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Abstract

Ellipsoidal particle transport and deposition in dilute turbulent channel flows are studied. The in-
stantaneous fluid velocity field is generated by the direct numerical simulation (DNS) of the Navier—
Stokes equation via a pseudospectral method. The particle equations of motion used include the hy-
drodynamic forces and torques, the shear-induced lift and the gravitational forces. Euler’s four param-
eters (quaternions) are used for describing the time evolution of particle orientations. Ensembles of
ellipsoidal particle trajectories in turbulent channel flows are generated and statistically analyzed. The
results are compared with those for spherical particles and their differences are discussed. Effects of
particle size and aspect ratio, turbulence near wall eddies, and the gravitational and hydrodynamic forces
are studied. The DNS predictions are compared with the available experimental data and earlier sublayer
model simulation results and reasonable agreements are observed. © 2001 Elsevier Science Ltd. All
rights reserved.

1. Introduction

Transport and deposition of aerosol particles in turbulent flows have been the subject of intense
research in the past few decades due to their numerous scientific and engineering applications. Air
pollution control, pneumatic transport, coal combustion and gasification, inhalation toxicology,
clean room application and microcontamination in semiconductor industry are among the areas
in which the knowledge of particle dispersion and deposition plays a critical role.
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Extensive experimental and computational studies related to particle transport in turbulent
flows were reported in the literature (Hinze, 1975; Hinds, 1982; Wood, 1981a,b; Ahmadi, 1993).
Papavergos and Hedley (1984) and McCoy and Hanratty (1977) reviewed the available ex-
perimental measurements of the deposition rates of particles and droplets in turbulent gas flows
in vertical pipes. Correlations relating the deposition velocity to particle relaxation time and
particle Schmidt numbers were suggested by Wood (1981a,b) and Papavergos and Hedley
(1984). A sublayer model for particle resuspension and deposition in turbulent flows was
proposed by Cleaver and Yates (1973, 1975, 1976), Fichman et al. (1988) and Fan and Ahmadi
(1993).

Direct numerical simulations (DNS) of particle deposition in wall bounded turbulent flows
were performed by McLaughlin (1989) and Ounis et al. (1991, 1993). These studies were con-
cerned with clarifying the particle deposition mechanisms. Brooke et al. (1992) performed detailed
DNS studies of vortical structures in the viscous sublayer. Pedinotti et al. (1992) used the DNS to
investigate the particle behavior in the wall region of turbulent flows. They reported that an
initially uniform distribution of particles tends to segregate into low speed streaks and resus-
pension occurs by particles being ejected from the wall. The DNS simulation was used by Soltani
and Ahmadi (1995) to study the particle entrainment process in a turbulent channel flow. They
found that the wall coherent structure plays a dominant role in the particle entrainment process.

Squires and Eaton (1991a) simulated a homogeneous isotropic nondecaying turbulent flow field
by imposing an excitation at low wave numbers, and studied the effects of inertia on particle
dispersion. They also used the DNS procedure to study the preferential microconcentration
structure of particles as a function of Stokes number in turbulent near wall flows (Squires and
Eaton, 1991b). Kulick et al. (1994) studied the particle response and turbulence modification in a
fully developed turbulent channel flow. Rashidi et al. (1990) performed an experiment to study the
particle—turbulence interactions near a wall. They reported that the particle transport is mainly
controlled by the turbulence burst phenomena.

The currently available theoretical works on turbulent deposition are exclusively concerned
with idealized spherical particles. Most natural dust and solid aerosol particles generated in in-
dustrial processes are, however, nonspherical. The motions of nonspherical particles in turbulent
flows are much more complicated than those of their spherical counterpart. For nonspherical
particles, the orientation and rotational motion are strongly coupled with translation motion and
their effects can no longer be neglected.

In the past two decades, transport of nonspherical aerosol particles has received increasing
attention. Gallily and co-worker (Gallily and Eisner, 1979; Galliy and Cohen, 1979; Schiby and
Gallily, 1980; Einser and Gallily, 1982; Krushkal and Gallily, 1984) conducted a series of theo-
retical and experimental studies on the orderly, as well as stochastic motions of ellipsoidal particle
in laminar flows. Asgharian et al. (1988), Asgharian and Yu (1989), Chen and Yu (1990), and
Johnson and Martonen (1993) studied the deposition of fibers in the pulmonary track of humans
and animals. Detailed analysis of ellipsoidal particle motion in shear flows was performed by
Hinch and Leal (1976), Koch and Shagfeh (1990), and Shagfeh and Fredrickson (1990). Massah
et al. (1993) studied the motion of fibers in transient rheological flows and in a turbulent flow.
Foss et al. (1989) and Schamberger et al. (1990) analyzed the collection process of prolate
spheroids by spherical collectors. Gradon et al. (1989) considered the deposition of fibrous
particles on a filter element.
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Studies of the motions of nonspherical particles in turbulent flows are, however, rather scarce.
Recently, Krushkal and Gallily (1988) described the orientation density function of ellipsoidal
particles in turbulent shear flows and discussed its application to the atmospheric boundary layer.
Fan and Ahmadi (1993, 1995b) studied the dispersion of ellipsoidal particles in an isotropic
pseudoturbulent flow field. A procedure involving Euler’s four parameters, which avoids the
inherent singularity of using Euler angles, was also adopted by Fan and Ahmadi (1995b,c). Re-
cently, Fan et al. (1997), Soltani et al. (1997), and Soltani and Ahmadi (2000) evaluated the
hydrodynamic forces and torques acting on multi-link fibers by treating each link as being an
elongated ellipsoid. The dispersion of multi-link fibers was then analyzed numerically by Soltani
and Ahmadi (2000).

In this work, ellipsoidal particle transport and deposition in dilute turbulent channel flows are
studied. The turbulent flow field is generated by the direct numerical simulation of the Navier—
Stokes equation. The hydrodynamic drag and torque, the shear-induced lift and gravitational
forces are included in the governing equations. Euler’s four parameters (also known as quater-
nions) are used for describing the time evolution of ellipsoidal orientation. The predicted depo-
sition velocities are compared with the available experimental data and the earlier simulation
results. Ensembles of ellipsoidal particle trajectories are evaluated and statistically analyzed. The
effects of particle size, aspect ratio, turbulence near wall eddies, and various forces acting on the
particles are studied. The deposition rates of ellipsoidal particles are also evaluated and the results
are compared with the available experimental data.

2. Assumptions and limitations

To make the simulation of fiber transport in turbulent flow manageable, several assumptions
were made. It is assumed that the flow is sufficiently dilute that the effect of particles on the flow
can be neglected. In addition, the particle—particle collision as well as aggregation effects are ig-
nored. The fiber diameters used are also greater than 1 um, with an aspect ratio between 1 and 10.
Thus, the Brownian motion of these particles is also negligible. Another important assumption
made is that the fiber size is, generally, less than the Kolmogorov length-scale. Since the slip
velocity is small, the expressions for the forces and torques acting on the fiber under the creeping
flow regime can be used.

Therefore, the simulation results are limited to dilute flows, and for collection of fibers that are
larger than a few micrometers, but smaller than the turbulence Kolmogorov length-scale. While
these limitations are quite important, the simulation results are applicable for dilute air flows with
a velocity of a few m/s in ducts with a diameter of a few centimeters, which have many practical
applications.

