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In this paper, the dispersion of rigid, highly elongated fibers in a turbulent channel flow is
investigated. Fibers are treated as prolate ellipsoidal particles which move according to their inertia
and to hydrodynamic drag and rotate according to hydrodynamic torques. The orientational behavior
of fibers is examined together with their preferential distribution, near-wall accumulation, and wall
deposition: all these phenomena are interpreted in connection with turbulence dynamics near the
wall. In this work a wide range of fiber classes, characterized by different elongation �quantified by
the fiber aspect ratio, �� and different inertia �quantified by a suitably defined fiber response time,
�p� is considered. A parametric study in the �� ,�p�-space confirms that, in the vicinity of the wall,
fibers tend to align with the mean streamwise flow direction. However, this aligned configuration is
unstable, particularly for higher inertia of the fiber, and can be maintained for rather short times
before fibers are set into rotation in the vertical plane. A more complex situation is observed in the
spanwise and wall-normal flow directions, where fiber inertia and elongation destabilize near-wall
alignment in a nontrivial fashion. Fiber orientational behavior and fiber translational behavior are
observed to influence the process of fiber accumulation at the wall. Comparing the behavior of fibers
with that of spherical particles, it is observed that the aspect ratio has little or no effect on clustering,
preferential distribution, and segregation; yet it does affect the wallward drift velocity of the fibers
in such a way that longer fibers tend to deposit at higher rates. No preferential orientation and no
significant segregation is observed in the channel centerline, confirming that the role of inertia and,
in particular, of elongation becomes less important in and beyond the logarithmic layer.
© 2010 American Institute of Physics. �doi:10.1063/1.3328874�

I. INTRODUCTION

Suspensions of tiny rigid fibers in turbulent flows are
commonly encountered in a variety of industrial processes.
Examples include pulp production and paper making, where
controlling the rheological behavior and the orientation dis-
tribution of fibers is crucial to optimize production opera-
tions. In these processes, in particular, anisotropic fiber ori-
entation induced by the carrier flow strongly influences the
mechanical properties of manufactured paper. Elongated fi-
bers also represent an interesting �and more feasible� alter-
native to the use of flexible polymers for reducing pressure
drops in fluid transport systems, even though fibers yield
lower drag reductions, they are more resistant to shear deg-
radation and can be easily separated from the conveyed fluid
at the end of the pipeline. Due to this practical importance,
fiber dispersion in internal flows has been extensively inves-
tigated through experiments1,2 and modeled using Fokker–
Planck type equations.1,3–6 Yet, a limited number of phenom-
enological studies based on accurate numerical simulations is
available. As a result, different from the case of spherical
particles, current knowledge of the mechanisms that are re-
sponsible for fibers-turbulence interaction is not satisfactory,

and a deeper understanding of the physical problem is
required.6

Restricting the discussion to Eulerian–Lagrangian stud-
ies, the first direct numerical simulation �DNS� relevant to
the problem of turbulent fiber dispersion was performed by
Zhang et al.;7 followed by the complementary DNS of
Mortensen et al.8,9 Both works were focused on transport and
deposition of prolate ellipsoidal particles in turbulent channel
flow, and have shown that such elongated particles, similar to
spherical particles, accumulate in the viscous sublayer and
preferentially concentrate in regions of low-speed fluid
velocity.7–9 Being nonisotropic, ellipsoidal particles also tend
to align with the mean flow direction, particularly very near
the wall where their lateral tilting is suppressed.7–9 In this
paper, we build on these results and, starting from the same
physical problem, we discuss new statistics to analyze the
influence of near-wall turbulence on preferential distribution,
wall deposition, and orientation state of rigid fibers, charac-
terized by different elongation and different inertia. Our ob-
jective is to highlight the circumstances in which fibers be-
havior significantly deviates from that of spherical particles,
in an effort to infer valuable conclusions significant to real
situations including dilute air flows with velocity of a few
meters per second in ducts with hydraulic diameters of a few
centimeters, dilute water flows in microchannels, or fibrous
aerosols transport in microgravity conditions.

Following Zhang et al.7 and Mortensen et al.,8,9 several
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assumptions are made in the simulations. For instance, fibers
are approximated as noninteracting non-Brownian prolate el-
lipsoids immersed in a dilute flow without gravity. Also, lu-
brication or aggregation effects are ignored and fiber size is
assumed less than the Kolmogorov length-scale. Despite
these simplifications, however, the resulting lumped-
parameter model provides a strong mathematical coupling
between the translational motion and the rotational motion of
fibers, as highlighted in Sec. II. Through this coupling, the
hydrodynamic viscous drag force generated locally on the
surface of a fiber depends explicitly on fiber orientation. This
dependency is crucial to discriminate between elongated fi-
bers and equivalent spherical particles of the same inertia
�namely, of the same mass�. Consider wall deposition for
instance: drag resistance generated by a fiber which deposits
moving parallel to the wall will be higher than that generated
by its spherical equivalent or by a fiber of the same inertia
which deposits moving perpendicular to the wall, with obvi-
ous effect on deposition rates. The same applies to fibers that
either tumble or oscillate in their drift to the wall. This paper
is intended to complete the current literature7–9 on Lagrang-
ian tracking of fibers adding new data in the parameter space
��, �p and Re� and presenting new statistics to fully charac-
terize fiber behavior.

