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ABSTRACT

The correlation between helicity and turbulent transport in turbulent flows is probed with the use of direct numerical simulation and
Lagrangian scalar tracking. Channel flow and plane Couette flow at friction Reynolds number 300 and Lagrangian data along the trajectories
of fluid particles and passive particles with Schmidt numbers 0.7 and 6 are used. The goal is to identify characteristics of the flow that
enhance turbulent transport from the wall, and how flow regions that exhibit these characteristics are related to helicity. The relationship
between vorticity and relative helicity along particle trajectories is probed, and the relationship between the distribution of helicity
conditioned on Reynolds stress quadrants is also evaluated. More importantly, the correlation between relative helicity density and the
alignment of vorticity with velocity vectors and eigenvectors of the rate of strain tensor is presented. Separate computations for particles that
disperse the farthest into the flow field and those that disperse the least are conducted to determine the flow structures that contribute to
turbulent dispersion. The joint distribution of helicity and vertical velocity, and helicity and vertical vorticity depends on the location of
particle release and the Schmidt number. The trajectories of particles that disperse the least are characterized by a correlation between the
absolute value of the relative helicity density and the absolute value of the cosine between the vorticity vector and the eigenvectors of the rate
of strain tensor, while the value of this correlation approaches zero for the particles that disperse the most.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0180949

I. INTRODUCTION

Helicity is one of the features of turbulent flows whose role in sus-
taining turbulence and in enhancing turbulent transport needs clarifi-
cation.1,2 It is defined as the volume integral of the scalar product of
velocity u and vorticity x, and helicity density is defined as
H ¼ u � x.3 The sign of helicity depends on whether right-handed or
left-handed helical motions are dominant in the flow. Helicity is a
topological quantity that describes the degree to which vortex lines of
the flow are tangled and intertwined and it may be present in laminar
as well as in turbulent flow.4,5 Helicity and kinetic energy are two invis-
cid quadratic invariants in 3D turbulent flows.6–8 Helicity is associated
with the corkscrew motion of the fluid and it can be found in torna-
does, hurricanes, and in rotating thunderstorms in the atmosphere
and in Langmuir circulations in the oceans. More importantly, helicity
could indicate reduced aerodynamic drag and improved mixing effec-
tiveness of reactants.9,10 Helicity is not only important in atmospheric
and geophysical flows but also in biomedical research to quantify

swirling motions in cardiovascular flows.11 It is also a crucial and uni-
versal property of 3D coherent structures in turbulence and transi-
tional flows,12–15 and it has been argued that the existence of mean
helicity in turbulent flows could enhance transport.16

Prior studies have focused on the use of helicity spectra to investi-
gate the role of helicity on the evolution of isotropic turbulent flow17,18

and in turbulent channel flows with streamwise rotation.19 The
dynamics of helicity cascade from large to smaller scales of turbulence
has also been investigated.3,6,8,9,20 Other works have explored the effect
of kinetic helicity (velocity–vorticity correlation) on momentum trans-
port and the generation of large-scale flow,21 the Reynolds stress bud-
get in relation to the mean and fluctuating helicity budgets in channel
flows,22 the importance of helicity in rotating turbulence,23 the geo-
metrical and vortical statistics in small scales,24 the helicity fluctuations
in homogeneous isotropic turbulence,13,15 and the relationship
between helical flow structures and atherogenesis in coronary bypass
models.25
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The term coherent structures in turbulent flows refers to the spa-
tiotemporal self-organization of the flow, and these structures have
been associated with the production of turbulent kinetic energy and
the sustainment of turbulence.26–28 In the rotational form of the
Navier–Stokes momentum equation, when the magnitude of the term
u� x is small, the energy transfer is small. The minimization of this
term occurs by the alignment of the two vectors, which is represented
by helicity density, H. Therefore, the helicity density is important in
evaluating coherent structures and their role in turbulence.21,29 It has
been argued that coherent structures are associated with flow regions
in which helicity is large and turbulent kinetic energy dissipation is
low. Low dissipation means that these coherent structures could sur-
vive for a long time in the flow and thus, helical structures could sus-
tain coherent structures for long times.30 Zhang et al. concluded that
helicity can be used as an indicator for vortices—they found that the
maximum normalized helicity density could be used to identify the
vortex core and the sign of the normalized helicity density can be used
to identify the swirling direction of a vortex.31

When studying experiments on helicity density of turbulent flow
for a mixing layer, Wallace et al.32 suggested that the streamwise vorti-
ces have significant relative helicity density (note that the relative helic-
ity density is the normalized helicity density, i.e., the cosine between
the velocity and vorticity vectors). However, their results did not clarify
whether the relative helicity density should be large within coherent
structures.32 There have been other studies that employed experimen-
tal and computational methods to characterize the relationship of hel-
icity and coherent structures. For example, Tsinober and Levich
indicated that the 3D coherent structures in turbulence possess coher-
ent helicity, but their experiments were carried out for transitional or
rather low Reynolds number flows.33 Tsinober and Levich explored
the case of homogeneous turbulence and pointed out that the existence
of helical structures and fluctuations in 3D turbulent flow are corre-
lated with the phenomena of intermittency and coherent structures.34

Pelz used direct numerical simulation (DNS) to suggest that the coher-
ent structures, small-scale intermittency and helicity fluctuations are
correlated.35 Shtilman et al. used DNS of the Taylor–Green vortex and
pointed out that in regions of small dissipation, the magnitude of rela-
tive helicity density is large and vorticity and curl of vorticity is nearly
orthogonal.36 DNS of unforced turbulence by Shtilman et al. showed
spontaneous generation of helicity and helicity fluctuation, which
revealed changes in the topological structure of the vorticity field.29

However, when investigating helicity in homogeneous turbu-
lence, homogeneous irrotationally strained flows and homogeneous
shear flows, and fully developed turbulent channel flow, Roger et al.
showed no apparent correlation of the fluctuating helicity density with
the well-known hairpin vortices or with strong spanwise coherent vor-
tices.30 The simulations showed that there was no evidence for the
association of relative helicity with low dissipation or coherent struc-
tures.30 Speziale suggested that it is unlikely that these helicity fluctua-
tions can be correlated with turbulence activity such as coherent
structures and small-scale intermittency because of the nature of the
velocity and pressure field fluctuations.37

DNS and Lagrangian scalar tracking (LST) have been combined
recently to examine the relationship between turbulent kinetic energy
dissipation rate and helicity density along the trajectories of dispersing
particles.2,38 It was found that there is an effect of helicity on turbulent
transport, but not because of an association of helical flow structures

to low turbulent kinetic energy dissipation.2 In fact, low turbulent dis-
persion was associated with a helicity-dissipation anticorrelation.
However, it was apparent that the relationship between helicity and
turbulent scalar transport needs further evaluation.

