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ABSTRACT

The relation between the helicity and the rate of dissipation of turbulent kinetic energy in turbulent flows has been a matter of debate.
Herein, direct numerical simulations of turbulent Poiseuille and Couette flow were used in combination with the tracking of helicity, helicity
density, and dissipation along the trajectories of passive scalar markers to probe the correlation between helicity and dissipation in
anisotropic turbulence. The Schmidt number of the scalar markers varied between 0.7, 6, and infinite (i.e., fluid particles), while the friction
Reynolds number for both simulations was 300. The probing tools were the autocorrelation coefficients, the cross correlation coefficients
between helicity and dissipation, and the joint probability density function calculated in the Lagrangian framework along the positions of the
scalar markers. These markers were released at different locations within the flow field, including the viscous wall sublayer, the transition
layer, the logarithmic region, and the outer flow. In addition, conditional statistics for scalar markers that dispersed most or least in the flow
field were also calculated. It was found that helicity and dissipation changed along the trajectories of scalar markers; however, helicity and
dissipation were not correlated in the Lagrangian framework. There was anticorrelation between helicity and dissipation in the near wall
region, which was less obvious in the logarithmic region. More importantly, helicity could be used to characterize the alignment of the
fluctuating velocity and vorticity vectors along the trajectories of scalar markers that disperse the farthest in the direction normal to the
channel wall.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0160336

I. INTRODUCTION

Helicity is a topological variable that can be viewed as a measure
of the degree of the knottedness or the linkage of the vortex lines in a
flow field and the degree of broken symmetry.' ~ Helicity appears in
flow fields associated with natural phenomena, such as hurricanes, tor-
nadoes, and rotating “supercell” thunderstorms in the atmosphere,
and in Langmuir circulations in the oceans." Moreover, it plays an
important role in the evolution of turbulent flows, as it is one of only
two inviscid invariants (kinetic energy and helicity) in three dimen-

not consider anisotropic turbulence and hence they do not apply
directly to internal flows and wall turbulence, which is the objective of
the present study. The literature review below includes this work, the
findings on homogeneous and isotropic turbulence, and the literature
with rotating flows. Out of this prior work, it emerges that the connec-
tion of helicity and the rate of dissipation of the turbulent kinetic
energy (TKE) is still under debate.

In general, it has been found that asymmetries and anisotropy are
needed to generate helicity in turbulence. In addition to its topological
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sional (3D) turbulence.” The total helicity in a flow, H, is defined as a
volume integral in the flow field H = [ u - @dV, where u is the velocity
vector and o is the vorticity vector. The inner product of velocity and
vorticity is called the helicity density, H, (H= u - @).”* Helicity, helic-
ity density, and kinetic energy play important roles in understanding
the nonlinear dynamics, intermittency, and topology of fluid
turbulence.””

The topological relevance of helicity is explained mainly by the
works of Moffatt, Speziale, and Biferale.”” ' However, these papers do

character, one may consider the dynamic perspective to helicity so that
it becomes important in anisotropic turbulent flows (including swirl
flows and rotating turbulence) and then to anisotropic turbulence close
to wall. The dynamical systems perspective starts from the physics lit-
erature and generalized Hamiltonian dynamics, where it has been
demonstrated that helicity enters as a constitutive variable to inviscid
flows within the framework of the so-called Nambu-Blender-Névir
mechanics.” Since helicity is topologically and dynamically conserved,
this constrains the scale-to-scale transfer processes. In some instances,
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backscattering effects have been reported, which are neglected in tur-
bulence closure models used in Reynolds-averaged Navier-Stokes and
large eddy simulations (LES). Backscatter, however, can be important
as seen in the demixing of rotational flows by excitation and emission
of helical shear waves.” "

According to Blender, Nambu mechanics can be extended to
incompressible ideal hydrodynamical fields using kinetic energy and hel-
icity in 3D, where both helicity and energy are quantities that are con-
served as integrals.” If the flow is homogeneous, it has been shown that
helicity cannot contribute to the generation and sustainment of large
scale structures.'® There is a need to have some type of asymmetry in
the flow for the generation of vorticity and by extension rotational flow
structures,’” as has been confirmed with magnetorhydrodynamic stud-
ies."® Since the Reynolds stress tensor in turbulence is symmetric, it fol-
lows that helicity itself cannot contribute to the Reynolds stress and thus
to the production of turbulent kinetic energy. It has also been pointed
out that the presence of turbulent helicity density alone is insufficient,
and other factors breaking the symmetry, such as compressibility,
anisotropy, mean flow, are necessary for the generation of large-scale
vortical flow."” However, in the Lagrangian sense, along the trajectories
of scalar particles dispersing in turbulent flow, the Reynolds stress tensor
is not symmetric.”’

A recent Science article’’ showed for the first time that experi-
mental measurements of helicity are possible, opening up opportuni-
ties to revisit the role of helicity in turbulence with new investigative
tools. “Helicity is of key importance in turbulent thermal convection, it
is vital to understand how helicity inhibits the energy cascade to small
scales at which turbulent energy is dissipated as heat,” as stated in the
Perspectives section of the same issue of Science.” Since vorticity and
velocity are difficult to measure experimentally, only a few studies on
helicity in anisotropic and inhomogeneous turbulent flow are available.
Simulations for rotating flows have been utilized. For comparisons
between rotating and non-rotating flows, direct numerical simulation
(DNS) results showed that in rotating flow, helicity has a major impact
on the decay rate of the kinetic energy.”

One can distinguish two types of helicity studies, namely, studies
on the emergence of helicity and studies on the effects of helicity on
the dynamics of turbulence.”” *” Since helicity is a conserved quantity
for inviscid incompressible 3D flow, it is often examined in terms of a
cascade, similar to the turbulent kinetic energy (TKE) cascade from
large scale flow structures to small scale structures. In this way, helicity
and the rate of TKE dissipation, €, have been connected in the litera-
ture through theory and computations.”” '* (Note that the TKE is
known to cascade from large scales to small scales in turbulence, until
it is dissipated into heat when the scales are small enough for viscous
dissipation to be effective.”)

