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Introduction

A comprehensive numerical model that was previously
developed to study the turbulent behavior of dilute gas-parti-
cle flows and also the effect of the particles in modulating
the gas turbulence behind sudden expansion geometry]’2 was
used to study the turbulent behavior of dilute liquid particle
flow behind a sudden expansion geometry. The major
endeavor of the study is to ascertain the response of the par-
ticles within the carrier liquid phase. The main aim prompt-
ing the current study is the density difference between the
carrier and the dispersed phases which is less in terms of the
liquid-particle flows in comparison to its counterpart gas-
particle flow. The numerical simulations carried out in this
study were validated against the experimental data of Founti
and Klipfel® and qualitative results have been obtained. Fur-
thermore, their response to the carrier phase has been inves-
tigated both at the mean and at the turbulence level for a
range of particle Stokes number. While the particulate veloc-
ity seems to increase with the corresponding increase in
Stokes number amidst the carrier phase the particulate turbu-
lence shows entirely a different pattern.

Flows with particles amid liquid are an important class of
two-phase flows classified under slurry flows. These flow
systems are representative of many mineral processing oper-
ations and also provide useful operation correlations for such
processes. They form an important class of flows encompass-
ing pneumatic conveying system, turbines, and machineries
operating in particulate-laden environments. Liquid particle
flows provide a useful tool in the simulation of sprays in
industrial and natural processes, since they have comparable
phase-density ratios. Comparable densities are of particular
interest, because all the effects of interphase momentum
transfer are important.* They also serve as a good test of
methods to predict particle motion in turbulent environ-
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ments* as they exhibit high relative turbulence intensities for
particle motion, which influence particle drag properties.”

In this article, we report the particle responsitivity at the
mean and at the turbulence level in the presence of a liquid
phase, the diesel oil. This is done to clarify the notion
whether Stokes number (S7) can be used as a universal pa-
rameter to define the particle motion both at the mean and at
the turbulence level. The numerical model and the procedure
used are similar to the studies outlined in Refs. 1 and 2. The
note starts with the testing of the numerical model to repli-
cate the experimental results of Founti and Klipfel3 for both
the phases. Followed by this the particle Stokes number is
further varied to study its response at both the mean and the
turbulence level.

Results and Discussion
Numerical code validation

In this section, the code is validated for mean streamwise
velocities and fluctuations for both the carrier and dispersed
phases against the benchmark experimental data of Founti
and Klipfel.® This task is undertaken to verify the fact that
particulate flow with liquid carrier phase can be handled by
the code. The experimental set up consisted of a pipe flow
with a sudden expansion ratio of 1:2, with a step height of
25.5 mm, as depicted in Figure 1, working at a Reynolds
number of 28,000. The dispersed phase particles consisted of
450 pm glass particles with a mass loading of 15%.

An important, dimensionless scaling parameter in defining
how the fluid-particle behave with the flow field is the
Stokes number (S7), which is given by the ratio of the parti-
cle relaxation time to a time characteristic of the fluid
motion, i.e., St = ty/t,. This determines the kinetic equilib-
rium of the particles with the surrounding liquid. In choosing
the appropriate fluid time scale #;, the reattachment length
has not been considered as it varies because of the addition
of particles and is not constant in this study, rather a con-
stant length scale of five step heights, which is in accordance
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Figure 1. Backward facing step geometry.

with the reattachment length is used. The resulting time
scale is given by t; = 5h/U,. A small stokes number (St <
1) signifies that the particles are in near velocity equilibrium
with the carrier fluid. For larger stokes number (St > 1) par-
ticles are no longer in equilibrium with the surrounding fluid
phase, which will be exemplified in the later sections. Based
on the above definition, the Stokes number for the flow con-
sidered in our study works out to be 0.59.

The ability of the numerical code to aptly replicate the
experimental results can be seen from Figure 2. Figure 2a
shows the numerical findings of single phase (Diesel oil)
mean velocities against the experimental data, although the
overall behavior is replicated numerically there have been
some under prediction for a height of y/h > 1 for midsec-
tion of the geometry, while a minor over prediction is felt
along the entire height at section x/h = 15.7. Figure 2b
shows the fluctuating liquid velocities along the step com-
pared against the experimental findings, there have been
some over prediction for a height of y/h < 1 at some sec-
tions, overall the majority of the results show a good com-
parison with the experimental data. Figures 2c,d depict the
experimental and numerical comparison of particle mean
and fluctuating velocities, and it can be seen that overall
numerical results have a good agreement with the experi-
mental data.
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Figure 2. a: Axial liquid velocities along the step; b: fluctuating axial liquid velocities along the step articles; c:
axial particle velocities along the step; d: fluctuating axial particle velocities along the step.
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Investigation of particle response