In this study, we continue to probe the role of helicity in turbulent
transport by combining DNS and LST to compute the helicity at the
location of passive particles that disperse at various Schmidt numbers,
Sc. Since Lagrangian measurements in laboratory experiments are not
trivial, especially when one wants to calculate derivatives of fluctuating
velocity fields and simultaneously measure such quantities in three
dimensions, we used computations to obtain such measurements
along particle trajectories. In addition, LST is not limited to low
Schmidt number fluidss.39 The turbulent flow fields computed were
for plane Poiseuille and plane Couette flow. This choice was made in
order to provide insights into turbulent transport in relation to coher-
ent flow structures. The turbulence structure of channel and Couette
flows is different, since there is no turbulent kinetic energy production
in the center of Poiseuille flow, while there is production in the center
of a plane Couette flow channel. At the same time, the Reynolds stress
in the center of a Poiseuille flow channel is zero, while it is finite for
Couette flow.40 The contributions of this paper are to (i) characterize
the correlation between helicity and coherent structures by examining
the vorticity, the vertical velocity, the distribution of helicity condi-
tioned on the Reynolds stress quadrant events, and the Q-criterion; (ii)
examine the effects of helicity on turbulent dispersion to assess the role
of helicity in transport and its relevance to the coherent structures; (iii)
investigate the correlation between normalized fluctuating helicity and
the alignment of vorticity with the eigenvectors of the rate of strain
tensors; and (iv) examine the effects of molecular dispersion, as
expressed through the Sc, on all the above.

II. METHODS
A. Direct numerical simulation

The pseudospectral DNS algorithm of Lyons et al.41,42 validated
by the experiments of G€unther et al.43 was applied to simulate turbu-
lent channel flow. This algorithm has been modified and used to simu-
late plane Couette flow.39–42 Periodic boundary conditions were
applied in the streamwise and spanwise directions of the flow field.
The boundary conditions enforced at the channel walls were the no-
slip and no-penetration conditions.41 The Navier–Stokes equations in
rotational form were expanded in terms of Fourier series in the stream-
wise and spanwise directions and in terms of Chebyshev polynomial
series in the direction vertical to the channel walls. The velocity field
was calculated through three fractional time steps. The first fractional
step accounted for the nonlinear convective term and the mean pres-
sure gradient. The second fractional step accounted for the dynamic
pressure head term and the third fractional step accounted for the vis-
cous term of the Navier–Stokes equation written in its rotational
form.44 The friction velocity, u� ¼ ðsw=qÞ1=2, where sw is the wall
shear stress and q is the fluid density, and the fluid kinematic viscosity,
�, were used to define the friction length scale and the friction time-
scale, so that all quantities were scaled in viscous wall units. From this
point and on, all quantities presented are dimensionless using the vis-
cous wall parameters, unless otherwise mentioned. The dimensions of
the computational box were 16ph� 2h� 2ph for Poiseuille flow and
16ph� 2h� 2ph for Couette flow in the streamwise x, normal y, and
spanwise z directions, respectively. The half channel height was
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h¼ 300, so that the friction Reynolds number was also Res¼ h¼ 300.
The number of grid points was 1024� 128� 256 for Poiseuille and
1024� 256� 256 for Couette flow in the streamwise x, normal y, and
spanwise z directions.

Specifically for Couette flow, the walls of the channel moved in
opposite directions relative to each other, while there was no mean
pressure gradient. Therefore, in Couette flow, the code was modified
by changing the Dirichlet boundary conditions at the walls, so that the
streamwise velocity at the wall Uw was Uw ¼ 6Gh and G was constant
(G¼ 0.064).2 The top wall of the channel moved in the negative x
direction and the bottom wall moved in the positive x direction.
Figure 1 is a depiction of the flow configuration. The Reynolds
number defined for Poiseuille flow based on the mean centerline
velocity, Uc, and the half channel height, Re¼ (Uch/�) and defined for
Couette flow as Re¼ (Uwh/�), was 5700. The fluid was assumed to be
an incompressible Newtonian fluid. The time step for the simulation
for Poiseuille flow was Dt¼ 0.1, and for Couette flow it was Dt¼ 0.05
in viscous wall time units.

B. Lagrangian scalar tracking

The behavior of dispersing scalar quantities was investigated by
following the paths of many scalar markers in the flow field created by
the DNS. Assuming that the fluid velocity was the same as the
Lagrangian velocity V at the position of each scalar marker, the con-
vective part of the marker motion was found by time integration. The
convective part of the particle motion was calculated based on the fol-
lowing equation:45

V x0; tð Þ ¼ @X x0; tð Þ
@t

; (1)

where the Lagrangian velocity of a marker released at location x0 is
given as Vðx0; tÞ ¼ U ½Xðx0; tÞ; t� and U is the Eulerian velocity of the
fluid at the location of the marker at time t.45–50 An Adams–Bashforth
scheme was employed to integrate the equation of particle motion, and
the velocity vector between grid points was estimated using a mixed
sixth order Lagrangian–Chebyshev interpolation scheme.51 At the end
of each convection step, a random jump was imposed to compute the
Brownian motion effects. The values of the random jump were taken
from a normal probability density function (PDF) with a zero mean
and a standard deviation that depended on the fluid properties and the
molecular diffusivity of the particles. Einstein’s theory for Brownian
motion provided the relation between the rate of molecular dispersion
and molecular diffusivity in each space direction as follows:45–50

dX2

dt
¼ 2D; (2)

where X2 is the mean-squared displacement in one space direction
and D is the molecular diffusivity. Thus, a 3D random walk was added
on the particle motion after each convective time step, taken from a
normal distribution with a standard deviation r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Dt=Sc
p

in vis-
cous wall units. From this point on, in this manuscript, we will use
mass transfer terminology and the Sc, even though all results are appli-
cable for heat transfer expressed by the Prandtl number, Pr, of the dis-
persing scalar markers. The markers were assumed to be passive and
had no effect on the flow.46,52–54

Note that while the trajectories of the Sc¼ 0.7 and 6 markers
include a Brownian motion, the fluid particles do not. This allows a
comparison between three cases: (a) molecular diffusion effects are
important (i.e., Sc¼ 0.7); (b) convection is the only transport mecha-
nism without any molecular diffusion (i.e., fluid particles); and (c) A
situation between the two (Sc¼ 6). In this way, we can distinguish
between the transport of a scalar vs a pure Lagrangian flow tracer and
can explore the possibility that different flow structures contribute to
transport in different ways when scalar quantities with different diffu-
sivity are transported.