II. METHODOLOGY

The Eulerian fluid dynamics is governed by the continu-
ity and Navier–Stokes equations written for incompressible,
isothermal, and Newtonian fluid. Equations in dimensionless
form read as

�ui

�xi
= 0, �1�

�ui

�t
= − uj

�ui

�xj
+

1

Re�

�2ui

�xj
2 −

�p

�xi
+ �1,i, �2�

where ui is the ith component of the velocity vector, p is the
fluctuating kinematic pressure, �1,i is the mean pressure gra-
dient that drives the flow and Re��u�h /� is the Reynolds
number based on the shear �or friction� velocity, u�, and on
the half channel height, h. The shear velocity is u����w /�,
where �w is the mean shear stress at the wall. The superscript
+, which is used in this paper to represent dimensionless
variables, is dropped from Eqs. �1� and �2� for ease of read-
ing. A pseudospectral flow solver is employed to solve such
equations at a shear Reynolds number Re�=150. The corre-
sponding bulk Reynolds number is Re=ubh /�=2250, where
ub=1.77 m /s is the bulk velocity. The Reynolds number
based on the hydraulic diameter is ReD�9000. The flow
solver is based on the Fourier–Galerkin method in the
streamwise �x� and spanwise �y� directions, whereas a
Chebyshev-collocation method in the wall-normal direction
�z�. Time integration of fluid uses a second-order Adams–
Bashforth scheme for the nonlinear terms �which are calcu-
lated in a pseudospectral way with dealiasing in the periodic
directions� and an implicit Crank–Nicolson scheme for the
viscous terms.10,11 The size of the computational domain is
4�h�2�h�2h in x, y, and z, respectively; computations

are carried out using 128�128�129 grid points. Periodic
boundary conditions are applied in x and y, no-slip condi-
tions are enforced at both walls. The grid resolution is uni-
form in the homogeneous directions x and y, whereas a grid
refinement �providing a minimum nondimensional grid spac-
ing of 0.045 wall units� is applied near the walls in the non-
homogeneous direction, z. The nondimensional step size for
time integration is 0.03 in wall units. Regarding the Lagrang-
ian fiber dynamics, the dispersed phase is treated in the same
way as in Refs. 7–9 and 12. The translational equation of
motion of an individual fiber is given by the linear momen-
tum equation dup /dt=F /m, where up is the fiber velocity, F
is the total hydrodynamic drag force acting on the fiber, and
m= �4 /3��a3��p is the fiber mass. Here a is the semiminor
axis, �=b /a is the aspect ratio of the ellipsoid, b being the
semimajor axis, and �p is the density of the particle. The
expression for F used in our simulations was first derived by
Brenner13 for an ellipsoid under creeping flow conditions:
F=�K�u@p−up�, where � is the fluid dynamic viscosity, K
is the resistance tensor �whose components depend on the
orientation of the fiber through the four well-known Euler
parameters� and u@p is the fluid velocity at fiber position
�obtained using a one-sided interpolation scheme based on
sixth-order Lagrangian polynomials�. The resistance tensor
K is expressed with respect to the Eulerian �inertial� frame of
reference, x= �x ,y ,z	. Two other Cartesian coordinate sys-
tems are used to describe fiber motion: a Lagrangian fiber
frame of reference, x�= �x� ,y� ,z�	, attached to the fiber with
origin at the fiber center of mass; and a comoving frame of
reference, x�= �x� ,y� ,z�	, attached to the fiber with origin at
the fiber center of mass and axes parallel to the inertial
frame. Given these frames, the resistance tensor is computed
as K=AtK�A, where K� is the resistance tensor computed in
the fiber frame, A is the orthogonal transformation matrix
comprising the direction cosines �which, in turn, are defined
by the Euler parameters�, and At is its transpose. Matching
the x� ,y� ,z� axes with the principal axes of resistance, tensor
K� can be computed in diagonal form as13

K� = 
kx�x� 0 0

0 ky�y� 0

0 0 kz�z�
� , �3�

where the diagonal elements read as12

kx�x� = ky�y� =
16��2 − 1�3/2

��2�2 − 3� · ln�� + ��2 − 1�� + ���2 − 1
,

�4�

kz�z� =
8��2 − 1�3/2

��2�2 − 1� · ln�� + ��2 − 1�� + ���2 − 1
. �5�

The complete set of equations considered to describe trans-
lational and rotational motion of the fibers, written in dimen-
sionless form, reads as:
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Kinematics�
dxp,�G�
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Dynamics�
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dt
=

