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ABSTRACT

The deposition of heavy solid particles in a
downward, fully developed turbulent square duct tlow
at Re; = 360, based on average friction velocity and
duct width, is studied using large eddv simulations.
The continuous and the dispersed phases are treated
using the Eulerian and Lagrangian approaches,
respectively. A finite volume based second-order
accurate fractional step scheme is used to integrate the
incompressible  form  of  the unsteady,  three-
dimensional ~ Navier-Stokes  equations  on  an
80x80x128 grid. A dynamic subgrid kinetic cnergy
madel is used to account for the subgrid scales. The
particle equation of motion includes drag, lifi, and
gravity forees and is integrated using the fourth-order
accurate Runge-Kutta method. Table 1 lists the details
of the particle propertics. Three approaches are used
in this work.  First, simulations are carried out
assuming that the particle-particle interactions are
negligible and that the particles do not modity the
tluid phase momentum (one-way coupling). Second,
stmulations are carried out for representative cases
with the inclusion of particle-particle collisions as well
as particle feedback effects on the fluid phase (four-
way coupling). Third, collisions are neglected but the
particle feedback effect is retained (two-way coupling)
tor a select case to determine if the observed trends are
due to collisions or due to two-way coupling.

Variation in the probability distribution function
(PDF) of the deposition location with particle Stokes
number is presented.  The average streamwise and
wall-normal deposition velocities are also presented.
Collisions are seen to increase the deposition rates.

INTRODUCTION

Particle deposition is influenced by the turbulent
flow structures which are known to cause preterential
concentration of particles (Squires and Eaton, 1991:

Fessler et al., 1994). There have been a number of

previous studies on particle deposition in channels and
pipes (Wang and Squires, 1996). However, relatively
few studies on flows with only one homogencous
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direction, such as a square duct, have been performed.
For single-phase flow, one of the first LES studies of
secondary flows in a square duct was performed by
Madabhushi and Vanka (1991) using the Smagorinsky
model and a 65x65x32 grid.  They studied flow at Re,
= 360 based on duct width and average friction
velocity.  LES was shown to successfully predict the
turbulence driven secondary flows. Other studies of
secondary flows include those by Kajishima and
Mivake (1992), and Gavrilakis (1992). In the present
study, particle deposition in a fully developed
turbulent square duct flow is investigated

Particle deposition in a channel flow was studied
with LES by Wang and Squires (1996).  The
maximum particle concentration was found to be near
the wall. When the LES results were compared with
those of DNS, the particles with the largest relaxation
times were found to compare the best. This is because
larger particles are less likely to be influenced by the
small scales which are not accurately represented by
LES. It was also found that the lift force increases
particle deposition.

Zhang and Ahmadi (2000) examined aerosol particle
transport and deposition in channels. For horizontal
ducts, they found that gravity increases deposition by
scdimentation on the lower wall.  For vertical ducts,
when gravity was in the flow direction, deposition
rates were higher since the lift force will now act
towards the walls.

Ujjttewaal and Oliemans (1996) examined particle
dispersion and deposition in vertical pipes of circular
cross-section.  They found that the deposition
coefficient scales with the turbulence integral time
scale.  The wall impact velocity was seen to peak
around 7," = 200. To more accurately represent the
dispersion of small particles, they also suggest taking
into account the effects of the subgrid turbulence on
the particle motion.

Despite the relatively large number of works on
particle deposition in turbulent flows, there is a lack of
information on this phenomenon in  complex
geometries. Mean secondary flows, show in Fig. 1,
will add complexity to the particle deposition. In the
present study, particle deposition in a fully developed
turbulent square duct tlow is investigated.