Many studies have concentrated on homogeneous turbulence.”
Choi et al. carried out a DNS of forced isotropic turbulence to find
that there is little correlation between helicity and dissipation.””
Biferale et al. simulated fully developed homogeneous and isotropic
turbulence to investigate the transfer properties of energy and helicity
fluctuations.'” In other work, the cascade of TKE and helicity, as
well as the development of two-equation models for Large Eddy
Simulations (LES) that can include helicity were investigated.”**’ For
rotating inhomogeneous turbulence, it was shown that the pressure
diffusion term of the Navier-Stokes equations can involve the turbu-
lent helicity gradient so that inhomogeneous helicity is important in
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the generation of the large-scale velocities in incompressible turbulent
flows.”” Recently, helicity density and normalized helicity density were
investigated for various cases of flow in lid-driven cavity.”” Yu et al.
investigated the spatial distributions, multiscale distributions, and
inter-scale transfer of helicity in turbulent channel flows with stream-
wise rotation to provide theoretical suggestions for LES modeling in
these cases where the flow is different than homogeneous and isotropic
turbulence.”

By and large, the role of helicity in turbulence and its influence
on TKE redistribution remains a matter of debate.'®*>** " According
to Moffatt, high relative helicity density should be correlated with low
energy dissipation rate and vice versa.””"* Other studies have explored
whether helicity density could be an indicator of the dissipation levels
in a flow field. Orlandi et al. considered a rotating pipe in which the
flow symmetry was disrupted by the rotation and a mean helicity was
present. They showed that when helicity increased, the dissipation was
reduced.”

Even in flows that are not rotating, the Navier-Stokes equations
for momentum can be written as

%—i—wxu:—V(p—i—%Mz) +vV2u, (1)
utilizing the vector identity (u-V)u=o X u+1V(u-u). In the
above equation, p is the pressure, ¢ is the time, and v is the dynamic
viscosity of the fluid. Now, it becomes apparent that the non-linear
term of the Navier-Stokes equation can be replaced by the Lamb vec-
tor @ X u. Since the turbulent kinetic energy is produced through this
non-linear term, the Lamb vector can be considered to be the term
that leads to the TKE cascade. On the other hand, the following equa-
tion holds:

|u - w|2 + |u x w|2 = |u\2|w|2, (2)
. . . . . |u-w|2 |u><w\2 o .
This equation can be verified by considering L + wPlal = 1, since

cos? 0 + sin? O = 1, where 0 is the angle between the velocity and vor-
ticity vectors. Therefore, TKE cascade to smaller scales is less intense
when the term u x o is small and u - @ is large, so that regions that
are helical are expected to have relatively low dissipation. Therefore, it
has been argued that the cascade is prevented in flow regions with high
helicity density u - . In other words, when the velocity and vor-
ticity vectors are aligned, the nonlinear energy transfer is inhibited.”

Other theoretical analysis suggested that low dissipation could be
associated with either low or high helicity when the Lamb vector was
decomposed into irrotational and solenoidal parts." Rogers and Moin
used DNS of homogeneous turbulent flow and channel flow to report
that there is no correlation between relative helicity density and the
rate of dissipation of TKE in homogeneous turbulent flows. For chan-
nel flow, the study showed that except for low dissipation regions near
the outer edge of the buffer layer, there was no tendency for flow to be
helical. Thus, the simulations did not indicate that relative helicity is
associated with low dissipation or with coherent structures.”

However, a relationship between dissipation and helicity may be
revealed when one calculates a conditional probability density function
(PDF) for the relative helicity density. The condition can be on high or
low values of S;;Sij» where S; is the local rate of strain tensor for the
local fluctuating velocity. Using Einstein’s summation convention, the

e . o oul | Ou
rate of dissipation of TKE, €, is € = 2v5;S;;, where S =1 (52 + 0—;’),
; i
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and ] is the fluctuating velocity in the i direction. Conditioning on
large or small values of S;S;;, allows to examine the relative helicity
density in regions of high or low e.” Experiments for a turbulent
boundary layer, turbulent two-stream mixing layer, and a turbulent
grid flow have been conducted to examine the properties of the relative
helicity density.”” The probability of the total velocity and vorticity vec-
tors to be aligned was found to increase with distance from the wall. In
general, there has been little documentation of a relationship between
small instantaneous dissipation rate and large relative helicity density
except in the regions of the high shear rate, where all instantaneous
dissipation rate amplitudes were small compared to the largest values
occurring in the whole flow domain.” Altogether, it appears that the
interaction mechanism between energy and helicity dynamics is com-
plex and it is often unclear, even more so in anisotropic turbulent
flows.">"”

On the other hand, other studies focused on the role of helicity in
turbulent transport using a Lagrangian framework. Nguyen and
Papavassiliou applied DNS of turbulent channel flow with friction
Reynolds number Re, = 300 in conjunction with Lagrangian tracking
of fluid particles and passive scalar markers for Schmidt number, Sc,
equal to 0.7 and 200 to calculate local helicity along trajectories of
mass markers and fluid particles. The Lagrangian helicity distribution
indicated that a change of the alignment between velocity and vorticity
vectors occurs for scalar transport markers, and the scalar transport
was enhanced as this alignment was more prominent.”

The present work aims to elucidate the role of particle-path prop-
erties that are associated with scalar transport in wall turbulence. The
correlation between the rate of TKE dissipation and helicity can be
important in this investigation, since one could hypothesize that low
dissipation regions of the flow potentially could be identified by helic-
ity. In the sections that follows, we probe this correlation as we probe
the question of whether scalar transport is enhanced in regions of high
or low velocity and vorticity alignment (i.e., high or low helicity
density)

A Lagrangian approach provides a natural way to investigate tur-
bulent dispersion, in turbulent heat/mass transport.z” Therefore, the
combination of DNS and Lagrangian scalar tracking (LST) could be
beneficial in studying turbulent transport. Lagrangian techniques were
used because they are very well-suited for simulating scalar transport
in both low, but mainly high, Sc regimes from 6 to 2400.” In aniso-
tropic turbulence, the interplay between convection and diffusion is
critical. """ These methods have also been utilized to study the princi-
pal direction of transport of heat (or mass) for both forward on time
and backward in time single particle dispersion.”’ Several other groups
have taken further advantage of Lagrangian algorithms for a deeper
understanding of turbulent mixing and transport, for example, to
study the relative dispersion of fluid particle pairs to wall-bounded tur-
bulent flows,” and to study dispersion and deposition of particles in
Poiseuille and Couette flows.” Our research group also combined
DNS and LST to study chemical reactions in turbulent flow,""*" heat
transfer,”*” dispersion, and mixing’****” and to predict the turbulent
Prandtl number in wall turbulence."

