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Abstract

This paper investigates and compares the effect
of a solid, spherical particle phase on surrounding
carrier fluids (air and water) in a turbulent channel
flow. The fluid phase properties are chosen to repre-
sent a flow typical of the nuclear waste industry, with
the flow modelled using the direct numerical simula-
tion (DNS) code, Nek5000, at a shear Reynolds num-
ber of 180. A Lagrangian particle tracker is devel-
oped and implemented to simulate the dispersed
phase, capable of accommodating two-way coupling
between the fluid and discrete phase and inter-parti-
cle collisions (four-way coupling). In order to inves-
tigate the effect that the four-way coupled particulate
phase has on the turbulence field, mean fluid veloci-
ties and turbulence intensity statistics are recorded.
The work demonstrates that the introduction of two-
way coupling does indeed impact slightly on the tur-
bulence field. Specifically, it reduces the mean ve-
locity profile and increases the streamwise turbu-
lence intensity in the near-wall region. Upon the in-
troduction of inter-particle collisions, the flow statis-
tics studied show a negligible response. Collision
density distributions are studied and a temporal mi-
gration to the near-wall region is observed. Along-
side this, to investigate particle density-ratio effects,
water-based results are contrasted with simulations
in air. The way in which the flow statistics are mod-
ified are shown to differ in air and water. Finally, a
DLVO agglomeration model is demonstrated,
whereby particles colliding with enough energy to
overcome the potential barrier are considered bound.
This is applied to the four-way coupled flow with
temporal distributions of agglomerate counts pre-
sented.

1 Introduction

The transportation of particles through turbulent
flows is of great importance and significance in many
industrial environments. Aerosol manufacture,
chemical engineering and mineral processing are but
a few of the fields where an understanding of the
flow mechanisms and properties are pertinent to the
industries’ overall quality and efficiency. More spe-
cifically, this work is of relevance to multi-phase nu-
clear waste processing and reactor coolant flows,

where there exists mechanisms such as particle ag-
glomeration which can often lead to performance im-
pacts on the system. For instance, CRUD (Chalk
River unidentified deposits), consisting of agglomer-
ated particles, can collect upon the cladding of reac-
tor fuel rods and is capable of reducing the efficiency
of a nuclear reactor through the introduction of poor
heat transfer and local corrosion.

It has previously been observed experimentally
by Babler et al. (2010) that flows possessing turbu-
lent properties are capable of encouraging particle
aggregation. Simulation of particles in various flows
has also been widely studied, but these are generally
one-way coupled, in that they only consider the effect
of the fluid on the particles. However, since the in-
teraction between a particle and its surrounding fluid
is a two-way process, it is also important to consider
the effect that the dispersed-phase has on the fluid
phase. Furthermore, and to carry out more realistic
simulations, inter-particle collisions must also be ac-
counted for in dense flows. DNS has been shown by
Dritselis and Vlachos (2011) to be more reliable than
large eddy simulation when examining the induced
effects of coupling on turbulence intensities. Previ-
ous work of this nature has been carried out at high
density ratios. Li et al. (2001) observed more aniso-
tropic turbulence intensities as the particle mass
loading was increased in a vertical channel flow. Fur-
thermore, Vreman et al. (2009) offered additional
qualitative descriptions surrounding the way parti-
cles affect the continuous phase at high mass load-
ings.

This work aims to investigate further the effect
that the presence of a solid, spherical particle phase
has on the carrier fluid by considering two-way and
four-way coupling mechanisms at low and high den-
sity ratios. In order to relate the work to flows present
in the nuclear waste industry, the properties of each
phase have been chosen such that they represent a
relatively high-concentration flow of particles in a
viscous, liquid media such as water. This will then be
compared to a flow containing the same particles by
modifying the density ratio to match that of a flow in
air. Finally, particle agglomeration is introduced us-
ing a DLVO (see Derjaguin and Landau (1941) and
Verwey and Overbeek (1948)) potential energy bar-
rier model to determine collisions which result in



capture. The effect that this mechanism has on the
turbulence field will also be investigated.

