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Particle dispersion and deposition in the region near the wall of a turbulent open channel is studied
using direct numerical simulation of the flow, combined with Lagrangian particle tracking under
conditions of one-way coupling. Particles with response times of 5 and 15, normalized using the
wall friction velocity and the fluid kinematic viscosity, are considered. The simulations were
performed until the particle phase reached a statistically stationary state before calculating relevant
statistics. For both response times, particles are seen to accumulate strongly very close to the wall
in the form of streamwise oriented streaks. Deposited particles were divided into two distinct
populations; those with large wall-normal deposition velocities and small near-wall residence times
referred to as thefree-flight population, and particles depositing with negligible wall-normal
velocities and large near-wall residence times~more than 1000 wall time units!, referred to as the
diffusional depositionpopulation. Diffusional deposition~deposition induced by the small residual
turbulent fluctuations near the wall! is found to be the dominant mechanism of deposition for both
particle response times. The free-flight mechanism is shown to gain in importance only fortp

1

515 particles. Fortp
155 particles only 10% deposit because of free flight, whereas the fraction is

around 40% fortp
1515 particles. This result runs counter to the widely held opinion that free flight

is the dominant mechanism of deposition in wall-bounded flows and clearly quantifies the relative
importance of the two mechanisms. A simple relationship between the particle wall-normal velocity
on deposition and the residence time for free-flight particles is presented. Particle deposition
locations over the period of the entire simulation reveal that, while diffusional deposition occurs
mostly along streamwise oriented lines below the near-wall particle accumulation patterns,
free-flight particles deposit more evenly over the wall. ©2003 American Institute of Physics.
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I. INTRODUCTION

Particle deposition in wall-bounded flows has receiv
considerable attention for more than four decades due t
practical relevance to many industrial applications. One
the earliest models of deposition is the one by Friedlan
and Johnstone,1 who proposed the so-called free-flig
theory. The essence of this model is that particles are tr
ported by turbulent motions to within onestop-distanceof
the wall, where they acquire sufficient inertia to coa
through the viscous sublayer and deposit. This pionee
model was further improved by the work of many resear
ers. Cleaver and Yates2 suggested that the free-flight theo
ignores the structure of the near-wall turbulence, and de
oped a model for the turbulent deposition process which c
sidered the effect of ‘‘sweep’’ events in carrying particles
the wall.

Direct numerical simulation~DNS! of a channel flow
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with Lagrangian particle tracking carried out b
McLaughlin3 showed that particles tend to gradually acc
mulate in the viscous sublayer and conjectured that this p
cess of accumulation would continue for times much lon
than their simulation interval. Some evidence was also p
vided on the enhancement of particle accumulation due
the addition of the Saffman lift force in the particle equati
of motion. However, the time interval of their simulation wa
too short to obtain reliable results on deposition rates
other Eulerian statistics, as will be clarified later.

Rashidiet al.,4 describing an experiment in which pa
ticles were released in an open-channel flow, underlined
importance of sweep-ejection events in depositing and re
training particles. They too report an accumulation of p
ticles near the wall and observe that particles with radii l
than 0.5 wall units, approaching very close to the wall wi
out depositing, are rarely lifted up by wall ejections. T
above observations have been confirmed in another exp
ment conducted by Kaftoriet al.,5 where the motion of par-
ticles was found to be intimately related to the action of t
quasi-streamwise vortices populating the near-wall region
a recent DNS study, Marchioli and Soldati6 have helped
© 2003 American Institute of Physics
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identify the turbulent mechanisms which promote parti
accumulation near the wall. They report particle trans
mechanisms due to strong, coherent sweep and ejec
events, and specifically point out the effect of small strea
wise vortices very close to the wall in promoting partic
accumulation under the low-speed streaks. Recently, s
attempts to develop empirical models accounting for
near-wall phenomena have been presented.7

Brooke et al.8 employed DNS to study particle depos
tion in a channel flow with the view of evaluating the fre
flight theory of Friedlander and Johnstone.1 By looking at the
probability density function~PDF! of the near-wall particle
wall-normal velocities, they point out that at any instant on
a small fraction of particles have a high enough velocity
execute a free flight to the wall and to deposit. This fact is
odds with the assumption of the original free-flight mod
where, at the stop-distance, all particles are suppose
move on a free flight path to the wall.1 In a subsequent pape
Brookeet al.9 make an interesting subdivision of the partic
flux into three components: The free-flight flux, the turb
phoretic flux, and the diffusive flux. The turbophoretic flux10

accounts for the particle flux due to gradients in turbulen
intensity, whereas the diffusive flux accounts for the parti
flux due to concentration gradients. They found that dep
tion was dominated by particles starting free flights to
wall at large distances from the wall. However, noting t
accumulation of particles near the wall, they mention
possibility of particle deposition due to diffusive process
even though in their simulation the diffusive deposition fl
was reported to be insignificant.

An important point to be noted with regard to the abo
studies3,8,9 is the fact that in all simulations the mean partic
concentration remained in a state of continuous evolu
due to the short simulation times. The wall-normal depo
tion velocities for most particles was found to be quite hig
implying that deposition was predominantly caused by f
flight. However, since only a small fraction of the total pa
ticle flux directed towards the wall was seen to deposit
free flight,8 it is natural to expect continued particle accum
lation near the wall. In order to reach a steady state un
such conditions, some additional mechanism of deposi
has to arise to balance the accumulation. Hence, although
diffusive deposition flux was found to be negligible in th
above studies, it could become important at later times w
a large number of particles have accumulated very clos
the wall.