With the numerical code able to replicate the experimental
findings of the liquid particle flow, the study of the response
of particles to the surrounding carrier phase is carried out.
To proceed with this endeavor, four different Stokes num-
bers, by invariably changing the particle response times have
been chosen. The four different Stokes numbers chosen cor-
respond to 0.05, 0.5, 2.0, and 6.0. Particles with Stokes num-
ber 0.05 acts as tracers to the carrier phase and are widely
used by experimentalists for LDA/PDA studies. The Stokes
number of 0.5 corresponds to unveil realistically the
response of particles for St < 1. Stokes number of 2.0 was
chosen such as to fall within the range of overshoot phenom-
ena,®® wherein the particle is said to disperse more readily
than the fluid, while higher Stokes number of 6.0 is to study
the independent responsitivity of the particles in relation to
the denser carrier phase namely the diesel oil. To represent
the results more qualitatively, nine interrogation points made
up of a matrix of three sections (x/h = 2, 7, and 14) along
the length of the step and four sections along the height of
the step (y/h = 0.5, 1.0, 1.5) have been considered.

Particle response-mean velocity level

In this part of the results and discussion section, the
response of the particles to the mean flow are investigated in
relation to varying Stokes number. Three sections along the
step and three along the height of the step have been consid-
ered, but only their intersection points have been plotted here
for brevity. Figure 3 shows the plots of the normalized mean
particle velocities along with the single phase liquid veloc-
ities across varying Stokes numbers considered in our study.
Figure 3a shows the particulate velocities within the recircu-
lation region (x/h = 2.0) at a height of y/h = 0.5, while
Figure 3b shows the same near the reattachment point at a
height of y/h = 1.0 and Figure 3c near the exit at x/h = 14
and y/h = 1.5, where the flow tries to recover way aft of the
recirculation zone. Throughout the length of the step it can be
seen that there is an increase in velocities with a correspond-
ing increase in Stokes number and for all the sections consid-
ered here the magnitude of the particulate velocities are
always higher than that of the single phase liquid velocities.

From these plots it can also be seen that at section x/h =
2 the overall velocities are far lower than at the other sec-
tions. However, the particulate velocity at this section
exceeds that of the carrier phase, and this is mainly attrib-
uted to the fact that particles do not respond readily unlike
the carrier phase to adverse pressure gradients found aft of
the step due to recirculation. As one moves further away
from this section, both the carrier and the particulate veloc-
ities increase in magnitude, with the particulate velocities for
higher Stokes number always higher than the carrier liquid
phase. This phenomenon is attributed toward the fact that
larger particles exhibit higher inertial and that the particles
tend to maintain their inertial longer aft of the step in lieu of
the liquid carrier phase.

Particle response-turbulence level

In this part of the results and discussion section, particles
turbulent behavior is investigated. Figure 4 shows the plots
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Figure 3. a: Mean streamwise velocities at x/h = 2 and
y/h = 0.5; b: mean streamwise velocities at x/
h = 7 and y/h = 1.0; c: mean streamwise
velocities at x/h = 14 and y/h = 1.5.

of turbulent kinetic energies of particles along with the sin-
gle phase liquid, normalized against its freestream velocity
for varying Stokes number and sections. For all the sections
presented here the turbulent kinetic energy of the particles
are lower than its corresponding liquid velocities. This fea-
ture is mainly attributed to the reduction of shear between
the layers of the particles (due to higher density of the liquid
phase) that gives rise to the kinetic stress terms and is
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Figure 4. a: Fluctuating velocities at x’/h = 2 and y/h =
0.5; b: fluctuating velocities at x/h = 7 and y/
h = 1.0; c: fluctuating velocities at x/h = 14
and y/h = 1.5.

reflected in the turbulent kinetic energy of the particles. Here
again three sections along the length of the step and three
along its height have been considered. Figure 4a shows the
turbulent kinetic energy of the particles and liquid at section
x/h = 2, there has been a decrease in the particle kinetic
energy with subsequent increase in Stokes number, except
for the highest Stokes number considered in the study. Fig-
ure 4b shows the particulate turbulent kinetic energy for the
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section x/h = 7 of the step. Here again, there seem to be a
steady decrease in the kinetic energy with a rise in the
Stokes number. It can also be seen that the magnitude of the
kinetic energy is a fold less than at the section x/h = 2 with
a decrease being felt with a corresponding increase in the
height of the step for the varying Stokes number. Figure 4c
shows a similar pattern for the section x/h = 14 at the far-
ther end near the exit of the geometry. The magnitude of the
particulate turbulent kinetic energy here is lesser than the
previous sections of x/h = 2 and 7.

