between enstrophy production and the (i)
shape, (ii) direction, and (iii) relative velocity near the IB
is analyzed in detail. The reason to focus on the enstrophy
production comes from the fact that this quantity dominates
the flow in the TSL, and this layer probably displays differ-
ent features in TSL from different flow types, since within
this layer different eddy structures are observed depending on
the flow type (e.g., wakes, jets, mixing layers, and bound-
ary layers). Notice that unlike Wolf et al.,17 in which the
dependence of the vorticity dynamics on the IB curvature
was investigated right at the IB (yI = 0), we investigate the

enstrophy production in the nearby TSL (yI/� = �0.25)
because the enstrophy production is negligibly small at the
IB.

1. Interface geometry and enstrophy production

The relationship between the large-scale mean curva-
ture and the enstrophy production in the nearby TSL (at
yI/� = �0.25) can be appreciated in Fig. 7, showing the con-
ditional joint pdf of H and P! at yI/� = �0.25 for SFT and
PJET. The joint pdf is very similar for both flows and clearly
shows that the enstrophy production term is larger for a convex
(�H < 0) than for concave (�H > 0) shapes of the IB. Specif-
ically, a maximum probability is observed in both flows for
�H� ⇡ �1.

The above result can be explained simply by the partic-
ular topology of the enstrophy magnitude in relation to the
shape of the IB as discussed in Fig. 4. Indeed, enstrophy pro-
duction is proportional to the enstrophy and we confirmed
that the enstrophy production divided by enstrophy P!/(!2/2)
hardly depends on the large-scale mean curvature. Therefore,
strong enstrophy production observed near convex IB regions
is related to the large enstrophy content existing in this region,

FIG. 6. Conditional joint pdf of large-scale mean curvature H and enstrophy !2/2 at yI/� = �0.25 (turbulent sublayer) in (a) SFT and (b) PJET.
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FIG. 7. Conditional joint pdf of large-scale mean curvature H and enstrophy production term P! at yI/� = �0.25 (turbulent sublayer) in (a) SFT and (b) PJET.

FIG. 8. Conditional average of enstro-
phy production term P! conditioned on
the irrotational boundary unit normal
vector n = (nx , ny, nz) at yI/� = �0.25
(turbulent sublayer) in (a) SFT and (b)
PJET. The conditional average hP! |niI
is premultiplied by the pdf of n, P(n), so
that the integration of the plot yields the
average hP! iI. The white broken lines
are the same as in Fig. 5.

as also suggested by the strong similarity between Figs. 6
and 7.

The relation between the interface orientation and the
enstrophy production within the nearby TSL is analyzed
through Fig. 8 showing the average of P! conditioned on
the irrotational boundary unit normal vector n, hP! |niI, at
yI/� = �0.25. hP! |niI is premultiplied by the pdf of n, P(n),
so that the integration of the plot yields hP!iI. As in Fig. 5,
hP! |niIP(n) is shown against nx and ny while nz is related to
nx and ny by |n| = 1. In the PJET, the enstrophy production
tends to be small for negative nx, which agrees with pre-
vious DNS studies on spatially developing planar jets,15,34

since in these studies it has been shown that the enstrophy
production is small near the interface when n points in the
upstream direction. For hP! |niI in SFT, we cannot see a clear
dependence of the enstrophy production on the interface ori-
entation, unlike in the PJET. Thus, again we observe that
the interface orientation effects of P! depend on the flow
configuration.

Consistently with Fig. 8, Fig. 9 shows the conditional pdf
of P! conditioned on the sign of nx at yI/� = �0.25 in PJET.
The enstrophy positive production P! > 0 and negative pro-
duction P! < 0 are, respectively, stronger and less intense
when the IB faces the streamwise direction (nx > 0), while the
opposite trend can be observed for the IB regions facing the
upstream region (nx < 0).