3
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dt
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��0 + �2�0��1 + �2�Sa2

d	z�

dt
=

20

�2�0�Sa2 ��� − 	z��
 , �7�

where xp,�G� is the fiber location vector �centered at the fiber
center of mass G�, ei are the Euler parameters, 	i are the
fiber angular velocity components, and S is the fiber-to-fluid
density ratio. Quantities f� and g� are elements of the fluid
rate of strain tensor Sij =1 /2��ui /�xj +�uj /�xi�=1 /2�ui,j

+uj,i� while 
�, �, and �� are elements of the fluid rate of
rotation tensor �ij =1 /2�ui,j −uj,i�, all expressed in the fiber
frame

f� = 1
2 �uz�,y� + uy�,z��, g� = 1

2 �ux�,z� + uz�,x�� , �8�


� = 1
2 �uz�,y� − uy�,z��, � = 1

2 �ux�,z� − uz�,x�� ,

�9�
�� = 1

2 �ux�,y� − uy�,x�� .

The parameters �0, �0, and �0 come from the equations de-
rived by Jeffery14 to compute the torque components for an
ellipsoid subject to linear shear under creeping flow condi-
tions �equations not shown� and are given as

�0 = �0 =

2�2��2 − 1 + � · ln�� − ��2 − 1

� + ��2 − 1
�

2��2 − 1�3/2 ,

�10�

�0 =

2��2 − 1 + � · ln�� − ��2 − 1

� + ��2 − 1
�

��2 − 1�3/2 .

Equations �6� are integrated in time using a standard fourth-
order Runge–Kutta scheme, while Eq. �7� are solved using a
mixed explicit/implicit differencing procedure developed by

Fan and Ahmadi:15 this procedure is specifically tailored for
solving stiff ODEs. The same timestep size as that of the
fluid is used for integration, and the total tracking time in
wall units is t+= t� /u�

2=1200. Note that, for each particle at
each timestep, the Euler parameters are renormalized accord-
ing to

ei =
ei

�e0
2 + e1

2 + e2
2 + e3

2
�11�

to preserve the constraint e0
2+e1

2+e2
2+e3

2=1.
The relevant parameters to be specified for time integra-

tion are a, �, and the fiber response time

�p =
2a2S

9�

� ln�� + ��2 − 1�
��2 − 1

. �12�

The above definition for �p was derived by Shapiro and
Goldenberg16 based on the assumption of isotropic particle
orientation and the inverse of the resistance tensor. In this
study, we have selected the following dimensionless values:
a+=0.36, �=1.001 �spherical particles�, 3, 10, 50, and �p

+

=1, 5, 30, and 100, thus extending and completing the data-
base of Mortensen et al.8,9 to 16 cases in the �� ,�p

+�-space;
see Table I. To ensure converged statistics, swarms of N
=200 000 fibers are tracked for each particle category, as-
suming dilute flow conditions �fiber volume fraction is al-
ways well below unity� and one-way coupling between the
phases.
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III. RESULTS AND DISCUSSION

A. Macroscopic fiber distribution and segregation

Figure 1 shows the instantaneous distribution of the
�p

+=5 fibers with �=50, which are taken as reference for
visualizations: similar distributions are observed for the other
categories, but they are not shown in this paper for the sake
of brevity. From Fig. 1�a� it is apparent that fibers cluster into
groups leaving regions empty of fibers. As already noted by
Mortensen et al.,8 these regions have the same location for
all the fiber categories investigated, and mark the position of
the turbulent coherent vortices which govern the dispersion
process. This indicates that, regardless of the strong math-
ematical coupling between rotational and translational equa-
tions due to the dependency of the resistance tensor on the
orientation, macroscopic fiber distributions are practically

unaffected by elongation and depend only on inertia �which,
in our study, is always sufficient to centrifuge fibers out of
the vortices core�. From Fig. 1�b�, it can also be observed
that fibers tend to align according to the mean shear of the
flow: in the channel centerline, where velocity gradients are
low, fiber are more randomly oriented; near the wall, where
velocity gradients are strong, fibers become more aligned
with the wall. In this latter region, higher fiber number den-
sity is visible, indicating ongoing accumulation.

Once in the near-wall region, fibers segregate into elon-
gated streaks, as shown in Fig. 2. Visual inspection of this
figure, and of Fig. 2�b� in particular, does not reveal prefer-
ential orientation along the streamwise direction for segre-
gated fibers. In wall-bounded turbulence, it is a well-known
fact that such streaks correlate spatially with regions of low-
speed fluid velocity �low-speed streaks�: this feature has been
observed for both spherical and elongated particles. In the
latter case, however, only qualitative visualizations7–9 are
available. An example of such visualizations is given in Fig.
3. Specifically, Fig. 3�a� shows fiber distribution around the
cross-sectional plane x+�100, superposed to the wall-
normal fluid velocity. In this figure, only fibers located in the
slab �x+=100�20 are visualized, and grayscale contours
�yellow-to-blue contours in the online color version� are used
to mark regions of wall-normal fluid transfer produced by
vortices. Figure 3�b� shows fiber distribution around the
wall-parallel plane z+�6.4 superposed to the streamwise
fluid velocity fluctuations. In this figure, only fibers located
in the slab �x+=6.4�3 are visualized, and grayscale con-
tours �yellow-to-blue contours in the online color version�
are used to mark low/high-speed regions. Note that Figs. 1–3
are all taken at the same time.

