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ABSTRACT

Turbulent/turbulent interfacial (TTI) layers are investigated with direct numerical simulation of temporally evolving grid turbulence. The present
study considers a temporally evolving wake of two parallel-bar grids with different mesh sizes, which generate homogeneous isotropic turbulent
regions with large and small turbulent kinetic energies (TKE). A shearless mixing layer of turbulence forms between the large- and small-TKE
regions. The TTI layer bounded by the large- or small-TKE region is identified with a passive scalar field, and the flow statistics are evaluated as
functions of a position with respect to the TTI layer. Statistics of a velocity gradient tensor suggest that the center and edges of the TTI layer are
dominated by vortex sheets and vortex tubes, respectively. Because of the configuration of these vortical structures, the flow toward the TTI layer in
the layer-normal direction generates a compressive strain, which is important to sustain the thin layer structure. The mean velocity jump due to the
compressive strain is about 3ug and is observed over a length of about 20g, where ug and g are the Kolmogorov velocity and length scales, respec-
tively. The thickness of the TTI layer is about 12g, which hardly depends on time. The TTI layer has a large surface area when it is bounded by the
large-TKE region. Consequently, the shearless mixing layer tends to entrain more amount of fluid from the large-TKE region than from the small-
TKE region although the entrainment rate per unit surface area normalized by the Kolmogorov velocity is similar for both regions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141253

I. INTRODUCTION

Turbulence plays an important role in flows observed in engi-
neering applications and the environment.1 It contributes to a high
rate of mixing of momentum, kinetic energy, heat, and chemical sub-
stances.2 Flow instabilities often generate a localized turbulent spot,
which is separated from outer irrotational (non-turbulent) flow
regions. For example, ocean mixing layers become locally turbulent by
Kelvin–Helmholtz instability.3 When a turbulent region is bounded by
a non-turbulent region, these regions are separated by a thin layer
called a turbulent/non-turbulent interfacial (TNTI) layer.4 The TNTI
layer is important in the entrainment process, by which the turbulent
flow entrains the non-turbulent fluid across the TNTI layer.5–7 This
process is also important in understanding turbulent mixing because
turbulent and non-turbulent flow regions usually have different flow
properties.8–12 The turbulent and non-turbulent regions can be distin-
guished by vorticity. Therefore, the properties of the TNTI layer have
been extensively studied by detecting the TNTI layer with vorticity

profiles in various turbulent flows, such as jets,13 wakes,14,15 mixing
layers,16 boundary layers,17,18 and a flow around an airfoil.19

The TNTI layer is observed when turbulence is bounded by an
irrotational flow. A more general case is a problem where two turbu-
lent flows with different length, velocity, and time scales of fluid
motions interact with each other. In this case, an interfacial layer,
called a turbulent/turbulent interfacial (TTI) layer, forms between two
turbulent regions.4 Because different sources of turbulence often exist
in a flow, the TTI layer can be more frequently observed than the
TNTI layer in engineering applications. In laboratory experiments, the
TTI layer is observed when turbulence is generated in a turbulent envi-
ronment. For example, wind tunnel experiments are often conducted
for a turbulent boundary layer in freestream turbulence.20 Similarly, a
turbulent wake generated by an object placed in freestream turbulence
was also studied in a water flume and wind tunnel.21–24 In addition, a
turbulent jet issued into homogeneous isotropic turbulence was inves-
tigated in a water tank.12,25 These studies often distinguish a turbulent
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shear flow from external turbulence with a passive scalar, such as a dye
concentration, and have confirmed that two turbulent regions are sep-
arated by a thin interfacial layer. The conditional average originally
developed for the TNTI layer14 has also been adapted in the studies of
the TTI layer, whose properties are examined with conditional statis-
tics calculated as functions of a position with respect to the TTI layer.

Mean-shear effects are important for the behavior of the TNTI
layer.4 Some models of the TNTI layer assume that the shear due to a
mean flow is concentrated within the TNTI layer.26 Therefore, a com-
parison of the TNTI layers in turbulence with and without mean shear
is one of the important subjects in previous studies. Wolf et al. have
compared the local entrainment rate between a turbulent jet and
shear-free turbulence and observed that the local entrainment is
enhanced by the mean shear.27 An inhomogeneous mean flow also
leads to the dependence of the TNTI layer on the interface orientation
with respect to the mean-flow direction.28 This mean-shear effects
associated with the interface orientation have proved to be important
in turbulent mixing near the TNTI layer.29 To isolate the properties of
the TNTI layer from the mean-shear effects, the TNTI layer is often
investigated in shear-free turbulence.30 However, the TTI layer in
shear-free turbulence has hardly been studied in the existing literature.

The TNTI layer in shear-free turbulence can be observed in wind
tunnel experiments with a turbulence-generating grid that covers a
part of the cross-section of the wind tunnel.31 Screens are also intro-
duced for the remaining part of the cross-section to produce a uniform
mean flow in the wind tunnel, where the TNTI layer forms at the edge
of grid turbulence without mean shear. Similarly, the TTI layer in
shear-free turbulence can be generated with a grid with two length
scales.32–35 The grid often consists of two turbulence-generating grids
with different mesh sizes and the same blockage ratio, which are
designed to generate turbulence with two different scales in a uniform
mean flow. A shearless turbulence mixing layer appears between two
quasi homogeneous isotropic regions of turbulence generated by the
grid and the TTI layer forms at the edges of the shearless mixing
layer.31,36 This flow setup is particularly useful to investigate the TTI
layer without mean shear in experiments. Although wind tunnel
experiments have been conducted for the shearless mixing layer of
grid turbulence, investigations of the TTI layers are difficult because of
the complicated three-dimensional geometry of the interface.

The relation between the TNTI layer and the entrainment in tur-
bulent free shear flows is one of the most important topics because the
flow spatially develops by entraining non-turbulent fluid into the tur-
bulent region. Some physical models for the entrainment assume that
small-scale vortical structures near the TNTI layer locally entrain the
non-turbulent fluids. This entrainment process is called “nibbling”
while the entrainment caused by large-scale vortices is often called
“engulfment.”4 The statistics taken near the TNTI layer suggested that
the entrainment is dominated by the nibbling process due to small-
scale turbulent motions5,7,13,37,38 although how small-scale vortices
cause the entrainment was not fully understood from the flow statistics
within the TNTI layer. Then, the characteristics of small-scale vortices
within the TNTI layer have been studied with vortex identification
schemes.16,28,39,40 A comparison between vortical structures within the
TNTI layer and an ideal vortex, such as Burgers’ vortex, has revealed a
physical mechanism of nibbling by vortex tubes, which is explained by
a two-stage process: velocity induced by the strain acting on the vortex
initially transfers the non-turbulent fluid toward the TNTI layer, and

then, the inertial rotating motion of the vortex transfers the entrained
fluid to the turbulent core region.41 This explanation based on the vor-
tex is consistent with Lagrangian statistics of entrained fluid particles,
for which the root mean square of the relative location between the
particles and the outer edge of the TNTI layer, d, increases with time
as d � t in the first stage while the Richardson-like scaling of the iner-
tial range d � t3=2 prevails in the second stage.7

Previous studies on the TNTI layer suggest that it is of great
importance to investigate the entrainment characteristics from a view-
point of the TTI layer to understand the evolution of turbulent flows
in a turbulent environment. As also found for the nibbling mechanism
for the TNTI layer, vortical structures within the TTI layers may play
a dominant role in the entrainment process. However, most previous
studies discussed above focused on the variation of flow statistics
across the TTI layer without much attention to vortical structures. In
addition, experiments were mostly conducted for turbulent shear flows
developing in a turbulent environment. Since the TTI layer is expected
to be influenced by mean shear, an investigation of the TTI layer with-
out mean shear may shed light on the essential properties of the TTI
layer. For these reasons, the present study aims to reveal the vortical
structures and entrainment in the TTI layer in a turbulent flow with-
out mean shear. We have carried out direct numerical simulation
(DNS) of a shearless turbulence mixing layer of temporally evolving
grid turbulence.42 Turbulence is generated by parallel-bar grids with
two different mesh sizes. The shearless mixing layer develops between
two quasi-homogeneous-isotropic regions generated by the grids. The
TTI layers form at the edges of the shearless mixing layer, for which
the statistics related to the TTI layers are evaluated.