2. Interface geometry and relative fluid velocity

As shown in Ref. 34, the turbulent fluid motion relative
to the IB boundary movement affects the enstrophy produc-
tion near the interface, via the alignment between the vorticity
and strain-rate eigenvectors. The velocity of the IB move-
ment, U

I, is the sum of the velocity of the fluid U(xI
0) and

the propagation velocity of the IB, V

P, also known as the
local entrainment velocity: U

I = U(xI
0) + V

P, where x = x

I
0

represents the location of the IB. The propagation velocity
of a given (constant) vorticity magnitude iso-surface is given

FIG. 9. Pdf of enstrophy production term P! conditioned on the sign of nx
at yI/� = �0.25 (turbulent sublayer) in the PJET.
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FIG. 10. Conditional pdf of relative velocity in the irrotational boundary nor-
mal direction, �Un, at yI/� = �0.5 in SFT and PJET. The relative velocity is
normalized by the root-mean-square of the streamwise velocity at the center
of the turbulent core region (y = 0), hu2i1/2

C .

by24

V

P =

 
2!iSij!j

|r!2 | +
2⌫!ir2!i

|r!2 |

!
n. (2)

Therefore, the fluid velocity at the location x relative to the
irrotational boundary movement is given by �U

I = U(x) �U

I

= U(x) � U(xI
0) � V

P. The relative velocity also plays an
important role in the entrainment within the TNTI layer and
is related to the entrainment velocity.35 The relative velocity
in the boundary normal direction is �Un = �U

I · n, where the
relative velocity is calculated on the local coordinate yI using
U

I at yI = 0. Notice that for turbulent fluid approaching the IB,
�Un > 0, whereas �Un < 0 represents turbulent fluid moving
away from the IB.

Figure 10 shows the pdf of �Un at yI/� = �0.5 in SFT
and PJET, at which the conditional mean enstrophy reaches
the turbulent core value (see Fig. 2). The pdf of normalized
�Un is similar in SFT and PJET, indicating that the relative
velocity at this location scales with the root-mean-square (rms)
velocity associated with large-scale motions, instead of the
Kolmogorov velocity u⌘ = (✏⌫)1/4 associated with viscous
effects. The propagation velocity is of the order of the Kol-
mogorov velocity,8,18,24 and thus, the fluid velocity difference

FIG. 11. Conditional pdf of cosine of angle between the irrotational boundary
unit normal vector n and the unit vorticity vector !̂ (cos ✓

n! ) at yI/� = �0.25
(turbulent sublayer) in the SFT and PJET. The pdf is calculated conditioned
on the sign of the relative velocity �Un at yI/� = �0.5.

U(x) � U(xI
0) has a larger contribution to the relative veloc-

ity at yI/� = �0.5 than the propagation velocity V

P. More-
over, although the pdf displays a maximum for �Un > 0 (fluid
approaching the IB), many events of �Un < 0 (fluid moving
away from the IB) are also observed.

Figure 11 shows the pdf of the cosine of the angle between
the vorticity vector and irrotational boundary normal vector at
yI/� = �0.25. As in previous studies on the TNTI,19,34 the
vorticity is tangentially aligned with the irrotational bound-
ary independently of the turbulent fluid motion; however,
interestingly, this alignment is stronger near regions where
the fluid motion is directed towards the IB �Un > 0 than
moving away from the IB �Un > 0, again reflecting differ-
ent interface geometries depending on the nearby velocity
field.

The relation between the relative velocity and the interface
geometry can be appreciated in Figs. 12 and 13 showing the
joint pdf of (nx, ny) at the IB conditioned on the sign of �Un
at yI/�=�0.5 for SFT and PJET, respectively. For SFT, the
pdfs for �Un > 0 and �Un < 0 are similar to the unconditional
pdf shown in Fig. 5(a), and there is no particular relationship
between the interface orientation and the relative velocity. In
contrast, in PJET, the TNTI frequently faces the streamwise

FIG. 12. Joint pdf of x and y direction
components (nx and ny) of the irrota-
tional boundary unit normal vector n
= (nx , ny, nz) in SFT calculated for (a)
�Un > 0 and (b) �Un < 0. Three white
broken lines are the same as in Fig. 5.
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FIG. 13. Joint pdf of x and y direction components (nx and ny) of the irrotational boundary unit normal vector n = (nx , ny, nz) in PJET calculated for (a) �Un > 0
and (b) �Un < 0. Three white broken lines are the same as in Fig. 5.

direction (nx > 0) for�Un > 0, and the upstream region (nx < 0)
for �Un < 0, which shows that different flow configurations,
and in particular, the existence of a mean shear influences
the geometry of the TNTI in its relation to the entrainment
velocity.