In this study, the DNS is combined with LST to simulate
Poiseuille and Couette flows and compute the velocity of particles at
different Schmidt number, Sc. The calculations provided the total hel-
icity and the helicity of the fluctuating velocity field, as well as the rate
of dissipation of the TKE in the Lagrangian framework. Statistical
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analysis was used to evaluate the correlation between helicity and dissi-
pation. In this way, one can make inferences about the use of helicity
as an indicator to characterize the level of energy cascade. Two canoni-
cal configurations of wall-bounded flow are the Poiseuille and Couette
flow."” Poiseuille flow is the pure pressure-driven fluid motion in
channels with fixed walls, while Couette flow is the pure shear-driven
motion of a fluid between walls that are moving relative to each
other."®"” Because of the difficulties of achieving fully developed flow
in a long channel with a moving wall, experiments for Couette flow are
limited.”” In turbulent Couette flow, it has been found that the outer
flow in the region close to the channel center contains large-scale low-
and high-speed regions extending over a very long streamwise dis-
tance.”"”” The reason is that a fully developed plane Couette flow has a
constant shear stress across the entire channel, making the outer
region look like a very extended logarithmic region (see the supple-
mentary material section for turbulent flow statistics). Furthermore,
the value of the gradient of the mean velocity is not zero at the Couette
flow center, meaning that there is production of TKE at the channel
center, contrary to Poiseuille flow, where the mean velocity gradient is
zero in the channel center, leading to zero production of TKE. This
characteristic allows for a significantly different character to the flow in
this region, when compared to pressure-driven channel flow.” ** The
main issue for computations of Couette flow is the existence of long
and wide structures, which have been found to exist both experimen-
tally and numerically. This means that there is a need for long compu-
tational boxes to capture these structures, making the study of this
flow more computationally expensive than turbulent Poiseuille flow.”
This study includes the following sections. Section 1I: description
of the numerical methods and the parameters used for the direct
numerical simulation and the Lagrangian scalar tracking, as well as the
numeric procedures for the post processing of the data; Sec. II1: results
and discussion for the helicity density in the Eulerian frame, details of
the correlation between helicity and dissipation in a Lagrangian frame-
work and the effects of helicity on scalar transport for different Sc sca-
lars, and the correlation of helicity and flow structure with its effects
on turbulent transport; and Sec. I'V: conclusions about the role of helic-
ity and its connection to the dissipation of TKE in turbulent transport.

Il. NUMERICAL METHODS
A. Flow field generation

In this study, the pseudospectral DNS algorithm presented by
Lyons et al.””” and validated by the experiments of Gunther et al.”’
was applied to simulate turbulent channel flow. This algorithm has
been modified and used to simulate plane Couette flow.”*”°*°" The
DNS employed three fractional steps to describe the time evolution of
the velocity field. The first fractional step considered the non-linear
convective terms of the Navier-Stokes equations, with a semi-implicit,
second-order accurate Adams-Bashforth-Crank-Nicholson scheme.
The inviscid contribution of the dynamic pressure head was computed
in a second fractional step using an implicit Euler scheme. The viscous
effects were taken into account in the third fractional step. The compu-
tations were conducted using dimensionless variables. The friction
velocity, u* = (t,,/p)"/?, where 1,, is the wall shear stress and p is the
fluid density, and the fluid kinematic viscosity, v, were used to define
the friction length scale, I" = v/u”, and the friction timescale, t'= I'/u",
so that all quantities were scaled in viscous wall units.”” From this
point on, in this manuscript all quantities presented in the text and
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Viscous sublayer { ]

FIG. 1. Left panel: Sketch of the simulation setup with an indication of the box size and exemplary particle trajectories. The blue line represents a particle path for moderately small
Schmidt number (Sc = 0.7) with strong diffusion, the green line a particle path for moderately large Schmidt number (Sc = 6) with weak diffusion, and the red line the path of a fluid
particle (Sc — oo). The prescribed forcing is sketched for Poiseuille flow (dP/dx # 0, U, = 0) and Couette flow (dP/dx =0, U,, # 0). Right panel: Sketch of a particle path with
respect to the boundary layer structure for the conventional normalization of the wall-normal coordinate. Selected marker release wall distances are given by dotted lines.

figures are normalized with the wall parameters, unless specified other-
wise. The dimensions of computational box were 16 th x 2h x 2nh for
both Poiseuille and Couette flow in the streamwise x, normal y, and
spanwise z directions, respectively. The half channel height was h = 300
in viscous wall units, so that the friction Reynolds number was also
Re, = h=300. The number of grid points was 1024 x 128 x 256 for
Poiseuille and 1024 x 256 x 256 for Couette flow in the x, y, and z
directions. As for Couette flow, the walls of the channel moved 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, so that the streamwise velocity at the wall U,, was

U, = *=Gh, (3)
and G was constant (G = 0.064). The top wall of the channel moved in

the negative x direction and the bottom wall moved in the positive x
direction. The Reynolds number defined for Poiseuille flow based on

0.8
0.6
0.4
—1 0.2
0
-0.2
-0.4
-0.6
-0.8 .
FIG. 2. Vector plot for the velocity field
superimposed on the contour plot of rela-
tive helicity density at the spanwise-wall
normal plane (yz plane), at x= 23786 and
at time t=100 for (a) Poiseuille flow and
0.8 (b) Couette flow. Half of the channel is
shown, with the center of the channel

located at Y =300 and the bottom wall at
0.4 Y=0.