To provide a quantitative analysis, in Fig. 4 we show the
correlation between the normalized probability density func-
tion �PDF� of fiber position and the fluctuation of the stream-
wise velocity, �ux

+��, in the wall region �5�z+�15�. For ease

TABLE I. Summary of simulations and relevant particle parameters. The ellipsoid semimajor axis is given by
b �b+ in dimensionless form�.

Set �p
+ � S 2b+

2b
��m�

�P

�kg /m3�

F1-1 1 1.001 34.72 0.72 96.07 45.14

F1-3 1 3 18.57 2.16 287.93 24.14

F1-10 1 10 11.54 7.20 960.09 15.01

F1-50 1 50 7.54 36.00 4800.01 9.80

F5-1 5 1.001 173.60 0.72 96.07 225.68

F5-3 5 3 92.90 2.16 287.93 120.77

F5-10 5 10 57.70 7.20 960.09 75.01

F5-50 5 50 37.69 36.00 4800.01 49.00

F30-1 30 1.001 1041.70 0.72 96.07 1354.21

F30-3 30 3 557.10 2.16 287.93 724.23

F30-10 30 10 346.30 7.20 960.09 450.19

F30-50 30 50 226.15 36.00 4800.01 294.00

F100-1 100 1.001 3472.33 0.72 96.07 4514.03

F100-3 100 3 1857.00 2.16 287.93 2414.10

F100-10 100 10 1154.33 7.20 960.09 1500.63

F100-50 100 50 753.83 36.00 4800.01 979.98
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FIG. 1. Instantaneous fiber distribution at the end of the simulation
��p

+=5, �=50�. Panels: �a� cross-sectional view �mean flow directed toward
the reader; 0�x+�200� and �b� lateral view �mean flow directed from left
to right; 600�y+�750�.
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of visualization, only profiles for �p
+=1 and �p

+=30 are shown
in the main panel. PDF profiles were computed as follows:
�I� we subdivided the region 5�z+�15 in 10 equally spaced
slabs and calculated the average streamwise velocity of the
fluid ūslab�z� in each slab, �II� we determined the slab con-
taining the fiber center, �III� we computed the local stream-
wise velocity fluctuation of the fluid u��x ,y ,z�=u�x ,y ,z�
− ūslab�z� in the position of the fiber, �IV� we counted the
number of fibers associated with each value of u��x ,y ,z� and
normalized it by the total number of fibers located into each
slab.

Figure 4 demonstrates that, regardless of the aspect ratio,
all PDF profiles show a peak for the same negative value of
fluctuating streamwise velocity. It also demonstrates that
both shape and peak value attained by each PDF depend on
fiber inertia, as highlighted by the inset panel. Being charac-
terized by the narrowest PDF and maximum peak value, the
�p

+=30 fibers exhibit the strongest tendency to segregate into
streaks; whereas the �p

+=1 fibers, whose PDF is rather flat
and has minimum peak value, are those that segregate the
least. These observations indicate that, just like preferential
distribution, fiber segregation into low-speed streaks is an
inertia-dominated process and does not depend on elonga-
tion.

B. Local fiber segregation

The relative tendency of fibers to segregate in a turbulent
flow field, shown in Figs. 1 and 2, can be quantified using the
following parameter:17
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FIG. 2. Top view of instantaneous fiber distribution at the end of the simu-
lation ��p

+=5, �=50, 0�z+�25, mean flow directed bottom up�. For visu-
alization purposes, panel �b� provides a close-up view of fiber distribution in
the region highlighted in panel �a�.
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FIG. 3. �Color online� Instantaneous distribution of fluid velocity fluctua-
tions and fibers. Panels: �a� contour plot of wall-normal fluid velocity fluc-
tuations and fiber distribution in the cross-sectional y-z plane taken at
x+�100 and �b� contour plot of streamwise fluid velocity fluctuations and
fiber distribution in the cross-sectional x-y plane taken at z+�6.4 Regions of
large positive/negative velocity fluctuations are represented in light/dark
gray �yellow/blue in the online color version�.
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FIG. 4. Fiber number density distribution as a function of fluctuating
streamwise velocity, �ux

+��, in the wall region �5�z+�15�. Black lines/
symbols refer to the �p

+=30 fibers; gray lines/symbols refer to the �p
+=1

fibers �profiles for �p
+=5 fibers and for the �p

+=100 fibers are not shown to
visualize better the behavior of the PDF in the peak region�. The inset shows
the behavior of the PDF in the peak region for fibers with different inertia
�all values of �p