IV. THE INTENSE VORTICITY STRUCTURES
NEAR THE TNTI

Since the TNTI is formed around the turbulent eddies from
the turbulent core region, it is interesting to analyze the intense
vorticity structures (IVSs) near the interface, particularly since
the enstrophy production, which is crucial to the dynamics of
the IVS, is related to the geometry of the TNTI. A detailed
analysis of the IVS in planar jets was carried out in the work
of da Silva et al.;21 however, in that work no comparison was
made between the IVSs from different flow types nor was it
studied in relation to the TNTI geometry.

The IVSs are detected and tracked using the same pro-
cedure described in the work of da Silva et al.21 Specifi-
cally, the IVS cores are extracted as regions with |! | �!I,
where !I is determined so that the core regions of the IVSs

occupy 1% of the turbulent volume. For each IVS, the core
radius R, azimuthal velocity u0, and circulation Reynolds
number Re� = �0/⌫ are calculated directly from the veloc-
ity and vorticity field,21 where the circulation is given by
�0 = 2⇡Ru0.

Figure 14 shows the conditional mean profiles of R, u0,
and Re� for SFT and PJET. Deep inside the turbulent region,
the mean core radius in both SFT and PJET is about 4⌘ ⇠ 5⌘,
which is similar to those observed in various flows.21,36–38

For PJET, R, u0, and Re� increase towards the TNTI and drop
sharply from yI/⌘ ⇡ �10, in agreement with previous works,21

whereas in SFT, a similar trend can be observed for R and
Re�, while u0 is roughly constant for yI/⌘ < �20. We also
expect that the radius of the IVS near the TNTI scales with
the Kolmogorov length scale even at different Re just as deep
inside the turbulent core region.36,37

To examine the interface orientation dependence of the
IVS characteristics, Fig. 15 shows the conditional average of
R, u0, and Re� calculated for nx > 0 and nx < 0 in PJET. The
ratio between the core radius and the Burgers radius is also
shown, as hRBV iI = h2(⌫/�)1/2i I, where � = !iSij!j/!k!k is
the stretching rate of each IVS. Recall that the core radius of a

FIG. 14. Conditional profiles of IVS
characteristics in SFT and PJET: (a) vor-
tex core radius hRiI/⌘; (b) azimuthal
velocity hu0iI/urms; (c) circulation
Reynolds number hRe�iI/Re1/2

�
.
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FIG. 15. Conditional profiles of IVS
characteristics in PJET conditioned on
the sign of nx : (a) vortex core radius
hRiI normalized by ⌘ or the Burg-
ers vortex radius estimated as hRBViI
= h2(⌫/�)1/2iI, where � is the axial
stretching rate at the axis of the IVS; (b)
azimuthal velocity hu0iI/urms; (c) circu-
lation Reynolds number hRe�iI/Re1/2

�
.

Burgers vortex is kept constant by a balance between the vor-
tex stretching, caused by the nearby large scale eddy motions,
and enstrophy viscous diffusion. Interestingly, as in the work
of da Silva et al.,21 we see that throughout all the flow, the
IVSs are well described by the Burgers vortex model since
hRiI ⇡ hRBV iI for both nx > 0 and nx < 0 (Fig. 15). How-
ever, as the IVS approaches the IB, R, u0, and Re� become
quite different for nx > 0 and nx < 0. Specifically, higher val-
ues are obtained for nx < 0 than for nx > 0, which shows
that the dynamics of the IVS is related to the orientation
of the TNTI. Comparatively smaller R (as u0 and Re�) is
observed for nx > 0, precisely when positive enstrophy produc-
tion (stretching) is larger and negative production (compres-
sion) is smaller (see Fig. 9). Conversely, the observed increase
in R (as u0 and Re�) near the TNTI is consistent with smaller
local values of enstrophy production (and a predominance
of viscous diffusion), observed for nx < 0 regions in Fig. 9.
The present results clarify the observed variation of the IVS
characteristics near the TNTI and show that the local TNTI

geometry also affects these intense vorticity structures such as
IVSs.