-0.4
-0.6
-0.8
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the mean centerline velocity and the half channel height, Re = (U h/v)
and for Couette flow as Re= (Uyh/v), was 5700. The fluid was
assumed to be an incompressible Newtonian fluid with constant prop-
erties. At the channel walls, the no-slip, no-penetration boundary con-
dition was utilized, while periodic boundary conditions were applied
in the streamwise and spanwise directions. The transport equations in
these two directions were expanded by Fourier series, and the vertical
velocity and pressure head were expanded in terms of a Chebyshev
polynomial series, which provided adequate resolution to satisfy rigid
boundary condition.”” The time step for the simulation of Poiseuille
flow was At= 0.1, and for Couette flow it was At = 0.05.

B. Lagrangian scalar tracking (LST)

In a Lagrangian framework, the system of reference moves with
fluid particles. In Lagrangian scalar tracking (LST), the trajectories of
individual scalar markers were monitored as described in a thesis by
Kontomaris.”" *° Scalar markers were released into the flow after the
channel and Couette flow reached stationary state. Simulations were
conducted for different cases of Sc: Sc = 0.7, 6 and the case of fluid par-
ticles. The Schmidt number is defined as Sc = v/D, D is the molecular
diftusivity. Note that in this manuscript, the terminology used is related
to mass transfer and the Sc, even though all results are applicable for
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heat transfer characterized by the Prandtl number, Pr, (defined as
Pr = v/a, o is the molecular thermal diffusivity) of the dispersing scalar
markers when there is no production or consumption of mass. The
Pr=0.7 and 6 correspond to the case of air and water, which are the
most typical fluids in practical applications. The case of fluid particles is
associated with the very large Pr or Sc number. These values span several
orders of magnitude and are sufficient—we have seen in prior work that
data for very high Sc can be grouped together,”***” data for low Sc can
be grouped together and the Sc = 6 case is in the transition region of Sc.
Assuming that the Lagrangian velocity at time ¢ of a marker
released at location X, is the same as the Eulerian velocity of the fluid at
that particle’s location at the beginning of the convective step
V(X,,t) = U[X(X,,t),t] (U is the Eulerian velocity vector of the fluid
at the location of the marker at time f), one can integrate in time to
obtain the convective part of the scalar marker motion. A mixed sixth-
order Lagrangian-Chebyshev interpolation scheme was used to calculate
the velocity vector between grid points.”” The markers moved because
of convection in the flow field, and because of molecular diffusion.”*
According to Einstein’s theory for Brownian motion, the diffusion effect
was computed by adding a 3D random walk on the particle motion at
the end of every convection step. A Gaussian distribution with zero
mean and a standard deviation of 0 = \/2A¢/Sc in viscous wall units
could be utilized to create the size of the random jump in each one of
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FIG. 3. The Eulerian mean of the absolute values of fluctuating helicity density (|H'| = |#'.@'|) for (a) Poiseuille flow and (b) for Couette flow. Mean absolute value of the rela-
tive helicity density (|h'| = |cos®|) calculated as a function of distance from the wall for (c) Poiseuille flow and (d) Couette flow. The red line is the mean of the rate of TKE dis-

sipation (€) in the Eulerian framework corresponding to the Poiseuille and Couette flow.
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the three space directions. The equation of particle motion was inte-
grated using an Adams-Bashforth scheme. The advantage of the LST
methodology is that it is applicable to an extensive range of Sc.””

Scalar markers were released at given distances Y, (in viscous
length units) from the bottom wall of the computational channel,
Y, =0, 1.5, 3, 5, 10, 15, 75, and 300 for both Poiseuille and Couette
flow. These release positions represent the channel wall, the viscous
wall sublayer, the buffer region, the logarithmic layer, and the
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channel center. The particle release at Yo = 1.5 is within the viscous
wall sublayer (where y =U), the release at Y, =5 is at the edge of
the viscous sublayer, Y, =10 and 15 are in the transition layer, and
the release at Y, =75 is in the log layer where the distance from the
wall is proportional to the logarithm of the mean velocity of the
flow. The logarithmic layer extends to about a quarter of the chan-
nel half height for Poiseuille flow, and all the way to the channel
center for Couette flow. In Fig. 1, we present a schematic of the
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FIG. 4. The average position of particles at release positions Yo = 1.5, 3, 5, and 75 in Couette flow and Poiseuille flow at various Sc numbers. Poiseuille flow (a) Sc=0.7, (b)

Sc =86, (c) fluid particle; Couette flow (d) Sc=0.7, (e) Sc =6, and (f) fluid particle.
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FIG. 5. The autocorrelation of relative helicity density h" = cos & for Poiseuille flow
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on the legend represents results for Poiseuille flow and the symbol C represents
Couette flow. The insets highlight the differences between different areas of release
at early simulation times.
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computational setup and the locations of the particle release loca-
tions in relation to the regions of the flow. At each Yy, 100 000 par-
ticles were released from 20 lines that were uniformly spaced in the
x direction while spanning the width of the channel in the z direc-
tion. This was done to avoid bias that could be potentially caused
by the turbulent velocity field at the instant of marker release.
Therefore, the total number of particles released in the flow field
was 800 000 for either Couette or Poiseuille flow.

C. Post-processing

Using LST, data for position, velocity, vorticity, and for the deriva-
tive of the velocity in each of the three directions were obtained along
the trajectory of each particle in the flow. To calculate the fluctuating
velocity and the derivatives of the fluctuating velocity at each time step,
the mean velocity U and the derivative of the mean velocity dU /dy in
the Eulerian framework were used to obtain the mean velocity and its
derivative at each particle position in the y direction. A weighted average
of the two values connected by a straight line was used.”*

The fluctuating velocity vector, o, and its derivatives in the three
space directions were used to calculate the vorticity vector for the fluc-
tuating velocity, @'. The relative normalized helicity density is defined
as h' = cos 0, where 0 is the angle between the fluctuating velocity
and vorticity vectors”’

, , ul . w/

h' = cos0 (Wi’ (4)
where ' = u - U, and @ = V x /. When the velocity and vorticity
vectors align with each other, then h’ = 1 and when they are perpen-
dicular to each other, h’ = 0.