The markers were released into the flow after the Poiseuille and
Couette flow reached stationary state. The Lagrangian simulations
were carried out for fluid particles and for different Sc numbers,
Sc¼ 0.7 and 6. The passive particles (i.e., markers whose presence does
not affect the flow) were released at given distances Y0 from the bot-
tom wall of the computational channel, Y0 ¼ 0, 1.5, 3, 5, 10, 15, 75,
and 300 for both Poiseuille and Couette flows. These release positions
represented the channel wall, the viscous wall sublayer, the buffer
region, the logarithmic layer, and the outer flow at the channel center.
At each Y0; 100 000 particles were evenly released from 20 lines that
were spaced uniformly in the x direction and spanned the width of the
channel in the z direction. Selecting different release points at the same
xz plane avoided potential bias caused by the instantaneous initial
velocity field. Therefore, the total number of particles was 800 000 for
either Couette or Poiseuille flow and each Sc. A schematic illustration
of the computational box and particle trajectories is shown in Fig. 1.

C. Post processing of data

The data for particle position, velocity, vorticity, and the deriva-
tive of the fluid velocity at the particle location in three directions were
obtained and recorded for every particle in the flow and at every time
step. To calculate the fluctuating velocity and the derivative of the fluc-
tuating velocity at each time step, the profile of the mean velocity U
and the derivative of this velocity d U=dy in the Eulerian frame were
used. Linear interpolation was then applied to obtain the mean velocity
values at the corresponding Y position for each particle. The relative
normalized helicity density h0 ¼ cosh0, where h0 is the angle between
the fluctuating velocity and vorticity vectors,35 was calculated as
follows:

FIG. 1. This is a sketch of the set-up of the simulation with the computational box
and the trajectories of particles. The blue line is a particle with large Brownian
motion at small Schmidt number (Sc¼ 0.7), the purple is at Sc¼ 6 and the red line
is the case of fluid particles. The illustration is shown for Poiseuille flow
(Uw ¼ 0; dP=dx 6¼ 0) and Couette flow (dP/dx¼ 0; Uw 6¼ 0).
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cosh0 ¼ u0 � x0

u0j j x0j jð Þ ; (3)

where u0 ¼ u� U and x0 ¼ r�u0 are the fluctuating velocity and
vorticity, respectively.

The statistical analysis was based on calculations of correlation
coefficients and joint probability density functions (JPDF) to demon-
strate how h0 was distributed for all values of the fluctuating velocity in
the y direction, v0. In this case, to calculate the JPDF P(v0; h0), a 2D array
of bins was generated that spanned the range of values of v0 and h0. We
also calculated the JPDF defined as P(cosðaÞ; h0), where a was the angle
between the vorticity vector and the vertical direction y, in order to
probe the correlation of this angle and h0. The number of scalar markers
that had values within the range of each bin was counted and then the
probability was calculated by dividing with the total number of particles.

III. RESULTS AND DISCUSSION
A. Helicity and vertical velocity

In a previous study, we have analyzed subsets of scalar markers
that had positive vertical velocity (i.e., these were particles moving away

from the wall), against the markers that had negative vertical velocity
and moved toward the wall. In general, these markers could contribute
to the generation of turbulent scalar flux—the markers moving toward
the wall could transfer mass from the channel center to the wall, while
the markers that move away from the wall transfer mass from the bot-
tom region of the channel to the outer region of the flow.55

Therefore, to investigate the role of helicity in scalar transport in
turbulent flow, the correlation between helicity and vertical velocity
needs to be considered. The JPDF between the relative helicity density,
h0, and vertical fluctuating velocity of all particles that were released at
Y0 ¼ 3, 10, and 75 for Poiseuille and Couette flow at Sc¼ 0.7, 6 and
fluid particles are shown in Figs. 2 and 3, respectively. These positions
were selected because they correspond to release within the viscous
wall sublayer (which extends to Y¼ 5), the buffer region between the
viscous wall sublayer and the logarithmic region (which extends
between Y¼ 5 and 35), and the logarithmic region of the flow. The
data for the rest of the release locations can be seen in the supplemen-
tary material. The data for particles released at the center of the chan-
nel, at Y0 ¼ 300, look the same as the data for particles released in the

FIG. 2. JPDF of relative helicity density h0 ¼ cosh0 and vertical velocity v0 of all particles, at time t¼ 100 for Poiseuille flow at Sc¼ 0.7, 6, and fluid particles. Rows correspond to differ-
ent locations of marker release in the y direction, indicated by the value of Y0, shown in the plots, and columns correspond to markers of different Sc, as indicated at the top of the figure.
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logarithmic layer at Y0 ¼ 75. As release positions get closer to the wall
and inside the viscous wall sublayer, i.e., for Y0 ¼ 3, the values of both
h0 and v0 are concentrated around zero. This means that in the near
wall region, the fluctuating velocity vector and the fluctuating vorticity
vector are mostly perpendicular to each other. Furthermore, the value
of the vertical velocity is not significant to drive the particles away
from the wall. However, when the release position is Y0 ¼ 10, the dis-
tribution of h0 and v0 extended to larger values than those for particles
released close to the wall. The values of h0 extended between �1 and 1
when the particles were released in the logarithmic layer at Y0 ¼ 75,
indicating that the vorticity and velocity vectors become aligned to
each other (i.e., the cosine of the angle between u0 and x0 is �1 or 1).
In general, the distribution is relatively symmetric around h0 ¼ 0.
From this evidence, it could be concluded that there is a correlation
between the vertical velocity and helicity and this correlation is affected
by the Sc and the location of particle release in the flow.

To provide more evidence about the correlation between helicity
and vertical velocity, the particles that moved the farthest from the
wall were separated from the particles that moved the less from the
wall when released at Y0 ¼ 3. In this way, we want to focus on the flow

characteristics that contribute the most to scalar transfer away from
the wall. The JPDF was recalculated by selecting the top quartile—only
25% of the particles, those that were the farthest from the wall at
t¼ 100 (see the bottom row in Figs. 4 and 5). In the top row of Figs. 4
and 5, the JPDF between h0 and v0 for the 25% of the particles that
were the closest to the wall are shown. For particles closest to the wall,
both h0 and v0 have values close to zero, between �0.1 and 0.1 for
velocity and between �0.2 and 0.2 for helicity density. After being
released, particles that do not disperse far remain in the near wall
region, and in this region the velocity vector and vorticity vector are
nearly perpendicular to each other. For the particles that disperse the
farthest from the wall, the distribution of velocity and helicity is sym-
metric around h0 ¼ 0, and it appears to widen, showing that there is
no tendency in the alignment between velocity and vorticity. This find-
ing agrees with prior results about flow structures that contribute the
most to turbulent transport.56 Rotating eddies were found to contrib-
ute to transport close to the wall, but farther from the wall, the trans-
port was through larger vertical structures, called plumes.55 These were
created as short eddies close to the wall would act as pumps to move
the scalar away from the wall, where other eddies would take over the

FIG. 3. JPDF of relative helicity density h0 ¼ cosh0 and vertical velocity v0 of all particles, at time t¼ 100 for Couette flow at Sc¼ 0.7, 6, and fluid particles. Rows correspond
to different location of marker release in the y direction, indicated by the value of Y0, shown in the plots, and columns correspond to markers of different Sc, as indicated at the
top of the figure.
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contribution to scalar transport. Since a collection of eddies rather
than one type is responsible for transport, the angle between velocity
and vorticity vector along the trajectories of the transported particles is
more uniform. A large positive v0, as seen in the bottom row of Fig. 4,

could drive particles to move farther from the wall, and a negative
velocity could bring particles back toward the wall. The range of values
for h0 tends to extend, and the distribution of h0 tends to be more uni-
form between�1 and 1.