A statement by Brookeet al.9 in this regard acts as th
main motivation for the present work. They state that dif
sion is not likely to control the deposition fluxat any time
since most of the particles near the wall are trapped i
region of very small wall-normal velocity fluctuations. Ver
close to the wall, the distance required by a particle to
posit is very small, but the probability of having larg
enough momentum to carry the particle across that dista
is also extremely small. Brookeet al.9 hypothesize that par
ticles residing in the near-wall region would need to mo
away from the wall in order to acquire a high enough velo
ity to deposit. Present results for similar particle respo
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times show, to the contrary, that the diffusive flux is t
dominant deposition flux.

The present study aims at investigating the mechani
of particle deposition in the wall region of an open chann
flow, using DNS for simulating the flow and Lagrangian pa
ticle tracking under the condition of one-way coupling. T
focus is on dilute suspensions of particles for which Brow
ian effects can be ignored, but which interact strongly w
the turbulent structures. The study uses the same simula
methodology as van Haarlemet al.,11 who focus in detail on
the preferential accumulation phenomenon near the free
surface of an open channel, apart from presenting depos
rate coefficients and near-wall variation of particle fluxe
Their method differs from previous numerical work in that
allows the particle field to reach a statistically stationary st
by reintroducing deposited particles at the inflow plane. A
though the present study follows their work closely, it pr
vides new insight into the mechanisms of particle deposit
onto a flat wall for a fully developed particle field. Variou
conflicting viewpoints exist in the current understanding
deposition mechanisms as pointed out in the previous p
graph. In this work, we clearly show the two domina
mechanisms of deposition and quantify their relative imp
tance.

The outline of the paper is as follows: In the next secti
we present the governing equations for the fluid and the p
ticle phases, followed by a section describing the numer
methods used and the particle parameters chosen. In the
tion on results, we present instantaneous particle concen
tion patterns both near the wall and near the free-slip surfa
deposition coefficients, and particle-phase mean and r
mean-square~RMS! velocity profiles, in order to put the
present study in perspective with respect to previous on
The last part of this section is devoted to studying deposit
velocity statistics in different ways to bring out the domina
mechanisms of deposition. Conclusions are presented a
end.

II. GOVERNING EQUATIONS

A. Fluid equations

The fluid flow in an open channel is described by t
Navier–Stokes equations under the assumptions that the
is incompressible, isothermal, and Newtonian. The equati
are

]uj

]xj
50, ~1!

]ui

]t
5Si2

]p

]xi
1

1

Re
¹2ui , ~2!

whereui are the velocity components,]p/]xi are the kine-
matic pressure gradients minus the mean part, andSi are the
nonlinear convective terms minus the mean kinematic p
sure gradient. All the variables are normalized by the w
friction velocity u* and the half height of the domainh. The
friction velocity is defined byu* 5A^t&/r, where^t& is the
mean shear stress at the wall. No-slip boundary conditi
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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765Phys. Fluids, Vol. 15, No. 3, March 2003 Mechanisms of particle deposition
are imposed at the wall and at the upper boundary free-
conditions are imposed in order to represent an open cha
flow.12

B. Particle equations

The motion of particles is described by solving a set
ordinary differential equations for the particle velocity a
position at every time instant. Most calculations found in t
literature are based on the Maxey and Riley13 formulation for
the force acting on a rigid sphere in a nonuniform flow und
the following conditions: The diameter of the sphere
smaller than the Kolmogorov length scale and the spher
isolated and far from the boundaries~in this manner
particle–particle interaction and particle–boundary inter
tion are excluded!. Moreover, the Reynolds number for th
relative motion between the particle and the fluid has to
small. The equation for the particle acceleration thus
cludes the well-known forces such as buoyancy, fluid~due to
the pressure gradient and viscous stresses!, added-mass
Stokes drag, and Basset forces.

For the case of particles much heavier than the fl
(rp /r@1), Elghobashi and Truesdell14 have shown that the
only significant forces are the Stokes drag, the buoyancy,
the Basset forces. Moreover, they found that the Basset f
was always an order of magnitude smaller than the drag
buoyancy forces. In the present work the effect of gravity
not accounted for either. With the above simplifications
following Lagrangian equation for the particle velocity
obtained

dup

dt
52

3

4

CD

dp
S r

rp
D uup2uu~up2u!, ~3!

whereCD is the drag coefficient given by

CD5
24

Rep
~110.15Rep

0.687!, ~4!

in which Rep is the particle Reynolds number (Rep5dpuup

2uu/n). The empirical correlation15 for CD is necessary be
causeRep does not necessarily remain small, in particu
for depositing particles.3 For particles strictly in the Stoke
regime (Rep!1), Eq. ~3! simplifies to

dup

dt
52

~up2u!

tp
, ~5!

wheretp(5rpdp
2/18m) is the particle response time, whic

is a measure of the time required by a particle released at
to reach velocity equilibrium with the surrounding fluid.

Other authors3,16 have also considered the Saffman l
force that could be important near the boundaries. This fo
acts in the wall-normal direction and is proportional to t
wall-normal gradient of the streamwise fluid velocity. Ther
fore, its contribution might be important near the wall a
could influence the particle deposition rate.3 However, Wang
et al.16 in their study of the role of the lift force in particle
deposition have found that neglecting the lift force altoget
results in only a slight reduction in the deposition rate. Mo
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over, since many of the previous studies do not account
this term, it has not been included in the present study
facilitate direct comparison.