3. Turbulent flow velocity field
The instantaneous fluid velocity field in the channel is evaluated by the DNS of the Navier—

Stokes equation. It is assumed that the fluid is incompressible and a constant mean pressure
gradient in the x-direction is imposed. The corresponding governing equations of motion are:
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V-u=0, (1)
a—u+u Vu—vvzu—iVP (2)
ot N pt 7

where u is the fluid velocity vector, P the pressure, p' the density, and v is the kinematic viscosity.
The fluid velocity is assumed to satisfy the no slip boundary conditions at the channel walls. In
wall units, the channel has a width of 250, and a 630 x 630 periodic segment in the x- and z-
directions is used in the simulations. A 16 x 65 x 64 computational grid in the x-, y-, z-directions
is also employed. The grid spacings in the x- and z-directions are constant, while the variation of
grid points in the y-direction is represented by the Chebyshev series. The distance of the ith grid
point in the y-direction from the centerline is given as

yi:gcos(n’i/M), 0<i<M. (3)

Here M = 64 and there are 65 grid points in the y-direction.

The channel flow code used in this study is the one developed by McLaughlin (1989). To solve
for the velocity components by pseudospectral methods, the fluid velocity is expanded in a three-
dimensional Fourier—-Chebyshev series. The fluid velocity field in the x- and z-directions is ex-
panded by the Fourier series, while in the y-direction the Chebyshev series is used. The code uses
an Adams-Bashforth—Crank—Nickolson (ABCN) scheme to compute the nonlinear and viscous
terms in the Navier—Stokes equation and performs three fractional time steps to forward the fluid
velocity from time step (N) to time step (N + 1). The details of the numerical techniques were
described by McLaughlin (1989). In these computer simulations, wall units are used and all
variables are nondimensionalized in terms of the shear velocity »* and kinematic viscosity v.

McLaughlin (1989) showed that the near wall root-mean-square (RMS) fluctuation velocities as
predicted by the present DNS code are in good agreement with the high resolution DNS code of
Kim et al. (1987). Zhang and Ahmadi (2000) showed that the present DNS with a grid size of
16 x 64 x 64 can produce first- and second-order turbulence statistics that are reasonably accu-
rate when compared with the results of high resolution grids of 32 x 64 x 64 and 32 x 128 x 128.
In this study, for the sake of computational economy, the coarser grid is used.

Fig. 1 shows a sample instantaneous velocity field at /* = 100 in different planes. While the
velocity field in the y—z plane (at x* = 157.5) shown in Fig. 1(a) has a random pattern, near wall
coherent eddies and flow streams towards and away from the wall can be observed from this
figure. Fig. 1(b) shows the velocity vector plot in the x—y plane (at z* = 157.5 ). Random devi-
ations from the expected mean velocity profile are clearly seen. The velocity field in the x—z plane
(at y© = 88.4) shown in Fig. 1(c) indicates that the flow is predominantly in the x-direction. The
near wall low and high speed streaks are also noticeable from this figure.

4. Ellipsoidal particle equation of motion

This section outlines the kinematics and dynamics of a rigid nonspherical particle suspended in
the turbulent channel flow field.
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Fig. 1. Sample velocity plot parallel to (a) the y—z plane, (b) the x—y plane, (c) the x—z plane.

4.1. Kinematics
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Fig. 2(a) shows the coordinate systems associated with the motion of an ellipsoidal particle in a
general flow field. Here, x = [x,y,z| is the inertial coordinates, and x = [x,y,2] is the particle
coordinate system with its origin being at the particle mass center and its axes being the principal
axis. In this figure, a third coordinate system X = [;E, ¥, z] with its origin coinciding with that of the
particle frame and its axes being parallel to the corresponding axes of the inertial frame is also
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Fig. 2. (a) An ellipsoidal particle and the corresponding coordinate systems; (b) coordinate systems defining (i) the
Euler angles and (ii) Euler’s four parameters.

shown. This third coordinate system will be referred to as the co-moving frame. The transfor-
mation between the co-moving frame coordinates and the particle frame coordinates is given by
the linear relation

X = AX. (4)
Here, a boldfaced capital letter denotes a matrix while a boldfaced lower-case letter denotes a
vector. According to Goldstein (1980) and Hughes (1986), the transformation matrix A = [a;]
may be expressed in terms of Euler angles or Euler’s four parameters (quaternions) i.e.,

[ coscos ¢ — cos 0sin ¢ sin cosysin¢ + cosfcospsiny  sinysinf

A= | —sinycos¢p —coslsin¢cosyy —sinysin¢d + cosfcos¢pcosy cosysinb (5)
sin 0'sin ¢ —sinfcos ¢ cos

or
[(1-2(+¢&) 2ae+en) 2ee —en)

A= | 2ee —ean) 1-2(E+¢) 2es+ean) |, (6)
| 2(eser +en)  2(se—ean) 1—2(e+83)

where ¢, 0, and y are the Euler angles (the x-convention of Goldstein, 1980), while ¢, &, &3, 1 are
Euler’s four parameters. Fig. 2(b)(i) and (ii) illustrates the definition of the Euler angles and
Euler’s four parameters. The Euler four parameters are related to the axis and angle of rotation by
61,62, 63] = esin(Q/2) and 5 = cos(Q/2), where superscript T denotes a transpose, e the unit
vector along the axis of rotation, and Q is the angle of rotation. In this study, due to the inevitable
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singularity in evaluating the time rates of changes of Euler angles (Fan and Ahmadi, 1995b,c),
Eq. (6) is used in the numerical simulation of particle motions. However, Euler angles which are
mutually independent variables and Eq. (5) are used to assign the initial particle orientations.

The most general rotation of a rigid body has three degrees of freedom. Therefore, Euler’s four
parameters are subject to a constraint given as

gtetatn =1 (7)

The four parameters may also be expressed in terms of the elements of the transformation matrix
or the Euler angles. That is, for n # 0,

0 =+5(1 +an +axn +ax)'"? = (1 + cos 0)(1 + cos( + )], (8)
£ | |as—ax 1 sin 0( cos ¢ + cos )
& | = y ay —ap | = y sin 0( sin ¢ — sin ) . 9)
&3 " ajp — dyy n (1 + cos 0) sin ((ﬁ-’—lﬁ)
For n =0,
1
b = /2 (10)
2
ap
_ 42 11
& 281 ) ( )
as
== 12
&3 2827 ( )

where a;; (elements of A) are the direction cosines. The nonuniqueness of the values as given by
Egs. (8)—(12) does not introduce any difficulty because both the choices lead to the same particle
trajectory.

The time rates of change of [e, ¢, &3, ] are related to the particle angular velocities with respect
to the particle frame, [w;, wy, 0] i.e.,

d81/dl nw; — &3y + & w;
dey/de | 1 83005 + MWy — €10z (13)
d83/dl o 21 —ew; + &1y + now: ’
dn/dt —81z — &0y — E3(;
where ¢ is the time.
The translational displacement of the particle is described by

dx

= _ 14

" (14)

where v is the translational velocity vector of the particle mass center.
4.2. Dynamics

For a nonspherical particle moving in a general flow field, the translational motion in the
laboratory frame and the rotational motion in the particle frame are governed by
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dv

= (mP —m")g + " + 1", (15)
If% — wyw:(l; — L) = T, (16)
Iﬁ% — w:wi(l: — 1) = Ty, (17)
I dgié — wgy(l; — I;) = T!. (18)

In these equations, the following notations are used:

mP mass of the particle

m' mass of the fluid the particle displaces

t time

V = [y, Uy, V2] translational velocity vector of the particle mass center
g=[g,8,8] acceleration of gravity

' = [ N fzh} hydrodynamic drag acting on the particle

- = [ s fZL} shear-induced lift acting on the particle

L, Iy, I particle moments of inertia about the principal axes (%, 7, 2)
W3, Wy, W: particle angular velocities with respect to the principal axes
T, T2, TP hydrodynamic torque acting on the particle with respect to the

principal axes

It should be emphasized that, in Egs. (15)—(18), the translation motion is expressed in the inertial
frame, while the rotational motion is stated in the particle frame.