FIG. 4. JPDF of relative helicity density h0 ¼ cos h0 and vertical velocity v0 at t¼ 100 for only the quartile of particles in Poiseuille flow that are the closest to the channel wall
(a) Sc¼ 0.7, (b) Sc¼ 6, and (c) fluid particles, and for the particle quartile that are the farthest from the wall (d) Sc¼ 0.7, (e) Sc¼ 6, and (f) fluid particles in Poiseuille flow
from initial position Y0 ¼ 3.

FIG. 5. JPDF of relative helicity density h0 ¼ cos h0 and vertical velocity v0 at t¼ 100 for only the quartile of particles in Couette flow that are the closest to the channel wall (a)
Sc¼ 0.7, (b) Sc¼ 6, and (c) fluid particles and for the quartile of particles that are the farthest from the wall (d) Sc¼ 0.7, (e) Sc¼ 6, and (f) fluid particles in Poiseuille flow
from initial position Y0 ¼ 3.
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B. Helicity and orientation of vorticity

In this section, we investigate the relation between the direction
of the vorticity vector for the fluctuating velocity and the relative helic-
ity density. The direction of x0 is calculated by considering the angle a
between x0 and the y direction that is normal to the channel walls. In
this way, when x0 is oriented in the streamwise or spanwise directions,
the cosine of a is zero and when x0 is normal to the wall, the cosine of
a is either one or minus one. Flow structures that have a between 0�

and 90� are most likely associated with ejection or sweep events in the
buffer and logarithmic regions of the flow. This correlation between
helicity and the angle of the vorticity vector relative to the vertical
direction can be visualized by calculating the JPDF for these two quan-
tities. The cosa can be calculated as follows (wi is the vorticity compo-
nent in x, y, and z directions as indicated by the index i):

cos a ¼ wyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wxj j2 þ wyj j2þ wzj j2

q : (4)

Figures 6 and 7 present the JPDF of relative helicity density
h0 ¼ cos h0 and cosa for all particles of Poiseuille and Couette flows
for Sc¼ 0.7, 6 and the fluid particles. Particles released within the
near wall region show a distribution of cos h0 and cosa just within a
small range of values between �0.2 and 0.2. See the supplementary
material for more data on all release positions. The small values of
cosa and cos h0 indicate that the vorticity is perpendicular to the ver-
tical axis of the channel and is also perpendicular to the velocity vec-
tor, indicating that the fluctuating velocity vector of markers released
in the near wall region tends to align with the direction that is normal
to the wall [see the sketch in Fig. 8(d)]. This means that the flow vor-
tices tend to move along the streamwise or spanwise direction while
in the near wall region, but the particles would disperse along the ver-
tical direction. The shape of the JPDF is symmetric and looks like a
circle. When scalar markers were released farther from the wall, the
distribution extended to larger values for both cos h0 and cosa and
the JPDF for fluid particles indicates the most extension. Figure 8 is
an illustration for the alignment between vorticity and velocity

FIG. 6. The JPDF of relative helicity density h0 ¼ cos h0 and the cosine of the angle between vorticity and the normal direction cos a of all particles and Poiseuille flow at
t¼ 100. Rows correspond to different locations of marker release in the y direction, indicated by the value of Y0, shown in the plots, and columns correspond to markers of dif-
ferent Sc, as indicated at the top of the figure.
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FIG. 7. The JPDF of relative helicity density h0 ¼ cos h0 and the cosine of the angle between vorticity and the normal direction cosa of all particles and Couette flow at t¼ 100.
Rows correspond to different locations of marker release in the y direction, indicated by the value of Y0, shown in the plots, and columns correspond to markers of different Sc,
as indicated at the top of the figure.

FIG. 8. This is an illustration of the alignment of the fluctuating vorticity and velocity vectors that define the values of h0 ¼ cos h0 and cosa. (a) A case where vorticity and veloc-
ity vectors are perpendicular to each other, and vorticity is in the y direction. The velocity convects the eddy in the x direction. (b) Case where the velocity and vorticity vectors
are aligned to each other and the vertical direction, and the velocity convects the vorticity in the y direction. (c) A case where the velocity and vorticity vectors are aligned to
each other and the in the xz plane; and (d) a case where vorticity and velocity vectors are perpendicular to each other, and velocity is in the vertical direction while vorticity is in
the streamwise or spanwise direction.
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vectors, and a visual representation of the angles h0 and a that deter-
mine h0 ¼ cos h0 and cosa.

For release within the logarithmic layer region and in the channel
center (shown in the supplementary material), the distribution looks
more uniform, and there is no certain shape for the contours of the
JPDF. This is evidence that the distribution of h0 changes with the
position of particle release and with the Sc, but the flow configuration
(Poiseuille or Couette) does not have a significant effect on this.

C. Relative helicity density and Reynolds stress
quadrants

In this section, the distribution of relative helicity density condi-
tioned on each of the four Reynolds stress quadrants for Poiseuille and
Couette flow at different Sc numbers at time t¼ 100 is investigated to
probe further the relation between helicity and coherent structures in
anisotropic turbulent flow. Quadrant analysis of the Reynolds shear
stress is typically employed for the identification of coherent structures,
and to separate ejection from sweep events.57–60 The ejection and
sweep events are coherent vortical structures that are generated in the
near wall region and extend toward the logarithmic layer.61 They
move low momentum fluid to regions of high momentum and vice
versa generating turbulent kinetic energy. These structures extend to
the edge of the logarithmic region and become scarce at the center of
the channel for Poiseuille flow.62 For Couette flow, they can extend far-
ther out, since the Couette flow channel exhibits a logarithmic layer

that extends from one wall to the other, across the channel center.63,64

Turbulent events associated with each quadrant are called outward
interactions (quadrant 1, Q1, u0 > 0 and v0 > 0), ejections (quadrant 2,
Q2, u0 < 0 and v0 > 0), downward interactions (quadrant 3, Q3, u0 < 0
and v0 < 0), and sweeps (quadrant 4, Q4, u0 > 0 and v0< 0).65 The for-
ward dispersion in time through the viscous sublayer (i.e., dispersion
from a point toward other regions of the turbulent flow) has behavior
associated with transport due to Q2 or Q4 flow events. For backward
dispersion in time (i.e., when one examines where particles were before
arriving at a specific location in the turbulent flow field), the markers
seem to be carried toward the viscous sublayer by Q1 or Q3 events at
large times and by Q2 and Q4 events at small times. For Poiseuille
flow, K€ahler showed that the probability of finding high momentum
fluid moving toward the wall (Q4-sweep events) is quite high when
compared to high-speed fluid moving away from the wall.66

It can be seen from Fig. 9 that there is no significant difference of
distribution of h0 across the four quadrants, except for the release posi-
tion at Y0 ¼ 75. The distribution of h0 shows a peak close to the value
of zero, indicating that the two vectors (velocity and vorticity) are per-
pendicular to each other in the near wall region [this could be cases (a)
or (d) shown in Fig. 8]. The distributions become flatter when the par-
ticles were released farther from the wall. In addition, as the Sc
decreases, the peaks appear to widen. This means that the distribution
of h0 along the trajectories of scalar markers does not depend on the
Reynolds stress quadrant, but it depends on the particle position of
release in the channel and on the molecular diffusivity of the particles.