III. NUMERICAL PROCEDURE

A. Direct numerical simulation of the open channel
flow

The fluid equations are solved using a pseudo-spec
method based on Fourier representations in the stream
and spanwise directions and a Chebychev representatio
the wall-normal ~nonhomogeneous! direction. For time
marching, a two-level explicit Adams–Bashforth schem
was employed for the nonlinear terms and an impli
Crank–Nicholson scheme for the viscous terms. Further
tails of the numerical procedure can be found in Lam a
Banerjee.12

The dimensions of the computational domain are cho
to be l x54ph, l y52ph, l z52h, in the streamwise, span
wise, and normal directions, respectively. In wall units~i.e.,
normalized using the kinematic viscosity and the friction v
locity! the dimensions are (l x

1 ,l y
1 ,l z

1)5(1074,537,171). A
grid consisting of 64364365 nodes was used to perform th
computations. A nonuniform distribution of collocatio
points is used in the normal direction for the Chebych
polynomials, with the grid spacing varying fromDz1

50.10 near the wall toDz154.19 in the domain center. Th
shear Reynolds number of the flow defined asRe*
5u* h/n was chosen to be 85.5. Periodic boundary con
tions were imposed in the streamwise and spanwise di
tions.

B. Lagrangian particle tracking

A Lagrangian particle tracking code17 has been used to
track particles in the flow field. The code interpolates flu
velocities at discrete grid nodes onto the particle positi
and with this velocity the equations of motion of the partic
are integrated in time.

The code incorporates linear, cubic and fifth-order L
grangian polynomials for interpolation yielding secon
fourth, and sixth-order accuracy, respectively. For the ti
integration the module has the choice between second
fourth-order Runge–Kutta, and second-order Adam
Bashforth schemes. A parametric study18 was conducted to
choose the appropriate numerical methods for interpolat
integration, and the number of particles needed to ob
accurate statistics. For the simulations presented h
100 000 particles were tracked using fourth-order Rung
Kutta time integration and fourth-order Lagrangian polyn
mial interpolation for an interval of 5436 wall time units.

At the start of the simulation, particles were distribut
homogeneously over the computational domain. The p
tions of the particles were chosen randomly and their ini
velocity was set equal to the fluid velocity.

1. Particle-phase boundary conditions

When a particle leaves the domain across the outfl
plane or in the spanwise direction periodic boundary con
tions are applied for both the position and the velocity of t
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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particle. The wall and free-slip boundaries are considere
be completely absorbing; a particle at a distance less
one particle radius from these boundaries is assumed to
deposited and is removed.

Since the total number of particles has to be maintai
constant in time to reach statistically stationary conditions
particle is reintroduced in the domain at the inflow plane~at
x150), whenever a particle deposits at the wall or the fr
slip boundary. The spanwise and normal coordinates of
reintroduced particle are chosen randomly and their velo
is set equal to the fluid velocity at that position. This proc
dure introduces a constraint wherein the velocities of
reintroduced particles are necessarily affected by the
posed initial conditions for a certain amount of time.

According to the arguments presented by van Haar
et al.11 the distance covered by atp

1515 particle before its
velocity becomes independent of the inflow conditions is
proximately ten times the height of the channel~which is
equivalent to 1700 wall units in the present work!. As this
length is greater than the streamwise extent of the fluid
main, a longer domain has to be adopted for tracking
particles. The streamwise extent of this domain was se
53 l x , whereas the spanwise and normal dimensions w
kept unchanged. The dimensions of the computational
main in which the particles were tracked were thus,Lx

55370,Ly5537, andLz5171 in the streamwise, spanwis
and normal directions, respectively. The fluid velocity at e
ery grid point was obtained simply by a periodic extension
the original flow in the streamwise direction. Moreover, on
particles located more than 1700 wall units away from
inflow plane were considered for analysis. This method is
same as that used by van Haarlemet al.11

This procedure offers a twofold advantage: First, it
lows the particle-phase to reach a statistically stationary s
due to the reintroduction process, and second, particle st
tics can be computed as a function of both the wall-norm
and the streamwise directions without any effect of the
posed inflow conditions.

C. Particle parameters

Studies on particle deposition suggest that based on
nondimensional particle response times three different
gimes of deposition can be defined.19 For very small particles
with tp

1,0.2 the deposition rate decreases astp
1 increases.

In this regime, particle transport is well represented by
gradient diffusion model accounting for turbulent diffusio
in the bulk flow and Brownian diffusion in a thin regio
adjacent to the wall.

For 0.2,tp
1,20 a dramatic increase of several orders

magnitude in the deposition rate is observed as the par
time constant increases. This regime is referred to as
diffusion-impactionregime, and the observed increase
deposition is mainly due to the strong interaction betwe
particles and the turbulent eddies. In this regime transpor
particles due to turbulence plays an important role. In
third regime, known as theinertia-moderatedregime, par-
ticles having very high inertia acquire sufficient momentu
from eddies in the turbulent core to reach the wall. He
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diffusion plays a very small role and deposition tends
decrease with an increase in the particle time constant, as
response of the particles to the turbulence becomes weak19

Two sets of particles withtp
155 and 15 belonging to the

diffusion-impaction regime have been chosen in this stu
since the aim is to understand the contribution of turbule
to particle deposition. The values are the same as those s
ied by van Haarlemet al.11 and have been chosen to facil
tate comparison.

IV. RESULTS AND ANALYSIS

A. Preferential concentration

The phenomenon of preferential concentration of p
ticles is one of the most important aspects of this proble
Several animations and snapshots of the particle field cle
reveal varied concentration patterns both in the bulk and n
the boundaries.