2  Mathematical formulation

In order to obtain an accurate carrier-fluid field
representing a fully developed channel flow, a direct
numerical simulation was carried out. In this work the
single-phase solver, Nek5000 (Fischer et al., 2008),
was used which utilizes a high-order spectral element
method to model the fluid phase. This software was
chosen due to its parallel processing capabilities and
efficiency. In the code, the incompressible Navier-
Stokes equations are solved to high accuracy on a dis-
cretized Cartesian grid consisting of 27x18x23 8% or-
der elements (i.e. 5.7M nodes), wherein the elements
are scaled such that the nodes closest to the wall are
distributed more densely. The Navier-Stokes equa-
tions are non-dimensionalized using the channel half-
height, &, and the bulk velocity, Ug. The computa-
tional position domain (x,y,z) corresponds to a
4md X 26 X 2mwd channel. Here, x is the streamwise
direction, y is the wall-normal direction, and z is the
spanwise direction. From here on, a quantity with an
asterisk (*) denotes a variable non-dimensionalized in
this manner. The flow is driven by a pressure gradient,
which is maintained such that we ensure a constant
mass flux and a shear Reynolds number of Re, = 180.

For validation of the single phase, the unladen flow
was compared to the recent DNS findings of Vreman
and Kuerten (2014), and excellent agreement was ob-
tained. In order to investigate average flow field sen-
sitivity to grid resolution, the same simulation was car-
ried out on a Kolmogorov-resolving mesh and negli-
gible deviation was observed. For this reason, in order
to reduce run times, computations were carried out on
a grid which had Kolmogorov-resolving spacings at
yt < 40.

In order to model particle transport, a Lagrangian
particle tracker (LPT) was developed which interfaces
concurrently with Nek5000. The LPT solves the non-
dimensional equations of motion for each particle, Eq.
(1) and (2), at timesteps equal to that of the single-
phase solver. For this work, we have chosen to con-
sider contributions from drag, lift, virtual mass and
pressure gradient forces. The Basset history force has
been neglected due to long computation times and pre-
vious evidence showing a lack of effect on the result-
ing motion. A fourth order Runge-Kutta scheme was
applied for accurate integration of the differential
equations in order to obtain each particle’s position
and velocity at every timestep. The particle properties
used for all simulations are presented in Table 1.

Diameter, dp 0.005
Stokes number, St 0.112
Water density ratio, pp 2.5

Air density ratio, pp 2041
Volume fraction, Vp /Vi 116+ 107*

Table 1: Particle properties.

Each particle’s inertial effect on the fluid phase
was taken into account through the inclusion of an ad-
ditional source term in the Navier-Stokes equations,

fc= % YN _, Fp . Here, Vis the volume of a computa-

tional cell, N is the number of particles in that cell and
Fp is the fluid force exerted on particle P.

The LPT also considers particle-particle interac-
tions in the form of hard-sphere elastic collisions. At
each timestep, the particles are distributed into cells
within a secondary coarse mesh. The collision algo-
rithm is then run on all of the cells in this new mesh,
treating each as a new full domain. Specifically, the
code determines which particles have collided by
checking their relative displacements and comparing
that to the sum of their radii. If the relative distance is
smaller, the particles collide. This allows for fast col-
lision detection and the resulting particle veloci-
ties/positions are then calculated, taking into account
the collision-time contribution to the deflection.
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In order for an agglomeration event to occur, the
particle’s total kinetic energy must be greater than that
of the energy barrier calculated using the primary
maximum from the DLVO potential expression given
in Eq. (3):

V() = nd, (- s 4 ZOBT o) (3)

24mr K2

Particle statistical distributions across the wall-
normal direction were obtained by splitting the do-
main into 32 slabs of equal size, and taking an average
over all the particles in that slab. Once the particle
number density near the wall had settled, particle data
was collected and statistics were obtained.

The LPT was validated against the UUD group
data from Marchioli et al. (2008), who simulated a par-
ticle-laden turbulent channel flow at Re; = 150 using
three different Stokes numbers. This is presented in
Figure 1. Despite the difference in Reynolds number,
the same qualitative response to changing the Stokes
number of the particle phase is observed. Further val-
idations have been carried out at matching Reynolds
numbers and show very good agreement.
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Figure 1: Spanwise RMS fluctuating velocity profiles
at different Stokes numbers for qualitative validation
against Marchioli et al. (2008).

3 Results and discussion

The results of coupled simulations in water are
presented in Figures 2 and 3.
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Figure 2: Comparison of mean streamwise
velocity profiles for two-way (top) and four-way
(bottom) coupled simulations: — coupled water

phase; - - - unladen water phase; --- particle phase.
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Figure 3: Comparison of RMS velocity profiles
for two-way (top) and four-way (bottom) coupled
simulations: — coupled water phase; - - - unladen
water phase; --- particle phase.