FIG. 9. Conditional distribution of relative helicity density h0 ¼ cos h0 for particles within each of the four quadrants of Reynolds stress (u0v0) at t¼ 100. Rows correspond to dif-
ferent locations of marker release in the y direction, indicated by the value of Y0, shown in the plots, and columns correspond to markers at different Reynolds stress quadrants
at time t¼ 100. The type of flow, Poiseuille or Couette, is indicated by P or C, respectively, and the Sc is also indicated in the figure legends for each curve.
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At release position of Y0 ¼ 75, there is a difference between quad-
rants Q2, Q4 and Q1, Q3. Although the distribution is quite flattened
in this region, there are more particles in quadrants Q2 and Q4 that
have values of h0 close to zero, while the number of particles that have
h0 at �1 or 1 is more significant in cases of Q1 and Q3. Alignment of
vorticity and velocity, indicated by values of h0 close to 1 or �1, is tak-
ing place along the trajectories of particles in the logarithmic layer and
beyond. In general, helicity density along the Lagrangian trajectories of
scalar markers appears to be independent of the coherent structures as
determined by Reynolds stress quadrant events.

The fluctuating velocity vector in a typical yz plane of the simu-
lated flow is shown in Figs. 10 and 11. The particle positions are super-
imposed, colored with the value of h0. As can be seen, the particles
appear to concentrate at the edges of vortical structures. This is more
obvious in the case of Sc¼ 6, while the Sc¼ 0.7 particles disperse more
uniformly. More importantly, near the wall region, the color of the
particles shows that they reside in locations where the value of h0 is
around zero, and farther from the wall their color is blue or yellow,
which indicates that the value of h0 is distributed toward �1 or 1.
Around vortices in the near wall region, most particles have green

FIG. 10. Particle positions colored with h0 superimposed on the vector plot of the velocity field at the normal-spanwise plane (yz plane) at x ¼ 3786 and time t¼ 100 for
Poiseuille flow at various Sc numbers (a) Sc¼ 0.7, (b) Sc¼ 6, and (c) fluid particles. The center of the channel is at Y¼ 300 and the bottom wall is at Y¼ 0. Particles found
between 3769 254Dxð Þ � x � 3799 ð256DxÞ are shown.
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color that indicates velocity and vorticity vectors that are perpendicular
to each other.

D. Helicity and the Q-criterion for vortex
identification

One of the criteria typically used to identify vortices is the
Q-criterion that is based on the invariants of the rate of strain tensor
and the vorticity tensor. The value of Q is determined as follows:67,68

Sij ¼ 1
2

@u0i
@xj

þ @u0j
@xi

 !
; (5)

Xij ¼ 1
2

@u0i
@xj

� @u0j
@xi

 !
; (6)

Q ¼ 1
2

Xk k2 � Sk k2
� �

; (7)

FIG. 11. Particle positions colored with h0 superimposed on the vector plot of the velocity field at the normal-spanwise plane (yz plane) at x ¼ 3786 and time t¼ 100 for
Couette flow at various Sc numbers (a) Sc¼ 0.7, (b) Sc¼ 6, and (c) fluid particles. The center of the channel is at Y¼ 300, and the bottom wall is at Y¼ 0. Particles found
between 3769 254Dxð Þ � x � 3799 ð256DxÞ are shown.
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where u0i is the fluctuating velocity in the i direction, Sij is the ij compo-
nent of the rate of strain tensor, and Xij is the ij component of the vor-
ticity tensor. The use of the Q value is suitable for the identification of
vortices, since a value of Q> 0 indicates that rotation overcomes
strain, ensuring the existence of a vortex structure that is protected
from deformation.31

Relating helicity and vortices identified utilizing the Q-criterion
has not been explored in the literature for turbulent flows. In a prior
study, however, Povitsky et al. studied flow in a three-dimensional
(3D) cubic cavity driven by moving the parallel walls in perpendicular
directions to elevate helicity. They examined the helicity density,
kinematic vorticity number, and normalized helicity density for flow
with Reynolds number in the range of 100–1000. They also used the
Q-criterion to identify vortices, but they did not correlate helicity with
values of the Q-Criterion.10

Herein, the data generated by the DNS and the LST allow for a
deeper investigation of the relationship between vorticity and helicity
by utilizing the Q-criterion. The Lagrangian autocorrelation coefficient
for Q is calculated for particles released at different distances from the
channel wall. This coefficient, along the trajectories of particles, can be
used to determine the time scales associated with particle transport in
vortical structures and compare it to the time scales in the rest of the
fluid. The Lagrangian autocorrelation is calculated as follows:69

RQ�Q tð Þ ¼
Q t0ð ÞQ t0 þ tð Þ

Q t0ð Þ2 1=2Q t0 þ tð Þ2 1=2
: (8)

Figure 12 is a presentation of the autocorrelation for the Q values
in Poiseuille and Couette flow at various Sc and particle release posi-
tions. The correlation coefficients remain larger than zero in the case
of fluid particles and the values are around 0.1 at t¼ 100. The values of
the correlation coefficient for Poiseuille flow are greater than those for
Couette flow. Farther from the wall, the correlation decreases at a
lower rate, as seen for particles released at Y0 ¼ 75. The correlation val-
ues decrease dramatically from initial time to t¼ 100 for the case of
Sc¼ 0.7 and to t¼ 20 for Sc¼ 6 and fluid particles. The larger molecu-
lar dispersion for low Sc is the reason for this observation—the par-
ticles jump away from convective flow structures and disperse faster,
decorrelating from the flow structure at which they were released at
time zero. Note that the value of the correlation coefficient approaches
zero for Sc¼ 0.7 at time t¼ 100. The fluid particles exhibit the longest
correlation with time. Therefore, the Q values are correlated longer for
Poiseuille flow and for larger Sc numbers.