Starting with a uniform distribution, particles quickly as
sume an inhomogeneous distribution as they start mov
towards both boundaries, due to the phenomenon of tu
phoresis. This results in the accumulation of particles, p
ticularly in the near-wall region. The accumulation proce
continues for a long time until a sharp peak in the conc
tration is formed in the near-wall region, as shown in t
following section. Also, the distribution of particles near th
wall is far from being homogeneous in the spanwise dir
tion. The particles, in fact, accumulate in streamwis
oriented streaks. Instantaneous correlation between par
streaks near the wall and the low-speed streaks in a turbu

FIG. 1. Particle accumulation patterns near the wall~a! tp
155, ~b!

tp
1515.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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boundary layer has been established previously.4–6,11 Instan-
taneous near-wall particle concentration patterns are sh
in Fig. 1 for both particle response times, forz1,3. Both
sets of particles strongly accumulate in streamwise strea

Once the particles reach the region near the free-
boundary, they are subjected to the large-scale struct
characteristic of free-surface turbulence such as upwellin
down-drafts, and attached vortices.11 Typical particle concen-
tration snapshots near the free surface (z1.150) are shown
in Fig. 2. Particles are distributed in the form of rough
circular and elongated voids surrounded by thin regions
high concentration, very similar to those obtained by v
Haarlemet al.11 The behavior of particles near the free su
face will not be discussed further, as the study prima
focuses on near-wall deposition mechanisms.

B. Particle concentration profiles

Figure 3 presents the development of particle num
concentration along the streamwise direction. Statistics w
obtained by dividing the domain into cross-stream bins
200 wall units each. The mean concentration in each bi
normalized by the concentration in the case of uniform p
ticle distribution over the entire domain. As expected,
concentration shows an overall decreasing trend which
counts for particle deposition at both boundaries. A discr
ancy can be observed at the beginning of the domain, wh
may be ignored, since the particles there are still affected
the imposed conditions on reintroduction at the inflow pla
The periodic undulations in the concentration, though,
quire further clarification.

FIG. 2. Particle accumulation patterns near the free surface~a! tp
155, ~b!

tp
1515.
Downloaded 03 Feb 2003 to 129.132.2.215. Redistribution subject to A
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The periodic undulations seen in Fig. 3~a! are an obvious
artifact of the periodic extension of the flow domain. Pe
odic patterns are formed immediately at the start of the sim
lation and the particles accumulated very close to the w
retain a memory of this fact for a long time due to the q
escent nature of the region and because of their small stre
wise velocity. Thus, the actual flow-through time required
wipe out these undulations would be much higher than
current simulation period making it computationally prohib
tive. Indeed, in Fig. 3~b!, showing the streamwise concentr
tion profile obtained with the procedure described previou
but accounting only for particles located in the region
,z1,171, the profile is almost linear, confirming the obse
vation that the periodic features are mainly due to parti
accumulation patterns in the region very close to the w
(z1,3). Figure 3~b! now clearly reveals the difference i
the rate of change of bulk concentration betweentp

155 and
tp

1515 particles. It points to the fact thattp
1515 particles

have a higher overall deposition rate and a higher concen
tion in the bulk.

The variation of particle concentration along the wa
normal direction at equilibrium~i.e., when the statistically

FIG. 3. ~a! Streamwise variation of the cross-section averaged concen
tion, ~b! not accounting for particles accumulated very close to the w
(z1,3).
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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768 Phys. Fluids, Vol. 15, No. 3, March 2003 Narayanan et al.
stationary state is achieved;t1.1000) is shown in Fig. 4. In
this case, the bin height was kept constant atDz150.15. The
distribution shown refers to a region located in the cente
the computational domain (x152400– 2600), and the time
averaged concentration in every slab has been normalize
the average concentration of particles in the region con
ered~i.e., setting the integral across the channel height
width equal to unity!. A large increase in particle concentr
tion very close to the wall is observed. Peak values occu
z150.3 for tp

155 particles and atz150.4 for tp
1515 par-

ticles. Particle concentration is higher fortp
155 particles

very close to the wall (z1,0.4), whereas the opposite is tru
for z1.0.4. This behavior very close to the wall has n
been reported in any of the previous studies.

Particle accumulation near the wall has also been
served by other authors3,4,6,11 in both numerical simulations
and experiments. However, a great deal of ambiguity ex
between the values and the way the statistics were obtai
In particular, van Haarlemet al.,11 who studied conditions
similar to those considered here, do not report such h
peaks near the wall for the same particle response tim
Their values are of the order of 10, normalized by the init
uniform concentration. This is due to the larger bin size th
have used to calculate the average quantities. In fact, t
first bin was ten times larger than the one used in the pre
study. Also, they could not have captured the variation
distances less than one wall unit mentioned in the previ
paragraph. In van Haarlem’s work, accumulation of partic
near the wall is higher for the higher-response-time partic
This trend is confirmed only up to a distance ofz1.0.4 in
the present calculations. Very close to the wall the trend
inverted. A possible scenario to explain this observation
presented below.

Time evolution of the particle concentration~not shown
here! indicates clearly that turbophoresis plays an import
role in particle dispersion. Since the initial particle distrib
tion is homogeneous, the only mechanism at the beginn
capable of inducing a net drift towards the wall is turb
phoresis. Referring to the region of maximum particle co
centration as the accumulation zone~AZ! and looking at the

FIG. 4. Average particle concentration profile in the wall-normal directi
Downloaded 03 Feb 2003 to 129.132.2.215. Redistribution subject to A
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fluxes towards and away from it at steady state, one
discern a balance between four main contributions:~i! Tur-
bophoresis, where particles migrate from the bulk flow
wards the AZ,~ii ! free-flight deposition flux, which repre
sents a fraction of the turbophoretic flux passing direc
through the AZ and leading to deposition,~iii ! turbulent dif-
fusionflux acting to smooth the concentration build up in t
AZ, and ~iv! diffusional deposition flux which again acts t
remove particles from the AZ by deposition due to the
sidual turbulent fluctuations at the AZ. Note that, although
standard parlance the termturbulent diffusionaccounts for
all the above transport mechanisms, here it is specific
meant to signify only the effect of turbulence to smooth o
concentration gradients.