+ are shown� in the reference �=50 case: peak value in-
creases from �p

+=1 up to �p
+=30 with subsequent decrease for �p

+=100.
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D =
� − �Poisson

�
, �13�

where � represents the standard deviation for the actual fiber
number density distribution; �Poisson represents the standard
deviation for a Poisson distribution, which corresponds to a
purely random distribution of the same average number of
fibers; and � is the mean fiber number density. Clearly, the
larger is the value of D and the stronger is segregation. In our
simulations, we have tried to extend the use of D, originally
devised for and applied to two-dimensional homogeneous
isotropic flow regions,17,18 to the near-wall region, where in-
homogeneities arise in the direction perpendicular to the
wall. The fiber number density distribution is thus computed
on a three-dimensional grid containing Ncell cells of volume
�cell covering the entire computational domain. The grid is
independent of the Eulerian grid used by the flow solvers,
and the volume �cell is varied by changing the streamwise
and the spanwise lengths of the cell, whereas the wall-normal
length is maintained to a uniform thickness: this avoids the
introduction of an additional averaging scale in the wall-
normal direction. As in the bidimensional case, the value
calculated for D depends on the cell size. Because of this
dependency, the segregation parameter cannot provide an ab-
solute, clearcut quantification of fiber segregation; rather it
should be used just to identify and compare differences in the
tendency of fibers to segregate in a turbulent flow field ac-
cording to their inertia and elongation. Taking this into ac-
count, the cell size dependency can be partially overcome by
computing the fiber number density distribution for several

values of �cell and keeping only the largest value of D, re-
ferred to as Dmax hereinafter.18–20

In Fig. 5, we show the behavior of Dmax as a function of
the wall-normal coordinate, z+, for all cases considered in the
�� ,�p

+�-space. Profiles are averaged both in space, over the
homogeneous directions, and in time, over the last 200 time
units of the simulations. As expected, segregation reaches a
maximum inside the viscous sublayer �z+�5�, suggesting
that such build-up is driven by inertia. Indeed, the larger
values of Dmax are obtained for the �p

+=30 fibers, which ex-
hibit the highest tendency to undergo low-speed streak seg-
regation; whereas small values are obtained for the �p

+=1
fibers, which exhibit the lowest tendency to undergo low-
speed streak segregation �see Fig. 4�. Once in the viscous
sublayer, however, elongation becomes important in deter-
mining the location and the magnitude of maximum segre-
gation. Changes in the aspect ratio produce nonmonotonic
modifications and cross-overs between profiles indicating
that, locally, the influence of wall turbulence on fibers is
strongly affected by � and �p

+. To quantify this influence, in
Fig. 6 we show the mean value of Dmax as a function of fiber
elongation in the viscous sublayer. It is confirmed that, for a
given fiber elongation, near-wall segregation experiences a
monotonic increase up to �p

+=30 followed by a decrease for
�p

+=100. Compared to the reference case of spherical par-
ticles, the influence of � is maximum for the �p

+=30 fibers,
with an overall 17% variation in Dmax, and minimum for the
�p

+=5 fibers, with an overall 8% variation.
The results just discussed show the presence of a specific
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parameter range in which the effect of inertia combines with
the effect of elongation; this gives rise to a nontrivial behav-
ior eventually leading to significant quantitative changes in
the near-wall dispersion process. Statistics shown so far may
provide useful indications on the link between fiber accumu-
lation into specific regions in the buffer layer and fiber depo-
sition to a wall, which will be analyzed in the next section.
Specifically, �I� they confirm that there is a strong correlation

between coherent wall structures, local fiber segregation, and
subsequent deposition phenomena; and �II� they demonstrate
that fiber deposition is initially dominated by inertia-induced
segregation and accumulation into specific flow regions close
to the walls. Only afterwards fibers are driven to the walls.19

C. Fiber deposition rates and wall accumulation

As already observed by Mortensen et al.,8 almost all
translational velocity statistics are negligibly affected by
changes in fiber elongation; the same being true for accelera-
tion statistics �not shown here�. One important exception,
however, is given by the fiber wall-normal translational ve-
locity, wp�. Besides being strongly dependent on the fiber re-
sponse time, this quantity is also significantly influenced by
�, as shown in Fig. 7 for fibers with �p

+=5 and �p
+=30 �again,

similar curves are obtained for the other fiber categories, but
they are not shown here for brevity�. Note that the profiles in
this figure were smoothed out by time-averaging over the last
200 wall time units of the simulation. Such time-averaging
procedure was adopted for ease of comparison and for visu-
alization purposes only: the profiles considered refer to a
statistically developing condition for the fiber concentration
and, thus, wp� is a time-dependent quantity which asymptoti-
cally tends to zero as the steady-state condition is ap-
proached. In the �p

+=5 case, the aspect ratio produces a non-
monotonic variation in wp� leading to a maximum increase for
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�=3 and a subsequent decrease for �=10 and for �=50: in
this latter case, the velocity profile overlaps with that of
spherical particles in the buffer layer. Conversely, for the
larger �p

+=30 fibers �and for the not-shown �p
+=100 fibers�

we observe a monotonic decrease as � increases. In our opin-
ion, these observations are interesting in the light of the dis-
cussion made for Figs. 1�a� and 3�a�. Differences in wp� sug-
gest that, once centrifuged out of the vortex core because of
inertia, fibers tend to occupy different areas in the periphery
of the vortex according to their own elongation. This would
mean that fibers with different aspect ratio attain different
peripheral location and see a different local flow field, thus
being exposed to different turbulent fluctuations.