While the results appearing on Fig. 12 provide general informa-
tion for all particles, showing that low Sc results in enhanced transfer,
Fig. 13 is focused on discriminating between the particles that disperse
the most compared to the particles that disperse the least in the y direc-
tion. To probe differences in the flow structures that move particles
away from the wall, the correlation of Q values for the particles that
are found the farthest away and those that are found the closest to their
release location at Y0 ¼ 3 are shown in Fig. 13. In general, the correla-
tion coefficient values are larger than zero, and the correlation profile
looks smoother for the particles that do not disperse far in the y direc-
tion. As expected, the particles of Poiseuille and Couette flows at
Sc¼ 0.7 have the fastest decrease in the correlation coefficient value,
followed by the Sc¼ 6 and the fluid particles. The fluid particles pre-
sent periodicity in the values of the correlation both in Couette and

Poiseuille flows. More importantly, it can be concluded that the par-
ticles that have the least dispersion for the same Sc are those that have
the longer correlation of the Q-criterion values. This is because they
remain within flow structures that are still in the near wall region,
where coherent structures dominate, while the particles that disperse
the most leave these coherent structures and move farther from the
wall. This result corroborates the findings of Karna and Papavassiliou

FIG. 12. The autocorrelation coefficient for the Q values as a function of time for
Poiseuille and Couette flow (indicated as P and C on the legend) at various Sc
numbers and for different positions of particle release (a) Sc¼ 0.7, (b) Sc¼ 6, and
(c) fluid particles.
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that scalar transport away from the wall is the result of the combined
effect of more than a single eddy.56 Since the autocorrelation for the Q-
criterion goes to zero, it means that the markers stop being associated
with the vortex in which they were released, and their dispersion
occurs by other flow structures.

The distribution of relative helicity density conditioned on Q> 0
is analyzed at different release positions and Sc numbers and shown in
Fig. 14. In general, the distribution of h0 varies with the change of Sc
numbers and position of particle release. The fluid particles have the
highest probability of zero value of h0 at the release position Y0¼ 1.5
and then the peak decreases gradually as Y0 increased. The particles
with Sc¼ 6 exhibit similar trends, as do fluid particles. The case of
Sc¼ 0.7 also indicates a change with the position of release but the dis-
tribution is flatter in comparison to the distributions for Sc¼ 6 and for
fluid particles. On the other hand, the distribution of h0 is almost a uni-
form distribution at Y0 ¼ 75, which means that there is no representa-
tive characteristic helicity in this region despite the fact that the
particles are within vortex regions (Q> 0). Once again, there appears
to be no clear correlation between the values of helicity density and the
vortex structure. The alignment of vorticity and velocity vector,
expressed by the helicity density, depends mainly on the regions within
which particles disperse. At release positions close to the wall, vorticity
and velocity are perpendicular to each other, and as the particles dis-
perse away from the wall, the vorticity and velocity tend to become
parallel to each other.

E. Relative helicity density and strain rate tensor

According to Zhang et al., helicity density has been considered as
a vortex identifier, however, helicity density is not Galilean invariant.70

This is a valid criticism for this approach, since this criterion is not
applicable for general nonhomogeneous turbulent flows. The principal
directions (i.e., the eigendirections) embedded in the flow structures
are, thus, important. For a vortex, the eigendirections of the rate of

FIG. 13. The correlation of Q values with time for particles conditional on their loca-
tion relative to the wall at time t¼ 100: (a) The quartile of all particles that are closer
to the wall, (b) the quartile of particles that are the farthest from their initial position
at Y0 ¼ 3 for Poiseuille and Couette flow and for various Sc.

FIG. 14. The distribution of relative helicity
density h0 conditioned for Q> 0 for
Poiseuille and Couette flows at various Sc
numbers and for release positions (a)
Y0 ¼ 1.5, (b) Y0 ¼ 3, (c) Y0 ¼ 5, and (d)
Y0 ¼ 75 at time t ¼100.
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strain tensor can be used, because this tensor produces real eigenvalues
and eigenvectors.70,71 The eigenvalues of the rate of strain tensor can
be ordered in size as k1 	 k2 	 k3 with the restriction that they sum
to zero for incompressible flow.72 In 3D incompressible flows, the
principal directions consist of one extensive and one compressive
direction, and an intermediate direction, which can be either extensive
or compressive. Vorticity is preferentially aligned with the intermediate
direction and typically misaligned with both the compressive direction
and the extensive direction.73

Arhurst et al. studied the probability of vorticity alignment in iso-
tropic flow and showed that vorticity is most likely to point in the k2
direction, and least likely to point in the most compressive direction
k3. The eigenvector corresponding to the intermediate eigenvalue
tends to be parallel to the vorticity vector.74 The author also investi-
gated the correlation between the eigendirections of the rate of strain
tensor and vorticity and helicity and showed that there is a slight
dependence in the shape of relative helicity PDFs when conditioned
on k2.

72 The largest eigenvalue of the rate of strain, k1, is always

positive and k3 is always negative, therefore the sign of k2 could deter-
mine whether the local structure of turbulence is sheetlike or tubelike.
If k2 > 0, there are two components of the rate of strain along which
the fluid is stretching, and one component along which it is com-
pressed suggesting that the local structure will be sheetlike. Meanwhile,
if k2 < 0 there will be two compressive components and one stretching
component of the rate of strain, which suggests tubelike structures. On
the other hand, this study showed that the dissipative structures of tur-
bulence are sheets and when sheetlike structure is strongest, the influ-
ence of helicity is even smaller. The sheetlike structure is related to the
nonlinear terms of the Navier–Stokes equation responsible for vortex
stretching and the cascade of energy to small scales.71 As described by
Arhust et al., there is a correlation between a diffusing scalar and the
strain field when studying 2D mixing flows.72 The PDF of the align-
ment between x and eigenvectors ei, cos x; eið Þ, in Nakamura et al.,74

indicated that the shapes of the PDF do not depend much on time.
In the present study, the largest eigenvalue k1 of the rate of strain

tensor, Sij ¼ 1
2

@u0i
@xj

þ @u0j
@xi

� �
; corresponds to eigenvector e1 and is related

FIG. 15. The average value of the second
largest eigenvalue k2 of strain rate tensor
for Poiseuille (a) Sc¼ 0.7, (b) Sc¼ 6,
and (c) fluid particles and in Couette flows
(d) Sc¼ 0.7, (e) Sc¼ 6, and (f) fluid par-
ticles at various release positions.
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to extension, k3 corresponds to eigenvector e3 and is related to com-
pression, and k2 corresponds to eigenvector e2 and is related to either
extension or compression.73–75