4.3. Hydrodynamic drag

The hydrodynamic drag force acting on an ellipsoidal particle in a general flow field under
Stokes flow condition was obtained by Brenner (1964) in the form of an infinite series of fluid
velocity and its spatial derivatives. The higher-order terms are proportional to higher-order
powers of particle minor axis. Retaining only the first term of the series for small particles, it
follows that

fh = /maf( “(u—v), (19)

where p is the dynamic viscosity of the fluid, a is the semi-minor axis of the ellipsoid of revolution
and u = [u,, u,, u.] is the fluid velocity vector at the particle centroid in the absence of the particle.
In this equation, the translation dyadic (also known as the resistance tensor) is given by

K — A'KA. (20)

The particleframe translation dyadic K = [k;;] for an ellipsoid of revolution along the z-axis is a
diagonal matrix with
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ke = gy = 16(" ~1) , (21)
V {(2ﬂ2—3)ln<ﬁ+\/ﬁ2—1>/\/ﬁ2—1]+[3
e 8- 1) (22)

[(2/32— 1)In (/3+ VF - 1>/\/ﬁ2— 1] —p

where § = b/a is the particle aspect ratio (ratio of the semi-major axis to the semi-minor axis).
Note also that the elements of the particle-frame translation dyadic are such that the translation
dyadics, K and K, are dimensionless quantities (Fan and Ahmadi, 1995c¢).

4.4. Shear-induced lift

The shear-induced lift force acting on an arbitrary-shaped particle was obtained by Harper and
Chang (1968) as

2,0 . .
L mua®  Ou/dy (24 AN
o2 ’aux/ay|l/2 (K L K) (ll V), (23)
where
0.0501 0.0329  0.00
L= {0.0182 0.0173 0.00 |. (24)
0.00 0.00  0.0373
For the limiting case of a spherical particle, Eq. (23) reduces to
2,0

L:367r ua®  Ou,/dy Lo (u—v). (25)

V2 B, /oy

Note that the y-component lift force induced by the velocity difference in the x-direction as
evaluated from Eq. (25) agrees with the result of Saffman (1965, 1968). Recently Cherukat and
McLaughlin (1990), McLaughlin (1991, 1993) provided improved expressions for the lift force
acting on spheres by including the wall effects and relaxed certain Reynolds number constraints.
However, such corrections for the inertial lift for ellipsoids have not been developed as yet. Earlier
simulations reported by Chen and Ahmadi (1997) and McLaughlin (1989) for spherical particles
showed that the lift force correction on the particle transport and deposition is small in most
situations. Therefore, here Eq. (23) is used.

4.5. Hydrodynamic torque

The hydrodynamic torque acting on an ellipsoidal particle suspended in a linear shear flow was
obtained by Jeffery (1922). The flow near a small particle may locally be approximated as a linear
shear. Consequently, the result of Jeffery (1922) may be used.
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For an ellipsoid of revolution with its major axis along the Z-axis, the expressions for hydro-
dynamic torques are given as
16mpua®p
I =~ (1= B)ds+ (14 ) (g — o09)]
3(Bo + ) ’
o 16nua’p

(26)
7 —m[(ﬁ — l)dxz+(l+ﬂ )(ng—a)};)], (27)
ho 32nua’p

: =5 (Wi — @3),
S e A
where

(28)

1 aug au); _ 1 Guf 6u2
t=3(G+ %) = )

29
2\ oz + 0x (29)
1 aug Gu}: 1 alzl)g 6u2 . 1 61@ au@
ny_z(&y‘az)’ Wﬁ_z(az‘a;e)’ Wﬁ_z(aﬁ_aﬁ) (30)
are the elements of the deformation rate and the spin tensors. The dimensionless parameters in
Eqgs. (26)—(28) were given by Galliy and Cohen (1979) as
2
B’ i p—/B -1
c(():ﬁo: > + 3/2 ln 9 (31)
Pl =07 | p+y/p-1
o2 BB g1
0 -1 ( 2 1)3/2

. (32)
B+ B —1
transformation

The velocity gradient in the particle frame needed in Egs. (29) and (30) may be obtained using the

G=AGA

(33)
where G and G stand for dyadics expressed in the particle and the co-moving frames, respectively.

4.6. Nondimensional equation of motion

as

4 4
mP = gﬂicfﬁpp, m' = §Ea3ﬁpf,

In Egs. (15)—(18) the mass of the ellipsoid of revolution and the displaced fluid mass are given

(34)

where pP and p" denote the densities of the particle and the fluid, respectively. The principal
moments of inertia for the particle are given by
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1+ f)d? 2
(+F)e Sﬁ)“ m, I :%mp. (35)
The nondimensional governing equations may be obtained using the following dimensionless
quantities (wall units)

=1 =

llJr = E’ VJr = s XJr = i, (,lJr = aw s [+ u s (36)
u* u* u* \J
WiV WyV N sV
ol = e a); = o] = X (37)
Using Egs. (19) and (23), Egs. (13)-(18) may be restated in nondimensional forms as
dx* N
@ =V, (38)
de; /de+ nof — eo; + e’
dey/det | 1 ol + nw;f — g o) (39)
des/dt™ | 2 | —e0] +e0] +nof |’
dn/de* —g o) — sza)yf — o)
dv" S—1Y\ | 3 A
A K- (ut —vt
dr < S >g tapsa k@ =)

3t Oulf/oyt /4 2
x K-L-K)-(u —v* 40
+w&wmy@wﬁ( )@ =) (40)

dw;—aﬁw*(l— 2 >+ 20
dee N L B (B B (14 ) Sa?
< |(U= B)s + (14 8) (wh = o )] (41)
dw} 2 20
dre 2 < L+ p ) (%0 + By0) (1 + ) Sa*?
< [( = Dal+ (148 (wh - o)) )
dof 20 N N
At (a0 + Bg)Sa’? (5 - 7). (43)
In Eq. (40), the density ratio and the nondimensional gravitational acceleration are defined as
s gV (44)
- pf ) g - u*3 g

are also used. Here superscript “+” identifies a nondimensionalized quantity. Therefore,
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1 /Out Oul 1 /0ul Ouf
dj::_ z y dﬂ::_ X Z 45
2 2<ay++az+>’ 2<az++ax+>’ (43)

1 /ouf Oul 1 /0uf Ouf 1 /Oul Out
+ z _ Yy t — x _ 77z + _y X 4
"o T3 <ay+ o2t ) e ) <62+ 0%+ > HC ) (6)€+ o+ ) (46)

are, respectively, the nondimensional deformation rate and spin tensors. When the nondimen-
sional parameters for physical properties of the ellipsoidal particles and the flow field are specified,
Eqgs. (38)-(43) may be used to evaluate the particle translational and rotational motions.It is
advantageous to introduce a suitable equivalent relaxation time for the ellipsoidal particles.
Shapiro and Goldenberg (1993) suggested using a relaxation time based on the assumption of
isotropic particle orientation and the averaged mobility dyadic (inverse of the translation dyadic),

1e.,
:4ﬂSa+2 <i i i) :2ﬁSa+2 11’1 (ﬁ+ \/ ﬁ2_1>
9 [ 1

Fan and Ahmadi (1995b) used the orientation averaged translation dyadic instead of the mobility
dyadic. Accordingly, the equivalent particle relaxation time is defined as

. 4BSat? .
It should be emphasized that both Egs. (47) and (48) reduce to the correct r; = 28a*?/9 at the
limit of spherical particles. It was also shown by Fan and Ahmadi (1995b) that both definitions
for equivalent relaxation time serve equally well in characterizing the motion of ellipsoidal par-

ticles. Eq. (48) is used in the subsequent sections for evaluating the equivalent relaxation time of
ellipsoidal particles.