The complex dependency of wp� on both �p
+ and � pro-

duces remarkable changes in the rate at which fibers travel
toward the wall and, in turn, modify the build-up of fibers in
the near-wall region: this is shown by the instantaneous con-
centration profiles �computed as volumetric fiber number
density� of Fig. 8. From a quantitative viewpoint, the most
evident changes occur in the very near-wall region, within a
few wall units from the wall: each profile develops a peak of
concentration which is located at different positions depend-
ing on the aspect ratio, and the peak value changes according
to the variations in wp� discussed above. Outside the viscous
sublayer, variations are less evident and, again, the elonga-
tion of the fiber does not seem to play an important role.

According to the chain of physical mechanisms by
which fibers are transferred to the wall, the degree of fiber

segregation also influences the rate at which fibers deposit
�i.e., their deposition flux�. It is thus consequential to com-
bine the quantitative description of fiber segregation to the
quantitative prediction of fiber deposition rate. The deposi-
tion rate of noninteracting fibers is proportional to the ratio
between the fiber mass transfer rate on the wall, J, and the
mean bulk concentration of fibers, C. The constant of pro-
portionality, named deposition coefficient kd=−J /C, repre-
sents a deposition velocity.21 Figure 9 shows the nondimen-
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sional values of the deposition coefficient, kd
+, in the

�� ,�p
+�-space. For comparison purposes, two empirical corre-

lations proposed by Liu and Agarwal22 �kd
+=6�10−4��p

+�2,
solid line� and by McCoy and Hanratty23 �kd

+=3.25
�10−4��p

+�2, dashed line� are also included in the figure.
These correlations were derived from a large collection of
experimental deposition data from fully developed turbulent
pipe flow,21 and are valid for spherical particles in the
diffusion-impaction deposition regime. In this regime, which
is characterized by Stokes numbers varying from about 0.3
to about 30, the deposition rate scales with the square of the
nondimensional response time.

The trend highlighted by Fig. 9 is similar to that seen in
Figs. 2, 5, and 6, which refer to the same simulation time
span: again, the �p

+=30 fibers exhibit the highest deposition
rate. This happens because these fibers are the most respon-
sive to near-wall turbulence in terms of segregation and pref-
erential distribution. Fibers with smaller or larger inertia �but
same elongation� are not able to respond in this optimal way,
either because they behave more like tracers with strong sta-
bility against nonhomogeneous distribution and near-wall
concentration �the �p

+=1 fibers, in particular�, or because they
are too big to interact with the fine turbulence structures in
the buffer layer �the �p

+=100 fibers, for instance�. There is
also a clear effect of elongation: higher values of the aspect
ratio correspond to higher values of the deposition coeffi-
cient, in agreement with the findings of Zhang et al.7 This
effect seems to fade as the response time of the fibers in-
creases: we remind that, for a given �p

+, the mass of a fiber
increases with its elongation so longer fibers have higher
inertia. In general terms, the results shown in this section
indicate that the degree of fiber responsiveness to segrega-
tion and preferential distribution induced by the flow struc-
tures is strongly �and directly� correlated with the rate at
which fibers deposit.

D. Fiber orientation and alignment frequency

To investigate further the role of � and �p
+, we analyzed

fiber orientation statistics. For the sake of completeness, we
show first the absolute value of the mean direction cosines
for �p

+=5 and �p
+=30 �see Fig. 10�. Profiles agree with those

already shown by Mortensen et al.8 for fibers with the same
dimensionless response time and aspect ratio dispersed in a
slightly higher Reynolds number flow. Note that the profiles
relative to fibers with �=50 are presented for the first time. It
is confirmed that fibers tend to align in the streamwise direc-
tions and that this preferential orientation increases with as-
pect ratio and decreases with inertia, as shown by Figs. 10�a�
and 10�b�. This tendency affects fiber spanwise orientation.
As shown by Figs. 10�c� and 10�d�, higher-inertia fibers are
less oriented in the spanwise direction: following Mortensen
et al.,8 spanwise fluctuations are relatively weak and their
capability of altering the alignment of a fiber is reduced as
fiber inertia increases. Also higher-inertia fibers are more ori-
ented toward the wall, as demonstrated by Figs. 10�e� and
10�f�. In an effort to go beyond these observations, we focus
on the orientation frequency, defined as the overall time
spent by the fibers in a given position of alignment with

