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Direct numerical simulations at Reynolds numbers ranging from Re�=30 to 160 show that the
thickness �� of the turbulent/nonturbulent �T/NT� interface in planar jets is of the order of the Taylor
scale ����, while in shear free, irrotational/isotropic turbulence is of the order of the Kolmogorov
microscale ����. It is shown that �� is equal to the radius of the large vorticity structures �LVSs�
in this region, ���RLVS. Thus, the mean shear and the Reynolds number affect the T/NT interface
thickness insofar as they define the radial dimension of the LVS near the T/NT interface. © 2010
American Institute of Physics. �doi:10.1063/1.3527548�

Free shear flows e.g. jets are divided into two regions: in
one region, the flow is turbulent �T�, while in the other re-
gion, the flow consists of irrotational �or nonturbulent �NT��
flow.1 The two regions are separated by a sharp interface—
the turbulent/nonturbulent �T/NT� interface—which is con-
tinually deformed over a wide range of scales.2 Turbulent
entrainment is the mechanism by which fluid elements from
the irrotational flow region acquire turbulence, and become
part of the turbulent region, and governs the exchanges of
mass, momentum, and scalar quantities across the T/NT in-
terface. Contrary to the classical view that turbulent entrain-
ment is governed by large-scale “engulfing,” recent works
suggest that it is mainly caused by small-scale “nibbling”.3,4

A longstanding issue in this context is the existence of a
viscous superlayer1 where a viscous process is responsible
for the spreading of vorticity from the turbulent into the ir-
rotational flow region. Indeed, until now, observation of this
viscous superlayer has been elusive.5 A related problem con-
cerns the thickness of the T/NT interface ��, which can be
seen as the inner layer of the viscous superlayer.4,5 The T/NT
interface is characterized by a sharp rise in the vorticity mag-
nitude across a very thin region.2,4,6–8 Defining �� as the
thickness associated with this vorticity jump, it has been no-
ticed that the observed values for �� vary in literature be-
tween ������, where � and � are the Kolmogorov and
Taylor microscales, respectively; e.g., in the experimental re-
sults from round jets4,5 and in direct numerical simulation
�DNS� of plane jets,7,8 ����, whereas in a turbulent front
generated from an oscillating grid, ����.6

The goal of the present work is to study the influence of
the Reynolds number and mean shear on the thickness of the
T/NT interface ��. For this purpose, several DNSs were car-
ried out using �i� planar turbulent jets �PJETs� and �ii� shear
free irrotational/isotropic turbulence �SFIIT�. Table I lists the
physical and computational parameters of all the simulations
used here. The planar turbulent jet uses the numerical algo-
rithm described in Refs. 7 and 9, employing pseudospectral

methods for spatial discretization and a three-step third order
Runge–Kutta scheme for temporal advancement. The refer-
ence simulation—PJET120—is described in Ref. 7. The self-
similar regime is obtained at T /Tref�20, where Tref

=H / �2U1� and U1 and H are the initial velocity and the jet
slot width, respectively; the Reynolds number based on the
Taylor microscale � and on the root-mean-square of the
streamwise velocity u� is Re�=u�� /��120. The other jet
simulations, e.g. PJET160, are essentially similar to PJET120

but were carried out at different Reynolds numbers. The ef-
fect of the initial conditions is tested with the simulation
PJETchan where the initial condition consists of interpolated
velocity fields from a DNS of a turbulent channel flow,10

while the other jet simulations use a “spectral” synthetic
noise superimposed to a hyperbolic tangent mean velocity
profile as in many other DNSs of jets.11

In order to study the effect of the mean shear on ��, we
carry out DNSs of SFIIT with the same code used for the
planar jet. In these simulations, an irrotational/isotropic tur-
bulence boundary is generated by instantaneously inserting a
velocity field from a previously run DNS of �forced� isotro-
pic turbulence into the middle of a field of zero initial veloc-
ity. As time progresses, the initial isotropic turbulence region
spreads into the irrotational region in the absence of mean
shear. The imposition of these initial boundary conditions
can be easily accomplished by drastically reducing the time
step in the simulations when the boundary condition is in-
serted, as described in Ref. 12 where similar simulations
were reported. The simulations SFIIT30 and SFIIT110 differ
essentially in the Reynolds number and resolution. In the
irrotational region and far away from the T/NT interface
�u�2	�yI

−4 for both simulations, where yI is the distance from
the T/NT interface, as predicted in Ref. 13.