+

Teq 9

(47)

(48)

5. Deposition velocity and empirical model

The dimensionless deposition velocity for particles with a uniform concentration C, near a
surface is defined as

ug =J/(Cou’), (49)

where J is the particle mass flux to the wall per unit time. In the computer simulation, the particle
deposition velocity is estimated as

uj = Na/tq ,
No/yy

where N, is the initial number of particles uniformly distributed in a region within a distance of y;
from the wall, and Ny is the number of deposited particles in the time duration #;. In practice, the
time duration should be selected in the quasi-equilibrium condition when Ng4/f7; becomes a con-
stant.

(50)
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Shapiro and Goldenberg (1993) proposed several empirical equations for predicting the effect of
fiber length on the deposition velocity in vertical and horizontal ducts. Kvasnak and Ahmadi
(1995) modified Wood’s equation along the lines of Shapiro and Goldenberg to obtain an
improved empirical model for the deposition velocity of straight fibers given as

uj =4.5x 10*41;2 +5x 10737 + T8 (51)
where LT = Lu*/v = 2a™* f§ is the nondimensional particle length. The first term in Eq. (51) is the
ellipsoidal particle deposition induced by eddy diffusion impaction. The second term is due to the
interception mechanism and the third term corresponds to the gravitational sedimentation in
horizontal ducts.

Fan and Ahmadi (1993) developed a semi-empirical equation for the deposition velocity of
spherical particles on smooth and rough surfaces in vertical ducts. Fan and Ahmadi (2000) ex-
tended their equation to cover Brownian diffusion of straight fibers in turbulent flows. Soltani and
Ahmadi (2000) also provided a modified equation for application to curly fiber deposition on
smooth surfaces in the absence of gravitational effects and lift force.

Based‘on the expression for 7/, given by Eq. (48), an equivalent particle diameter may be
defined, i.e.,

187+
— ([ Cea
d:q = 5 (52)

When gravitational effects are present, the following empirical equation for ellipsoidal particle
deposition on smooth surface is proposed:

ﬂliﬁzz f 41@5;7*5* )
3 0.01085(8+3) (14102 LT) .
q ] +
0.0185 x if uf <0.14,

eq® 7
+2,+
0.01085(1+7,2L7)

—(13,-10)?/32 1
X [1 + 8e T ] 1-cf 2L (1+(g*/0.037))

_ 0.14 otherwise,
where the nondimensional lift coefficient is defined as

L. 308 0725
1 = o7r — .
SH% 1/Srjq

For f =1, Eq. (53) reduces to the empirical equation for spherical particles suggested by Fan and
Ahmadi (1993). In Eq. (53), g* is the nondimensional acceleration of gravity given by Eq. (44).
For downward duct flows, g* is positive and for upward flows, g* is negative. For a horizontal
channel, g" = 0 and the gravitational sedimentation velocity tj,g" should be added to Eq. (53).
This equation is used in the next section for comparison with the DNS results and the experi-
mental data for elongated particle deposition rates.

(54)
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6. Simulation procedure

A computer program for solving the translation and rotation of an ellipsoidal particle in the
three-dimensional turbulent flow fields generated by the DNS is developed. The computational
algorithm consists of the following steps:

1. Initial positions and orientations (Euler’s angles ¢, 6 and /) of ellipsoids and the initial velocity
conditions for particle velocities and angular velocities are specified. Here the fiber initial veloc-
ities and angular velocities are set equal to that of fluid velocities and angular velocities at the
ellipsoid centroids.

2. Parameters ¢, &, &3, and 7 are evaluated using Egs. (8)—(12).

. Egs. (5) and (6) are used to obtain the transformation matrix A.

4. The fluid velocity, u™, and the fluid velocity gradient tensor, du; /0x], at each particle centroid
are evaluated and Egs. (20) and (33) are used to obtain the resistance and velocity gradient
matrices K and G.

5. Equations of motion as given by Eqs. (38)-(43) are solved for determining the new particle
position and Euler’s parameters.

6. The program returns to step 3 and continues the procedure until the desired time period or the
termination condition is reached.

The fourth-order Runge-Kutta scheme is used for the numerical integration of Eq. (39) and the

Adams scheme is used to advance the particle positions. The implicit Euler backward scheme is

used to discretize Eqs. (40)—(43) to obtain the new velocity and angular velocity of each ellipsoid.

Here, Att = 0.2 (i.e., At=333x 1073 s for u* = 0.3 m/s and v = 1.5 x 107°m?/s) is used for

integrating the equations of motion.

|98

7. Simulation results

In this section, results concerning transport and deposition of ellipsoidal particles in turbulent
channel flows are presented. In the simulation, a temperature of 7 = 298 K, a kinematic viscosity
of v=1.5 x 1073 m?/s, and a density of p’ = 1.12 kg/m? for air are assumed. In such a condition,
the flow Reynolds number based on the shear velocity, »*, and half-channel width is 125, while the
flow Reynolds number based on hydraulic diameter and the centerline velocity is about 8000. The
density ratio and shear velocity are varied and a range of diameters and aspect ratios are studied.
Ensembles of 8192 or 15,000 are used for evaluating the particle trajectories statistics and
deposition velocities.

It is assumed that an ellipsoidal particle deposits on a wall when the particle surface touches the
wall. The detailed procedure for checking the condition for the ellipsoid to touch the wall was
described by Fan and Ahmadi (1995¢) and, therefore, is not repeated here.

In the first set of simulations, ellipsoidal particles are initially distributed with a uniform
concentration between 1 and 30 wall units and particle trajectories are evaluated for a duration of
100 wall units of time. The streamwise direction is along the x-coordinate and y™ = £125 are the
locations of the side walls. For #* = 0.3 m/s, S = 1000, f = 5 in a horizontal duct, sample vari-
ations of the number of deposited particles versus time for different minimum diameters are
shown in Fig. 3. It is observed that the number of deposited particles increases with particle
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Fig. 3. Variations of the number of deposited ellipsoidal particles versus time.

diameter in the size range shown in this figure. Also the rate of particle deposition reaches its
equilibrium limit after about 30 wall units of time.

7.1. Concentration profiles

The variation of particle concentration in turbulent dilute channel flows is also studied.
Ensembles of 15,000 ellipsoidal particles are initially uniformly distributed across the entire
channel with random orientations. For a fixed equivalent particle relaxation time of 7, = 2.26
and different aspect ratios, f8, the time evolution of concentration is studied. The trajectories of
particles were computed in a time period of 0-300 wall units. The concentration C(y) is eval-
uated by C(y) = N,/N, where N, is the number of particles in the region [y,y + Ay| and N is the
total number of particles. In these calculations, a bin size of Ay = 0.25 wall units is considered
and the concentrations at different times (7 = 0, 100,200 and 300) are plotted in Figs. 4(a)—(c).
The results for spherical particles with d = 10 pm (d* = 0.2,7" = 2.26), and ellipsoidal particles
with f =5 (a=3.33 um,a’ = 0.067) and f = 10(a = 2.95 um,a™ = 0.059) are shown in these
figures. Here a particle-to-fluid density ratio of § = 1000 and a shear velocity of u* = 0.3 m/s
are assumed.

Fig. 4 shows that both spherical and ellipsoidal particles tend to drift toward the wall and to
accumulate in the viscous sublayer. This is because particles are thrown into the viscous sublayer
by the down sweep motion of near wall turbulent eddies, and since the intensity of velocity
fluctuations normal to the wall is very small in the viscous sublayer, particles have large residence
times in this region. Earlier Squires and Eaton (1991b) reported that the spherical particles collect
preferentially in regions of low vorticity and high strain rate. McLaughlin (1989), Li and Ahmadi
(1993) and Fan and Ahmadi (2000) observed a similar accumulation of spherical particles in the
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Fig. 4. Variations of the particle concentration near the lower wall at different times: (a) spherical particles; (b)
ellipsoidal particles with = 5; (c) ellipsoidal particles with = 10.

viscous sublayer. In particular McLaughlin showed that a particle spends about 300 wall units of
time in the viscous sublayer and this behavior is typical of particles in this region. Figs. 4(a)—(c)
also show that the rate of accumulation in the sublayer increases with particle aspect ratio. That
is, particles with large aspect ratio are more easily caught by the turbulence near wall eddies.