respect to the mean flow. To perform this calculation, we
proceeded for each fiber category in the following way: �I�
the alignment of each fiber was classified by subdividing the
absolute value of the direction cosines, �cos��i��, which de-
termine the orientation of the particle with respect to the
Cartesian axes �see Fig. 11�, into 10 equally spaced bins,
e.g., first bin in the range �0,0.1�, second bin in the range
�0.1,0.2�, etc. Fibers are tagged as aligned with a given di-
rection, xi, if they fall in the bin where �cos��i�� is in the
range �0.9,1� �alignment bin�. �II� The orientation of each
fiber and the corresponding bin are obtained at every time
step over a long period of time �T+=200 at the end of the
simulation�; a time-counter is then updated to compute the
overall time, t+�i , j ,k�, spent by the ith fiber of the jth cat-
egory in the kth bin. �III� The mean time per bin is computed
as t+�j ,k�=�i=1

N�k�t+�i , j ,k�, where N�k� is the number of fibers
counted in the kth bin; then its percentage value is obtained
as %t+= t+�j ,k� /T+. Such procedure was applied focusing on
two specific regions of the flow: a near-wall region �z+�10
from the wall� and a core region across the channel center-
line �100�z+�200�. In Figs. 12–14, we show the results
obtained in the near-wall region �where the most interesting
observations can be made� for �cos��x��, �cos��y��, and
�cos��z��, respectively. All cases in the �� ,�p

+�-space are
shown. For completeness, an inset has been added in each
panel to show results obtained in the channel centerline. In
this region, there is almost no mean shear and turbulence is
nearly homogeneous and isotropic, so preferential fiber ori-
entation is never observed. Only for �p

+=1 and �p
+=5 fibers,

whose specific density is O�101÷102�, a slight increase in
%t+ when �cos��x��� �0.9,1�, �cos��y��� �0,0.1�, and
�cos��z��� �0,0.1� occurs, as shown by insets of Fig.
12�a�–12�c�, respectively.

Let us focus on the streamwise orientation frequencies
�Fig. 12�. Interesting observations can be made. First: even
though the most probable fiber orientation is in the stream-
wise direction, as demonstrated by Zhang et al.7 and by
Mortensen et al.,8,9 fibers are aligned with the mean flow at
most 50% of the time in the most favorable case ��p

+=5, �
=50, Fig. 12�b��; orientation frequencies otherwise decrease,
either because the aspect ratio decreases �for instance, %t+

falls to about 30% for the �p
+=5 fibers with �=3� or because

the inertia decreases �for instance, %t+ falls to about 30%
also for the �p

+=30 fibers with �=50�. These percentages
indicate that the position of near-wall alignment imposed by
the streamwise fluctuations of the flow, though statistically
probable, is quite “unstable” and cannot be maintained for
very long times.

Second observation: elongation influences orientation
frequencies only for the two lower inertia fibers �Figs. 12�a�
and 12�b��, whereas negligible modifications are observed
for the two higher-inertia fiber categories �Figs. 12�c� and
12�d��; therefore, longer fibers have larger probability of be-
ing oriented in the streamwise direction provided that their
inertia is below a threshold value �between �p

+=5 and �p
+

=30�. If this condition is not met, the fiber may disengage
from turbulence dynamics more easily making near-wall
alignment difficult. Note that, since the direction cosines are
nonlinear functions, equally spaced bins for �cos��x�� corre-
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spond to bins of different amplitude for �x, the alignment bin
being wider than the others. We thus expect that results com-
puted considering equally spaced bins for �i would lead
to the same �probably even more striking� qualitative
conclusion.

It is interesting to correlate the results just discussed
with those obtained for the orientation frequencies in the
spanwise and wall-normal directions. Mortensen et al.8,9

have shown that the most probable kind of near-wall motion
for an ellipsoidal particle is rotation about the spanwise axis
�in the x-z plane� driven by the coupled effect of mean shear
and streamwise turbulent fluctuations. The same authors
have also shown that this motion may become less pro-
nounced according to fiber inertia: slower particles, i.e., par-
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FIG. 11. Schematics of angles �i used to compute the direction cosines. The
z� axis is used to determine fiber orientation with respect to a comoving
frame �x� ,y� ,z�� with origin in the fiber’s center of mass, �, and always
parallel to the inertial �Eulerian� frame of reference.
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ticles with higher inertia �corresponding to �p
+=30 in

Mortensen et al.;8 and to �p
+=10 in Mortensen et al.9�—are

less oriented in the spanwise direction and less aligned with
the wall as compared to faster particles, i.e., particles with
lower inertia �corresponding to �p

+=5 in Mortensen et al.;8

and to �p
+=0.5 in Mortensen et al.9�. Figure 13 supports these

conclusions in that �I� the orientation frequency is highest in
correspondence of the nonalignment bin ��cos��y�� in the
range �0:0.1��; and �II� the nonalignment bin is sampled
more often by the slower fibers ��p

+=30 and �p
+=100�. How-

ever, the figure also shows that fibers can maintain their po-
sition in the vertical x-z plane for rather short times, this
being true for all fiber categories but those characterized by
aspect ratio �=3: lateral tilting of these fibers is nearly sup-
pressed so they actually spend most of time �up to 70% for
fibers with �p

+=30 or �p
+=100� lying in the vertical plane. As

a final remark on Fig. 13, we note that, for a given value of
the aspect ratio, preferential sampling of the nonalignment
bin is a nonmonotonous function of fiber inertia: this can be
easily seen by comparing the values of %t+ for �p

+=100 with
those for �p

+=5 and �p
+=30.

