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Direct numerical simulation (DNS) of small prolate ellipsoidal particles suspended in a turbulent channel
flow is reported. The coupling between the fluid and the particles is one-way. The particles are subjected
to the hydrodynamic drag force and torque valid for creeping flow conditions. Six different particle cases
with varying particle aspect ratios and equivalent response times are investigated. Results show that, in
the near-wall region, ellipsoidal particles tend to align with the mean flow direction, and the alignment
increases with increasing particle aspect ratio. When the particle inertia increases, the particles are less
oriented in the spanwise direction and more oriented in the wall-normal direction. In the core region of
the channel, the orientation becomes isotropic.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The suspension of small elongated particles in a turbulent
stream occurs in several industrial applications and environmental
phenomena, such as transportation of particles in pipes and chan-
nels, separation in cyclones, sediment transport in rivers and dis-
persion of small particles in the atmosphere. Most of the
research on particulate flows considers spherical particles. This is
often due to the isotropic nature of the sphere which makes it
much easier to represent both mathematically and numerically.
Since a sphere is isotropic, its orientation is immaterial, and the
translational motion can be solved independently of the rotational
motion. On the other hand, for elongated particles the orientation
must be considered since it influences the translational motion.

Even though most of the literature considers spherical particles
(see for instance Marchioli et al. (2007), Kuerten (2006) and Kulick
et al. (1994)), the study of elongated particles immersed in a vis-
cous fluid has been a subject for research through several decades.
There exist several analytical studies on elongated (ellipsoidal)
particles, see for instance Jeffery (1922), Brenner (1963, 1964)
and Harper and Chang (1968). Also, the literature reports both
numerical and experimental work on elongated particle or fiber
suspensions, such as Fan and Ahmadi (1995), Newsom and Bruce
(1994, 1998), Zhang et al. (2001), Lin et al. (2003) and Parsheh
et al. (2005) to name a few. Newsom and Bruce (1998) studied
the orientational behavior of fibrous aerosols in atmospheric tur-
bulence both experimentally and numerically and found that fibers
exhibited a tendency for horizontal orientation. Also, they found
ll rights reserved.

ortensen).
that the orientational preference was more sensitive to fiber diam-
eter than to length. Zhang et al. (2001) numerically investigated
the motion of ellipsoidal particles in a turbulent channel flow. They
reported the orientational statistics for ellipsoidal particles of as-
pect ratio 5 and equivalent response time s+ = 5 in the near-wall re-
gion. They found that the particles oriented in the streamwise
direction.

The purpose of the present paper is to study how small inertial
prolate ellipsoids orient in a turbulent shear flow. This study is
complementary to that by Zhang et al. (2001) and the effects of as-
pect ratio and particle inertia will be reported. It is assumed that
the particles are smaller than the Kolmogorov scale of turbulence
for a frictional Reynolds number of 360. Further it is assumed that
the flow field in the immediate neighborhood of the particles is lo-
cally Stokesian. The ellipsoids are subjected to hydrodynamic drag
force and torque (Jeffery, 1922). The coupling between the parti-
cles and fluid is one-way, i.e., the flow field only acts on the
particles.
2. Eulerian fluid dynamics

The incompressible, isothermal and Newtonian fluid into which
the particles are released is governed by the continuity and the Na-
vier–Stokes equation

r � u ¼ 0; ð1Þ
ou
ot
þ ðu � rÞu ¼ �rpþ Re�1

� r2u: ð2Þ

In the equations above, u = hux,uy,uzi is the fluid velocity vector, p is
the pressure and Re� = u�h/m is the frictional Reynolds number based
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Fig. 1. (a) Computational domain, (b) Cartesian coordinate systems; inertial frame
x, particle frame x0 and co-moving frame x00 , and (c) Orientational angles of an
ellipsoid with semi-major axis z0 .
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upon the friction velocity u*, channel height h and kinematic viscos-
ity m.