7.2. Initial location of deposited particles

The well-known streaky structures of turbulent near wall flows were summarized by Hinze
(1975) and Smith and Schwartz (1983). In the earlier works of Ounis et al. (1993) and Soltani
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and Ahmadi (1995), it was shown that the turbulence near wall coherent eddies play a dominant
role in particle deposition and resuspension processes. To study the effect of coherent eddy
structures on elongated particle deposition, a simulation is performed with particle initial po-
sitions being uniformly distributed in a region with a width of 12 wall units from the wall,
which covers the peak fluctuation energy production region. Here, the effect of gravity is ne-
glected and S = 1000, = 0.3 m/s are assumed in the simulations. Figs. 5(a), (b) and (c), re-
spectively, show the initial locations of the deposited 15 pm (d* = 0.3) spherical particles and
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Fig. 5. Distribution of the initial locations of deposited particles in the x—z plane: (a) spherical particles; (b) ellipsoidal
particles with f = 5; (c) ellipsoidal particles with § = 10
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ellipsoidal particles with @ = 4.95 pm (a* = 0.099),f = 5 and a = 4.39 um (a™ = 0.088), § = 10,
in a time duration of 0-100 wall units. Note that these different groups of particles have a
relaxation time of rjq = 5.0. Fig. 5 shows that the initial locations of deposited spherical and
ellipsoidal particles in the x—z plane are concentrated on certain bands which are about 100 wall
units apart. This shows that the near wall streamwise eddies play an important role for de-
position of both spherical and ellipsoidal particles. This figure also shows that the number of
the deposited particles increases with the aspect ratio for a fixed equivalent relaxation time.
Furthermore, the band widths in Figs. 5(b) and (c¢) are larger than those in Fig. 5(a). That is,
more of the ellipsoidal particles are entrained into the near wall eddies when compared with
spherical particles. Thus, the bands of the initial locations of deposited particles are more
cluttered for elongated particles.

To provide information on the effect of aspect ratio on particle transport and deposition near
the wall, sample particle trajectories are studied. Figs. 6(a) and (b), show the sample trajectories of
spherical and ellipsoidal particles with the same initial locations. Here, the same simulation
condition is used and the initial location is selected from Fig. 5. It is observed that spherical and
ellipsoidal particles follow almost the same path at first up to y* of about 7 and then they diverge.
The ellipsoidal particles deposit on the wall, while the spherical particle moves away. This figure
shows that the particle aspect ratio plays a major role in the transport and deposition of ellipsoids
in turbulent flows.

To shed light on the preferential concentration of ellipsoidal particles in the viscous sub-
layer, a set of simulations is performed. Particles are initially uniformly distributed in the
region with 30 wall units from the lower wall. The effect of gravity is neglected, S = 1000,
u*=0.3 m/s are assumed, and an ensemble of 8192 ellipsoidal particles with a =
4.95 pym (at = 0.099),p =5 is used. Figs. 7(a)—~(c) show the instantaneous locations of ellip-
soidal particles in the y—z plane at different times. These figures show that particle concen-
tration in the y—z plane is nonuniform and that the ellipsoids tend to accumulate in certain
regions near the wall due to the turbulence coherent eddy structures. High concentration re-
gions form near the wall, and particles seem to concentrate in bands at z* of about 100, 200—
220, 300, 410 and 550. The distances between the consecutive high density bands are about
100-130. While the particle distribution structure smears out in time due to the movements of
the coherent eddies, similar patterns are still noticeable at 7 = 200 in Fig. 7(c) in the viscous
sublayer region.

The corresponding instantaneous particle locations in the x—z plane at different times are shown
in Fig. 8. At 7 = 50, Fig. 8(a) shows that for x* < 800, there are bands of high concentration
regions along the x-axis whose locations are comparable to those of Fig. 7. For x™ > 800, particles
disperse and the structure in the density distribution tends to smear out. Similar structures are also
seen in Fig. 8(b) for r* = 100 wall units. The observations of these nonuniform elongated particle
distributions are consistent with the earlier studies for spheres. Squires and Eaton (1991b) found
that the spherical particles collect preferentially in regions of low vorticity and high strain rate.
The periodic streaky concentration with a spacing of about 100-150 wall units in the viscous
sublayer was also reported by Soltani and Ahmadi (1995). Figs. 7 and 8 indicate that the near wall
eddy structure plays an important role in the ellipsoidal particle transport and the ellipsoidal
particles tend to accumulate in certain bands due to the turbulent near wall eddy structures with a
spacing of about 100-150 wall units.
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7.3. Point and plane source

For 7 = 5.0, the trajectory statistics for spherical particles (d = 15 um,d* = 0.3) and ellip-
soidal particles (f = 5,a =4.95 pm, a* =0.099, and ff = 10,a = 4.39 um, a" = 0.088) released
from a point source at a distance of five wall units from the lower wall at x™ = 304.95,zt = 237.25
are shown in Fig. 9. The point source is selected in the region that the near wall eddies form a jet

flow toward the wall. Here, S = 1000, »* = 0.3 m/s, g =0 and 8192 samples are used. The
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initial orientations of ellipsoids are picked randomly from a uniform distribution. Fig. 9 shows
that the ellipsoidal particles disperse due to their random initial orientations. For these large
particles, the Brownian dispersion is negligible and the spherical particles almost follow the same
path. Fig. 9(a) indicates that after about 30 wall units of times all spherical particles deposit.
While ellipsoidal particles exhibit significant dispersion, their mean path is quite similar to that of
spherical particles for #* < 20. Figs. 9(b) and (c) show that ellipsoidal particles with f =5, and
B = 10 begin to deposit at about 20 and 15 wall units of time, respectively. Comparing Figs. 9(b)
and (c) shows that the dispersion rate of ellipsoidal particles increases as the aspect ratio increases.

Sample trajectories statistics for three ellipsoidal particles with =15 a=4.95 um
(@™ =0.099) emitted from the point source with different orientations are shown in Fig. 10. It is
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observed that the particles initially follow roughly the same path, then disperse due to the different
orientations and finally deposit on the lower wall.

In the next set of simulation, dispersion and deposition of spherical and ellipsoidal particles
that are initially released from a plane source at a distance of 5 wall units from the lower wall with
randomly distributed orientations in the absence of gravity are studied. An ensemble of 8192
particles with 7}, = 5.0, S = 1000, 4* = 0.3 m/s and different aspect ratios is used in these simu-
lations. Fig. 11 shows that spherical and ellipsoidal particles with the same relaxation time and
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different aspect ratios have similar dispersion statistics. That is, the transport of particles with
relatively large relaxation times is almost entirely governed by the turbulent flows, and the particle
aspect ratio contributes only slightly to their dispersion process.

7.4. Deposition velocity

In this section a series of simulations for ellipsoidal particle deposition in vertical and hori-
zontal ducts are performed. The effect of aspect ratio and gravity on the elongated particle de-
position rate is studied. Three cases of absence of gravity, a vertical duct with gravity in the flow
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direction, and a horizontal channel with gravity toward the lower wall are studied. The resulting
deposition velocities for different particle sizes, aspect ratios and flow shear velocities are tabu-
lated in Tables 1-3. In this section, the results are compared with the experimental data for
spherical particles and elongated fibers.