As discussed above, the value of k2 is directly related to the dissi-
pative structures and, thus, it is important to evaluate the average value
of k2 for passive markers moving in the flow field to understand further
the effects of flow in enhancing turbulent transport. As can be seen
from Fig. 14, the average value of k2 is larger than 0 as time advances,
for both Couette and Poiseuille flows. The positive k2 corroborates ear-
lier findings that the transport of scalars away from the wall is done
more effectively in the form of sheet-like plumes76 that transport the
scalar markers away from the wall and that characteristics of these
plumes depend on the Sc.56 For the case of fluid particles, the average
value of k2 does not show significant change with time, while at
Sc¼ 0.7 and 6, it increases for particles released in the viscous sublayer,
Y0 ¼ 1.5, 3, and 5. For particles released at Y0 ¼ 75, the average values
of k2 do not seem to change for all cases, it is close to k2 ¼ 0.01. The
smallest values are observed when the release position was Y0 ¼ 1.5,
and these values increased with the distance from the wall at Y0 ¼ 3
and 5. The positive values of k2 can be explained based on angular
momentum conservation arguments. Indeed, for long times, the vortic-
ity field is stretched out in the direction of the intermediate strain,
which is positive and the other two vorticity components go to zero.72

While the average of k2 is positive, as indicated in Fig. 15, there
are negative k2 values for some of the dispersing particles. Focusing on
the distribution of relative helicity conditioned on k2 > 0, Fig. 16 was
generated. The distribution curves depend on release positions and on
Sc, which is a similar result as when considering unconditioned distri-
butions and the distributions of h0 conditioned on the Q-criterion. As
mentioned already, positive values of k2 indicate sheet-like flow struc-
tures rather than tube-like flow structures that contribute to turbulent
transport. As scalar markers travel along these structures, the peak of

the distribution of h0 is at zero for release in the viscous wall sublayer
and high Sc, and velocity and vorticity are perpendicular to each other.
For release outside the viscous sublayer or for high dispersion (for
Sc¼ 0.7), the vorticity and velocity vectors have more uniform distri-
bution of angles.

As discussed earlier, the k2 eigenvalue of the rate of strain tensor,
or the Q-criterion, or the Reynolds stress quadrants have been used to
indicate the existence of coherent structures. The distribution profiles
reveal that there is not a distinction between conditioned or uncondi-
tioned distribution of relative helicity. Near to the channel wall, the peak
of the PDF for h0 is in values around zero, and father from the wall the
values of h0 start to become more uniform, leading to the flattening
(widening) of the PDF peaks. On the other hand, the distribution of h0

is affected by Sc, the smaller Sc numbers result in larger dispersion of
particles that make the peaks of the distribution become flatter.

The cross correlation between relative helicity density h0 and
�i ¼ jcos x; eið Þj was calculated by the Pearson cross correlation for-
mula as follows:

Rh0�� ¼
Pn

i¼1 h0i � h0
� �

�i � �ð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 h0i � h0
� �2q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 �i � �ð Þ2
q : (9)

Figures 17 and 18 are presentations of the cross correlation between
the absolute value of cosh0 and cos(x, ei) in the case of Poiseuille and
Couette flows at Sc¼ 0.7, 6 and fluid particles. The absolute value of
the cosine was used, since the important issue here is the alignment
between the vectors, not which one is first or second when probing the
angle between them. It can be seen that the cross correlation coeffi-
cients do not show significant change with time for Sc¼ 6 and the case
of fluid particles, meanwhile the case of Sc¼ 0.7 has a remarkable
change within the first 50 time units in the simulation. The correlation
coefficient generally decreases when the particle release position was

FIG. 16. Distribution of relative helicity
density h0 conditioned on k2 > 0 at vari-
ous position of release (a) Y0 ¼ 1.5, (b)
Y0 ¼ 3, (c) Y0¼ 5, and (d) Y0 ¼ 75 and
Sc. Data at t ¼ 100.
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located farther from the wall, and its value for release at Y0 ¼ 75 is
approximately zero. This indicates that there is a correlation between
the angle of vorticity projected on the eigenvectors of the rate of strain
tensor, and that this correlation is different than zero for the duration
of the simulations. More importantly, it is interesting that the values of
the correlation between the absolute value of h0 and cos(x, e2) (corre-
sponding to the intermediate eigenvector) are negative, while the cross
correlations with cos(x, e1) and cos(x, e3) are always positive for both
Couette and Poiseuille flows. This is in agreement with previous stud-
ies that showed that the probability of large value of cos(x, e2) is high-
est for any region.72–74 Other studies also revealed that for near wall
region, the value of relative helicity density is distributed around
zero.30,38,77 Therefore, when the vorticity aligns to the intermediate
eigenvector, it tends to be perpendicular to the velocity vector.

The cross correlation for the absolute value of cos h0 and cos(x,
ei) for the quartiles of the particles that disperse the least in the y

direction and those that disperse the most at time t¼ 100 for release
position at Y0 ¼ 3 are shown in Fig. 19. There is a remarkable differ-
ence between the data for the particles located closest and farthest
away from the wall. The value of the cross correlation does not change
a lot during the time of simulation for the particles moving closest,
meanwhile the particles that disperse the most undergo a dramatic
decrease in the value of the cross correlation coefficient to the value of
zero. This can be explained by considering that the particles that are
closer to the wall are those that are still located in the near wall region,
being trapped in flow structures that are keeping them there. When
they can escape these structures, then they can be transferred away
from the wall by taking advantage of synergisms between different
structures.56 For the particles that are the farthest away from the wall,
the cross correlation in these regions is nearly zero.

It has been found in Lagrangian tracking that the alignment
between turbulence properties is affected by nonlocal structures

FIG. 17. Cross correlation between absolute value of relative helicity h0 ¼ cos h0 and absolute value of the cosine between vorticity and the eigenvectors of the rate of strain
tensor, cos(x, ei). ei with i¼1–3 corresponds to eigenvectors with eigenvalues k1 	 k2 	 k3, for Poiseuille flow and various Sc. Rows correspond to different Sc, while col-
umns correspond to different eigenvectors.
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(see, for example, the pirouette effect in turbulent flows by Xu et al.78

and Hamlington et al.79) In the present case, nonlocal effects that take
time to develop are not ignore, since we use a DNS to obtain the flow
field in which the scalar and fluid markers propagate. The Lagrangian
timescale for the flow is much smaller than the duration of our computa-
tions. As reported in our prior publication,2 the Lagrangian timescale for
helicity is a function of the distance from the wall, and even though it is
larger than the Lagrangian timescale for the fluctuating velocity, it is not
larger than 30 viscous wall time units (even in the center of the channel,
it does not go over 50 viscous time units). Therefore, the correlation and
cross correlation data presented in the manuscript include nonlocal
effects that may appear in the particle location as time advances.