The paper is organized as follows: Sec. II describes the DNS data-
base of temporally evolving grid turbulence. Section III presents the
results of the statistical analyses of the TTI layer. The statistics plotted
as functions of the position with respect to the TTI layer are used to
examine the layer thickness, the layer structures, and the entrainment
rate across the layer. Finally, the paper is summarized in Sec. IV.

II. DNS DATABASE OF A SHEARLESS TURBULENCE
MIXING LAYER IN TEMPORALLY EVOLVING GRID
TURBULENCE

The present DNS considers a temporally evolving turbulent wake
of a grid. A temporal model of turbulent wakes has widely been used
in fundamental studies of turbulence.15,43–45 A spatially evolving wake,
which is often studied with wind tunnel experiments, is not homoge-
neous in the streamwise (x) direction. However, in a fully developed
wake, flow statistics vary more drastically in the transverse direction
than in the x direction. Because of the very slow variation of statistics
in the x direction, turbulence can be treated approximately as homoge-
neous in this direction in the temporal model of wakes. Then, the tem-
poral wake develops with time in a computational domain which is
periodic in the x direction. This approximation is not expected to be
valid in the near region just behind an object. At least, the wake behav-
ior in the far field is very similar between temporal and spatial
wakes.15,43–45 Similar temporally evolving turbulence has been studied
for various turbulent shear flows, such as jets, mixing layers, and
boundary layers, for which the temporally evolving flows behave simi-
larly to spatial ones.16,46–51

The present study adapts the methodology of temporal wakes to
grid turbulence, which is generated by a wake of a grid. Similar to
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temporally evolving wakes, the periodic boundary conditions are
applied in the x direction. The temporal wake is simulated without
including an object in a computational domain. A mean velocity pro-
file of the initial condition approximates a velocity deficit behind an
object.15 Here, as the temporal wake assumes the statistical homogene-
ity in the x direction, the initial mean velocity is also homogeneous in
the x direction and depends only on the transverse positions in the
wake. For the same reason, the grid itself is not embedded in the com-
putational domain in simulations of temporally evolving grid turbu-
lence. The temporally evolving grid turbulence is a numerical model
that approximates grid turbulence in experiments. However, the evo-
lution of velocity variance is quantitatively consistent between tempo-
ral and spatial grid turbulence in the near- and far-fields.52,53

Turbulence-generating grids are often used with wind tunnels or
water flumes, where the grid is installed in a uniform mean flow.54–60

Another type of grid turbulence is generated in towed-grid experi-
ments, in which a grid is towed at a constant speed in water in a tank.
The wake of the grid generates turbulence with small volume-averaged
velocity in the water tank.21,61–63 Once grid turbulence is generated in
the tank, turbulence decays with time. The present DNS corresponds
to temporal simulations of these towed-grid experiments. Because grid
turbulence in wind tunnels has rms velocity fluctuations much smaller
than the mean velocity, instantaneous streamwise velocity is always
positive. However, turbulence generated by a towed grid does not have
a strong mean flow, and both positive and negative values of stream-
wise velocity are observed.

A. DNS of temporally evolving grid turbulence
of a parallel-bar grid

The DNS database of temporally evolving grid turbulence42 is
used to investigate the shearless turbulence mixing layer. Fundamental
statistics of velocity are discussed for the development of grid turbu-
lence in Ref. 42. DNS has been performed for temporally evolving grid
turbulence with a transfer of passive scalar /. The governing equations
are the Navier–Stokes equations and scalar transport equation for an
incompressible fluid:

@uj
@xj

¼ 0; (1)

@ui
@t

þ @uiuj
@xj

¼ � 1
q
@p
@xi

þ �
@2ui
@xj@xj

; (2)

@/
@t

þ @uj/

@xj
¼ D

@2/
@xj@xj

: (3)

Here, ui is the ith component of the velocity vector, xi is the position
in the i direction, t is time, p is the pressure, q is a constant density of
the fluid, � is the kinematic viscosity, andD is the diffusivity coefficient
for /. The streamwise, spanwise, and vertical directions are denoted
by x, y, and z, respectively, while the velocity components in these
directions are u, v, and w.

A turbulence-generating grid used in wind tunnel experiments in
Ref. 35 is considered in the DNS. The grid consists of two parallel-bar
grids shown in Fig. 1. Grids 1 and 2 have mesh sizes of M1 and M2

with M2 ¼ 0:284M1. The thicknesses of the bars consisting of grids 1
and 2 are denoted by d1 and d2, respectively. The solidity of both grids
is r ¼ 0:35, which determines the thicknesses, d1=M1 and d2=M2, as

shown in Fig. 1. The height of grid 1 in the z direction is 10M1. Grid 2
is located above and below grid 1, and each region of grid 2 has a
height of 5M1.

The numerical methods are briefly described here while the
details have been presented in Ref. 42. The DNS uses a rectangular
computational domain with a size of ðLx; Ly; LzÞ ¼ ð10M1; 10M1;

20M1Þ. Here, Lz is large enough for turbulence generated by each grid
to be homogeneous and isotropic, as confirmed in Ref. 42. The flow is
initialized with a mean velocity profile which approximates the veloc-
ity deficit of the wake. The periodic boundary conditions are applied
in three directions. The flow is statistically homogeneous in the x and
y directions, and the statistics can be defined with an x-y average taken
as a function of z and t. For example, an average of f ðx; y; z; tÞ is cal-
culated as h f iðz; tÞ ¼ ð1=LxLyÞ

Ð Ð
fdxdy. The fluctuations from the

average are f 0ðx; y; z; tÞ ¼ f � h f i. The initial velocity profile consists
of a mean velocity vector ðhui; 0; 0Þ and fluctuating components
ðu0; v0;w0Þ. Different values are assigned for hui depending on z:
hui=U0 ¼ 1� r behind the bars of the grids and hui=U0 ¼ �r else-
where. The velocity difference U0 between the bars and the other
regions corresponds to the mean velocity in wind tunnel experi-
ments.52 Here, r is subtracted for the volume-averaged velocity to be
zero. This enables the DNS to adapt a large time increment Dt at a late
time as the order of instantaneous velocity is the same as that of veloc-
ity fluctuations when the volume-averaged velocity is zero. In addition,
spatially correlated velocity fluctuations ðu0; v0;w0Þ generated by a dif-
fusive process are superimposed onto the initial mean velocity.64 The
root mean square (rms) of the velocity fluctuations is 0.5% of U0,
which is as small as the freestream disturbance in wind tunnel experi-
ments.55,65 The initial profile of the passive scalar is given by

/ ¼ /0

2
þ /0

2
tanh

10M1 � 2jz � 10M1j
4h

� �
; (4)

for which / ¼ /0 and 0 in the regions of grids 1 and 2, respectively,
and / smoothly varies over a width of h ¼ 0:05M1 between the two
regions. As explained below, / is used as a marker of turbulence gen-
erated by grid 1. The Reynolds number Re ¼ U0M1=� is 5000 while
the Prandtl number Pr ¼ �=D is 1. A reference timescale of grid 1 is

FIG. 1. A parallel-bar grid with two mesh sizes.
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defined as Tr ¼ M1=U0, which is used to non-dimensionalize time.
From the initial conditions described above, the turbulent wakes of the
bars are generated because of the mean velocity gradient. Eventually,
the mean velocity profile becomes uniform even in the z direction by
the interaction of the wakes. At this stage, quasi homogeneous isotro-
pic turbulence with different levels of turbulent kinetic energy (TKE)
forms in the regions of grids 1 and 2, between which the shearless tur-
bulence mixing layer develops.