V. DISCUSSIONS

In this section, we consider the difference in the enstro-
phy production within the TSL between SFT and PJET via the
alignment characteristics of the vectors in this (sub)layer. The
conditional statistics are calculated conditioned on the sign of
�Un at yI/� = �0.5 as in Sec. III C. At yI/� = �0.25, the
pdfs of the cosine of the angles between n and the strain-rate
eigenvectors ei (cos✓nei) and !̂ and ei (cos ✓!ei) are calculated
conditioned on the sign of�Un (Figs. 16 and 17, respectively),
where e1 � e2 � e3 and !̂ = !/|! | is the unit vorticity vector.
The angle between n and ei significantly changes depending
on �Un: for the turbulent fluid approaching the irrotational
boundary (�Un > 0), e1 shows a preference for the bound-
ary tangential direction and e3 is parallel to the boundary
normal direction while the opposite tendency is observed in

FIG. 16. Conditional pdf of cosine of
angle between the irrotational boundary
unit normal vector n and the strain-rate
eigenvector ei (cos ✓nei) at yI/� = �0.25
in the SFT and PJET: (a) extensive
strain-rate eigenvector; (b) intermediate
strain-rate eigenvector; (c) compressive
strain-rate eigenvector. The pdf is cal-
culated conditioned on the sign of the
relative velocity �Un at yI/� = �0.5.

FIG. 17. Conditional pdf of cosine of
angle between the unit vorticity vec-
tor !̂ and the strain-rate eigenvector
ei (cos✓!ei) at yI/� = �0.25 in the
SFT and PJET: (a) extensive strain-rate
eigenvector; (b) intermediate strain-rate
eigenvector; (c) compressive strain-rate
eigenvector. The pdf is calculated condi-
tioned on the sign of the relative velocity
�Un at yI/� = �0.5.
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e1 and e3 for the turbulent fluid moving away from the irrota-
tional boundary (�Un < 0). However, e2 is frequently aligned
with the tangential direction of the irrotational boundary inde-
pendently of�Un. Because the vorticity is tangentially aligned
with the TNTI, the dependence of the eigenvectors on �Un
causes the difference in cos✓!ei between the positive and the
negative �Un as shown in Fig. 17. Comparing these statistics
on the alignments conditioned on the sign of �Un, one can see
that the vorticity hardly aligns with the eigenvector, which is
orientated in the boundary normal direction (e3 for �Un > 0
and e1 for �Un > 0). The dependence of these alignments on
the relative velocity can be seen both in the SFT and PJET.
Thus, the observed difference in Fig. 8 can be attributed to
the dependence of the alignments discussed above and to the
relation between the interface orientation and the turbulent
fluid motions, which strongly depend on the difference in the
mean flow between the turbulent and non-turbulent regions,
i.e., the existence of mean shear (Figs. 12 and 13). The present
results show that the TNTI affects the behavior of nearby tur-
bulence, where the alignments related to the dynamics and
structure of turbulence39 are different from the turbulent core
region.

VI. CONCLUSION

The geometry of the turbulent/non-turbulent interface
(TNTI) from planar jet (PJET) and shear free turbulence (SFT)
was analyzed in relation to the enstrophy and relative velocity
nearby, by using direct numerical simulations.

In both SFT and PJET, the TNTI is dominated by a con-
vex shaped geometry, where the enstrophy nearby tends to be
strong. However, whereas the TNTI in SFT faces preferen-
tially the y direction, in PJET it tends to equally face the x and
y directions.

In contrast to the SFT, where the velocity in relation to
the irrotational boundary motion has no particular relation to
the TNTI orientation, the TNTI in the PJET preferentially
faces nx > 0 when the turbulent fluid approaches the TNTI
and nx < 0 when the turbulent fluid moves away from the
TNTI. Therefore, unlike in the SFT, the enstrophy dynam-
ics in the turbulent sublayer in the PJET is strongly related to
the interface orientation. Finally, the geometry of the TNTI in
the PJET is also related to the intense vorticity structures since
a decrease/increase in enstrophy production in TNTI regions
facing nx < 0/nx > 0 leads to an increase/decrease in (among
other characteristics) local radius of these structures. Thus,
the geometrical influences on the TNTI are flow dependent
and very different between the flows with and without mean
shear.
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