INTERACTION OF A FINITE-SIZED PARTICLE WITH WALL TURBULENCE
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ABSTRACT

Reliable information on forces on a finite-sized particle in
a turbulent boundary layer is lacking. For lack of such knowl-
edge we continue to use standard drag and lift correlations
developed for a uniform flow to predict the drag and lift forces.
Here we consider direct numerical simulations of a turbulent
channel flow over a finite-sized particle. All relevant length
and time scales of turbulence, attached boundary layers on
the particles, and particle wakes will be faithfully resolved,
and thus we consider fully resolved genuine direct numerical
simulations. The results from the direct numerical simula-
tion are compared with the corresponding predictions based
on standard drag relation.

INTRODUCTION

Dispersed multiphase flows are common in many engineer-
ing and environmental applications. The essence of dispersed
multiphase flow is at the interface between the phases, in
terms of deformation, mass, momentum and energy transfer.
Accurate accounting of these inter-facial processes is essen-
tial to both the Eulerian-Lagrangian and Eulerian-Eulerian
approaches. For example, the hydrodynamic force on the dis-
persed phase controls critical processes such as dispersion,
preferential accumulation, deposition, resuspension, collision
& agglomeration, and deformation & breakup. The particles
in turn modulate the carrier phase through back-coupling of
mass, momentum and energy.

In macroscale formulations of multiphase flow, interface
coupling is taken into account in terms of correlations for drag
coefficient (Schiller and Naumann 1933) , lift coefficient (Mei
1992, Dandy and Dwyer 1990) and heat transfer (Ranz and
Marshall 1952). Other correlations that attempt to account
for additional effects, such as compressibility, evaporation, etc,
can be found in recent books (Crowe et al. 1998, Sirignano
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1999). Such empirical correlations are obtained for simple am-
bient flow conditions, when the scales of carrier phase flow are
much larger than the scales of dispersed phase. However, their
accuracy is not guaranteed when used beyond their range of
validity, especially for finite-sized particles, defined as particles
whose size is comparable or larger than the scales of carrier
phase.

A quick survey of recent literature shows several hundred
references to the above correlations attesting for their popular-
ity and widespread use. In many of these applications there is
significant turbulence at the scale of the particles and the wall
effects could not be ignored. The usage of the correlations un-
der such conditions is clearly outside the range of applicability
originally intended. Nevertheless, their use is justified for the
simple reason that there is nothing better available. Without
further confidence in the applicability of these correlations, de-
sign of multiphase systems must use large safety factors and
therefore cannot be properly optimized. The available ex-
periments lack consensus and suggest widely varying effect of
freestream turbulence, anywhere from substantial increase to
dramatic reduction of mean drag (Brucato et al. 1998, Gore
and Crowe 1990, Wu and Faeth 1994a). Recent computations
have somewhat clarified the picture (Bagchi and Balachandar
2004). Based on these results freestream isotropic turbulence
has little systematic effect on time-averaged mean drag. How-
ever, it is hard to accurately predict the instantaneous force
fluctuations with the standard correlation. Especially, for par-
ticles of size larger than Kolmogorov scale the departure from
prediction is quite significant. We believe freestream turbu-
lence induced vortex shedding is responsible for such stochas-
tic behavior. When viewed at the macroscale, the interface
coupling for finite-sized particles is fundamentally stochastic.
The correlations in common use are deterministic in nature
and therefore can at best only hope to capture the mean be-
havior.



Experimental results (Fessler et al. 1994, Kaftori et al.
1995, Young and Hanratty 1991) suggest an even more com-
plex interaction between particles and wall turbulence. Here
we report on results obtained from direct numerical simu-
lations (DNS) of a finite-sized particle embedded in a fully
developed turbulent channel flow. These are fully resolved nu-
merical simulations, where in addition to resolving the wide
range of length and time scales associated with wall tur-
bulence, all the length and time scales associated with the
particles and the small-scale flow features generated by them
are fully resolved.

The results from such fundamental simulations will provide
definitive answers to applicability of commonly used drag and
lift correlations. In particular, we hope to answer how small
a particle needs to be, compared to Kolmogorov scale, for
it to be treated as a point particle. For larger particles, the
simulations will provide detailed information on the stochastic
nature of interface momentum coupling. The simulations also
provide detailed statistical information on the back effect of
particles on carrier phase turbulence. Here however, we will
limit attention to only the effect of wall turbulence on forces
on the particle.

NUMERICAL METHODOLOGY

We consider a rigid stationary sphere of diameter, d, lo-
cated within a turbulent channel flow. The particle is placed
at a distance yp from the lower wall and the channel turbu-
lence is characterized by Reynolds number based on channel
half height (H) and friction velocity (ur) of Re; = Hu, /v =
178.12. The nondimensional diameter of the particle in wall
units (d+ = dur/v) is chosen to be 17.81 and the distance
from the wall (yp+ = ypur/v) is also chosen to be 17.81.
Thus the center of the sphere is in the buffer region and it is
one diameter away from the wall.