It is instructive to see the coherent vortices that exist
near the T/NT interface in all three major configurations
studied here: plane jet started from a synthetic noise, plane
jet started from a fully developed turbulent channel flow, and
shear free layer separating isotropic turbulence from an irro-
tational field. Figure 1 shows the isosurfaces of low pressure
and positive Q, where Q is the second invariant of the ve-
locity gradient tensor for simulations PJET120, PJETchan, anda�Electronic mail: carlos.silva@ist.utl.pt.
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SFIIT110. The coherent structures from the simulated jets
�Figs. 1�a� and 1�b�� are similar to many previous DNSs of
turbulent plane jets:11 they can be divided into two classes:
intense vorticity structures �IVSs� and large vorticity struc-
tures �LVSs�. The IVSs are detected through isosurfaces of
Q�0 and correspond to structures with particularly intense
vorticity, e.g., in Ref. 14, the IVSs are defined as structures
with the highest enstrophy that is contained in 1% of the total
volume. The IVSs do not show a particular spatial orienta-
tion and are similar to the “worms” observed in isotropic
turbulence.14 On the other hand, the LVSs—identified using
low pressure isosurfaces—consist of all the remaining �less
intense� vorticity structures and exhibit a bigger mean radius
and a distinct spatial orientation. The LVSs consist of the big
rollers and streamwise vortices that are known to exist in
turbulent plane jets. The rollers can be seen as remnants of
the Kelvin–Helmholtz vortices generated during the transi-
tion to turbulence in the jet. There is, of course, some spatial
overlap between the LVSs and the IVSs since the IVSs are
extreme events of LVSs. The vortex core radius of these
structures RLVS was estimated “manually” by measuring the
distance between two opposite maximum tangential velocity
peaks caused by the presence of the LVS, where the local
velocity at the center of the eddy was removed from the
velocity field. For each simulation, a number of LVSs at the
edge of the shear layer were used �between 8 and 16 vortices,

e.g., 8 vortices for PJET160�, and the estimated radius RLVS

consists of the averaged radius from these vortices. The rms
of the radius computed using this procedure varies between
14.5%�
�RLVS�2 	 / �RLVS	�16.4% �e.g., 14.5% for PJET160�.
A section from the �x ,y� plane was used since in a planar jet
the bigger vortices tend to be aligned with the azimuthal �z�
direction. The streamwise vortices originate in the secondary
instabilities and tend to be smaller, with smaller lifetimes
�see Figs. 1�a� and 1�b��. Figure 2�a� illustrates the procedure
for one LVS from PJET120. In this case, RLVS is of the order
of the Taylor microscale RLVS��. The estimated values of
RLVS are given in Table I.

Finally, the coherent vortices from shear free turbulence
�Fig. 1�c�� are somehow different. Indeed, the LVSs do not
really exist in this flow since the absence of a mean shear
precludes their formation and only “wormlike” structures are
discernible. The procedure outlined above was not used to
compute the radius of these structures due to their very small
size �of the order of the grid size�. However, it is well
established14 that the radius of the worms is RIVS�3−5�.

As in several previous works,2,4 we use conditional sta-
tistics in relation to the distance from the T/NT interface,
denoted by � 	I. This procedure was already described in de-
tail in Ref. 9. The sketch in Fig. 2�b� shows the T/NT inter-
face separating the turbulent from the irrotational flow re-

TABLE I. Simulations analyzed in the present study: plane jet �PJET� and shear free irrotational/isotropic turbulence �SFIIT�. PJET120 is the simulation used
in Refs. 7 and 9. Nx	Ny 	Nz is the number of colocation points along the streamwise �x�, normal �y�, and spanwise �z� directions and Lx	Ly 	Lz is the size
of the computational domain. T� is the time interval from which the data were used for analysis. For PJET, T�=T /Tref, while for SFIIT, T�=2
�T /�. �� is the
thickness of the T/NT interface and RLVS is the estimated radius of the bigger LVS.

Simulation Re� Nx	Ny 	Nz Lx	Ly 	Lz Initial cond. T�

��

H

��

�

��

�
RLVS

�

PJET60 60 256	384	256 4H	6H	4H Sint. noise 25–29 0.23 7.4 0.54 0.56

PJET80 80 256	384	256 4H	6H	4H Sint. noise 20–25 0.16 8.3 0.41 0.43

PJET100 100 256	384	256 4H	6H	4H Sint. noise 16–24 0.16 11.9 0.62 0.58

PJET120 120 256	384	256 4H	6H	4H Sint. noise 20–27 0.15 20.5 0.89 0.86

PJET160 160 512	768	512 4H	6H	4H Sint. noise 24–26 0.13 34.3 1.34 1.35

PJETchan 110 384	486	384 6.3H	6H	4.2H DNS channel 17–27 0.07 9.7 0.57 0.45

SFIIT30 30 512	512	512 2
	2
	2
 DNS isotropic 0.2 ¯ 2.7 0.34 ¯

SFIIT110 110 256	256	256 2
	2
	2
 DNS isotropic 0.2 ¯ 5.3 0.26 ¯

FIG. 1. �Color online� The LVSs and IVSs near the T/NT interface in the PJET and SFIIT. The LVSs are identified through low pressure isosurfaces �dark�,
while the IVSs are identified through isosurfaces of Q�0 �grey�: �a� PJET120, �b� PJETchan, and �c� SFIIT110.
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gions at the upper shear layer of the jet. The T/NT interface
is defined by the surface where the vorticity norm �
= ��i�i�1/2 is equal to a certain threshold �=�tr, where the
particular value of this threshold is obtained as in Refs. 2 and
3. For the planar jet, the detection threshold is �tr