NUMERICAL METHOD

The incompressible three-dimensional, unstcady
Navier-Stokes equations are solved using a second-
order accurate finite volume method on a collocated
grid with central  differencing of the spatial
derivatives. The friction Revnolds number based on

o . _ 1/2
mean friction velocity, up = (Tw f'pf) , and duct

width, 8, is Re.= 360, where T, and pyare the mean
wall shear stress and the fluid density, respectively.
Diftusion and the convective terms are discretized
with the Crank-Nicholson and the second-order
accurate Adams-Bashforth schemes, respectively.  An
algebraic multigrid solver was used to solve the
pressure Poisson equation resulting from the tractional
step method. The square duct dimensions in the X, v,

and z directions are 5x8x2%d and the grid consisted of

80-80 - 128 Cartesian cells. The unresolved scales are
modeled with the dvnamic subgrid kinetic energy
model developed by Kim and Menon (1997). The
particle equation of motion includes drag, lift in the
two wall directions (x and v) and gravity in the
streamwise direction (z). Several particle response
times and volume fractions are studied to identity
statistical trends of the effects of secondary flows on

particle deposition. One-way, two-way, and four-way

coupling etfects are scparately examined. A new
approach for accounting cotlisions between particles,
which is more accurate than the purely retroactive
method and is computationally less intensive than the
proactive method, has been developed and used in the
current work.

Particle Motion
Subgrid tluctuations, stgs"% , are scaled by a

Gaussian distributed random number and isotropically
added to the fluid velocity at the particle position to
more accurately represent the instantancous velocity.
Particles are assumed to deposit when they are within
one radius from a wall. The particles, initially, are
randomly positioned in the domain with initial
velocities equal to the local fluid velocity. Since it is
only by chance that a particle is located at a fluid grid
point, second order Lagrange polynomials were used
to interpolate the fluid quantities to a particle position.
This involved interpolating values of fluid quantities
(such as u, v, w and k) at 27 locations surrounding
the particle.

Particle Collisions

An approach that is more accurate than the purely
retroactive method and is computationally less
intensive than the proactive method has been
developed and used in the current work. The current
method is briefly described below.

The flow domain is first partitioned into sections in
which collisions will be considered. In this work,
16x16x16 unitorm partitions are used. It is assumed

that the particles have constant velocities during a time
step. In a given partition, all collision pairs are tirst
identified using a method similar to Chen et al. (1998).
Next, the pairs are ordered in the ascending order of
their time for collision. The first collision in the
ordered list (say, between particles p and q) for the
partition is carried out by advancing the particles p
and ¢ to the point of impact by using the velocities at
the n® time step. Perfectly elastic collisions are
assumed to compute post-collision particle velocities.
The collision list is then modified such that any future
collision that contains particles p and q is not allowed
to ocedr in the same time step.  Subsequently, the pair
next in the list to p and q is made to collide and is then
removed from future collisions during the current time
step. This process is repeated until there are no more
particles left in the collision list. The inclusion of this
collision algorithm required approximately three fimes
more CPU time for a given simulation compared to
that without collisions. Full details of the algorithm
will be presented in a forthcoming techmcal note.

RESULTS

The mean fluid statistics are averaged in time for
more than 60 dimensionless time units. Further, the
deposition statistics are averaged in time (34 time
units for the t,' = 0.072 particles and 8 time units for
the rp’ = 25632 particles), in the homogencous
streamwise direction, and over the four duct walls
(due to a 90 rotation svmmetry about the duct axis in
the cross-sectional plane). One-way coupling results
will be presented first, followed by a discussion of the
eftects of two-way and four-way coupling.

‘The unladen fluid tlow results were compared to the

'DNS data of Madabhushi (1993), and to the LES data

ot Madabhushi and Vanka (1991), who studied tlow at
Re, = 260 and 360, respectively. Good agreement is
seen in Fig. 2 where the mean streamwise velocity at
the wall bisector from the current simulation is
compared to that from the above two studies.

One-way coupling

Wall-Normal  Deposition  Velocity.  The
deposition velocities in the wall-normal and the
streamwise directions are of interest in studving the
erosion of the duct walls. In a channel or a pipe flow,
the deposition velocity is a constant over the wall due
to the spatial averaging in the two homogencous
directions parallel to the wall. However, in a square
duct, due to the inhomogeneous nature of the cross-
sectional plane, the deposition velocities will vary
over the duct walls. Two-way coupling effects and
interparticle collisions are not considered in this
section.