Fig. 12(a) shows the variation of deposition velocity of ellipsoidal particles versus equivalent
relaxation times. A value of u* = 0.3 m/s, S = 1000 and the equivalent relaxation time as given by
Eq. (48) is used. The experimental data collected by Papavergos and Hedley (1984) for deposition
rate of spherical particles in vertical ducts are shown by small dots in this figure. The sublayer
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model predictions of Fan and Ahmadi (1995¢), the DNS results for deposition velocity of
spherical particles as reported by Zhang and Ahmadi (2000) and the empirical equation predic-
tions given by Eq. (53) are also reproduced in Fig. 12(a) for comparison. It is observed that the
DNS results are in close agreement with the sublayer model and the empirical equation. In the
absence of gravity, Fig. 12(a) clearly shows that as the particle aspect ratio increases, the depo-
sition velocity for 0.5 < 7/, < 10 increases significantly. This is because deposition by the inter-
ception mechanism becomes very efficient for elongated particles. As expected, Fig. 12(a) also
shows that the deposition velocity for ellipsoidal particles with f = 5 in the vertical channel with
downward flow is somewhat larger than that in the absence of gravity. In this case, the gravity
tends to increase the velocity of particles in the streamwise direction and thus increases the lift
force toward the wall (Fan and Ahmadi, 1993). For the floor deposition in a horizontal channel,
Fig. 12(a) shows that the gravity significantly enhances ellipsoidal particle deposition rate.

Fig. 12(b) shows the computer simulation results for variations of deposition velocity with
equivalent relaxation time for ellipsoids with different aspect ratios and S = 1000 in flows with
u* = 0.1 m/s. The cases where gravity is absent and when it is in the flow direction or perpen-
dicular to the lower wall are studied. The earlier DNS results of Zhang and Ahmadi (2000) and
the predictions of Eq. (53) are also shown in this figure for comparison. It is observed that the
empirical model is in good agreement with the DNS results. Similar to Fig. 12(a), the increase of
particle aspect ratio leads to an increase in the deposition velocity, and gravity enhances the
deposition rate. Comparing Figs. 12(a) and (b) shows that the effect of particle aspect ratio is more
pronounced at low shear velocities. That is, the deposition velocity difference for f =2 and f =5
for flows with u* = 0.1 m/s is much larger than that for * = 0.3 m/s. The effect of gravity is also
more significant at lower shear velocities for both vertical and horizontal channels. In particular,
gravity significantly increases the deposition velocity in the horizontal channel. It should be
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Table 1
Deposition velocity?
a(um)  p=1 p=1 p=1 p=2 p=5 B=5 B=5
g=0 Vertical duct Horizontal g=0 g=0 Vertical duct Horizontal
duct duct

2.5 - - 3.36e-3 - - - 9.15¢-3
2.8 - - - - - 2.92e-3 1.75¢-2
3.0 - - - - - - 2.23e-2
3.2 - - - - 2.56e-3 5.12¢-3 3.00e-2
3.5 - - 8.21e-3 - 4.11e-3 1.17e-2 3.80e-2
3.7 - - - - - - 4.57e-2
4.0 - - - 3.71e—4 1.10e-2 2.92e-2 6.07¢-2
4.5 - - - 8.60e—4 2.45e-2 4.83e-2 -
5.0 4.84e—4 4.84e—4 1.36e-2 3.66e-3 4.22¢-2 6.95¢-2 -
5.5 1.47¢-3 1.60e-3 1.81e-2 7.32¢-3 - - -
6.0 391e-3 4.08¢-3 2.26e-2 1.47e-2 - - -
6.25 - 9.16e-3 - - - - -
6.5 1.44e-2 - 3.09¢-2 - - - -
7.0 2.04e-2 2.22e-2 3.09¢e-2 3.29¢-2 - - -
7.25 - 3.14e-2
7.5 6.56e—2 - 0.140 - - - -
8.0 0.109 - 0.229 - - - -

25.0 0.128 0.134 0.266 - - - -

“(up) ut =0.3 mfs, S=1000.

emphasized here that the nondimensional acceleration of gravity given by Eq. (44) is inversely
proportional to the cubic power of shear velocities. Thus, the effect of gravity increases markedly
as the shear velocity decreases. This observation is consistent with the results of Zhang and
Ahmadi (2000) for spherical particles.

Figs. 12(a) and (b) show that for the nearly spherical particles, the simulation results for
u* = 0.3 m/s are in better agreement with the collection of experimental data of Papavergos and
Hedley (1984) when compared with those for «* = 0.1 m/s. This is because, these data which are
mainly for spherical particles in vertical ducts are conducted at air velocities more than 4 or 5 m/s.
Therefore, u* is about 0.3 larger for most of the experimental data reported in these figures.

Available experimental data for deposition rates of fibers in turbulent flows are rather limited.
Only Shapiro and Goldenberg (1993) reported their data for the deposition velocity of glass fibers
with pP = 2230 kg m°, averaged diameters of 1.86 um and various lengths ranging from 2 to
50 um in a horizontal duct. They used three flow Reynolds numbers: Re = 3.0 x 10* 5.4 x 10*,
and 8.7 x 10* (corresponding to u* ~ 0.6, 1.0 and 1.6 ms™', respectively). Kvasnak and Ahmadi
(1995) measured the floor deposition rates for glass fibers in a horizontal channel with a rect-
angular cross-section area of 15.25 x 2.54 cm?. The flow Reynolds number based on the hydraulic
diameter of the channel was 1.7 x 10* which corresponded to a friction velocity of 0.27 ms~!. The
diameter of the glass fibers in these experiments was 5 pm (d* = 0.09) and the fiber lengths varied
from 20 to 100 um. A series of computer simulations with conditions identical to those of the
experiments are performed and the results are compared with the experimental data for ellipsoidal
particle deposition velocity in Fig. 13.
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Table 2
Deposition velocity®
a(pm)  p=1 p=1 p=1 p= 5 p=5 p=5
g=0 Vertical duct Horizontal g =0 Vertical duct Horizontal
duct duct

2.1 - - - — - - 2.42e-2
2.5 - - 3.93e-3 - - - 2.87e-2
3.0 - - 8.12e-3 - - - 3.96e-2
4.0 - - 1.21e-2 — - - 6.59¢-2
5.0 - - 2.03e-2 - - - 9.74e-2
6.0 - - - - - 8.79¢-3 1.13e-1
7.0 - - - -
7.5 - 1.76e-3 4.42e-2 - - -
8.0 - - - - - 2.12e-2 -
9.0 - - - — 1.47e-3 3.74e-2 -
9.5 - - -
10.0 - 3.84e-3 7.40e-2 - 7.32e-3 5.05e-2 -
11.0 - - - — 1.47e-2 7.98e-2 -
12.0 - - -
12.5 - -
13.0 - 8.56e-3
13.5 - -
14.0 - 9.16e-3 - - - - -
14.5 -
15.0 -
16.0 9.92¢-4 - - 1.50e-2 - - -
17.0 - -
17.5 2.74e-3 3.81e-2 1.43e-1
19.0 - - -
20.0 1.0le-2 5.13e-2 1.50e~-1
22.0 - - - 6.30e-2 - - -
25.0 3.55e-2 1.03e-1 1.56e-1 - - - -
30.0 8.62e-2 - -
32.0 - - - - - - -
35.0 I.1le-1 - - - - - -
40.0 1.41e-1 - - - - - -

“(uf) u=0.1 m/s, S=1000.