The DNS was carried out with an in-house DNS code for incom-
pressible turbulent flows, which is based on the fractional step method.
The same DNS code has been used in previous studies, where the code
has been validated by comparing the results with other numerical sim-
ulations and experiments.53,66 The spatial discretization is based on a
fourth-order fully conservative finite difference67 while the temporal
integral is computed with a third-order and low-storage Runge–Kutta
method.68 The Poisson equation for pressure is solved with the bicon-
jugate gradient stabilized method. Temporally evolving grid turbu-
lence simulated with this DNS code was studied in Refs. 52 and 53. In
these papers, comparisons were reported for the DNS results with
experiments of grid turbulence and theories of isotropic turbulence,
confirming that the production and decay regimes of grid turbulence
are well reproduced in the DNS. The number of the grid points is
ðNx;Ny;NzÞ ¼ ð1024; 1024; 2048Þ. The grid spacing D is uniform in
all directions. The TTI layer is analyzed in the fully developed shearless
mixing layer for t=TrZ9. For the Kolmogorov scale g ¼ ð�3=heiÞ1=4
defined with the kinetic energy dissipation rate e ¼ 2�SijSij and the
rate-of-strain tensor Sij, the resolution D is about 1:2g at t=Tr � 9 in
the shearless mixing layer. As turbulence decays, g becomes large,
ensuring that the resolution is better than D ¼ 1:2g. For the present
finite difference schemes, D=g. 2 is sufficient to resolve the energy
and dissipation spectra at small scales.69 DNS of turbulent boundary
layers with different resolutions suggest that D=g. 1:5 is required to
resolve the geometry of the TNTI layer.70 The present DNS satisfies
these requirements for DNS studies of the interface.

For numerical simulations of spatially evolving grid turbulence,
the computational domain should be very long in the x direction to

observe the decay of turbulence.71–76 However, temporal grid turbu-
lence decays with time, and the length of the domain in the x direction
can be as small as in the transverse directions. The size in the trans-
verse directions should be much larger than the integral scale to pre-
vent the periodic boundaries from causing unphysical effects on the
flow evolution. When the domain size is greater than about 3.3 times
the integral scale, the periodic boundaries do not have unphysical
effects on decaying turbulence.77 The integral scale increases with time
as turbulence decays. For the integral scale defined with the longitudi-
nal auto-correlation function of streamwise velocity, the domain size
Lx is 18.1 and 21.1 times larger than the integral scales for grids 1 and
2, respectively, when the integral scales reach the maximum at the end
of the simulation. Therefore, the domain size is large enough to inves-
tigate the decaying turbulence.

III. RESULTS AND DISCUSSION
A. Development of the shearless turbulence
mixing layer

The development of the shearless turbulence mixing layer is
briefly discussed before the main results for the TTI layer are pre-
sented. Figure 2 visualizes the development of grid turbulence
with streamwise velocity u and passive scalar /. At an early time in
Fig. 2(a), u exhibits a pattern of the grid geometry for grid 1. The
mean velocity gradient in the initial field results in the development of
turbulent wakes. Then, quasi homogeneous isotropic turbulence forms
near the center of grids 1 and 2. The timescales of grid turbulence are
given byM1=U0 andM2=U0 for grids 1 and 2, respectively. Because of
M1 > M2, turbulence for grid 2 develops faster than that of grid 1.
The initial values of / are /0 and 0 for grids 1 and 2, respectively. As
confirmed in previous studies of the TTI layer, / can be used as a
marker of turbulence generated by grids 1 and 2.24 Once grid turbu-
lence of these grids has fully developed, the mean velocity gradient
becomes negligibly small in the TKE budget.53 However, the TKE is
different for two regions of grid turbulence, between which the TKE
smoothly varies in the shearless mixing layer. Grid-turbulence regions
generated by grids 1 and 2 can be identified as /=/0 ¼ 1 and 0,

FIG. 2. Instantaneous profiles of (a) and
(b) streamwise velocity u and (c) and (d)
passive scalar / on an x–z plane at (a)
and (c) t=Tr ¼ 4, and (b) and (d)
t=Tr ¼ 7.
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respectively, while the shearless mixing layers are identified as
0 < /=/0 < 1 above and below the turbulent region of grid 1. The
temporal development of / suggests that the thickness of the shearless
mixing layer increases with time. Similarly, the growth of the layer
thickness was also confirmed from the vertical profiles of TKE.42

Figure 3(a) plots the variance of streamwise velocity, hu02i, as a
function of z. Here, the profile is shown for the shearless mixing layer
in the upper region of the grid although the statistically identical shear-
less mixing layer appears in the lower region. For z=M1 . 14 and
z=M1Z16; hu02i hardly varies with z because the core regions of grid
turbulence are almost homogeneous and isotropic. The turbulence
generated by grid 1 (z=M1 . 14) has a larger TKE than that by grid
2 (z=M1Z16), and they are called large- and small-TKE regions,
respectively. The shearless mixing layer, where hu02i varies with z,
forms between the large- and small-TKE regions. The center of the
shearless mixing layer is identified with the normalized velocity vari-
ance: Û ðz; tÞ � ðhu02i � USÞ=ðUL � USÞ, where UL and US are values
of hu02i in the large- and small-TKE regions, respectively. For this defi-
nition, Û varies from 0 to 1 from the small- to large-TKE regions. The
center of the shearless mixing layer, zCðtÞ, is defined as the vertical
location of Û ¼ 0:5. The statistics evaluated at this location are
denoted with subscript C and are used to normalize the statistics of the
TTI layer. For example, the Kolmogorov length, velocity, and time

scales at z¼ zC are evaluated as gC ¼ ð�3=heiCÞ1=4, ugC ¼ ð�heiCÞ1=4,
and sgC ¼ ð�=heiCÞ1=2, respectively.

Figure 3(b) shows the temporal evolution of turbulent Reynolds
number Rek ¼

ffiffiffiffiffiffiffiffiffiffihu02ip
kx=� at z¼ zC and in the large- and small-TKE

regions. Here, kx ¼
ffiffiffiffiffiffiffiffiffiffihu02ip

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hð@u0=@xÞ2i

q
is the Taylor microscale.

In all regions, Rek reaches a peak before t=Tr ¼ 5 and then decays
with time. In the decay period (t=TrZ5), Rek becomes small from the
large- to small-TKE regions across the shearless mixing layer.
Although Rek slowly decays with time, other length and velocity scales,
such as the Kolmogorov scale and rms velocity fluctuations, vary with
time more drastically, as presented in Ref. 42.