Since the deposition oftp
155 particles is mainly due to

diffusional deposition~as will be shown later!, one would
expect the concentration build up required to balance
turbophoretic flux to be higher. Also, the diffusional depo
tion for tp

155 is less efficient as compared totp
1515 be-

cause of the lower level of particle normal-velocity fluctu
tions at the AZ~refer to Fig. 9!. This would strengthen the
case for a higher near-wall concentration oftp

155 particles.
According to the above scenario, it would be logical to e
pect a higher concentration very close to the wall fortp

1

55 particles. However, the situation is quite complicat
and a detailed study of the near-wall flux balance would
required to resolve this issue.

It is interesting to note that there is also a slight acc
mulation of particles at the upper boundary for the ca
considered, with values two to three times larger than
bulk concentration. This phenomenon has also been repo
by van Haarlemet al.11 and is again attributed to turbophore
sis since the free-slip boundary condition generates a gr
ent in the wall-normal turbulence intensity in the norm
direction.

C. Deposition rate

Figure 5~a! shows the cumulative number of particle
impinging on the boundaries as a function of time. The slo
of the curve reaches an asymptotic value after approxima
t1.1000. This reflects the fact that after a transient period
which particles redistribute in the domain, the number
particles depositing every instant of time is almost consta
The deposition rate is a strong function of particle inert
being larger fortp

1515 than fortp
155.

The deposition of smaller particles on the wall is r
markably low. The underlying reason is that a large num
of these particles reside very close to the wall without dep
iting and keep continuously accumulating. These partic
neither deposit for long times nor are they significantly ree
trained in the core flow on reaching the near wall regio
This phenomenon was observed by Kaftoriet al.,5 and it
mainly characterizes experiments with small particles a
low shear rate.

The deposition coefficient is defined by

Kd
15

Jw

Cmu*
, ~6!

.

IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



pe
f
-
b

te
r

ha
e

s
th
m

eri-
ition
nd
y
ent
ate.
nt

ex-
ean
as

-
s a

s:
o-
ac-
ot

me
-

ant
ained
u-

lly
as
ase
uid.
loc-

is
cle
he
of

ve-

and
r-

b-
si-
. If
o-

-
anti-
tra-
st
the
r-
ith

an

pe
.

an

769Phys. Fluids, Vol. 15, No. 3, March 2003 Mechanisms of particle deposition
whereJw is the mass of particles reaching the surface
unit area per unit time,Cm is the mean bulk concentration o
particles, andu* is the friction velocity. Note that the con
centration can alternatively be expressed in terms of num
or mass density, as the suspension is mono-disperse.

The nondimensional deposition coefficient is presen
in Fig. 5~b! as a function of the streamwise coordinate. He
slabs ofDx15200 were used. Tests performed showed t
the calculated quantities were actually insensitive to the
act slab thickness. The deposition rate is observed to
rather uniform along the streamwise direction. The depo
tion rates on the wall are reported in Table I compared to
values found in the literature. The values of the present si

FIG. 5. ~a! Cumulative number of particles deposited at the lower and up
boundaries.~b! Deposition coefficient at the lower and upper boundaries

TABLE I. Comparison of deposition coefficients from the present study
from previous works.

EXP/DNS St55 St515

McCoy and Hanratty@Exp. ~Ref. 21!# 0.0081 0.073
Liu and Agarwal@Exp. ~Ref. 20!# 0.015 0.135
van Haarlemet al. @DNS ~Ref. 11!# 0.0064 0.051
Present~DNS! 0.0056 0.045
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lations are in general smaller than those reported in exp
ments; the comparison shows, for instance, the depos
rate to be three times lower than the data of Liu a
Agarwal20 and 40%–60% lower than those of McCo
et al.21 It can be argued that there is no general agreem
among authors on the exact values of the deposition r
Reportedly, experiments show a wide range of differe
deposition rates for a given particle response time. For
ample, one of the key differences could be due to the m
concentration profile existing when the deposition rate w
measured. Brookeet al.9 report that in the experiment of Liu
and Agarwal20 droplets were distributed uniformly in a ver
tical pipe flow. In the present case, the mean profile show
sharp peak very close to the wall.

Other reasons for the differences could be as follow
The inclusion of the Saffman lift force would enhance dep
sition as discussed in Sec. II B. Moreover, the near-wall
cumulation of particles being very high, other effects, n
easily reproducible by numerical simulation, could beco
important in reality~e.g., particle–fluid interaction or two
way coupling, particle–particle interaction, etc.!. Differences
in the turbulence properties can also bring about signific
changes. In fact, experimental databases have been obt
in physical situations significantly different from those sim
lated here~e.g., pipe flow at higher Reynolds number!.

D. Velocity statistics

1. Mean velocity

Particles having finite inertia accumulate preferentia
in the flow both in the bulk and in the near-wall region
discussed in previous sections. Evidently, the particle-ph
velocity statistics would not be the same as those of the fl
Figure 6~a! shows the particle-phase mean streamwise ve
ity as compared to the fluid. Particle velocity on average
seen to lag behind the fluid. This is surprising for a parti
field in equilibrium with the flow, unless one accounts for t
preferential concentration of particles in specific regions
the flow which could be characterized by lower average
locities~in this case, the low-speed streaks!. A lower particle-
phase streamwise velocity was also obtained by Rouson
Eaton22 in their channel flow simulations for a similar pa
ticle response time.