1.04e-1

For a particle-to-fluid density ratio of S = 1820 and a semi-minor axis of 0.93 um and different
major axis lengths, the direct numerical simulation (DNS) results for nondimensional deposition
velocities on the duct side wall and the floor are shown in Fig. 13 and the results are compared
with the experimental data of Shapiro and Goldenberg. A comparison of the computer simulation
results with the floor deposition data of Kvasnak and Ahmadi (1995) is also shown in this figure.
Here, S = 1820, u* = 0.27 m/s, and @ = 2.5 um are used in the simulation. It is observed that the
simulation results are in good agreement with the experimental data. The sublayer model pre-
dictions of Fan and Ahmadi (1995a) are also reproduced in this figure which shows a general
agreement with the simulation results and the experimental data.

Fig. 13 also shows that the floor deposition velocity is a strong function of shear velocity. Some
of the experimental data of Shapiro and Goldenberg (1993) and Kvasnak and Ahmadi (1995) are
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Table 3
Deposition velocity?
B w =027 m/s, w=0.6 m/s, u*=10m/s, u*=1.0m/s, u*=1.6m/s,
a=25um a=0.93 um a=0.93 um a=0.93 um
Horizontal duct g=0 Horizontal duct Horizontal duct
2.15 - - - 4.83e-2
3.23 - - - 8.13e-2
3.76 - - - 0.11
4.0 2.38e-2 - - -
4.3 - - 2.05e-2 -
5.37 - - - 0.14
8.0 3.30e-2 - - -
8.6 - - 3.96e-2 -
10.8 - - - 0.18
16.0 421e-2 - - -
17.2 - 7.47e-4 5.32e-2 -
21.5 - 1.87¢-3 - -
24.0 5.12e-2 - - -
30.0 - 3.82e-3 7.17e-2 -
32.0 6.59%¢-2 - - -
40.0 7.32e-2 - - -
60.0 - 1.13e-2 - -
100.0 - 2.82e-2 - -

“(up)S = 1820.

in the same range of tj . However, the floor deposition velocities reported by Kvasnak and
Ahmadi (1995) are much higher than those of Shapiro and Goldenberg (1993) even though the
interception effect in the former experiment is expected to be less significant than the later one.
This is because the nondimensional acceleration of gravity, g*, as given by Eq. (44), is propor-
tional to u*~3. Therefore, the gravitational enhancement of deposition rate at low shear velocities
1s much larger than that for flows with high shear velocities. This trend of variations for spherical
particle was reported earlier by Zhang and Ahmadi (2000).

Variations of the deposition velocity as predicted by the empirical equation given by Eq. (53)
are also shown in Fig. 13. It is observed that the empirical equation predicts the trend of varia-
tions of the experimental data. The model predictions however, deviate from the experimental
data for horizontal channels for certain ranges, and overestimates the side deposition.

7.5. Motion statistics

In this section several simulations are performed and the orientation and the angular velocity
distribution of ellipsoidal particles in turbulent channel flows are studied. An ensemble of 8192
particles with rjq = 5.0, § =1000, and different shear velocities, aspect ratios, and gravity di-
rections are used in these simulations. Specifically, a = 4.95 um (a* = 0.099), f = 5 for ellipsoidal
particles and d = 15 pm (d" = 0.3) for spherical particles for flows with u* = 0.3 m/s, and
a=14.8 ym (a* = 0.099), p = 5 for ellipsoidal particles and d = 45 um (d* = 0.3) for spherical
particles for u* = 0.1 m/s are used. For all these cases, the nondimensional particle relaxation
time is r;; = 5. Particles are initially uniformly distributed with random orientations in the region
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Fig. 12. Variations of deposition velocity with particle relaxation time and aspect ratios for different shear velocities: (a)
u* = 0.3 m/s; (b) u* = 0.1 m/s.

within 30 wall units from the lower wall. All statistical values are evaluated using the ensemble of
particles that are moving in the viscous sublayer and part of buffer layer (within 12 wall units from
the lower wall) in a time duration of 100 wall units.

Figs. 14(a) and (b), respectively, show variations of orientation density functions for ellipsoidal
particle with f = 5 moving in the region within 12 wall units from the lower wall for * of 0.3 and
0.1 m/s. The cases that the gravity is absent or present are analyzed. The density function is
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Fig. 13. Comparisons of the simulation results with the experimental data, sublayer model predictions and empirical

model.

computed by f(£) = N:/N, where & = |cos(0)|, and 0 being the angle between the axis of the
ellipsoidal particle (z-axis in the particle coordinate) and coordinate axis x, v, and z. Here, N: is the
number of particles with ¢ in the region [, &+ A&], A =0.005 and N is the total sample
number used. Note that the density function satisfies the normalization condition, 212:0? f(&) =1
It is observed that | cos(6,)| has a roughly uniform distribution between 0 and 0.8 and has a high
peak near 1.0, which indicates that the ellipsoids tend to align themselves with the direction of
motion (x-axis). The distributions of | cos(0,)| and |cos(0.)| have their main peaks at 0 and their
secondary peaks at 1.0 with a gradual variation in between. Fig. 14(a) also shows that the effect of
gravity on the motion of ellipsoids at shear velocity of u* = 0.3 m/s is negligible. Fig. 14(b) shows
the orientation distribution results for u* = 0.1 m/s. It is observed that the trends of orientation
distributions are very similar to that for »* = 0.3 m/s, and elongated particles tend to orient
themselves along the flow direction. The presence of gravity in the flow direction at low shear
velocity of u* = 0.1 m/s, however, affects the lateral orientation distributions, but does not alter
the statistics of |cos(6,)|.

Variations of mean and RMS values of orientation statistics in the wall region with distance
from the wall are shown in Fig. 15. For «* = 0.3 m/s, Fig. 15(a) shows that the mean value of
| cos(0,)| remains roughly constant across the sublayer, while |cos(6,)| decreases and |cos(0.)|
increases with distance from the lower wall in the viscous sublayer. Mean orientations tend to
remain almost constant after 10 wall units from the wall. It is also observed in Fig. 15(a) that the
mean value of | cos(0,)| is about twice as those of | cos(6,)| and | cos(6,)|, which indicates that the
ellipsoids tend to have their major axis parallel to the x-direction. The effect of gravity in this
figure is negligible. Fig. 15(b) shows variations of average orientations for #* = 0.1 m/s. The
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Fig. 14. Variations of orientation density functions for ellipsoidal particles with § = 5: (a) u* = 0.3 m/s; (b) u* = 0.1 m/s.

results are similar to those in Fig. 15(a), except that the lateral orientation distributions of el-
lipsoids become more similar when gravity is in the flow direction.

Figs. 15(c) and (d), respectively, show the RMS orientation statistics in the wall region. It is
observed that the distributions of RMS of |cos(6,)| and |cos(6.)| are about 0.3 and remain
constant near the wall. The RMS of | cos(6,)| is somewhat smaller and has a decreasing trend up
to about 10 wall units from the wall and remains roughly constant or increases slightly afterward.
It is also observed that the effect of gravity on RMS orientation is negligible.
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Fig. 15. Variations of mean and RMS orientations near wall for ellipsoidal particles with # = 5: (a) mean orientations
for u* = 0.3 m/s; (b) mean orientations for u* = 0.1 m/s; (c) RMS orientations for * = 0.3 m/s; (d) RMS orientations
for u* = 0.1 m/s.

The distribution functions of the absolute value of angular velocities of ellipsoidal particles with
p = 5 in the wall region are shown in Fig. 16. The method used for evaluating the density function
is the same as that used for the orientation distribution. (Here, a value of Aw = 0.005 is used.) It is
observed that the angular velocity about the z-axis is comparatively larger than those about the
other axes. The angular velocity about the y-axis is the smallest. That is, ellipsoidal particles
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Fig. 16. Variations of angular velocity density function for ellipsoidal particles with § = 5: (a) u* = 0.3 m/s; (b) u* = 0.1
m/s.

generally rotate about the z-axis due to the streamwise mean shear field with little rotation about
the y-axis perpendicular to the shear field. Fig. 16(b) shows the similar trend of distribution of
angular velocity for u* = 0.1 m/s. The presence of gravity, however, slightly affects the angular
velocity distributions, while it has no effect at high shear velocities.