To conclude our analysis on orientation, we consider
wall-normal orientation frequencies �Fig. 14�. It is apparent
that frequencies in the near-wall region change significantly
as fiber inertia increases. Let us consider the �p

+=1 case
first—Fig. 14�a�. Values of %t+ increase with increasing fiber

elongation when the direction cosine �cos��z�� is in the range
�0:0.1�: this means that longer fibers are found more fre-
quently aligned with the wall suggesting a preferred seesaw-
like rotation, characterized by alternate oscillations of the
fiber tips, as they are advected downstream. The trend is
enhanced for the case of �p

+=5 fibers with �=50, but damped
for smaller aspect ratios �Fig. 14�b��. This may be due to the
fact that the residual wall-normal turbulent fluctuations in the
proximity of the wall are not strong enough to lift the longer
fibers and induce planar rotation about the spanwise axis.
Orientation frequencies of slower fibers ��p

+=30 but also
�p

+=100, shown in Fig. 14�c� and Fig. 14�d�, respectively�
distribute almost evenly over all bins, with a slight increase
in correspondence of the alignment bin: this indicates that
fibers with sufficient inertia, i.e., large specific density,
change continuously their orientation with respect to the wall
suggesting a preferred tumbling-type clockwise rotation as
they are advected downstream. Note that fiber elongation is
always important in determining spanwise and wall-normal
orientation frequencies. This may be due to the fact that the
turbulent fluctuations in these directions are not strong
enough to stabilize fibers and damp elongational effects. As
discussed previously, stabilization without elongational ef-
fects can be achieved in the streamwise direction, where tur-
bulent fluctuations are stronger; yet it would require suffi-
cient inertia.
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FIG. 12. Streamwise orientation frequency �percent values� in the near-wall region �z+�10�. For comparison purposes, percent values in the center of the
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channel are also shown in the inset of each panel. Panels: �a� �p
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Results similar to those shown in Figs. 12–14 are ob-
tained when orientation frequencies are computed only for
fibers segregated into low-speed streaks, i.e., for fibers sam-
pling near-wall regions of lower-than-mean streamwise fluid
velocities. As an example, in Fig. 15 the near-wall condi-
tional orientation frequencies of the �p

+=30 fibers with �=50
�open symbols� are compared against their unconditional
counterparts �computed considering all fibers within the
same region of the flow, namely, z+�10�. Profiles almost
overlap, meaning that segregation into fluid streaks does not
produce a significant stabilizing effect on fiber rotational
motion.

In our opinion, such observables are important to inter-
pret, from a physical viewpoint, the combined effect of fiber
shape and inertia on macroscopic phenomena such as fiber
wall accumulation and fiber segregation, which depend on
the nature of fiber dynamics in connection with turbulence
dynamics.10

IV. CONCLUSIONS AND FUTURE DEVELOPMENTS

In the present work, the dynamics of prolate ellipsoidal
particles dispersed in a turbulent channel flow was analyzed
using DNS and Lagrangian fiber tracking. Prolate ellipsoids
were chosen because they reproduce quite reasonably the
behavior of rigid elongated fibers in a number of applications
of both scientific and engineering interest. Results obtained
for several combination of values sampling the �� ,�p

+�-space
indicate clearly that the coupling between the translation mo-
tion and the rotational motion of elongated fibers changes
significantly their wallward flux by changing the mean fiber
wall-normal velocity. This effect, which can ultimately be
ascribed to the shape of the fibers, adds to that due to their
inertia and, compared to the case of spherical particles,
modifies from a quantitative viewpoint the build-up of fibers
at the wall and the deposition rates. Such observables can be
explained by looking at fiber rotational dynamics: as shown
by the analysis of the near-wall fiber orientation frequencies,
the preferred condition of streamwise alignment with the
mean flow is unstable and can be maintained for rather short

times before fibers are forced to rotate around the spanwise
axis by the shear-induced wall-normal velocity gradient, thus
changing their local spatial distribution. The main future de-
velopment of this work is the inclusion of two-way coupling
effects in the simulations. Hopefully, through these new
simulations it will be possible to provide a physical explana-
tion to the mechanism of fiber-induced turbulent drag reduc-
tion, which has been observed in many experiments �see Ref.
2 for instance�.
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