The nondimensional height of the channel is 2. Along the
spanwise direction periodic boundary conditions are employed
and the spanwise extent of the computational domain is 47 /3,
which is the standard choice in turbulent channel flow simula-
tions (Kim et al. 1987). Here we limit the streamwise extent of
the computation domain to be 2.4, with upstream and down-
stream distances equal to 0.8 and 1.6. These upstream and
downstream distances are 8 and 16 times the sphere diame-
ter, and therefore can be considered more than adequate. A
fully developed turbulent channel flow is applied as inflow at
one streamwise end of the computational domain. A non-
reflecting outflow boundary condition is applied at the other
outflow end (Mittal and Balachandar 1996). These turbulent
inflow simulations are similar in spirit to those in the context
of freestream isotropic turbulence (Bagchi and Balachandar
2003, Bagchi and Balachandar 2004).

We use spectral element methodology (Deville et al. 2002),
which offers both higher order accuracy and ability to con-
struct complex boundary-fitted grid around the particles in a
channel. These features are essential for reliable computations
that are capable of capturing higher order turbulence statis-
tics at high fidelity. The computational domain is partitioned
into hexahedral elements, which are deformed by isoparamet-
ric mappings. Within each element, velocity and pressure are
represented in local Cartesian coordinates by tensor-product
Lagrange polynomials of degree N and N — 2, respectively.
Time stepping is based on semi-implicit splitting scheme that,
with correct treatment of the incompressibility constraint, al-

lows high-order temporal accuracy. The results to be reported
here employ 3400 spectral elements with each element resolved
by either N = 9 (higher resolution) or N = 6 (lower resolu-
tion) Lagrange Gauss-Lobatto points. Thus the effective grid
size in the present simulations is 1.79 million points for N = 9
and 0.44 million points for N = 6.

An auxiliary single phase turbulent channel flow simu-
lation (Kim et al. 1987) is performed alongside and the
time-dependent velocity obtained from a streamwise plane is
used as inflow for the spectral simulation with the particle.
This auxiliary single phase simulation employs the standard
Fourier-Fourier-Chebyshev spectral methodology in a box of
nondimensional size 47 X 2 X 47 /3 along the streamwise, wall-
normal and spanwise directions. The resolution along these
directions are 128 x 128 x 128, which is quite adequate for the
present case of Rer = 178.12.

RESULTS

Resolution

A three-dimensional view of the spectral element grid is
shown in figure la. Figure 1b shows the discretization on
the streamwise wall-normal plane close to the sphere. Except
within a small bounding box around the sphere, the spectral
element grid is Cartesian in nature and the hexahedral ele-
ments are simply rectangular in shape. Within this bounding
box the hexahedral elements deform from the outer box to the
inner sphere.

The spectral element grid away from the sphere must be
such that it should adequately resolve all the scales of tur-
bulent channel flow. The region away from the sphere is
discretized with 7, 20, and 22 spectral elements along the
streamwise, wall-normal and spanwise directions. With N =9
this yields effectively 57, 161 and 177 grid points along the
three directions. In order to accommodate the bounding box
the spectral elements are not of uniform width and further-
more the Gauss-Lobatto grid within the elements are nonuni-
formly distributed. With N = 9 the smallest and the largest
grid spacings are 1.786 and 19.404 in wall units along the
streamwise direction, 0.080 and 5.174 along the wall-normal
direction and 1.071 and 6.663 along the spanwise direction.
In comparison the discretization of the fully spectral chan-
nel flow simulation are 17.487 and 5.829 along the streamwise
and spanwise directions, and along the wall-normal direction
it varies from 0.054 to 4.371 from the channel wall to the cen-
terline. The spectral element simulation simulation, although
employs a larger number of grid points per computational vol-
ume than the corresponding fully spectral simulation, in terms
of the largest grid spacing provides an equivalent fully spectral
resolution of about 115 x 105 x 112. Since the spectral element
computation is fully dealiased, the above equivalent resolution
is more than adequate for the present case of Re, = 178.12 as
will be demonstrated below.

First, we performed a turbulent channel inflow simulation
in the absence of the sphere with the spectral element code.
The grid resolution over the bulk of the channel was main-
tained the same as that for the simulation with the sphere.
This will allow us to establish the adequacy of the spectral
element grid in resolving all the scales of turbulent channel
flow. In figure 2a we compare the mean streamwise veloc-
ity obtained from the spectral element simulation with that

202



of Kim et al. (1987), and the rms velocity fluctuations are
shown in figures 2b, 2c and 2d. The results for the lower order
(N = 6) spectral element simulation is also shown. The agree-
ment in both the mean and the rms velocities is quite good
indicating the adequacy of the present spectral element grid.
In figure 3 we compare spanwise spectra of streamwise, wall-
normal and spanwise velocities, obtained from the spectral
element simulation with those from the fully spectral simu-
lation. The comparisons are made at two different locations,
one in the buffer region (y4+ = 18.7) and the other at the cen-
ter of the channel (y = 178.12). Comparison is good for the
entire spectra indicating that all the turbulent scales are well
resolved by the spectral element simulation.