A direct numerical simulation is used to solve the fluid equa-
tions of motion (Eqs. (1) and (2)) at a frictional Reynolds number
Re* = 360. The size of the computational domain is 1.5h in the
streamwise direction, 0.75h in the spanwise direction and h in
the wall-normal direction, see Fig. 1(a). Periodic boundary condi-
tions are applied in the streamwise (x) and spanwise (y) directions,
respectively. In the wall-normal direction (z), no-slip conditions
are enforced at both walls (z = 0 and z = h). The computations are
carried out with 48 � 48 � 192 gridpoints in the x, y and z direc-
tions, respectively. In the wall-normal direction the grid is slightly
refined towards the wall such that Dz+ varies between 0.9 and 2.86
wall-units. The resolution in the homogeneous directions is
Dx+ = 11.3 and Dy+ = 5.6. The timestep is Dt+ = 0.036 in wall-units.
The same algorithm as that used by Gillissen et al. (2007) is em-
ployed for solving the fluid equations of motion.
Table 1
Particle parameters for the six different cases

Case k D s+ N

F10 10 23 0.5 20,000
F30 30 152 0.5 20,000
F50 50 377 0.5 20,000
S10 10 463 10 20,000
S30 30 3052 10 20,000
S50 50 7539 10 20,000
3. Lagrangian particle dynamics

The mathematical description of small inertial prolate ellipsoi-
dal particles suspended in a viscous shear flow is given in Zhang
et al. (2001) and Gallily and Cohen (1979). In this paper, the parti-
cles will be treated in the same fashion. Below, a short description
of the Lagrangian particle dynamics is given. The interested reader
is referred to Zhang et al. (2001) for a more detailed description.

In order to describe the general motion of prolate ellipsoids it is
convenient to invoke three different Cartesian coordinate systems:
the inertial frame, the particle frame and the co-moving frame. The
inertial frame, x = hx,y,zi, is the frame that spans the computa-
tional domain. The particle frame, x0 = hx0,y0,z0i, is attached to the
particle with origin at the particle mass-center. The coordinate
axes are aligned with the principal directions of inertia. The co-
moving frame, x00 = hx00,y00,z00i, is attached to the particle with origin
at the mass-center of the particle. The coordinate axes are parallel
to the inertial frame. The different coordinate systems are shown
in Fig. 1(b). The purpose of introducing the co-moving system is
to describe the orientational behavior of the ellipsoids. The particle
orientation is important since it influences both the rotational and
translational motion. The orientation of the particle frame relative
to the co-moving frame is given by the nine direction cosines
(Goldstein, 1980) which relate the same vector in two different
coordinate systems through the linear transformation x0 = Ax00,
where the orthogonal transformation matrix A comprises the
direction cosines.

The translational equation of motion is given by the linear
momentum relation according to

m
dv
dt
¼ F: ð3Þ

Here, m is mass of the ellipsoid and v = hvx,vy,vzi is the velocity vec-
tor. The drag force F acting on an ellipsoid under creeping flow con-
ditions is given by Brenner (1964)

F ¼ lAtK0Aðu� vÞ; ð4Þ

where l = qm is the dynamic viscosity of the fluid and K0 is the resis-
tance tensor.

An important parameter is the particle response time, i.e., the
time the particle needs to respond to changes in the flow field
due to its inertia. For an ellipsoidal particle which is non-isotropic,
the response time is not as obvious as for a spherical particle. Shap-
iro and Goldenberg (1993) defined an equivalent response time
based upon isotropic particle orientation and the inverse of the
resistance tensor. Zhang et al. (2001) presented their result in the
form

sþ ¼ 2kDaþ2

9
lnðkþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � 1

p
Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � 1

p ; ð5Þ

where D is the density ratio of particle to fluid and k = b/a is the as-
pect ratio where a is the semi-minor axis and b is the semi-major
axis of the ellipsoid. The superscript ‘‘+” indicates that the parame-
ters are scaled with viscous units m and u�.