The turbulent dissipation rate along the trajectories of each
marker was calculated as™

5 (Bu’) : 5 M\ 5 (6w’) : o v\’
= \ox + <8y> + 0z +(8y+8x)
(8u’ ow' ) ’ v ow\’? 5
\ 5 T +(az+ay). (5)
The statistical analysis was based on calculations of correlation
coefficients and joint pdfs. The joint PDF P(e,h’) can demonstrate
how h’ is distributed for all values of € and is a useful tool to define
what conditions on ¢ yield regions that are helical in nature.” In this
case, a 2D array of bins were generated that represented different val-
ues of € and h'. The number of scalar markers that had values within
the range of each bin was counted and then the probability was calcu-
lated by dividing by the total number of particles.

The autocorrelation for relative helicity density and dissipation
was evaluated as follows:”’

Ry_wp = W ()’ ) (6)
0

R _ €(to)e(to + 1) @
e—e(t) e(to)z

where t; is the time at which the particles are released into the flow
field. The cross correlation between relative helicity density and
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dissipation was calculated by the Pearson cross correlation formula as
follows:

R, = Z?:l (h/" - g)(ﬁi —€) .
W—e \/Z’:l (0, — 1)’ \/E; (e —2)

The overbars above represent the ensemble average over n scalar
particles, while the index i designates individual particles and its
range is from 1 to the total number of particles, which is 100 000
for each case of particle release. It is # =100 000 when all particles
per one release position are considered, and it is # =25 000 when
considering only the quartile of particles that move the farthest or
the closest to the wall.

®)

I1l. RESULTS AND DISCUSSION

The vector plots for the velocity field superimposed on the con-
tour plot of relative helicity density at the yz plain are shown in Fig. 2
and the profiles of the mean of the absolute value of the helicity of the
fluctuating velocity field, |H'|, and the absolute value of the relative
helicity density for Poiseuille and Couette flow are presented in Fig. 3.
The values shown were obtained in the Eulerian sense, as averages
over time and space. Positive or negative helicity can have similar
effects in turbulent transport, so the absolute value is used instead of
the actual value, to make sure that the positive and negative helicity
values do not average to zero. For Poiseuille flow, the mean of the
absolute helicity increases from 0 at the wall to a maximum at a posi-
tion within the buffer layer, at about 20 viscous wall units away from

ARTICLE pubs.aip.org/aip/pof

the wall. The absolute helicity then declines gradually to reach a local
minimum at the center of the channel. The absolute values of the rela-
tive helicity density (h' = cos/) increase from the channel wall to
about 0.5 at Y =150, and then appear to be almost constant with dis-
tance from the wall. The velocity and vorticity vectors tend to be at
about 60° from each other beyond Y = 50, while they were perpendic-
ular to each other at very low Y. Meanwhile, when it comes to Couette
flow, the profile of |H’| and |h’| exhibit a trend like Poiseuille flow but
|H'| has higher values than for Poiseuille flow. The alignment of veloc-
ity and vorticity on average (as seen when considering h') is the same
in Poiseuille and in Couette flow.

The average positions of particles released at Yo = 1.5, 3, and 75
of Couette flow and Poiseuille flow at various Sc number are presented
in Fig. 4. The markers moved farther from the wall and the average
position of particles increased faster for Sc=0.7 than for Sc=6 and
for fluid particles. This can be explained by the fact that the particles
with smaller Sc are influenced more by Brownian motion. The random
motion of the tracked particles follows a PDF with standard deviation
that increases when Sc decreases, as seen in Sec. II. These scalar
markers can escape the viscous wall region at earlier simulation times
and then diffuse with larger displacement because of larger molecular
diffusion (smaller Sc). The root mean square particle displacement in
the normal direction for Poiseuille and Couette flows and various Sc
numbers are shown in Fig. S1 in the supplementary material.

The effect of Sc on the autocorrelation coefficient of the relative
helicity density of the fluctuating velocity can be seen in Fig. 5. As
mentioned already, computations have been carried out for different
locations of particle release (Yo=0, 1.5, 3, 5, 10, 15, 75, and 300).
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FIG. 8. Profiles of the autocorrelation of h’ with time, h’_h'; the autocorrelation of dissipation with time, € _ ¢; the Pearson cross correlation between h’ and dissipation h' _ ¢;
and the Pearson cross correlation of the absolute value of |i'| with dissipation, ah’_ e. The correlations for the 25% of the particles that were found to be the farthest from the
wall at t= 100 are shown in the top row: (a) Sc=0.7, (b) Sc=6, and (c) fluid particles. The correlations for the 25% of the particles that were found to be the closest to the
wall at t= 100 are shown in the bottom row: (d) Sc= 0.7, (€) Sc =6, and (f) fluid particles. The particles that were released at Yy = 3 for both Poiseuille and Couette flow.
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Among these, we present cases that have physical meaning (e.g.,
release inside the viscous sublayer at Y,=1.5 and 3, and in the loga-
rithmic layer at Yo = 75). The supplementary material section includes
results for more cases. The data presented highlight differences
between positions of release. The coefficient decreased most signifi-
cantly during the first 20 viscous time units for Y, = 1.5 and 3 for both
Couette and Poiseuille flows. As can be seen, the autocorrelation
decreases slower when the position of marker release (Yy) is farther
from the wall. These values decreased to about zero after 30 dimen-
sionless time units. However, when the particles were released in the
logarithmic layer at Y, =75, the autocorrelation coefficient remained
larger than zero for the duration of the simulations. This trend is

50
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0 0.2 04 yp 06 08 1

60
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0 0.2 0.4 yih 0.6 0.8 1
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significant for the case of fluid particles [see Fig. 5(c)] and following
that is the case of Sc=6. For Sc=0.7, there seems to be minimal
change in the autocorrelation profile at Yo =1.5 and 3 for both
Couette and Poiseuille flows. In general, it appears that the autocorre-
lation of the relative helicity density depends on the particle release
position and on the Sc rather than whether the flow is Poiseuille or
Couette. Based on the law of the wall and based on turbulent flow sim-
ilarity at the inner region for wall turbulence, it is reasonable to assume
very little difference between the near wall turbulence structure for
Couette flow and Poiseuille flow.”' However, DNS work has showed
that the peak of maximum streamwise intensity of Couette flow is
higher than that for Poiseuille flow and the logarithmic region in