The fully spectral simulation uses a periodic boundary con-
dition along the streamwise direction with a long streamwise
length. In contrast the spectral element simulation uses a
shorter streamwise length with turbulent channel flow ap-
plied as inflow. In order to verify the appropriateness of this
approach, the spanwise spectras shown in figure 3 were com-
puted at different streamwise locations in the spectral element
code and the results are remarkably similar indicating that
the inflow turbulence is well maintained within the computed
channel length.

The resolution around the sphere can be characterized as
384 surface elements and with N = 9 this yields a total of
202818 grid points around the sphere. Also the first grid point
away from the surface of the sphere is at a radial distance of
Ary = 0.089. This choice of resolution close to the sphere
has been guided by our prior experience with this code in
solving wall-bounded flows over a sphere (Zeng et al. 2004).
Based on sphere diameter and the mean turbulent velocity at
the particle location we expect the mean particle Reynolds
number to be about 210. Particle Reynolds number based on
instantaneous velocity can be somewhat larger. The chosen
grid around the sphere is more than adequate to resolve all
the boundary layer dynamics around the sphere.

Drag and lift

In wall units the Kolmogorov length scale can be written
in terms of local dissipation rate as n+ = nu,/v = eI_l/ 4,
The dissipation rate increases monotonically from the center
to the walls of the channel and accordingly the Kolmogorov
length scale is the lowest (ny+ = 1.55) close to the wall and
reaches a maximum at the channel centerline (ny = 3.70).
Thus the sphere (d+ = 17.81) ranges from 4.8 to 11.5 times
the Kolmogorov scale.

First we consider the accuracy of the standard drag law in
predicting the force on the sphere. The instantaneous nondi-
mensional force on the sphere can be predicted as

2

F* K d+
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where uy = u*/u; is the undisturbed instantaneous velocity
of the surrounding fluid evaluated at the center of the parti-
cle and since the sphere is stationary this is also the relative
velocity of the fluid with respect to the particle. The drag
coefficient is given in terms of particle Reynolds number as

2

Cp == (1+0.15Re®%7)  where Re= 2)
Re

In the present case the undisturbed flow velocity at the
center of the sphere can be unambiguously evaluated in the fol-
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v
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lowing way. The spectral element channel flow was simulated
without the sphere in it, but with the same turbulent inflow
as that with the sphere. The velocity from this sphere-free
simulation measured at the location where the sphere would
have been gives the undisturbed flow. Figure 4 shows the time
history of all three components of the undisturbed flow veloc-
ity. Also plotted in figure 4 is the velocity magnitude, which
resembles streamwise velocity since this is the dominant com-
ponent of the flow.

Figure 5a shows the time history of the magnitude of force
obtained from the direct numerical simulation for the case of
dy = 17.81, yp4+ = 17.81 with N = 9. For comparison, in
figure 5a, also plotted is the force obtained using the standard
drag relation (eqn 1). The streamwise, wall-normal and span-
wise components of the actual DNS force and of the predicted
force using the standard drag formula are plotted in figures
5b, 5¢c and 5d. As expected the force is dominated by the
streamwise component and the large scale up and down os-
cillations are reasonably well predicted by the standard drag
relation. However, there is significant over-prediction of the
amplitude of such oscillations and also there are differences in
the high frequency component. From figure 4 it is also clear
that these large scale oscillations in the force are directly asso-
ciated with the change in the undisturbed fluid flow that the
sphere sees. The spanwise component of the force is smaller
in magnitude and its correspondence to that predicted by the
standard drag relation is similar to the behavior of the stream-
wise component. The wall-normal force is the smallest and it
is in agreement with the smaller magnitude of the wall-normal
component of the undisturbed fluid velocity. Unlike the other
two components, the computed wall-normal force differs from
the prediction even in the mean value.

The mean and rms of the magnitude as well as the com-
ponents are shown in table 1 for both the actual and the pre-
dicted force. The mean value of the streamwise and spanwise
forces are well predicted by the standard drag relation. This
behavior is similar to that observed for the case of isotropic
turbulent flow over a sphere (Bagchi and Balachandar 2003).
The effect of the bounding wall is thus minimal, at least at a
distance of y,4 = 17.81. In contrast, the mean value of the
predicted wall-normal force is small and positive, while the
mean computed wall-normal force is about an order of mag-
nitude larger than predicted and is directed towards the wall.
The Reynolds number of the flow around the sphere is about
210 and at this Re the shear induced lift coefficient is nega-
tive and thus may at least partly account for the difference.
As shown in the table, while the streamwise fluctuations are
over-predicted by the standard drag relation, the fluctuation
in the other two components are somewhat under-predicted.
This may be improved with the inclusion of shear induced lift
force.

In future we plan to include added-mass, Basset history
and shear lift components to the prediction and investigate
their influence on predictive capability. We will also extend
the present study to include spheres of varying sizes and also
place the spheres at locations other than the buffer layer.
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