Figure 4(a) compares the vertical profiles of normalized deviation
of streamwise velocity variance from the value in the small-TKE
region, Û , between the present DNS and wind tunnel experiments.32,33

The profiles are shown for the shearless mixing layer in the upper
region and for the time for which the TTI layers are analyzed. The ver-
tical coordinate z is shown as a distance from the center of the shear-
less mixing layer, z � zC . In addition, z � zC is normalized by the
width of the layer DM, which is defined as the distance from Û ¼ 0:25
to 0.75. Scatters of Û become large at a late time because the increase
in the integral scale results in fewer statistical samples for large-scale
motions, which dominate the velocity variance. Although Veeravalli
and Warhaft32 used a parallel-bar grid, their experiment is different
from the DNS in terms of the Reynolds number Re ¼ U0M1=� and
grid parameters, M1=M2 and solidity. The decay of grid turbulence is
sensitive to the Reynolds number at a low Re regime considered in the
DNS. Thus, a small difference between the DNS and the experiment is

FIG. 3. (a) Vertical profiles of the variance
of streamwise velocity hu02i at t=Tr ¼ 9
and 12. Only a small part of z in the
domain is shown here. (b) Temporal varia-
tions of the turbulent Reynolds number
Rek at the center of the shearless mixing
layer and in the large- and small-TKE
regions.

FIG. 4. Comparison between the present
DNS and wind tunnel experiments of
shearless mixing layers by Veeravalli and
Warhaft32 and Kang and Meneveau:33

vertical profiles of (a) normalized stream-
wise velocity variance Û and (b) skew-
ness of vertical velocity, S(w). The results
are plotted as a function of the distance
from the center of shearless mixing layers,
z � zC , divided by the layer thickness DM.
Large- and small-TKE regions are located
on the sides of z � zC < 0 and
z � zC > 0, respectively.
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also anticipated. However, the normalized velocity variance in
Fig. 4(a) generally agrees with the experiment.

The shearless mixing layers exhibit an intermittent behavior of
large-scale turbulent motions, which is often studied with the skewness
of vertical velocity SðwÞ ¼ hw03i=hw02i3=2, whose vertical profiles are
compared between the DNS and experiments in Fig. 4(b). The shear-
less mixing layer is located for jðz � zCÞ=DM j. 2. The experiment by
Kang and Meneveau was conducted with a composite grid consisting
of an active grid and a static square grid.33 Despite the differences in
the grid geometry and Reynolds number, the variation of S(w) is con-
sistent with the DNS and experiments: SðwÞ � 0 in the regions of
quasi homogeneous isotropic turbulence generated by grids 1 and 2
while S(w) has a positive peak in the shearless mixing layer. Large-
scale vortices in the large-TKE region with w � 0 intermittently
penetrate the shearless mixing layer, resulting in S(w)> 0.32,33 This
intermittent behavior is also well reproduced in the present DNS.

Figure 5 shows the one-dimensional longitudinal energy spec-
trum of streamwise velocity fluctuations at z=M1 ¼ 10 and 0, which
are located at the center of grids 1 and 2, respectively. The streamwise
wavenumber kx and spectrum Eu are normalized by the Kolmogorov
scale g, energy dissipation rate hei, and kinematic viscosity � for a
comparison with other turbulent flows at small scales. The results are
presented at an early time, for which g is small compared with a later
time. The normalized energy spectrum in a high wavenumber range is
known to collapse for different flows. The spectra for both grids 1 and
2 are consistent with other data, confirming that the spatial resolution
is sufficient to study small-scale characteristics of the shearless mixing
layer.

B. Statistical analysis of the TTI layer of the shearless
turbulence mixing layer

The flow consists of three turbulent regions, which can be identi-
fied with the passive scalar, and the TTI layers appear at the edges of
the shearless mixing layer. Here, the present analysis is based on previ-
ous studies of the TNTI layers in turbulent free shear flows and
boundary layers.14 Comparisons between the interface defined with a
passive scalar and enstrophy have been reported for the TNTI layers
in various flows.17,79 The interfaces defined with these quantities are
almost identical if the Schmidt number of the scalar is 1. When the
Schmidt number is different from 1, the interface location for the

passive scalar is slightly different from that for enstrophy80 although
the difference may not be significant enough to affect the statistics cal-
culated near the interface. Similarly, in the case of the TTI layer, the
interface defined with a passive scalar successfully detects the region
where two turbulent regions with different velocity and length scales
are separated.22 Therefore, the TTI layers between the shearless mixing
layer and the large- or small-TKE region are detected with the isosur-
faces of /, as indicated by white lines in Fig. 6(a). The isosurfaces of
/=/0 ¼ 0:97 and 0.03 are used to detect the TTI layers bounded by
the large- and small-TKE regions, respectively. Here, these threshold
values detect the isosurface within the TTI layers, for which the statis-
tics are evaluated as functions of the position near the isosurfaces. The
isosurface locations vary little with a small change of the thresholds
because / rapidly changes across the thin TTI layers. Therefore,
slightly different choices of the threshold do not alter the conclusion of
the paper, as also confirmed in previous studies of the TNTI layers.4

The flow characteristics near the TTI layer are examined with
conditional statistics calculated as functions of the distance from the
isosurface of /. A local interface coordinate fI whose origin is placed
at the isosurface is introduced for this purpose. For a given point on
the isosurface of /, the fI direction is taken in the isosurface-normal
direction, which is determined by r/. Here, fI is defined such that
fI < 0 is in the shearless mixing layer and fI > 0 is in the large- or
small-TKE region. Figure 6(b) illustrates fI for the TTI layer bounded
by the small-TKE region. The interface coordinate fI is defined for
many locations on the isosurface. Then, a variable f ðx; y; z; tÞ defined
on the computational grid points is interpolated on fI to obtain

FIG. 5. The one-dimensional longitudinal energy spectrum of streamwise velocity
fluctuations, EuðkxÞ, at t=Tr ¼ 6 at the center of grids 1 and 2. The present results
are compared with the DNS of a planar jet and isotropic turbulence.70,78

FIG. 6. (a) A two-dimensional profile of passive scalar / and interfaces that sepa-
rate the shearless mixing layer from the large- and small-TKE regions at
t=Tr ¼ 22. White lines are the isosurfaces of /=/0 ¼ 0:03 and 0.97. (b) Interface
coordinates fI for the conditional statistics. The broken lines shown on the coordi-
nates are excluded from the statistical analysis. A region of the yellow box in (a) is
shown in (b).
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f ðfI ; tÞ. Then, an ensemble average of f ðfI ; tÞ is taken as a function of
ðfI ; tÞ for all the interface coordinates defined at different locations on
the isosurface. This conditional average with fI is denoted by h f iI .
Here, the statistics are calculated separately for the isosurfaces of
/=/0 ¼ 0:03 and 0.97 to compare the TTI layers bounded by the
small- and large-TKE regions.

The interface coordinate is introduced to calculate the statistics
separately for the shearless mixing layer and the other regions.
However, fI sometimes crosses the isosurface of / even for fI 6¼ 0
because of the complicated isosurface geometry. The samples from the
shearless mixing layer and the other regions are mixed in this case
unless some of the samples are discarded from the analysis. Therefore,
a part of fI is excluded from the analysis following Refs. 15 and 17.
When fI crosses the isosurface of / for jfI j < 15gC , this interface
coordinate is not used to calculate the statistics. This example is shown
as A in Fig. 6(b) and is often found for a concave geometry with a
small curvature radius. In addition, fI within the distance of 15gC
from the isosurface at fI 6¼ 0 is also excluded from the statistical analy-
sis [B in Fig. 6(b)]. Then, the conditional statistics for fI < 0 and
fI > 0 are calculated solely from the shearless mixing layer and the
large- or small-TKE region, respectively. The distance of 15gC used to
discard samples is the same as that used for the conditional statistics of
the TNTI layers in previous studies17 and is determined based on the
thickness of the TNTI layer, which is close to the thickness of the TTI
layer as shown below.