Variations of mean streamwise velocities and the fluctuation velocities of spherical and ellip-
soidal particles in the wall region are shown in Fig. 17. Fig. 17(a) shows that the mean velocity of
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velocities for u* = 0.1 m/s.

spherical and ellipsoidal particles in the streamwise direction is larger than that of the fluid even in
the absence of gravity. A similar behavior for spherical particles was reported in the earlier work
of Zhang and Ahmadi (2000). The reason is that the particles are drifting toward the wall (perhaps
by the down sweep motion of the coherent eddies), and they carry their larger streamwise ve-
locities compared to that of the surrounding fluid. Fig. 17(a) also shows when gravity is in the flow
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direction, the mean velocity of particles in the streamwise direction is almost the same as that in
the absence of gravity. As noted before, at large shear velocity (greater than 0.3 m/s), the effect of
gravity is negligible. The simulation results for #* = 0.1 m/s are shown in Fig. 17(b). It is observed
that the effect of gravity in the flow direction is significant, and it makes both spherical and
ellipsoidal particles move faster than the case in the absence of gravity.

Figs. 17(c) and (d), respectively, show variations of the RMS fluctuation velocities of ellipsoidal
particles and the fluid in different directions near wall for «* = 0.3 and »* = 0.1 m/s. It is observed
that the streamwise RMS velocities of ellipsoidal particles are larger than that of the fluid. Both
particle and fluid streamwise fluctuation velocities increase sharply up to about 12 wall from the
wall and then decrease. The particle RMS velocities in the spanwise direction are slightly smaller
than that of the fluid. The v component of ellipsoids is larger than that of the fluid up to 10 wall
units from the wall and then becomes smaller in the outer region. Fig. 17(c) shows that the RMS
velocities of ellipsoidal particles are not affected by the presence of gravity in the flow direction for
u* = 0.3 m/s. For u* = 0.1 m/s, Fig. 17(d) shows that the particle RMS velocities somewhat in-
crease when the gravity is in the flow direction when compared with the case in the absence of
gravity.

7.6. Mean force

To study the magnitude of various forces acting on ellipsoidal particles, additional simulations
for u* = 0.1, 0.3 m/s and S = 1000 in the absence or presence of gravity are performed. An en-
semble of 8192 ellipsoidal particles with 7; = 5,d = 15 pum for spherical particles, a = 4.95 pm,
f =5 and a =4.39 pm, f = 10 for ellipsoidal particles for flows with »* = 0.3 m/s are used. For
u* = 0.1 m/s, a = 14.8 um for ellipsoidal particles with f =5 and d = 45 um for spherical par-
ticles are used in the simulation to maintain constant relaxation time of 7} =

Particles are initially randomly distributed in the region within 30 wall units from the lower
wall. At every time step, ensemble averages of the y-component of drag and the lift forces acting
on particles that are moving in the region within 12 wall units from the lower wall are computed.
(Positive sign denotes that the direction is away from the lower wall.) The simulation results for
the time duration of 20-100 wall units are shown in Fig. 18 (i.e., the time after the startup to 20
wall units is omitted to eliminate the effect of initial conditions.)

Fig. 18 shows the variation of mean forces in the y-direction acting on ellipsoids with 7, = 5.0
and various aspect ratios versus time for different shear velocities. The results for spherical par-
ticles are also shown in this figure for comparison. For #* = 0.3 m/s, Fig. 18(a) indicates that the
magnitudes of drag and lift forces for ellipsoidal and spherical particles are very similar. As was
noted in Fig. 17, ellipsoidal and spherical particles move faster than the fluid in the wall region;
therefore, they experience a mean lift force toward the wall. The positive drag force in this figure
clearly indicates that there exists a trend of particle migration toward the wall. The results for the
case that the gravity is in the flow direction and in the absence of gravity are also shown in this
figure. It is observed that the variation of mean forces due to different gravity conditions is
negligible at such high shear velocities.

For u* = 0.1 m/s, Fig. 18(b) shows that the magnitudes of mean drag and lift forces are much
larger for downward flows (g in flow direction) than those in the absence of gravity. As was noted
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Fig. 18. Time variations of averaged forces in cross stream directions for different aspect ratios and shear velocities: (a)
u* = 0.3 m/s; (b) u* = 0.1 m/s.

in Fig. 17(b), the presence of gravity increases the slip velocity of particles (when it is in the flow
direction), thus the lift force toward the wall increases. Fig. 18(b) also shows that the magnitudes
of mean lift and drag force for ellipsoidal particles are larger than those for spherical particles
with the same relaxation time for downward flow conditions. This indicates that the migration
toward the wall for ellipsoidal particles is more pronounced than that for spherical particles when
gravity is in the flow direction.
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8. Conclusions

In this work, the transport and deposition of ellipsoidal particle in a dilute turbulent channel

flow under the assumption of one way coupling are studied. The flow field is generated by a direct
numerical simulation of the Navier—Stokes equation with the aid of a pseudospectral method. The
hydrodynamic drag and torque, the shear-induced lift and gravitational forces are included in the
governing equations. Euler’s four parameters (also known as quaternions) are used for describing
the time evolution of ellipsoidal orientation. The numerical simulation results for various cases are
compared with the available experimental data and sublayer model predictions. Based on the
results presented, the following conclusions are drawn:

Both spherical and ellipsoidal particles tend to accumulate in the viscous sublayer and the rate
of accumulation in the sublayer increases with the particle aspect ratio.

The coherent vortical structure of the near wall turbulent flows plays an important role on the
ellipsoidal particle transport and deposition processes.

Ellipsoidal particles tend to accumulate in certain bands with the spacing of about 100-150 wall
units due to the turbulent near wall eddy structures.

Aspect ratio plays an important role in the ellipsoidal particle deposition rate.

e The transport and dispersion of particles with relatively large relaxation times are almost en-

tirely governed by the turbulent flows, and the shape of the particle contributes little to their
dispersion process.

The present DNS simulation results for deposition velocity of ellipsoidal particles are in good
agreement with the experimental data, the sublayer model predictions, and empirical equation
results.

As the particle aspect ratio increases, the deposition velocity for 0.5 < ‘C:q < 10 increases sharp-
ly due to the increase in the efficiency of the interception mechanism.

The effect of particle aspect ratio on deposition velocity is more significant at low shear veloc-
ities.

The effect of gravity on particle deposition velocity strongly depends on the magnitude of flow
shear velocity. The nondimensional deposition velocity increases due to the presence of gravity
in the flow direction in ducts.

The gravitational sedimentation enhances the deposition rate on the lower wall in horizontal
duct flows. The enhancement effect is significant at low shear velocities of about 0.1 m/s, but
becomes small as " becomes larger than 0.3 m/s.

Ellipsoids tend to align themselves with the flow direction.

Ellipsoidal particles mostly rotate about the z-axis due to the streamwise mean shear field with
little rotation about the y-axis perpendicular to the shear field.

Spherical and ellipsoidal particles generally move faster than the fluid in the streamwise direc-
tion. The slip velocity increases when gravity is in the flow direction.

For vertical ducts, the effect of the presence of gravity along the flow direction on ellipsoids
transport and deposition in the viscous sublayer is negligible for flows with high shear veloci-
ties, but becomes quite significant at low shear velocities.

Ellipsoidal particles tend to move toward the wall by experiencing a lift force toward the wall in
the wall region. The migration trend increases when gravity is in the flow direction specially for
flows with low shear velocities.
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o For fixed relaxation time, the wall migration increases with particle aspect ratio particularly for
downward flows at low shear velocities.
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