35
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FIG. 9. The Lagrangian timescale as a function of source elevation for dispersion in the y-direction for different Sc numbers and types of flow where the vertical axis is time-
scale and the horizontal axis is % (Yo is the initial position of release particles) for the relative helicity density h" = cos & (h"_h') and velocity from prior results (v_v, from Ref.
37) for Poiseuille flow at (a) Sc=0.7, (b) Sc=6, and (c) fluid particles and for Couette flow at (d) Sc=0.7, (¢) Sc =6, and (f) fluid particles. The lines are used to guide the

eye between data points.
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Couette flows is much wider than the one that can be found in turbu- faster and demonstrated a decrease in the correlation. The timescale
lent Poiseuille flow at similar Reynolds numbers.””° The outer region for helicity seems to be short, less than 20 viscous time units.

structure, therefore, is different in the two cases. The channel flow has To examine the correlation of h’ with the rate of dissipation of
lower levels of turbulent velocity fluctuations than the Couette flow at the turbulent kinetic energy e, the cross correlation coefficient was
the centerline and the Couette flow has stronger turbulent velocity determined along the trajectories of the passive markers in the flow
fluctuations throughout the domain.”” Therefore, one can see that the and presented in Fig. 6. It is apparent that the correlation values fluctu-
profile of the correlation in our study is similar for Couette and ate within a small range around the value of zero and do not show any
Poiseuille flow, but the Couette flow shows a steeper decrease in the trend with time in any of the cases studied. This leads to the suggestion
correlation that could be explained by the wider logarithmic layer that there was no correlation between ¢ and h’. Regions of low (or

region in Couette flow that makes particles move off the buffer layer high) helicity do not correspond to regions of high (or low) dissipation,
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FIG. 10. The distribution of relative helicity density h" = cos 0’ conditional on high rate of TKE dissipation (left column) at (a) Yo = 1.5, (b) Yo =3, (c) Yo = 75 and low dissipa-
tion (right column) at (d) Yo =1.5, () Yo =3, and (f) Yo =75 at t=100 for Poiseuille (P) and Couette flow (C). For Couette and Poiseuille flow, the high dissipation is more
than 8 times and 10 times the average dissipation, respectively, and the low dissipation is less than 0.25 times the average dissipation.

65:1€°20 €202 1890100 02

Phys. Fluids 35, 105135 (2023); doi: 10.1063/5.0160336 35, 105135-11
Published under an exclusive license by AIP Publishing


pubs.aip.org/aip/phf

Physics of Fluids

indicating that the energy cascade to very small scales is not related to
the relative alignment of the velocity and vorticity vectors along the
trajectories of scalar particles in the flow.

When calculating the cross correlation between the TKE dissipa-
tion rate and the relative helicity density, the cosine can be positive or
negative, while e is positive. Therefore, the correlation values fluctuate
within a small range around the value of zero. However, when one
considers the absolute value of the relative helicity, it is found that the
relative helicity density and the dissipation are anticorrelated. The
Pearson cross correlation between ¢ and the absolute value of h' is rep-
resented in Fig. 7. In this case, the sign of the angle between the vortic-
ity and velocity vector is not important. The results are interesting:
consider the case of fluid particles where the lowest values of the cross
correlation coefficient appear for fluid particles released within the vis-
cous wall sublayer, at the position Yo= 1.5 and for both types of flow.
For release farther from the wall, the correlation gets to higher values
but is still negative, except for Yo= 75, where cross correlation values
are positive right after particle release, but then fall to less than 0. This
case is similar to the case for Sc = 6. When Sc = 0.7, the values of Ry _,
were negative but not significantly different between Y,= 1.5, 3, and 5.
From these figures, one may conclude that the relative helicity density
and the dissipation are anticorrelated. This anticorrelation is not

Poiseuille, Sc = 0.7

Poiseuille, Sc = 6
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complete since the values of the cross correlation do not go as low as
—1. There are many particles that have dissipation larger than the
average values, the corresponding h’ is smaller than average, but this
does not occur with all particles.

Whether helicity can be used to identify flow structures that are
major contributors to turbulent dispersion has been explored in the
past. The hypothesis was that regions with high values of helicity, if
they also exhibited low dissipation, they could indicate flow structures
that would tend to persist in time, making them candidates for strong
contributors to turbulent transport.” In order to examine this relation-
ship between helicity and turbulent transport further, we now focus on
the particles that were transported the farthest from the wall in the
normal direction, y. We chose to examine the scalar markers that were
released at Yy = 3 as a typical case for transport away from the viscous
wall subregion. The particles that failed to disperse were also examined,
to differentiate between high dispersion and low dispersion. The
results are seen in Fig. 8. We chose the top quartile, ie., the 25% of
the particles that moved the farthest away from the wall at the end of
the simulation and compared their behavior to the bottom quartile,
i.e., the 25% of the particles that remained closer to the wall at the end
of the simulation. The quartiles are quite often used in statistics as a
selected part of a sample to represent the right side (high random
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FIG. 11. The distribution of relative helicity density h" = cos¢’ at various times for a release position at Yo = 1.5, 3, and 75 of Poiseuille flow with Sc=0.7, 6, and fluid par-

ticles. Columns correspond to Sc, and rows to positions of release.
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variable values) and the left side (low random variable values) of a
PDF. In our case, the top and bottom quartiles include 25 000 particles,
and we consider this to be a large enough sample size to obtain statisti-
cal information. We could have used 20% or 30%, and we would be
getting similar results. However, the quartiles are typical in statistical
reporting. The autocorrelation for h' and ¢ for particles that dispersed
farthest and closest to the wall was also evaluated. This coefficient
remained positive, but it declined slowly with time for the top quartile
of dispersing particles. It tended to stay constant for long times for the
particles that were closer to the wall (see the bottom row of Fig. 8).
Therefore, particles that stayed in flow structures of similar h’, and did
not go through flow regions where the alignment of velocity and vor-
ticity changed, remained closer to the wall.