Figure 7 shows the profile of the intermittency factor c, which is a
probability that the location is within the shearless mixing layer. The
center of the shearless mixing layer, z=M1 � 15, has c � 1, and the flu-
ids of the large- and small TKE regions hardly appear at this location.

As being away from the center of the shearless mixing layer, c decreases
and eventually becomes 0 in the large- and small-TKE regions. The
regions with 0 < c < 1 are the intermittent regions, where both the
shearless mixing layer and the large- and small-TKE regions are
observed. The statistical properties of the shearless mixing layer in the
intermittent region are evaluated with an average taken over z with
0:05 � c � 0:8. The sample for this average is taken only from the
points within the shearless mixing layer (0:03 � /=/0 � 0:97) and is
also calculated separately for each side of the large- or small-TKE region.
The statistics calculated with c are denoted with subscript c and are
used to assess the scalings of the TTI layers. For examples, gc, ugc, and
sgc, are the Kolmogorov scales calculated in the intermittent regions.

C. Mean profiles of scalar and vorticity
near the TTI layer

Figure 8 shows the conditional averages of passive scalar and vor-
ticity magnitude, h/iI and hjxjiI ¼ hjr� ujiI , near the TTI layer
bounded by the large- and small-TKE regions at t=Tr ¼ 22. Here, the
interface coordinate fI is normalized by the Kolmogorov scale at the
center of the shearless mixing layer, gC. For both large- and small-TKE
regions, h/iI significantly varies near fI ¼ 0. The profiles of h/iI are
similar to the mean scalar profile observed near the TNTI layers.8,81

The mean vorticity also exhibits a clear jump near the interface: hjxjiI
increases from fI ¼ 0 to the shearless mixing layer (fI < 0). This
rapid increase in hjxjiI is observed for fI where the jump of h/iI is
observed. For the large- and small-TKE regions (fI > 0), hjxjiI gradu-
ally increases with fI. Although the TKE increases from the small- to
large-TKE regions, the vorticity magnitude near the TTI layer does
not simply increase according to this relation. A similar observation
was reported for a turbulent wake developing in freestream turbulence,
where the profile of the vorticity does not match that of velocity var-
iances.24 Both vorticity and scalar profiles suggest that the shearless
mixing layer is separated from the outside by the TTI layer with a
small thickness, across which the mean vorticity and scalar rapidly
change.

A recent study of the TNTI layer has shown that the mean vortic-
ity magnitude hjxjiI on the interface coordinate collapses well even in
different flows and Reynolds numbers when the plots are normalized
with the local Kolmogorov scales defined with the mean kinetic energy
dissipation rate heiI calculated as a function of fI.

15 Here, the
Kolmogorov length, velocity, and time scales are defined as gI ¼ ð�3=
heiIÞ1=4, ugI ¼ ð�heiIÞ1=4, and sgI ¼ ð�=heiIÞ1=2. Figure 9 plots
hjxjiI=ðs�1

gI Þ against fI=gI for both large- and small-TKE regions at

FIG. 7. A vertical profile of intermittency factor c of the shearless mixing layer at
t=Tr ¼ 17. The shaded areas have c between 0.05 and 0.8 and are used to evalu-
ate the statistics in the intermittent region.

FIG. 8. Conditional averages of passive
scalar / and vorticity magnitude jxj at
t=Tr ¼ 22 near the TTI layers bounded
by (a) the large-TKE region and (b) the
small-TKE region.
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different times. Although the profiles of hjxjiI are different for the TTI
layers of the large- and small-TKE regions in Fig. 8, the plots normalized
by the local Kolmogorov scales are almost identical. The normalized
vorticity is locally small at fI ¼ 0 while it attains peaks at fI=gI � 66.
From the definition of sgI ; hjxjiI=s�1

gI is rewritten as hjxjiI=
ðh2SijSijiIÞ1=2. Therefore, small hjxjiI=s�1

gI at fI ¼ 0 suggests that the
vorticity is relatively weak compared to the strain. On the other hand,
the peaks of hjxjiI=s�1

gI at fI=gI � 66 are due to strong vorticity,
which can be related to vortex tubes as discussed below. A similar peak
was also observed near the TNTI layer, where hjxjiI=s�1

gI increases
from 0 to the peak, implying that the TNTI and TTI layers partially
comprise a similar internal structure.15

The jumps observed for h/iI and hjxjiI in Fig. 8 suggest that the
TTI layers of the shearless mixing layer have a finite thickness. The
thickness is quantified with the mean scalar profile h/iI . Figure 10
shows the first and second derivatives of h/iI with respect to fI, where
dh/iI=dfI and d2h/iI=df2I are normalized by the maximum values of
jdh/iI=dfI j and jd2h/iI=df2I j, respectively. Because of the variation of
h/iI with fI, dh/iI=dfI has a large peak within the TTI layer while it
hardly depends on fI in the shearless mixing layer and the large- and
small-TKE regions near the TTI layers. Therefore, d2h/iI=df2I exhibits
positive and negative peaks within the TTI layer and approaches zero
as jfI j increases. The thickness d/ is quantified as a distance between
two locations where d2h/iI=df2I is equal to 5% of the peak value of
jd2h/iI=df2I j, which is shown with horizontal broken lines in Fig. 10.

The layer thickness is also evaluated with the normalized mean vortic-
ity profile hjxjiI=ðs�1

gI Þ, following the studies of the TNTI layer,15

whose thickness is determined with the location of the local maximum
of hjxjiI=ðs�1

gI Þ. Similarly, the thickness of the TTI layer is estimated
as the distance between the local maxima shown in Fig. 9. The thick-
ness obtained with hjxjiI=ðs�1

gI Þ is denoted by dx.
Figure 11 shows the temporal variations of the thickness of the

TTI layer. The thickness is evaluated for both TTI layers bounded by
the large- and small-TKE regions. In Fig. 11(a), d/=M1 and dx=M1

are compared with the Kolmogorov scale gC. The thickness estimated
from the mean vorticity and scalar profiles is close to each other and
increases with time. The increase in the thickness is similar to that of
the Kolmogorov scale. Figure 11(b) presents the thickness normalized
by the Kolmogorov scales in the intermittent region gc. The thickness
normalized by the Kolmogorov scale is less dependent on time than
d/=M1 and dx=M1. The thickness is about 12 times the Kolmogorov
scales, suggesting that the layer structure is related to the small-scale
properties of the shearless mixing layer. This thickness is close to the
thickness of the TNTI layer in turbulent free shear flows.15 The thick-
ness of the TTI layer of about 12gc is similar for grids 1 and 2 and is
not directly related to the mesh sizes, M1 and M2. The thickness is
expected to be determined by the length scales of the vortical struc-
tures within the TTI layer, as explained below. The size of small-scale
vortical structures normalized by the Kolmogorov scale hardly
depends on flows and Reynolds numbers.39,82 For the same reason,
the thickness of the TNTI layer is determined by g and does not
explicitly depend on the global length scale of flows.15

D. The relevance of vortex tubes and sheets to the TTI
layer

The internal structure of the TTI layers is examined with the sta-
tistics of a velocity gradient tensor @ui=@xj. The second and third
invariants of @ui=@xj are defined as Q ¼ ðxixi � 2SijSijÞ=4 and
R ¼ �ðSijSjkSki=3þ xiSijxj=4Þ, where xi is the ith component of the
vorticity vector. Figure 12(a) shows the conditional averages of Q and
R near the TTI layer. The local Kolmogorov scales are used to normal-
ize hQiI ; hRiI , and fI. The profiles are similar for the large- and small-
TKE regions and hardly depend on time. Here, hQiI is negative for
jfI=gI j. 3 while positive peaks are observed at jfI=gI j � 6. An aver-
age of Q is almost zero in turbulent flows if the average is taken as a
time or volume average. Therefore, hQiI approaches zero for large jfI j,
where the presence of the TTI layer does not affect the statistics of Q.
Positive Q is related to the dominance of rotating motions with large

FIG. 9. Conditional average of vorticity magnitude hjxjiI normalized by the local
Kolmogorov timescale sgI . The coordinate fI is also normalized by the local
Kolmogorov scale gI. Vertical lines indicate the locations of the local maxima of
hjxjiI at t=Tr ¼ 12 for the large-TKE region, which are used to quantify the thick-
ness of the TTI layer, dx.