Figure 6~b! shows the mean streamwise velocity o
tained by considering the fluid velocity at the particle po
tions~FVPP! rather than the particle velocities themselves
the particles were not preferentially distributed in the d
main, the profiles for the fluid and FVPP should coincide~to
within statistical uncertainty!. Therefore, the extent of devia
tion between these two quantities can be taken as a qu
tative estimate of the magnitude of preferential concen
tion. Figure 6~b! shows that the region with the large
deviation between the particle streamwise velocity and
fluid velocity corresponds to the region with higher prefe
ential concentration. One should also note that particles w
tp

155 are slightly more preferentially concentrated th
tp

1515 particles.
As can be observed in Fig. 6~a!, tp

1515 particles exhibit
a slightly larger mean velocity thantp

155 particles, espe-

r

d
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cially in the region 5,z1,30. This behavior has not bee
noticed in the work of van Haarlemet al.11 In their work, no
difference in the mean streamwise velocity was found
tween the two sets of particles. In reality, since both sets
particles accumulate in the low-speed streaks, a quan
tively lower accumulation would imply a higher mean velo
ity for the tp

1515 particles.
It is interesting to note that in the experiments of Kafto

et al.23 for smaller response times than in the current stu
(tp

150.065,0.51,4.41) the streamwise velocity defect
creases with increasing particle response time. Rouson
Eaton22 obtain similar results as the present study fortp

1

58.6 but for larger response times (tp
15117 and 810! the

particle streamwise velocity is greater than the fluid veloc
~in this case, the gravitational acceleration along the stre
wise direction was also considered!. The reason for this var
ied behavior is the dependence of the extent of preferen
concentration on the particle response time.

Studies conducted for homogeneous isotro
turbulence24 show that there exists a critical particle respon
time which results in maximum preferential accumulati
~the value for homogeneous turbulence being of the orde
the Kolmogorov time scale!. For response times higher an
lower than this critical value preferential accumulation
quantitatively lower, which in this particular case wou
translate into a higher mean velocity. Thus, for increas

FIG. 6. ~a! Mean particle streamwise velocity.~b! Mean streamwise fluid
velocity at particle positions.
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particle response times the mean streamwise velocity
first see an increase in the lag up to the critical response t
and from then on a trend in the opposite direction. Therefo
the observed trend in the streamwise velocity would dep
on the position of particle response times relative to the c
cal particle response time. Although it has been shown22,25

that the Kolmogorov scale remains an appropriate time s
for characterizing preferential concentration for chan
flows, a more accurate quantitative estimate for this criti
particle response time is not available. As the Kolmogor
scale for inhomogeneous turbulent flows also varies with
sition, the exact behavior is difficult to quantify without fu
ther detailed study.

Figure 7 presents the particle-phase mean wall-nor
velocity. Even if the fluid has a zero wall-normal velocit
the particles do have a nonzero wall-normal velocity on
erage. This is consistent with the fact that for deposition
occur, particles must have a mean drift velocity towards
boundaries. The velocity towards the wall is higher fortp

1

515 particles signifying a higher deposition rate. Quali
tively similar results have been presented previously fo
pipe flow problem.19,26 However, since these studies use
Reynolds-averaged approach involving modeling the co
plex turbulent transport mechanisms in both phases, the
sults presented here are more reliable and can be loo
upon as a validation of previous results. Most of the oth
studies have not reported the Eulerian particle-phase m
wall-normal velocity which would be very useful for mode
validation.

2. Turbulence intensity

Turbulence intensity profiles in the streamwise, spa
wise, and normal directions are shown in Fig. 8. As can
observed in all cases, particles have a lower fluctuation
tensity than the fluid except very close to the wall. The ne
wall behavior will be discussed later. A comparison of t
results with the data of Brookeet al.9 is satisfactory, whereas
the comparison with those of van Haarlemet al.11 is not.
However, the fact that the latter authors report RMS valu
for tp

155 particles higher than the fluid is difficult to recon
cile.

The particle phase turbulence intensity is lower than
fluid due to two mechanisms acting in tandem. The fi

FIG. 7. Mean particle wall-normal velocity.
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mechanism is preferential concentration of particles in
gions with lower turbulence intensity~for example, low
speed streaks! and the second one is the unresponsivenes
a particle to high frequency or wave number fluid fluctu
tions due to its inertia. For Stokesian particles in homo
neous turbulence, an expression relating the power spec
of the particle velocities to that of the fluid velocities can
derived27

Ep~v!5
1

11tp
12v2 Ef~v!, ~7!

where v is an angular frequency andEp and Ef are the
particle and the fluid velocity spectra along the particle pa

FIG. 8. Particle-phase turbulence intensity,~a! streamwise,~b! spanwise,
and ~c! wall-normal directions.
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respectively. This expression shows that even in the abse
of preferential concentration, the particle fluctuating intens
is suppressed.~We thank one of the reviewers for bringin
this point to our attention.! For ease of further discussion, w
refer to this effect asinertial filtering27 due to fact that the
particle energy spectrum can be obtained from the fluid sp
trum through the action of a filtering function. Inertial filte
ing is the incomplete response of a single particle to its fl
tuating fluid environment whereas preferential concentrat
is related to pattern formation and loses meaning for an
lated particle. Another difference between the two mec
nisms is that while the inertial filtering effect increas
monotonically with particle inertia, preferential concentr
tion has a more complex dependence on particle inertia
must be noted that both the above effects are due to
inertia of the particles.

To quantify the contributions of these mechanisms,
fluctuation intensity of the fluid velocities at the particle p
sitions ~FVPP! is also presented in Fig. 8~c! along with the
particle velocity fluctuation intensity. The fluctuation inte
sity of FVPP represents the average turbulence intensity
by the particles and captures the effect of preferential c
centration on the particle velocity fluctuation intensity. T
figure shows that preferential concentration does caus
large decrease in the particle velocity fluctuation intensity
shows thattp

155 particles have a higher chance of being
regions of lower turbulence intensity as compared totp

1

515 particles. This is consistent with the previous obser
tion that tp

155 particles are more preferentially conce
trated thantp

1515 particles. Inertial filtering results in a fur
ther reduction in the particle velocity fluctuation intensi
with respect to the fluctuation intensity of FVPP because
the inability of the particles to respond to the small-sc
fluctuations in the surrounding fluid.