The Pearson cross correlation between h' and ¢ is very small
for the cases of Sc=0.7 and 6, but this value fluctuated more for
fluid particles. There were no differences between the top and bot-
tom quartiles of particles. When it comes to the autocorrelation of
6, this value decreased within the first 20 time units and then grad-
ually declined with time for all cases, but with different slope for
various Sc and for the farthest and closest particles. The autocorre-
lations and the Pearson cross correlations for Poiseuille and
Couette flow at Sc=0.7 and 6 also display the same trends for the

Couette, Sc = 0.7

Couette, Sc =6
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particles closer to the wall, while the particles that disperse the far-
thest from the wall in Poiseuille flow showed a decrease in helicity
correlation that is slower than that for Couette flow. The dissipa-
tion correlation shows a faster decline for Couette flow in compari-
son to Poiseuille flow.

However, there is a difference in the Pearson cross correlation of
the absolute value of the relative helicity density h’ and € for the far-
thest and closest particles. The particles close to the wall have constant
values around —0.2 for both types of flows and different Sc number,
while for the farthest particles, the value of the cross correlation started
at about —0.2 and then approached zero for all cases. This leads to the
suggestion that there is an effect of helicity on the transport of scalars
from the wall, in the sense that helicity density is an indicator of lower
than average dispersion.

The autocorrelation coefficients can be used to define charac-
teristic timescales for the dispersion of the scalar. Dispersion is the
mean squared of the particle displacement relative to their source,
as defined by Taylor, who introduced the statistical description of
turbulent dispersion from a Lagrangian perspective.”” A dispersion
Lagrangian timescale can be obtained as a function of the elevation
from the wall of the scalar source, Yy, in the y-direction, and can be
calculated as™

Couette, fluid particles
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TLy = J Rh’_h’(t7 tg)dt (9)

As can be seen from Fig. 9, the newly defined timescale was a function
of the position of scalar release, and it increased to its highest value for
scalar release at the center of the channel. For Couette flow, the largest
timescale had values between 30 and 45 viscous time units, meanwhile
that of Poiseuille flow was higher, in the range of 45-55. A similarly
defined Lagrangian timescale for the vertical fluctuating velocity has
been reported in a prior study from our laboratory”” and its values are
plotted in Fig. 9 for comparison. It was found then, as it is found now,
that the timescale for Poiseuille flow is more sensitive to the Sc and is
higher than for Couette flow. However, the timescale for helicity is
much larger than the timescale for velocity, indicating that the flow
structure has stronger effects on turbulent transport than what one
would expect based on fluid velocity considerations. The dispersing
particle velocity may decorrelate from the conditions at the time of
release in the flow, but transport may still depend on the flow structure
at the point of particle release.

The probability density functions (PDFs) for h’ have been calcu-
lated and displayed in Fig. 10. A distinction between the particles that

Poiseuille, Sc = 0.7

© =2 N W A O O N © ©

© 4 N W HA O O N ® ©

0.1 0.2 03 04 05
€

Poiseuille, Sc =6

ARTICLE pubs.aip.org/aip/pof

were found in areas of low and high € was made. For Couette and
Poiseuille flow, the high € was defined to be more than 8 times and 10
times the average ¢, respectively, and the low dissipation was defined to
be less than 0.25 times the average dissipation. The main criterion was
to have enough particles in the high and low € cases to be able to obtain
meaningful statistics from the analysis. The values 10 (for Poiseuille),
8 (for Couette), and 0.25 (for the low ¢ for both Poiseuille and Couette)
were determined as follows: First, the mean rate of TKE dissipation €
was calculated in the Eulerian framework for Poiseuille and Couette
flow. Then the particles that had high or low e were defined as those
whose values of € were larger or smaller than c or m times of € (> ce
for the high case, and e< me for the low dissipation case). After exam-
ining options for the values of ¢ and m, the coefficients chosen were
those that did not lead to a very large or a very low number of particles
for all 8 positions of particle release, if 2%-25% of the total number of
particles were represented, then this was good enough for analysis.

The PDF for particles that have the highest € show a peak around
the value of zero. This indicates that the velocity and the vorticity vec-
tors for particles in areas of high dissipation of TKE tend to be perpen-
dicular to each other. Far from the wall the PDFs appear to be flatter,
so the probability of having velocity and vorticity vectors that align in

Poiseuille, fluid particle

FIG. 13. Joint PDF of relative helicity density h" = cos 0/ and the rate of TKE dissipation (¢) for all particle of Poiseuille flow for different Sc numbers at time t = 100.
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areas of high dissipation is smaller than closer to the wall. However,
when considering the Sc, it is seen that the lower the Sc the flatter the
PDFs are (meaning that the tails of the PDFs are higher and the peaks
are lower as Sc decreases). On the other hand, the PDF for the helicity
h' of particles that are in locations of low ¢ are much flatter in compar-
ison. This shows that for regions with low dissipation, the distribution
of h’ is more uniform. The vorticity and velocity vectors do not have
an alignment that favors a 90° angle—which was the case for high dis-
sipation. The alignment seems to be more random. Furthermore, there
does not appear to be a Sc effect on flatness of the PDF. On the other
hand, for the particles with high dissipation, their h’ distribution has
been affected by Sc and the position of release rather than the flow
configuration.

Figures 11 and 12 show the distribution of h at various times for
different release positions and Sc for Poiseuille and Couette flow,
respectively. For both Couette and Poiseuille flows, at Yo= 1.5, 3, at
t=0 the PDF is narrow around zero, and then it widens as time
advances. The meaning of this finding is that the vorticity and velocity
vectors are mostly perpendicular when the particles are release, but as
the particles disperse away from the wall, the vorticity and velocity

Couette, Sc=0.7

01 0.2 0.3 0.4 0.5 0.1 0.2
€

Couette, Sc=6
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€
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vectors start to align (note the elevated values of the PDFs at +1 and
—1 in Figs. 9 and 10 as time advances). Moreover, the Sc=0.7 case
showed the most dramatic decrease in the intensity of the PDF peaks
with time, the Sc=6 exhibited the same trend but with less pro-
nounced peaks. The profiles of the PDF for fluid particles did not
change much with time. This can be explained by considering the
Brownian motion of particles at low Sc. These particles have large
Brownian motion and could disperse faster to regions farther from the
wall (see Fig. 4). For Yo =75, the distribution of helicity is flat and
does not change with time or Sc. Therefore, it can be concluded that
farther from the wall, the values of normalized fluctuating helicity were
larger and the velocity and vorticity vectors were more aligned to each
other rather than being perpendicular to each other.