FIG. 10. Profiles of dh/iI=dfI and
d2h/iI=df2I near the TTI layers bounded
by (a) the large-TKE region and (b) the
small-TKE region. In each figure, dh/iI=
dfI and d2h/iI=df2I are normalized by
the maximum values of jdh/iI= dfI j and
jd2h/iI=df2I j, respectively. The horizontal
broken lines represent 5% of the maxi-
mum values of jd2h/iI=df2I j and are
used to define the layer thickness as indi-
cated by the vertical lines.
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xixi over straining motions and is used to detect vortex tubes in tur-
bulent flows. Therefore, positive hQiI at jfI=gI j � 6 implies that vor-
tex tubes are frequently observed. Since the thickness of the TTI layer
is about 12 times the Kolmogorov scale, jfI=gI j � 6 is close to the
edges of the TTI layer. Thus, the TTI layer is formed in the vicinity of
the vortex tubes. The variation of hRiI with fI is anti-correlated with
that of hQiI : hRiI have positive and negative peaks at jfI=gI j � 0 and
6, respectively. The governing equations of SijSij and xixi=2 contain
the production terms written as �SijSjkSki and xiSijxj, respectively.
Therefore, the profile of R ¼ �ðSijSjkSki=3þ xiSijxj=4Þ indicates that
the enstrophy production is dominant over the strain amplification at
jfI=gI j � 6 while the strain production is significant near the center of
the TTI layer (fI=gI � 0).

Figure 12(b) shows the trajectory of ðhRiI ; hQiIÞ across the TTI
layer bounded by the large-TKE region. The same result is also
obtained for the small-TKE region. The locations of fI=gc ¼ 0;
63;65, and610 are marked on the trajectory as A, B6, C6, and D
6, respectively. The black solid line is the discriminant of the eigenval-
ues of @ui=@xj, which is written as D ¼ ð27=4ÞR2 þQ3 ¼ 0. The iso-
surface used to identify the TTI layer is located at fI ¼ 0 (A), near
which the maximum value of hRiI and the minimum value of hQiI are
observed. As jfI j increases for both positive and negative fI, the plot
of ðhRiI ; hQiIÞ moves toward the second quadrant, where hQiI
reaches the maximum near fI=gC ¼ 65 (C6). Then, ðhRiI ; hQiIÞ
further approaches (0, 0). The trajectory of ðhRiI ; hQiIÞ has also been

investigated for the TNTI layer in previous studies.41,46 Two sublayers
are known as the internal layers of the TNTI layer: the viscous super-
layer, where the growth of enstrophy is dominated by viscous diffu-
sion; the turbulent sublayer, where vortex stretching is as important as
viscous effects.13,38 Here, the non-turbulent region near the TNTI layer
is known to have negligibly small enstrophy (xixi=2 ¼ 0) and small
but finite strain rate (SijSij > 0) while the turbulent core region exhib-
its velocity statistics of fully developed turbulence.46 The viscous super-
layer forms at the outer edge of the TNTI layer, which is bounded by a
non-turbulent region. The turbulent sublayer is a buffer layer that
forms between the viscous superlayer and a turbulent core region. The
trajectory of ðhRiI ; hQiIÞ from the viscous superlayer toward the
turbulent core region across the turbulent sublayer is approximately
represented by a straight line from the fourth quadrant with hRiI > 0
and hQiI < 0 toward the second quadrant with hRiI < 0 and
hQiI > 0.41,46 This trajectory across the turbulent sublayer is similar
to the present results for the TTI layer. In addition, hQiI normalized
by the local Kolmogorov scales near the TNTI layer also exhibits a
positive peak with hQiI=s�2

gI ¼ 0:05–0.07 near the boundary between
the turbulent sublayer and the turbulent core region.15 This peak value
is quantitatively consistent with the peaks of hQiI=s�2

gI for the TTI
layer in Fig. 12(a). The peaks are observed at fI=gI � 66, which are
close to the boundaries between the TTI layers and the large- or small-
TKE region. Thus, the peaks in hQiI=s�2

gI appear at the boundaries of
the TTI or TNTI layer from adjacent turbulent regions. These

FIG. 11. Temporal variations of the thick-
ness of the TTI layers normalized by (a)
the mesh size of grid 1, M1, and (b) the
Kolmogorov scale in the intermittent
region, gc. The thicknesses estimated by
mean scalar and mean vorticity magnitude
are denoted by d/ and dx, respectively.
Panel (a) also shows the Kolmogorov
scale at the center of the shearless mixing
layer, gC.

FIG. 12. (a) Conditional averages of the
second and third invariants of a velocity
gradient tensor, hQiI and hRiI , near the
TTI layers. The plots are normalized by
the local Kolmogorov scales sgI and gI.
(b) The trajectory of (hQiI and hRiI ) from
fI=gc ¼ �40 to 40 for the TTI layer
bounded by the large-TKE region at
t=Tr ¼ 22.
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comparisons imply a similar internal structure of the TTI layer to that
of the turbulent sublayer.

The analysis of shearing and rotating motions within the TNTI
layer has also suggested that the outer edge of the turbulent sublayer
bounded by the viscous superlayer is characterized by intense shear
while rotating motions become important at the inner edge bounded
by the turbulent core region.66 The shearing motion is attributed to
the existence of vortex sheets, which are thin layers with intense shear,
while the rotating motion is due to vortex tubes.41,66 The conditional
statistics of Q also suggest that the edge of the TTI layer is dominated
by vortex tubes, whose distance from the center of the TTI layer is
expected to be about 6g, at which hQiI=s�2

gI has positive peaks. The
relevance of vortex sheets to the TTI layer is further investigated here.
The second-order velocity gradient tensor Aij ¼ SikXkj þ SjkXki (Xij: a
rate-of-rotation tensor) is often used to identify vortex sheets, whose
detector function can be defined as DS �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AijAji=2

p
because of large

DS within the vortex sheets.83–86 Figure 13 shows the conditional aver-
age of hDSiI near the TTI layer for the large-TKE region. A peak of
hDSiI is observed at fI � 0. Negative hQiI and large hDSiI at fI � 0
indicate that the dominant vortical structures within the TTI layer are
the vortex sheets rather than vortex tubes. Studies of vortex sheets in
turbulence have confirmed that the vortex sheets appear in the vicinity
of vortex tubes, whose rotating motion sustains intense shear within
the vortex sheets.78 The local maxima of hQiI observed at jfI=gI j � 6
in Fig. 12(a) agrees with this configuration of vortex tubes and vortex
sheets.