IV. SUMMARY AND CONCLUSIONS

This study explored the relation between relative helicity density
and the physical characteristics of turbulence in channel and Couette

flow using Lagrangian methods applied to a DNS. The Lagrangian
approach allowed an investigation of the relation between helicity den-
sity of flow structures and the transport of scalars in the flow. The joint
probability density function between relative helicity and vertical fluc-
tuating velocity shows that scalars in the near wall region exist in areas
where both h0 and v0 have small values but farther from the wall the
vertical velocity and the relative helicity density have larger values.
This is reflected on the correlation of relative helicity density and nor-
mal velocity that directly affect transport of particles in the flow field.
The JPDF for h0 and v0 provides evidence that the Sc and the location
of particle release are more important than whether the flow is
Poiseuille or Couette. The JPDFs between relative helicity and the ori-
entation of the vorticity vector indicate that in the near wall region the
vorticity vector is not aligned to the velocity vector. For particles
released outside the buffer region, there appears to be no correlation
between h0 and the vorticity vector orientation.

FIG. 18. Cross correlation between absolute value of relative helicity h0 ¼ cosh0 and absolute value of the cosine between vorticity and the eigenvectors of the rate of strain
tensor, cos(x, ei). ei with i¼ 1–3 corresponds to eigenvectors with eigenvalues k1 	 k2 	 k3, for Couette flow and various Sc numbers. Rows correspond to different Sc,
while columns correspond to different eigenvectors.
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The distribution of helicity conditioned on coherent structure iden-
tification indices, such as the Reynolds stress quadrants, the Q-criterion
for vortex identification, and the second largest eigenvalue of the rate of
strain tensor showed that the alignment between the vorticity and veloc-
ity vectors depends on the region of the flow from where the particles
were released and on the effects of molecular diffusivity, expressed
through the Sc number. The same conclusion can be drawn when con-
sidering the vector plot of instantaneous fluctuating velocity and the
magnitude of relative helicity density for particles in both Poiseuille and
Couette flows. In the near wall region, the relative helicity of particles has
small values, meaning that the velocity and vorticity vectors are perpen-
dicular to each other. Within the logarithmic layer region, the values of
relative helicity were distributed in a range of broader values, extending
in a more uniform fashion from �1 to 1. These distribution profiles are
similar regardless of whether the distribution is conditioned on any crite-
rion used herein for identifying coherent structures. This indicates that
the vorticity and velocity vectors tend to align as particles move farther
from the wall, in agreement with prior findings.38

The Lagrangian autocorrelation coefficient for Q values along par-
ticle trajectories was computed and the obtained results suggest that
this autocorrelation coefficient is larger than zero for at least 100 viscous
time units, while its values depend on Sc, the particle release position
and the type of flow. When it comes to the relation between relative
helicity and the alignment of vorticity with eigenvectors of the rate of
strain tensor, it is found that the value of the relative helicity has an
anti-correlation to the projection of vorticity on the intermediate eigen-
vectors of rate of strain tensor. There is a difference in the cross correla-
tion between relative helicity density and the alignment of vorticity

with the three eigenvectors of the rate of strain tensor at various Sc
numbers, release position and the farthest and closest particles. The
particles closest to the wall presented a higher correlation coefficient for
longer times than particles that moved the farthest form the wall.

Separating the particles into those that disperse the farthest from
the wall and those that disperse the least, differences are observed. This
is one of the most important findings herein. The particles that disperse
farther are those associated with sheet-like structures and those that do
not appear to stay on one vortex longer. This is in agreement with prior
results that argued for a major contribution to transport due to synergis-
tic effects between flow structures. The physical picture is that those par-
ticles that disperse most are those that get away from the wall region
because of a vortex, but then they are picked up by other eddies that
enhance transport. The velocity and vorticity vectors along the trajecto-
ries of these particles may be perpendicular to each other initially but
lose this characteristic at later times and farther from the wall.

SUPPLEMENTARY MATERIAL

See the supplementary material for complete data of different
particle release positions. First, data for the JPDF between the relative
helicity density h0 and the fluctuating velocity in the direction normal
to the channel wall, and then data for the JPDF between h0 and a and
for the PDF of h0 conditioned on Reynolds stress quadrants. These
data complement Figs. 1, 2, and 5–7.
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NOMENCLATURE

D Molecular diffusivity
dU=dy The derivative of the mean velocity in the Eulerian

framework
ei The eigenvectors corresponding to eigenvalues ki

of rate of strain tensor.
G Constant for determining the channel wall velocity

in place Couette flow
H Helicity density H ¼ u � x
H0 Helicity density for the fluctuating velocity,

H0 ¼ u0 � x0

H Total helicity
h Half channel height
h0 Relative helicity density

PDF Probability density function
Q Q values computed based on Q-criterion as defined

in Eq. (7)
Q1, Q2, Q3,

and Q4
Turbulent events associated with each quadrant are
called outward interactions (quadrant 1, Q1, u0 > 0
and v0 > 0), ejections (quadrant 2, Q2, u0 < 0 and
v0 > 0), downward interactions (quadrant 3, Q3,
u0 < 0 and v0< 0), and sweeps (quadrant 4, Q4,
u0 > 0 and v0 < 0).

Re The Reynolds number
Rh0�� The cross-correlation between relative helicity den-

sity h0 and �i ¼ cosðx; eiÞ
RQ�QðtÞ The Lagrangian autocorrelation coefficient for Q is

calculated for particles released at different distan-
ces from the channel wall

Sc The Schmidt number
Sij The local rate of strain tensor
t Time

U The Eulerian velocity vector of the fluid at the loca-
tion of the marker at time t

U The mean velocity
Uc The mean centerline velocity of the channel
Uw The streamwise velocity at the wall
u Velocity vector
u0 The fluctuating velocity vector
u� The friction velocity
u2 the mean square of the x-component of the velocity

of the fluid particles
u0; v0; andw0 Fluctuating velocity components in x, y, and z

directions, respectively.
Xo The location that a marker was released at time t0
X Position vector of a marker
Xf The displacement of a fluid particle relative to its

source
x, y, and z The streamwise, normal and spanwise directions,

respectively
V The Lagrangian velocity
Y0 Distance from the bottom wall of the channel for

particle release at time t0 as viscous length scale
Y Average normal position of the markers

Greek symbols

a The angle between vorticity vector and vertical direction
D Change in quantity
� The turbulent dissipation rate along the trajectories of each

marker
h0 The angle between the fluctuating velocity and vorticity

vectors
ki The eigenvalues of strain rate tensor with the order

k1 	 k2 	 k3
� The fluid kinematic viscosity
p Trigonometric pi
r The standard deviation of the normal distribution that char-

acterizes the random walk on the particle motion at the end
of every convection step in viscous wall units

sLy Lagrangian timescale for dispersion in the direction normal
to the channel walls

sw The wall shear stress
x Vorticity vector
x0 The vorticity vector for the fluctuating velocity
Xij The ij component of the vorticity tensor

Superscripts and subscripts

ðÞ Ensemble average
ðÞ 0 value of a quantity at initial time of interest
ðÞ w Value at the wall of the channel
ðÞ c Value at the center channel
j j Absolute value
k k The Euclidean (or Frobenius) matrix norm
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