The joint PDF between the relative helicity density and the dissi-
pation for Poiseuille flow and Couette flow at Sc = 0.7, 6 and fluid par-
ticles is shown in Figs. 13 and 14, respectively. At the release position
Y, = 1.5, the case for fluid particles has the narrowest range of distri-
bution of h" from —0.4 to 0.4 for Poiseuille flow and —0.3 to 0.3 for
Couette flow, while Sc=6 has the wider range from —0.6 to 0.6 for
Poiseuille flow and —1 to 1 for Couette flow. For Sc=0.7, the values

Couette, fluid particle
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FIG. 14. Joint PDF of relative helicity density h' = cos 0 and the rate of TKE dissipation (¢) for all particles of Couette flow for different Sc numbers at time t = 100.
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are in the range of —1 to 1 for both types of flow. Farther from the
wall, the distribution of h' is wider, from —1 to 1. The physical inter-
pretation of these results is that the probability of particles that are in
locations where the fluctuating velocity and vorticity vectors are per-
pendicular is high from Y, =1.5 to Yo =5 (the plot for Yo =5 and
Y, =300 are provided in supplementary material section). However,
the cosine of the angle between vorticity and velocity is evenly distrib-
uted from —1 to 1 for a scalar release position within the log layer
region. More importantly, from these patterns, it is seen that low h’
does not necessarily associate with high dissipation and vice versa.
These results agree with Rogers and Moin” that there is no obvious
relation between helicity of the fluctuating velocity field and the dissi-
pation of TKE.

IV. SUMMARY AND CONCLUSIONS

In this study, the relative helicity and the rate of dissipation of
TKE along passive particle trajectories were tracked in a Poiseuille
channel and a plane Couette flow using direct numerical simulation
and Lagrangian scalar tracking. The changes of helicity and dissipation
were monitored along the trajectories of scalar markers as a function
of time. The autocorrelation of fluctuating relative helicity density and
the Pearson cross correlation between helicity and dissipation were
computed. The joint PDF between relative helicity density and dissipa-
tion was also presented.

It was found that there is no positive correlation between helicity
and dissipation, and flow regions with low dissipation do not necessar-
ily indicate regions of high helicity. This result is in agreement with the
previous study of Rogers and Moin® and the theory of Speziale."' In
fact, an anticorrelation between helicity density and dissipation is
observed, which is more pronounced in the viscous sublayer and
becomes very weak in the logarithmic layer. In regions of low dissipa-
tion, the distribution of the helicity density is more uniform than in
regions of high dissipation, indicating a more random alignment
between fluctuating velocity and vorticity vectors. On the other hand,
both the position of release of the particles and the Sc number have
noticeable effects on the helicity experienced by a passive particle. The
type of flow, whether it is Couette or Poiseuille, does not appear to
play a significant role.

Regarding turbulent transport, there appears to be an effect of
helicity, but not because of an association of helical flow structures to
low TKE dissipation. The Lagrangian timescale for helicity density is
longer than the Lagrangian timescale for velocity, showing that the
alignment of the vorticity and velocity vectors relative to each other is
important for long time duration. The particles that disperse less over
the simulation period are those that exhibit a strong anticorrelation
between the helicity density and dissipation, while the helicity autocor-
relation coefficient is positive and larger than for particles that disperse
the most. In this respect, helicity can be an indicator of low turbulent
dispersion. The PDFs of the helicity density indicate that as particles
transport away from the channel walls, they tend to be in flow regions
where the vorticity and velocity vectors tend to align with each other,
rather than staying perpendicular to each other. It is apparent that the
relationship between helicity and turbulent scalar transport needs fur-
ther evaluation in the future. Specifically, there is a need to probe the
helicity along particle trajectories that are transported the farthest from
the wall and its correlation with flow structure characteristics other
than dissipation, such as the Reynolds stress using quadrant analysis,
and the orientation of the eigenvectors of the rate of strain tensor.

pubs.aip.org/aip/pof

SUPPLEMENTARY MATERIAL

The supplementary material included data for the standard devia-
tion of the particle location distribution in the direction vertical to the
channel walls, data on the turbulent velocity statistics, and data of the
joint PDF for helicity density and the rate of TKE dissipation that
complement Figs. 13 and 14.
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NOMENCLATURE

D Molecular diffusivity
dU/dy The derivative of the mean velocity in the Eulerian
framework
G  Constant for determining the channel wall velocity in
place Couette flow
H Helicity density H=u - @
H  Total helicity
H'  Helicity density for the fluctuating velocity, H' = ' - o'
h  Half channel height
h'  Relative helicity density
PDF  Probability Density Function
Re  The Reynolds number
R The Lagrangian correlation coefficient
Sc The Schmidt number
S;j  The local rate of strain tensor
TKE  Turbulent kinetic energy
t Time
U  The Eulerian velocity vector of the fluid at the location
of the marker at time t
U. The mean centerline velocity of the channel
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The streamwise velocity at the wall
The mean velocity
Velocity vector
The fluctuating velocity vector
The friction velocity
The mean square of the x-component of the velocity of
the fluid particles
u', v/, w  Fluctuating velocity components in X, y, and z direc-
tions, respectively.
V' The Lagrangian velocity
x, ¥,z The streamwise, normal, and spanwise directions,
respectively
X  Position vector of a marker
Xy The displacement of a fluid particle relative to its
source
X, Thelocation that a marker was released at time t,
Y, Distance from the bottom wall of the channel for parti-
cle release at time t, as viscous length scale
Average normal position of the markers

=N| :* = = Q|S

=

Greek symbols

o The molecular thermal diffusivity

A Change in quantity

€ The turbulent dissipation rate along the trajectories of each
marker

0 The angle between the fluctuating velocity and vorticity
vectors

v The fluid kinematic viscosity
n Trigonometric pi
¢ 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
7, Lagrangian timescale for dispersion in the direction normal
to the channel walls
7,  The wall shear stress
o  Vorticity vector
o' The vorticity vector for the fluctuating velocity

Superscripts and subscripts

—

Ensemble average

Value of a quantity at initial time of interest
Value at the wall of the channel

). Value at the center channel

|| Absolute value.

—_
—~ Py
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