The departure of the particle turbulence intensity fro
the fluctuation intensity of FVPP is again a function of t
particle response time. Particles withtp

155 can follow the
local fluid turbulent motion better thantp

1515 particles.
Their turbulence intensity, therefore, is very close to the fl
tuation intensity of FVPP, whereas a significant differen
between the two quantities exists fortp

1515. For large par-
ticle response times the reduction in particle turbulence
tensity can be attributed mainly to inertial filtering as prefe
ential concentration effects will be small. However, for t
response times studied in this work, both the mechanis
play a significant part in reducing the particle turbulen
intensity.

Very close to the wall, it can be observed from Fig.
that the RMS of particle normal-velocity fluctuations rema
nonzero, withtp

1515 particles having a significantly highe
RMS value as compared totp

155 particles. This implies tha
the diffusional deposition process fortp

1515 particles would
be more efficient.

E. Mechanisms of particle deposition

In this section we first present the cumulative distrib
tion function of particle deposition velocities in Fig. 10~a!.
Reading from right to left, it indicates the probability that
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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particle deposits with a velocity higher than the value on
abscissa. A large increase in probability around2Wp

'0.001 can be observed for both particle response tim
The figure suggests the possibility of dividing the populat
of sampled velocities into two groups: Population A with lo
deposition velocities, and population B with high velocitie

FIG. 9. Near-wall variation of particle wall-normal turbulence intensity

FIG. 10. ~a! Cumulative distribution function.~b! Probability density func-
tion of wall-normal velocity of depositing particles.
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The division is necessarily arbitrary, but the existence o
significant intermediate range of velocities where no depo
tion occurs~the flat portion of the curves! clearly implies
such a separation.

For tp
155 particles almost 90% deposit with velocitie

smaller than 0.001, and the remaining 10% deposit with
locities greater than 0.1. Fortp

1515 particles, the corre-
sponding fractions are 60% and 40%, respectively. As m
tioned by Brookeet al.,9 particles depositing with a velocity
roughly equal to the fluid velocity fluctuations very close
the wall may be said to undergodiffusional deposition. On
the other hand, particles depositing with velocities mu
larger than the near-wall velocity fluctuations may be
ferred to asfree-flight particles. Using this definition, the
present study suggests that once the particle field has rea
a statistically steady state, the dominant mechanism of de
sition is diffusional. The free-flight population, howeve
constitutes a significant fraction fortp

1515 particles. Figure
10~b! shows the PDF of the normal velocities of the depo
ited particles. The peaks correspond to velocity values
around 131024 for tp

155 particles and of 231024 for
tp

1515 particles, confirming the above fact.
At this point, an interesting comparison can be ma

between the present study and some of the previous work3,8,9

mentioned earlier. Brookeet al.9 found that most of the de
positing particles have a velocity much higher than the RM
wall-normal velocity near the wall. This led them to co
clude that deposition occurs predominantly because of
free-flight process similar to the model proposed by Frie
lander and Johnstone.1 They also found that the number o
particles depositing by diffusion is small and that the diff
sion flux is negligible. Thus, their conclusions run exac
counter to the results obtained in the present study. This
is also observed in the probability density function@Fig.
10~b!#, where, in the case of Brookeet al.,9 the value of the
most probable deposition velocity is around 1000 tim
larger for similar particle response times. This is understa
able because, in their simulation, free flight was the o
observed mechanism of deposition.

The reason for this drastic discrepancy lies in the diff
ences between the simulation procedures. In their work,
proximately 16 000 particles were released from a plane
z1540 and were tracked for 700 wall time units. The depo
ited particles were removed and not reintroduced into
flow, thus precluding the possibility of achieving a statis
cally stationary state. Also, given the short simulation tim
they report that the mean concentration profile continues
evolve throughout the simulation. In the present study,
simulation was carried out for more than 5000 wall tim
units, so that an acceptable steady state was reached fo
calculation of the deposition coefficient@refer to Fig. 5~a!#.
At steady state, the concentration near the wall becomes
enough for diffusional deposition to be dominant. Since o
a small fraction of the particles arriving near the wall ha
large enough velocities to deposit by free flight,8 a steady
state can be reached only by an increase in diffusional de
sition. Although this process of deposition is not very ef
cient because of the quiescent environment close to the w
it is aided by the large accumulation of particles very close
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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the wall. Moreover, a lower concentration away from t
wall results in a reduction in the number of possible fre
flight particles.

To analyze this claim further, a particle residence tim
analysis has been conducted. The time spent by a par
before deposition in a slab 3 wall units from the wall h
been recorded. An algorithm was implemented such that,
particle escapes from the slab before depositing~due to re-
entrainment!, the time counter for this particle was reinitia
ized to zero. Figure 11 shows a scatter plot of the part
residence time versus the particle wall-normal velocity
deposition. The two populations of diffusional and free-flig
particles can now be distinguished more clearly in combi
tion with the residence time. The free-flight population c
now be defined as particles having both a high deposi
velocity and a short residence time, and the diffusional de
sition particles are those with very small deposition velo
ties and very large residence times. Logarithmic scales h
been deliberately adopted to clearly show the separation
tween the two different populations.

1. Free-flight mechanism

The behavior of the deposition velocity versus reside
time shown for the free-flight particles in Fig. 11 can

FIG. 11. Residence time of particles in the slabz1,3 versus deposition
velocity for ~a! tp

155, ~b! tp
1515.
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explained using a very simple analysis. Assuming that
particle wall-normal velocity is much larger than the wa
normal fluid velocity fluctuations in the near-wall regio
(z1,3 for the residence time analysis!, the equation for the
particle wall-normal velocity can be approximated by

dWp

dt
52

Wp

tp
1 , ~8!

the solution of which is obtained as

Wp5Wp,@z153# expS 2t

tp
1 D . ~9!