The alignment between the TTI layer and these vortical struc-
tures is examined with the angle h/x between the interface-normal
direction n/ and the vorticity direction nx ¼ x=jxj. Figure 14 shows
the probability density function (PDF) of cos h/x ¼ n/ 	 nx near the
TTI layer bounded by the large-TKE region. Here, n/ for the large-
TKE region is defined as n/ ¼ r/=jr/j, by which n/ points in the
outward direction of the shearless mixing layer. The interface orienta-
tion n/ is evaluated at fI ¼ 0 while the vorticity direction nx is taken
at various locations on fI. A large peak is observed for cos h/x ¼ 0 at
fI=gC ¼ 0, suggesting that the vorticity vector of the vortex sheets is
mostly perpendicular to the interface orientation. In addition, the peak
at cos h/x ¼ 0 is also observed at fI=gC ¼ 63 and 65, where the
probability tends to be lower as j cos h/xj increases. Thus, the vorticity
vector within the TTI layer (jfI=gj. 6) also tends to be perpendicular

to the interface orientation. This alignment indicates that the vortex
sheets and tubes within the TTI layer are parallel to the interface. At
fI=g ¼ 610, the PDF has a flat shape, and no preference of the vortic-
ity direction with respect to the interface orientation is found at this
location. Therefore, as also found for hQiI � 0 at large jfI j, small-
scale turbulent motions far from the TTI layer are hardly influenced
by the presence of the TTI layer.

The vortex sheets in turbulent flows have a thickness that scales
with the Kolmogorov scale.87,88 The small thickness of the vortex
sheets is sustained by compressive strain acting in the direction per-
pendicular to the sheets.87 This mechanism to sustain the thin layer
should be relevant to the thickness of the TTI layer, where the vortex
sheets are prominent as suggested by large hDSiI . Since the TTI layer
in the shearless mixing layer tends to face the inhomogeneous (z)
direction, the z-directional velocity w is related to the compressive
strain acting on the vortex sheets within the TTI layer. Figure 15(a)
shows the conditional average of w, hwiI , which exhibits a Z-shaped
distribution across the TTI layer. A similar profile has been reported
for the mean velocity profile across vortex sheets in turbulence.87

Positive hwiI for fI < 0 and negative hwiI for fI > 0 suggest that the
TTI layer is subject to the compressive strain in the layer-normal
direction. Positive and negative peaks are observed for hwiI . The dif-
ference between these peak values is denoted by DwI . Figure 15(b)
shows the temporal variation of DwI normalized by the Kolmogorov
velocity scale in the intermittent region, ugc. For both TTI layers
bounded by the large- and small-TKE regions, DwI=ugc hardly
depends on time. Therefore, the velocity jump across the TTI layer
scales with the Kolmogorov scale. In addition, DwI normalized by the
Kolmogorov scale is 3–4, which is quantitatively consistent with the
velocity jump observed near the vortex sheets in turbulence with a
wide range of the turbulent Reynolds number.87 In Fig. 15(a), the
mean velocity jump is observed over a distance of about 20g, which is
close to the length of the compressive-strain field observed near vortex
sheets in turbulent planar jets and isotropic turbulence.82 Thus, the
entire TTI layer with a thickness of about 12g is influenced by the
compressive strain.

The results presented above have indicated that the TTI layers
appear along the vortex sheets, which are formed in the vicinity of the
vortex tubes. Figure 16 illustrates the structure of the TTI layer based
on the conditional statistics. The configuration between the vortex

FIG. 13. Conditional average of the detector function of vortex sheets, DS
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AijAji=2
p

(Aij ¼ SikXkj þ SjkXki ), near the TTI layer bounded by the large-
TKE region.

FIG. 14. Probability density function of cos h/x ¼ n/ 	 nx for the TTI layer
bounded by the large-TKE region at t=Tr ¼ 22. Here, the interface normal direction
n/ is evaluated at fI ¼ 0 while the vorticity direction nx is taken at different loca-
tions on fI.
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sheets and vortex tubes has been investigated in turbulent flows,78

where two vortex tubes, on average, appear on the sides of a vortex
sheet. In addition, previous studies of these structures have shown that
the diameter of the vortex tubes, dT, is about 8g while the thickness
of the vortex sheets, dS, is about 4g.

66,87–90 The sketch in Fig. 16 is
based on these observations of the vortex tubes and sheets and
the conditional statistics for the TTI layer. The local maximum of
DS �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AijAji=2

p
at fI ¼ 0 confirms that the center of the TTI layer is

mostly occupied by the vortex sheets with large DS and negative Q.
The vortex sheets are thinner than the TTI layer, whose thickness is
about d/ ¼ 12g. The peak locations of hQiI suggest that the center of
the vortex tubes is located near the boundaries that separate the TTI
layer from the shearless mixing layer or the large/small-TKE region.
Therefore, the TTI layer consists of vortex tubes and sheets, both of
which affect the conditional statistics near the TTI layer. The arrows
shown inside the vortex tubes and vortex sheets indicate the velocity
induced by these structures, which is based on the analysis of vortex
tubes and sheets in Ref. 78. It was shown that the vortex tubes besides
the vortex sheet induce a flow toward the vortex sheet.78 This velocity
toward the vortex sheet is observed as positive and negative hwiI on
fI < 0 and fI > 0, respectively, near the TTI layer, as illustrated with
thick arrows in Fig. 16. The vortex sheets have a finite aspect ratio, and
their spatial distribution is intermittent. Therefore, the origin of the
interface coordinate fI ¼ 0 is not always located within the vortex
sheets. In addition, fI does not always intersect the vortex tubes besides
the vortex sheets. However, the probability to observe the vortex sheets
at fI ¼ 0 and the vortex tubes at jfI=gj � 6 is relatively high com-
pared with that to observe these structures far away from the TTI
layer. Therefore, these configurations of the vortex tubes and sheets
explain well the conditional statistics near the TTI layer.

E. The development of the shearless turbulence
mixing layer

The development of the shearless turbulence mixing layer is
investigated with the characteristics of the TTI layer. Following the
entrainment analysis of turbulent free shear flows, the local entrain-
ment velocity vn is defined with the propagation velocity of the isosur-
face used to detect the TTI layer.5 The propagation velocity of the
isosurface of / relative to fluid motion is denoted as vn. Here, vn is
interpreted as a fluid volume that is entrained into the shearless mixing
layer from the outside per a unit surface area of the interface and per a
unit time. Positive vn represents the entrainment from the outside into
the shearless mixing layer while negative vn indicates that the fluid
in the shearless mixing layer is left outside. For this definition, vn is cal-
culated as vn ¼ �ðD/=DtÞ=jr/j and ðD/=DtÞ=jr/j for the interfa-
ces bounded by the large- and small-TKE regions, respectively.91

Figure 17 shows the PDF of vn normalized by U0 or ugc. The PDF of
vn=U0 has a narrower distribution at a later time, and the magnitude
of vn=U0 becomes smaller. On the other hand, the PDF of vn=ugc
weakly depends on time, and the entrainment velocity is related to the
Kolmogorov velocity. The PDF of vn suggests that vn tends to be posi-
tive and the fluid is entrained into the shearless mixing layer.

The total entrainment rate depends on the surface area of the
interface as well as the local entrainment velocity and can be evaluated
as the surface integral of vn on the isosurface of /. Figure 18(a) shows
the non-dimensional surface area Ŝ ¼ S=LxLy , where S is the area of
the scalar isosurface used to detect the TTI layer. The isosurface of /
may detect small bubble-like regions of large- or small-TKE regions
inside the shearless mixing layer. These bubble-like regions have
slightly larger or smaller values of / than the shearless mixing layer
and are surrounded by the shearless mixing layer. The isosurface

FIG. 15. (a) Conditional average of
w near the TTI layers for the large- and
small-TKE regions. (b) Temporal variation
of the velocity jump DwI of hwiI normal-
ized by the Kolmogorov velocity scale ugc .