The rotational motion of the ellipsoids is given by the Euler
equations (Goldstein, 1980)

I0xx
dx0x
dt
� x0yx

0
zðI
0
yy � I0zzÞ ¼ N0x; ð6Þ

I0yy

dx0y
dt
� x0zx

0
xðI
0
zz � I0xxÞ ¼ N0y; ð7Þ

I0zz
dx0z
dt
� x0xx

0
yðI
0
xx � I0yyÞ ¼ N0z; ð8Þ

where x0x, x0y and x0z are the components of the angular velocity vec-
tor, I0xx, I0yy and I0zz are the principle moments of inertia, respectively.
The right hand sides of the equations above are the Jeffery torque
components, Jeffery (1922). Notice that the Euler equations are
solved in the particle frame. In addition to the linear and angular
momentum relations, differential equations for particle positions
and particle orientations are solved.

The particle translational and rotational equations of motion
(Eqs. (3) and (6)–(8)) are solved by a mixed differencing procedure
(Fan and Ahmadi, 1995). Time integrations of particle positions and
orientations are made with a second order Adams–Bashforth
scheme. The time step used in the particle equations is the same
as that used for the Navier–Stokes equations. The particles are re-
leased randomly in the computational domain with random orien-
tations. The initial particle velocities equal the corresponding fluid
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velocities at the particle positions. The particle boundary condi-
tions are periodic in the two homogeneous directions. If a particle
hits the wall, it is re-introduced randomly into the computational
domain.
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Fig. 2. Pdf of particle orientations. Streamwise orientation (left), spanwise orientation (
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4. Results and discussion

In the present study, six different particle sets are investi-
gated, see Table 1. In all cases, the number of particles N is kept
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constant. The density ratio D is varied in order to fix the re-
sponse times for different aspect ratios. The results will focus
on the orientation of the ellipsoids, where the orientation is de-
scribed by the three angles (or direction cosines) the ellipsoids
semi-major axis makes with the axes of the co-moving system,
see Fig. 1(c).
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Fig. 4. Pdf of particle orientations. Streamwise orientation (left), spanwise orientation (m
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4.1. Ellipsoids with equivalent response time s+ = 0.5

The probability density function of particle orientations (mean
direction cosines) is shown in Fig. 2. It is seen that the particles
have large probability of orientation in the streamwise direction
and lower probability of being oriented in the spanwise and
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wall-normal direction. These probabilities become more pro-
nounced with increased aspect ratio k.

Fig. 3(a)–(c) shows the mean orientations of the ellipsoids rela-
tive to x, y and z directions, respectively. It is seen that particles
achieve increasing orientation in the streamwise direction in the
near-wall region with increasing aspect ratio. Also, it is noted that
the peak is shifted towards the wall with increasing aspect ratio.
The opposite trend is seen for the spanwise orientation
(Fig. 3(b)), in which direction the particles seem to be less oriented
with increasing aspect ratio. The wall-normal orientation is shown
in Fig. 3(c). In the core of the channel, the particles are oriented to-
wards the wall while they are more aligned with the wall in the
near-wall region. In the near-wall layer, the streamwise turbulent
fluctuations dominate the spanwise and wall-normal fluctuations.
It is possible that the net effect of the fluctuations is to stabilize the
ellipsoids such that they mostly orient in the streamwise direction
due to the dominating streamwise turbulent intensity. Also, since
the particles mainly rotate about the y00 axis (not shown here), they
will spend most of their time oriented in the streamwise direction.
When the aspect ratio increases, the moment of inertia about the
two semi-minor axes becomes larger. Hence, the effect is that
the ellipsoids have larger probability of being oriented in the
streamwise direction with increasing aspect ratio. In the core re-
gion of the channel, where the turbulent fluctuations are nearly
isotropic, the orientation also becomes isotropic. The particles do
not seem to preferentially orient in a specific direction.

The fluctuations of the particle orientations are shown in
Fig. 3(d)–(f). Away from the wall (z+ > 40) the fluctuations become
isotropic. In the near-wall region, the orientational fluctuations
dominate in streamwise and spanwise directions while they are
less prominent in the wall-normal directions.
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Fig. 6. Pdf of particle streamwise orientations jcoshxj; (—) s
4.2. Ellipsoids with equivalent response time s+ = 10

Fig. 4 shows the probability of orientation for ellipsoids with
equivalent response time s+ = 10. Also here it is seen that the par-
ticles have larger probability of orienting in the streamwise direc-
tion and this tendency increases with aspect ratio. It is interesting
to see that case S10 particles behave quite differently than S30 and
S50 particles. Comparing case F10 and case S10 it is seen that F10
particles have larger probability of being oriented in the spanwise
direction. Also, S10 particles seem to be more oriented in the wall-
normal direction.