The wall-normal velocity at deposition,Wdep, therefore is

Wdep5Wp,@z153# expS 2t res

tp
1 D , ~10!

where t res is the residence time of the particle. Solving f
the position of the particle such thatz153 at t150 and
z150 at t15t res, the following condition is obtained:

35Wp,@z153#tp
1FexpS 2t res

tp
1 D 21G . ~11!

Eliminating Wp,@z153# from Eqs. ~10! and ~11!, a relation-
ship betweent res andWdep is obtained

tp
1WdepF12expS t res

tp
1 D G53, ~12!

where the number 3 on the right-hand side is the slab he
chosen for the residence time analysis.

This expression matches very well the actual behav
obtained by the DNS for particles withtp

155 as well as 15,
as shown in Fig. 11. As the velocity of the particles enter
the slab becomes smaller and comparable to the RMS fl
velocity in the region~,0.01!, it is no longer appropriate to
neglect the effect of the fluid velocity fluctuations on th
particle path, and the assumption of free flight breaks do
Particles now do not have sufficient momentum to depo
directly and remain in the slab for longer periods of tim
until they deposit by a random process due to the resid
fluctuations near the wall.

2. Preferential deposition

Another interesting statistic is the location where p
ticles tend to deposit on the wall. At every time step, only
few particles deposit, hence no preferential zones can be
cerned when taking instantaneous snapshots of depos
locations. Figure 12 shows the locations where particles h
deposited on the wall over the whole simulation interv
This can be considered as the probability that a particle
posits at a certain position on the wall. In the figure, t
diffusional deposition population is shown in gray.

An examination of the distribution leads to the concl
sion that the diffusional deposition population deposits pr
erentially in streamwise oriented streaks, while the free-fli
ones are more evenly distributed over the whole plane. T
is not surprising, since diffusional deposition particles co
from locations very close to the wall, where particles ha
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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already accumulated in such streaks. These near-wall stre
wise particle streaks have a long lifetime because they e
very close to the wall in a particularly quiescent region, a
move with very small streamwise velocity. Consequen
particle distribution at the deposition position clearly refle
the near-wall particle distribution. On the other hand, fre
flight particles arrive from regions further away from th
wall, where larger scale fluid motions project particles mo
evenly towards the wall. This result has not been presen
in previous studies.

V. SUMMARY AND CONCLUSIONS

Direct numerical simulation of a turbulent open chann
flow was combined with Lagrangian particle tracking
study the mechanisms of particle deposition onto the w
Particles with inertial response times of 5 and 15 w
tracked under the assumption of one-way coupling. T
Stokes drag force, corrected for higher particle Reyno
numbers, was assumed to be the only force acting on
particles. Particles were removed on coming within one
dius of the boundaries and reintroduced at the inflow plan
a random location. This procedure allowed the eventual
velopment of a statistically stationary particle field.

FIG. 12. Particle deposition patterns,~a! tp
155, ~b! tp

1515.
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Particle concentration patterns were found to reflect
flow characteristics in the different regions of the flow. Ne
the wall, particles accumulate in streamwise oriented stre
correlated with the so-called low-speed streaks in wall tur
lence. Near the free-slip boundary they form large circu
and elongated voids surrounded by thin regions of high c
centration, consistent with the large scale structure of tur
lence near a free surface. A large increase in particle con
tration very close to the wall is observed. The peak value
located aroundz1'0.3– 0.4. This flux of particles toward
the wall is driven by the process of turbophoresis. Very clo
to the wall, particle concentration is higher fortp

155 par-
ticles than fortp

1515 particles.
The deposition rates presented in the paper compare

sonably well with nominal experimental and numerical r
sults presented previously. The deposition rate fortp

1515
particles was found to be significantly higher than fortp

1

55 particles. The particle-phase mean streamwise veloci
shown to be smaller than that of the fluid for both sets
particle response times. This is attributed to the accumula
of particles in the low-speed regions of the flow. Preferen
concentration was quantified by examining the mean stre
wise velocity of the fluid at the particle positions. The resu
show thattp

1515 particles are slightly less preferential
concentrated in the region 5,z1,30. The particle-phase
mean wall-normal velocity is nonzero, even though the flu
has zero mean wall-normal velocity. The velocity towar
the wall was found to be higher fortp

1515 particles, con-
sistent with their higher deposition rate. The particle pha
turbulence intensity was found to be significantly lower th
the fluid phase due to two mechanisms working in conju
tion with each other. The first mechanism is the preferen
concentration of particles in regions with lower turbulen
intensity and the second one is the lack of response o
particle to small-scale turbulent fluctuations due to its iner

Studies on particle deposition had so far indicated t
free flight is the dominant mechanism for particle deposit
in wall-bounded flows. One of the main findings of this stu
is the fact that diffusional deposition~deposition induced by
the small residual turbulent fluctuations near the wall! of
particles strongly concentrated near the wall is the domin
mechanism for particle deposition. This is clearly sugges
by the cumulative distribution functions of the wall-norm
velocities of depositing particles. Almost 90% of thetp

155
particles deposit due to this mechanism. The free-fli
mechanism is shown to gain in importance fortp

1515,
where it accounts for 40% of the deposited particles. T
fact is further clarified by looking at the deposition veloci
vis-a-vis the residence time of the particles in a thin s
adjacent to the wall before deposition. A clear distincti
between diffusional and free-flight particles was revealed
was also shown that free-flight particles deposit more u
formly over the wall as compared to the diffusional particl
that deposit in streamwise oriented streaks coinciding w
the near-wall accumulation patterns.
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