FIG. 16. A schematic of the structure of
the TTI layer indicated by conditional
statistics.
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associated with the bubble-like regions does not separate the shearless
mixing layer from the outsides. Therefore, these regions are not con-
sidered in calculating the surface area. When the isosurface of / is
visualized, several independent isosurfaces are observed in each snap-
shot of the flow. The surface area is evaluated as the area of the largest
isosurface, which does not contain the contribution from the bubbles.
For both large- and small-TKE regions, Ŝ decreases with time. In addi-
tion, the large-TKE region has a larger Ŝ than the small-TKE region.
The scalar isosurface has a complicated geometry that is influenced by
large- and small-scales of turbulent motions,92 as also shown in Fig. 6.
Therefore, the surface area strongly depends on the Reynolds number.
As the Reynolds number increases, the scale separation between large
and small scales becomes larger and the surface area increases. This
was also confirmed for the scalar isosurface in a turbulent mixing
layer, where the area of the scalar isosurface increases by the flow
development accompanied by the increase in the integral and turbu-
lent Reynolds numbers.93 The surface area of the interface of the
shearless mixing layer also shows the same Reynolds number depen-
dence. The surface area decreases with time because of the decay of
Rek in Fig. 3. In addition, Rek decreases from the large-TKE to the
small-TKE regions. This explains the smaller surface area for the inter-
face for the small-TKE region than that for the large-TKE region.
Blakeley et al. investigated the evolution of scalar isosurfaces in decay-
ing homogeneous, isotropic turbulence, where the initial scalar profile
was provided by a hyperbolic tangent function as also done in the pre-
sent DNS.94 They observed that the surface areas with low and high
thresholds used for detecting the TTI layers in this study decrease with

time at a late time. This decreasing trend is also consistent with
the decay of Ŝ in the shearless mixing layer even though the shearless
mixing layer is not homogeneous in the z direction. The decrease in
the surface area observed in decaying isotropic turbulence is due to
molecular diffusion, which has destructive effects on the surface
area.94

The entrainment rate QE is evaluated as the surface integral of vn
over the isosurface of / used to detect the TTI layer. Figure 18(b)
shows the temporal variation of QE for the large- and small-TKE
regions. The interface of the large-TKE region has larger QE than that
of the small-TKE region. This difference is attributed to the larger sur-
face area for the interface of the large-TKE region in Fig. 18(a). The
vertical profiles of velocity variance suggested that the shearless mixing
layer spatially expands with time.35 Consistently, QE > 0 also con-
firms that the fluid in the large- and small-TKE regions is entrained
into the shearless mixing layer. The difference in QE between the large-
and small-TKE regions suggests that the entrainment from the large-
TKE region has a larger contribution to this growth of the shearless
mixing layer than that from the small-TKE region. Large-scale vortices
from the large-TKE region often penetrate the shearless mixing layer,
where the large-scale intermittency is more significant than in the
other regions.42 The penetration of the large-scale vortices can contort
the TTI layer and contributes to the large surface area for the large-
TKE region. This large-scale intermittency may also affect a higher
entrainment rate from the large-TKE region. Consistently, experi-
ments of a turbulent jet issued into homogeneous isotropic turbulence
have suggested that the interface of the jet is significantly contorted

FIG. 18. Temporal variations of (a) the
surface area S of the isosurface of / nor-
malized by LxLy and (b) the total entrain-
ment rate QE evaluated with the surface
integral of the local entrainment velocity.
The results are compared for the TTI
layers bounded by the large- and small-
TKE regions.

FIG. 17. The probability density function
of the local entrainment velocity vn nor-
malized by (a) U0 and (b) ugc.
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under the influence of external turbulence.95 A similar influence of
large-scale vortices is also reported for the TNTI layer, whose con-
torted geometry can be explained by the large-scale vortices that cause
engulfment.96

IV. CONCLUSION

The TTI layers that form at the edges of the shearless turbulence
mixing layer have been investigated with DNS of temporally evolving
grid turbulence. The present study has considered the parallel-bar grid
with two different mesh sizes following the wind tunnel experiment in
Ref. 35. The flow comprises three turbulent regions: two regions of
quasi homogeneous isotropic turbulence generated by the grids and
the shearless turbulence mixing layer between them. These regions
have been successfully identified from a passive scalar field, and the
scalar isosurface has been used to identify the TTI layers. The present
study has adapted the conditional averages, which calculate the statis-
tics as functions of a position with respect to the TTI layer.

The conditional averages of passive scalar and vorticity magni-
tude exhibit a distinct jump within the TTI layer, which confirms a
clear separation by the TTI layer between the shearless mixing layer
and the outside. Although the thickness of the TTI layer increases
with time as turbulence decays, the thickness normalized by the
Kolmogorov scale stays at about 12, which is close to the thickness of
the TNTI layer in turbulent free shear flows and boundary layers. The
internal structure of the TTI layer has been examined with the condi-
tional statistics of a velocity gradient tensor @ui=@xj. The mean vortic-
ity profile normalized by the local Kolmogorov scale has a universal
shape that is independent of time and hardly differs for the interfaces
bounded by the large- and small-TKE regions. The conditional aver-
ages of the vorticity magnitude and the second and third invariants of
@ui=@xj suggest that vorticity is more significant than strain at the
edges of the TTI layer while the center of the TTI layer is strain domi-
nant. The conditional average of the detector function of vortex sheets
has a local maximum within the TTI layer. These profiles of the condi-
tional statistics indicate that the typical vortical structures are vortex
sheets and vortex tubes at the center and edges of the TTI layer,
respectively. Positive peaks of hQiI also indicate that the distance
between the vortex tubes from the center of the shear layer is about 6g.
Since the thickness of the TTI layer is about 12g, vortex tubes fre-
quently appear at the boundaries between the TTI layer and adjacent
turbulent region. Similarly, the peak of hQiI near the TNTI layer was
also observed at the boundary between the TNTI layer and turbulent
core region.15 In addition, the peak of hQiI normalized by the local
Kolmogorov scale is about 0.06 for both TTI and TNTI layers.15 A
recent study of the TNTI layer has also suggested that vortex tubes
and sheets exist in the turbulent sublayer, which is an internal layer
within the TNTI layer.66 In addition, the conditional mean trajectory
of the second and third invariants of @ui=@xj is found to be similar
between the TTI layer and the turbulent sublayer. These results suggest
that the internal structure of the TTI layer resembles that of the turbu-
lent sublayer. The presence of vortex sheets in the vicinity of vortex
tubes within the TTI layer is consistent with the interaction between
vortex sheets and tubes observed in isotropic turbulence.78 The config-
uration of these vortical structures also explains a compressive strain
within the TTI layer, which is caused by the flow toward the TTI layer
in the layer-normal direction. The mean velocity jump associated with
the compressive strain across the TTI layer is about 3ug while this

jump is observed over a distance of about 20g, which is larger than the
thickness of the TTI layer. These values are consistent with the velocity
jump and its width for the compressive strain of vortex sheets,82

implying that the characteristics of vortex sheets strongly affect the
flow field around the TTI layer.

The development of the shearless mixing layer has also been
studied with the local entrainment rate, which is defined as the propa-
gation velocity of the scalar isosurface used to identify the TTI layer.
Although the velocity scale of the shearless mixing layer varies with
time, the local entrainment rate normalized by the Kolmogorov veloc-
ity hardly depends on time. The surface area of the isosurface tends to
be small with the decrease in the turbulent Reynolds number. Because
of the difference in the surface area between the TTI layers bounded
by the large- and small-TKE regions, the shearless mixing layer
entrains more amount of fluid from the large-TKE region than from
the small-TKE regions. These results for the internal structure and the
entrainment of the TTI layer will be useful for constructing the physi-
cal models in future studies possibly as an extension of the models
proposed for the TNTI layers.
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