Results have been presented for ten values of .
corresponding to two values of particle to fluid density
ratio (p,/pr = 1000 and 8900) and five particle
diameters for each density ratio. The various particle
parameters considered in this section correspond to
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simulations 1-10 in Table 1. In this paper, results will
focus on pyipy = 1000 for brevity. Figure 3 presents
the wall-normal deposition velocities, as a function of
deposition location, for the various 1, corresponding
to pypr = 1000. Here, we see several interesting
trends.  First, as the Stokes number is increased from
0.072 to 1.8, the wall normal deposition velocity does
not change significantly. However, further increase in
7, from 1.8 to 28.8 lcads to a substantial increase in
the wall-normal deposition velocity across the duct
width. We see the lowest deposition velocity at the
corners of the duct (deposition location = 0 and 1 in
Fig. 3) and it increases progressivelv as we move
away from the corners. The term “deposition location™
represents the corresponding location on all four walls
due to the 90 rotational svmmetry about the duct axis.
For 1," = 28.8, we also see secondary peaks in the
deposition velocity at roughly 10% to 15% of the duct
width trom the corners.  For all particle response
times, we see the maximum deposition velocity at the
center of the duct wall.  This is due to the relatively
large wall-normal gradients in the mean streamwise
velocity at this location compared to the comers. This
causes a larger lift force (directed towards the wall)
and thus, an increased wall-normal  deposition
velocity.,

Streamwise Deposition Velocity. Figure 4
shows that the less inertial particles deposit on the
wall with lower streamwise velocities. This is because
they respond better to tluid deceleration than the more
incrtial particles as we approach the wall. In Fig. 4,
tor a higher t],' =288, we see that the particles tend to
noticeably retain streamwise monientum afler passing
through the near-wall shear laver. Further, the non-
uniform profiles demonstrate the effect of secondary
flows.

Deposition Location. The particle deposition
location is not an issue of concern for pipes and
channels due to the homogencous nature of the two
directions parallel to the walls in these geometries.
For a square duct, due to the additional
inhomogencous wall-normal direction, the deposition
pattern is more complex. By examining the PDFs of
the deposition location for 1,” corresponding to Py Ps
= 1000, shown in Fig. 5, we can identify several
trends.  First, deposition is always seen to be more
likely near the center of the duct wall for all particle
Stokes numbers examined. For the particles with T, =
0.072 and 0.45, we sec a very small fraction of
particles depositing near the duct corners. As 1, is
increased, deposition near the corners is higher and the
particles tend to deposit more uniformly across the
duct width. The wavy nature of the deposition
location for higher t,” is supported by similar trends in
the wall-normal deposition velocity.

Deposition Rates. Deposition rates are important
in applications such as droplet impingement on a heat
exchanger surtace, dust deposition on surtaces in clean

rooms, etc. Deposition rates will be higher for a
square duct than for channel tlow. This is because of
the secondary tlows that are more likely to transport
particles (0 a wall.

The particle deposition rate, V,, can be expressed as
the tollowing:

(1)

where Ny is the number of deposited particles during
time t, A is the area of deposition, N is the number of
particles at the beginning of the deposition sampling
time, and V is the volume of the domain. In Fig. 6, we
compare the deposition rates, normalized by the
average friction velocity, with the empirical
correlations developed by McCoy and Hanratty (1977)
for pipe flow. The trends are similar to those seen in
pipe tlow. For the 1,7 = 0.072 particles, the
deposition rates mn a square duct are seen to be up to
two orders of magnitude higher than those in a pipe
flow. However, for large particles, the correlation of
McCoy and Hanratty (1977) agrees well with the
square duct deposition rates.