The absolute value of the mean direction cosines for ellipsoids
with equivalent response time s+ = 10 is shown in Fig. 5(a)–(c).
Comparing with Fig. 3, the effect of particle inertia is important
for the orientations. In this case, also here the particles seem to pref-
erentially orient in the streamwise direction in the near-wall region.
This tendency increases with particle aspect ratio. On the other
hand, the particles seem to be less oriented in the spanwise direc-
tion as compared to Fig. 3 and less aligned with the wall. It is possi-
ble that, due to the increased inertia, the particle orientation is
basically affected by the mean shear and the dominating stream-
wise turbulent intensity. The effect of the streamwise turbulent
fluctuations would be to orient the particles with the mean flow
direction, and the mean shear would rotate the particle about the
spanwise axis. Since it is expected that the turbulent intensities con-
tribute more to the orientation for lighter particles (case F10, F30,
F50), it can explain why the orientation of the heavier particles (case
S10, S30, S50) seems to be more confined to the xz-plane. Therefore,
the heavier particles will be less oriented in the spanwise direction.

Fig. 5(d)–(f) shows the fluctuations in orientation for s+ = 10
particles. Also here, the fluctuations become more or less isotropic
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away from the near-wall region (z+ > 40). It is seen that the heavier
particles fluctuate more in streamwise and wall-normal orienta-
tion. The only exception is for S10 particles in the region z+ < 7
where the fluctuations in the streamwise orientation for F10 parti-
cles are larger. Anyway, the small fluctuations in spanwise orienta-
tion support the idea that the orientation of heavier particles is
largely confined to the xz-plane.

The previous results that ellipsoidal particles have preferred
orientations in the streamwise direction are in agreement with
the results of Zhang et al. (2001). They only considered ellipsoids
of aspect ratio k = 5 and equivalent response time s+ = 2.26 in the
near-wall region (viscous sublayer, buffer layer). Here, we have
used the same mathematical formulation of the particles and a
slightly different numerical approach. Also, we have investigated
a wider particle parameter space and showed results for the whole
turbulent wall layer. It is evident that both the aspect ratio and
equivalent response time are important parameters for the orien-
tational behavior of prolate ellipsoids. The results show that
streamwise orientation increases with increasing particle length
for fixed particle diameters. Newsom and Bruce (1998) stated that
the horizontal orientation was more sensitive to fiber diameter
than to fiber length. Assuming that Eq. (5) holds for their fibers,
the tendency of horizontal orientations increases with increasing
inertia. This is exactly what the present results show. Fig. 6 shows
a close up of the probability curves for the streamwise orientation
in Figs. 2 and 4. It is seen that higher inertia particles have higher
probability of orienting in the streamwise direction for a fixed
diameter. Hence, in the present case, the increased inertia for fixed
particle diameters contributes to the higher probability of stream-
wise alignment.

5. Conclusions

Direct numerical simulation has been conducted in order to
study the orientation of ellipsoidal particles in a turbulent channel
flow. It was assumed that the particles were smaller than the Kol-
mogorov scales at a frictional Reynolds number of 360. The creep-
ing flow versions of the drag force and torque were applied in the
particle equations of motion. Six different particle cases with vary-
ing aspect ratios and particle equivalent response times were stud-
ied. Results show that, in the near-wall region, prolate ellipsoids
tend to orient in the mean flow direction. This effect becomes more
pronounced with increasing aspect ratio. The effect of increasing
particle inertia causes the particle orientation to be more confined
to the xz-plane. Hence, the heavier particles are less oriented in the
spanwise direction. In the core region of the channel, the orienta-
tions become isotropic.
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