The decrease in the kinetic energies may be explained by
the flow behavior taking place behind the step. For instance,
at section x/h = 2 which corresponds to a height of y/h =
0.5, turbulence is higher due to the presence of the recircula-
tion found behind the step. As one moves further away from
the step, the turbulence dies down for both the phases, as the
flow recovers and assumes a channel flow.

Summary of particulate responsitivity

The above two sections which outlines the particle
response at the mean velocity level and at the turbulence
level show that the mean velocity of the particles increase
with a subsequent increase in the Stokes number. The mean
particulate velocity not only increase with the Stokes number
but is also higher than its corresponding carrier phase veloc-
ities for the three Stokes number viz St = 0.5, 2.0, and 6.0
considered in our study. This is quite in lines with the recent
experimental data of Ishima et al.? and the phenomenon is
explained with the help of the particle terminal velocity
which gives a rough approximation as a percentage of how
much the particle velocity exceeds the carrier phase velocity.
The other reason for the particle velocity to lead the carrier
phase is the attribute of the particulate phase to respond
slowly to the adverse pressure gradient dominant in shear
flow geometries like backward facing step, in lieu of the car-
rier phase.

On the other hand, the particle turbulent kinetic energy
plots depict the response of the particles at the turbulence
level. Across these plots, it can be summarized that for lig-
uid-particle flows, the magnitude of the particulate turbu-
lence decreases across the increasing Stokes number, quite
opposite to mean velocities outlined in the previous para-
graph. The majority of the trend shows a decrease in particu-
late turbulent kinetic energies, after which they more or less
remain a constant. Previous studies of liquid-particle flows
in vertical channel”'® shows that with the increase in the
Stokes number there is usually a corresponding increase in
the particulate turbulence, however the flow considered in
this study is a shear flow geometry, which basically depicts
a totally different flow feature unlike the simple channel ge-
ometry. In these lines even the turbulence modification (TM)
of the shear flow geometry for the well established gas-parti-
cle flow'' does not seem to well correspond with the models
been employed and formulated for the vertical channel
flows.” Thereby, given the complexity of the problem much
deeper understanding and experimental data may be required
to ascertain the same.

With respect to the set of results described earlier, the par-
ticles response to the turbulence may be explained in terms
of the carrier phase used to study the particle response.
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Firstly, the density and the viscosity used to study these
flows were higher, which basically prohibits the fluctuating
motion of the particle. Another rationale being, in regions of
strong mean velocity gradient, the streamwise particle fluctu-
ating velocities are determined more by the mean gradient
that by the actual response of the particles to turbulent fluc-
tuations. In the absence of the same the particle velocity
fluctuations tend to be lower than the fluid velocity fluctua-
tions as noted from the experiments of Fessler and Eaton."'
From these conclusions the eventual decrease in the particle
fluctuation is more or less attributed to the decrease in the
velocity gradient with a corresponding increase in Stokes
number. The cross-stream mixing, which attributes toward
higher particle fluctuating velocities in gas-particle flow may
be prohibitive in liquid-particle flow considering the elevated
density and viscosity of liquid particle flows.

Conclusion

Particles response to turbulent liquid-particle flow, behind
a turbulent backward-facing step geometry was successfully
analyzed and simulated numerically using an Eulerian two-
fluid model. Numerically the code was validated against the
benchmark experimental data of Founti and Klipfel.® The
numerical results revealed good agreement with the experi-
mental data. From there the code was further used to investi-
gate the Stokes number effect on the carrier phase both at
the mean velocity and at the turbulence level. At the mean
velocity level the particles seem to move faster than the car-
rier phase. However, at the particle fluctuation level, there is
a decrease with the increase in the Stokes number, wherein
the particle fluctuation seems to decrease and almost flatten
out with the increase in its Stokes number. The main reason
for this behavior is the physical characteristics of the carrier
phase namely the liquid, which is far denser prohibiting
the motion of the particles at the turbulence level, which

eventually changes the cross-stream and the mean gradient
behavior.
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