=0.7U1 /H, while for the shear free turbulence, we obtained
�tr=20��, where �� is the mean fluctuating vorticity norm.
A new local coordinate system �yI� is defined at the interface
location and the conditional statistics are made in this local
coordinate system. The T/NT interface is located at yI=0,
while the irrotational and turbulent regions are defined by
yI�0 and yI�0, respectively.

Figures 3�a� and 3�b� show conditional mean profiles of
���z�	I normalized by the value inside the turbulent region.
The distance from the T/NT interface yI is normalized by the
Kolmogorov microscale �Fig. 3�a�� and by the Taylor micro-
scale �Fig. 3�b��. The vorticity ���z�	I exhibits a sharp jump
near the T/NT interface for all the simulations used in the
present work. This jump “ends” inside the turbulent region
by a characteristic ���z�	I vorticity “bump,” which is also
observed in the experimental data from jets in Ref. 4. In the
reference simulation—PJET120—this maximum occurs at
yI /��20, which corresponds to yI /��1. The thickness of
the T/NT interface can be defined by the distance between
the T/NT interface �yI=0� and the distance where the maxi-
mum vorticity inside the turbulent region occurs. With this
definition, the thickness of the T/NT interface for the refer-
ence simulation �PJET120� is equal to ����, which is the
same value observed in the experimental data for jets.4 Fig-
ures 3�a� and 3�b� show that �� lies roughly between the
Kolmogorov and the Taylor microscales ������ for all

the simulations used here, which agrees also with all the
known results from the literature.

The influence of the Reynolds number in �� for the
plane jet can be assessed by comparing the reference simu-
lation PJET120 with similar jet simulations at several Rey-
nolds numbers �see Table I�: PJET60, PJET80, PJET100, and
PJET160. The results show that increasing the Reynolds num-
ber, the absolute value of �� decreases; however, the thick-
ness of the T/NT interface remains ���� for all three jet
simulations using the same initial conditions.

In order to assess the influence of the initial conditions
on the plane jet, another simulation was carried
out—PJETchan—using as initial condition a fully developed
turbulent channel flow.10 For this simulation, the thickness of
the T/NT interface is slightly smaller than in the reference
simulation with ���10� or ���0.6�. Notice that the two
simulations have a similar Reynolds number, which implies
that the observed differences in �� must be explained by the
details of the turbulent flow field in the two simulations. One
difference lies in the topology of the coherent vortices near
the T/NT interface. The visualizations in Figs. 1�a� and 1�b�
show that the LVSs near the T/NT interface for PJETchan are
smaller and more fragmented than in PJET120.

Finally, in order to assess the effect of the mean shear,
two simulations of shear free isotropic/irrotational turbulence
were used: SFIIT30 and SFIIT110 �see Table I�. For these
simulations, �� is roughly equal to ���3−5�, evidencing a
small dependence on the Reynolds number. Interestingly, this
value is very close to the observed thickness in the experi-
mental T/NT interface generated from an oscillating grid6

�without mean shear�.
In summary, regardless of the Reynolds number, the

thickness of the T/NT interface in a jet is ����. For similar
initial conditions, jets with smaller Reynolds number tend to
have slightly higher values of ��, while for similar Reynolds
numbers, jets developing after a typical transition to turbu-
lence exhibit slightly higher values of �� compared to jets
that originate from a fully developed turbulent flow �where
the LVSs are smaller and more fragmented�. Finally, in a
shear free layer where the vortices near the T/NT interface
are essentially the well known worms from isotropic turbu-
lence, we get ���3−5�.

Here, we argue that the T/NT interface consists of �or is
made up of� LVSs sitting at that location. Specifically, the
T/NT interface is the physical line defined by the borders of
the LVS in the plane jet and to the IVS in shear free turbu-

FIG. 2. �Color online� �a� Determination of the radius of the LVS near the
jet edge for simulation PJET120: RLVS /��0.86. �b� Sketch of the T/NT
interface, indicating the vorticity surface �solid line� and the interface enve-
lope �gray dashed lines�, with the coordinate system of the plane jet �x ,y�
and the one used in the conditional statistics in relation to the distance from
the T/NT interface �yI�. The interface envelope position is denoted by YI.