Two-way Coupling and Particle Collisions

Higher volume fractions (¢, = 10‘1‘). To better
understand the effects of particle feedback and
collisions, we increase the volume fraction to a level
where they are likely to be dominant. Therefore, one
set of simulations with both two-way and four-way
coupling was done for 7, = 256.32 with an initial
volume fraction of 107, which corresponds to 1.5
million particles. In this set of simulations, any
significant difference between the two-way and four-
way coupling results can be attributed to particle-
particle collisions.

The wall-normal deposition velocity is shown in Fig.
7. Previous one-way and four-way coupled results
with 100,000 initial particles (¢, = 6.67x107) are
included for comparison. When the volume fraction 1s
increased to 107 and only two-way coupling is
considered, we see slightly higher wall-normal
deposition velocities when compared to results at ¢, =
6.67x10°.  This indicates that the particle feedback
effect leads to a marginal increase in wall-normal
deposition velocities.  However, when four-way
coupling at ¢, = 107 is examined, we see striking
ditferences in the results. It is observed that the
maximum wall-normal deposition velocity now occurs
near the corners. The deposition velocity is increased
by a factor greater than two due to collisions. This
clearly indicates that the inclusion of particle-particle
collisions can significantly alter the results of wall-
normal deposition velocities at relatively high volume
fractions.

The streamwise deposition velocity is shown in Fig.
8. With two-way coupling, the increase in volume
fraction is clearly seen to decrease the streamwise
deposition velocities. For ¢, = 107, inclusion of
particle collistons is seen to decrease the deposition
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velocity even further. Higher volume fractions are
also seen to increase the non-uniformily across the
duct walls for the streamwise deposition velocities.
The deposition location is not significantly altered by
collisions and therefore not shown.

The deposition rates for ¢, = 107, normalized by the
average friction velocily, are also plotted in Fig. 6
along with the low volume fraction results. Again, we
see that two-way and four-way coupling act 1o
enhance the deposttion rates.

CONCLUSIONS

The deposition of heavy solid particles in a fully
developed turbulent square duct flow was studied
using large eddy simulations. Ten particle Stokes
numbers were studied. Two particle number densities
were examined, corresponding to 10° and 1.5x10°
particles imtially in the domain. In addition to one-
way coupling, two-way, and four-way coupling etlects
were also considered.

For one-way coupling, the maximum wall-normal
deposition velocity oceurs near the center of the duct
wall. However, inclusion of particle-particle
collisions results in the maximum wall-normal
deposition velocity to occur near the corners. The
streamwise deposition velocity also increases with
particle response time.  Two-way coupling and
collision eftects decrease the streamwise deposition
velocity.

Two-way coupling effects tend to cause an
augmentation of the wavy deposition pattern.
Collisions do not alter the pattern of deposition
locations significantly even for volume fractions up to
107, At low volume fractions, inclusion of two-way
coupling and particle collisions did not signiticantly
alter the deposition trends.

Deposition rates are computed and compared to pipe
flow experimental data. Large particles are scen to
more closely match the pipe flow data. Two-way and
four-way coupling enhance the deposition rates.
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Table I: Overview of the Simulations

Simulation 0 4.8 1} ¢y Coupling
1 1000 0.0001 0.072 83310 One-way
2 1000 0.00U25 0.45 130107 One-way
3 1000 0.0005 18 1.04-10°¢ Oine-way
4 1000 0.001 72 833107 One-way
s 1000 0.002 288 6.67- 107 One-way
6 8900 00001 06408 833107 One-way
7 8800 0.00025 4.005 1.30: 107 Ome-wav
8 8900 0.0005 16.02 1.04-10°° One-way
9 8900 0.001 64 08 833-10° One-way
10 8900 0.002 25632 6672107 One-way
1 1000 0.0005 18 1042107 Four-wav
12 1000 0.002 288 6.67-10°° Four-way
13 900 0.002 256.32 6.67-107° Four-way
14 8900 0.002 256.32 107 Two-way
15 8000 0.002 25632 107 Four-wav
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