FIG. 3. �Color online� Conditional vorticity profiles
���z�	I normalized by the vorticity inside the turbulent
region for all the simulations listed in Table I: �a� dis-
tance from the T/NT interface in Kolmogorov micro-
scale units—yI /�; �b� distance from the T/NT interface
in Taylor microscale units—yI /�. The insets highlight
the region near the T/NT interface. Note that � and �
correspond to the values inside the turbulent region
�PJET80 is not shown for clarity�.
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lence. The results support this idea since the radius of the
larger vortices in each simulation is, in fact, very close to the
T/NT interface thickness: in the plane jet ���RLVS, whereas
in shear free turbulence ���RIVS.

The T/NT interface is “made up” both of vorticity from
the eddies near the T/NT interface and also of some “inco-
herent” vorticity that is shed by the vortices as they travel
into the T/NT interface. However, the lifetime of this “inco-
herent vorticity” is small compared to the lifetime of the
coherent vortices. Moreover, in a jet, the bigger vortices
from the LVS have longer lifetimes than the other LVS or the
IVS and therefore have more chance to influence the mean
T/NT interface thickness. Specifically, the radial length scale
of these structures, i.e., the vortex core sizes should be used
since the T/NT interface exhibits a very contorted shape
where its surface is formed around the vortices—indeed, de-
fined by the radial size of the vortices—in its proximity. This
agrees with the classical picture of the T/NT interface that
has been known for some time:2 the LVSs are responsible for
the observed convolutions of the T/NT interface and this
explains why the length scale of these convolutions is
roughly equal to the radial length scale of the LVS.

The radii of the LVS and IVS near the T/NT interface
can be estimated bearing in mind that long lived vortices are
vortices where the time-scale associated with the radial vis-
cous diffusion of vorticity is roughly balanced by the axial
stretching caused by the local strain rate field S�, as in a
Burgers vortex,14 leading to R��� /S��1/2, where R is the
vortex core radius. In a shear layer, it can be argued that the
magnitude of the strain rate acting on a LVS near the jet edge
is S��u� /L11, where u� is the fluctuating velocity field and
L11 is the integral scale of turbulence.15 Using the Reynolds
number associated with the integral scale Re0=u�L11 /�, the
length scale associated with the vorticity jump caused by the
vortices is then equal to ���RLVS�
� / �u� /L11�
=L11 Re0

−1/2��. The recent work by Ruban and Vonatsos16

comes to mind where it is shown that the thickness of a jet
front propagating into a quiescent fluid is O�Re0

−1/2�. On the
other hand, in a shear free flow, as in the flow generated by
an oscillating grid,6 the coherent vortices should be similar to
the worms observed in the simulations of isotropic turbu-
lence, where the strain rate acting on the vortices originates
in the background turbulence field and is equal to S�
�u� /�. Therefore, the associated length scale of the vorticity
jump, i.e., the scale of the vortices near the T/NT interface, is
���RIVS�
� / �u� /��=� Re�

−1/2��, where Re�=u�� /� is
the Reynolds number based on the Taylor microscale. Thus,
the problem of determining the thickness of the T/NT inter-
face �� becomes the problem of estimating the radius R of
the biggest vortices existing near the edge of the T/NT inter-
face.

Arguably, in the far field of a very high Reynolds num-
ber free shear flow, the LVSs tend to be more fragmented and
�� may approach the radius of the IVS, ����. However,
there are well documented situations where even at the far
field of a very high Reynolds number shear layer the LVSs
are still preserved in the flow, and, in this case, we would
expect to still have ����. Finally, notice that as stressed by
an anonymous referee, in some jets the radius of the LVS is

of the order of the jet width RLVS�H. This situations tends
to be more common in the early stages of the transition or in
low Reynolds number jet configurations since the initial
Kelvin–Helmholtz vortices are less fragmented. PJET60 ap-
proaches this situation with ���0.23H.

Due to the well known computational limitations in
DNS, the range of Re� used here is necessarily limited. Us-
ing � /��Re�

−1/2, we can estimate ��� /�� for the jet case,
giving ��� /���44% �between Re�=60–160�. The observed
agreement between �� and RLVS shows the robustness of the
present result for this range of Reynolds numbers, which is
representative of many fully developed turbulent jets. As-
sessment of very high Reynolds number flows should be
pursued in future works.

In summary, we showed using DNS of planar jets and
shear free turbulence at Reynolds numbers ranging from
30�Re��160 that the thickness of the T/NT interface �� at
the edge of shear or shear free layers is roughly equal to the
size of the largest coherent vortices found at that location and
is ������. The Reynolds number and the magnitude of
the mean shear affect the T/NT interface thickness insofar as
they define the radial dimension of the large vorticity struc-
tures near the interface.

Professor Javier Jiménez is acknowledged for interesting
discussions on the definition of the T/NT interface.
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