In these figures, the upper plots depict the response
of the fluid phase to two-way coupling. Noting the
slight differences between the unladen flow and the
continuous (two-way coupled) flow results, it is evi-
dent that the presence of this mechanism does indeed
impact the system. Specifically, the mean streamwise
velocity of the particles is reduced and this effect is
greater towards the centreline. This is also true of the
wall-normal (v'") and spanwise (w'") RMS fluctuat-
ing velocities. Conversely, upon activating two-way
coupling, the streamwise RMS (u'") has a higher peak
and is also slightly greater at the centre-line.

The lower plots demonstrate the effects of includ-
ing both two-way coupling and interparticle collisions
(four-way coupling). It is notable that these resemble
the two-way plots, yet there are very slight differ-
ences. The lack of response to collisions may be expli-
cable by the particle concentration lying on the very
boundary between dense and dilute volume fractions,
and it is expected that we would see more of a reaction
if the particle concentration were to be increased. An



increase in streamwise turbulence levels and a reduc-
tion in the other directions due to four-way coupling
has been previously observed by Vreman et al. (2009).
Their simulation, however, was carried out at a higher
density ratio and volume fraction, and the effect was
exhibited with much greater intensity.

Figures 4 and 5 illustrate the same set of simula-
tions at a higher density ratio, matching that of parti-
cles in air.
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Figure 4: Comparison of coupled mean
streamwise velocity profiles in air: — one-way;
- - - two-way; -—- four-way.
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Figure 5: Comparison of coupled RMS velocity
profiles in air. Legend as Figure 4.

Other than a slight increase, Figure 4 illustrates a
negligible response to two- and four-way coupling
when considering the mean streamwise velocity pro-
file in air at the volume fraction investigated. In Figure
5, all three components of the RMS velocities are re-
duced as a result of coupling the particles with the con-
tinuous phase. For the mean streamwise velocity, the
inclusion of particle collisions dampens the turbulence

further, which is in contradiction to what is observed
in water (Figure 3). It was also observed that the col-
lisions have a greater effect on this statistic than solely
the coupling. The average momentum change per col-
lision along the channel was also studied, with an in-
crease in turbophoretic effects observed.

The average drag force per particle in both the
four-way coupled air and water simulations was rec-
orded and is presented in Figures 6 and 7. Other forces
were monitored, however, drag forces were observed
to have the greatest impact on the motion of the par-
ticulate phase and so will be discussed here.
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Figure 6: Average non-dimensionalized
drag force components per particle across the
water channel.
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Figure 7: Average non-dimensionalized drag
force components per particle across the air
channel. Legend as in Figure 6.



The streamwise force in water is generally homo-
geneous in the bulk of the channel. In the turbulent re-
gion, the magnitude peaks and is negative. The wall-
normal drag force varies across the channel. In the
bulk, the particles are carried away toward the turbu-
lent region. A pair of stable fixed points in the wall-
normal force plot are observed at y* = +0.7. Past
these points, the particles are subject to high forces in
all directions aside from spanwise, which is a result of
the chaotic fluid velocities in that region. The average
spanwise forces are negligible, which implies that they
are instantaneously also very low (due to the very
small fluid velocities in that direction).

Figure 7 depicts the average drag force per particle
across the channel for air. In contrast with water, the
forces are generally much lower, due to the inverse
scaling with the density ratio. The streamwise force
now deviates even in the bulk flow region, and the
depth of the channel where the particles are subject to
large forces downstream is much greater. In the wall-
normal direction, the force is only relevant in the tur-
bulent region and is still small compared to the up-
stream drag. Again, this component tends to push the
particles back towards the bulk.

Comparing Figures 6 and 7 with their correspond-
ing four-way coupled RMS velocity profiles, the ef-
fect that the drag force has on the carrier fluid is clear.
The difference between the positive (air) and negative
(water) turbulent region forces may explain the incon-
sistent behaviour seen in the streamwise RMS velocity
profiles. This should be investigated in more detail at
higher volume fractions.

-1 -0.5 0 0.5 1

0.4 =60

0.2

0.4 t* =90

No. of colliding particles / timestep

-1 05 0 05 1
y/6

Figure 8: Temporal evolution of the
number of particles likely to collide per
timestep across the water channel.

Figure 8 demonstrates the time evolution of colli-
sion frequencies across the wall-normal direction in
water. To obtain this plot, the near-wall particle con-
centration profile was allowed to settle as described
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Figure 9: Number of agglomerates with N
constituents as a function of time.

above. The collision mechanism was then introduced.
Here, it is observed that as the particles begin to inter-
act with each other, regions where more collisions are
likely to occur migrate toward the wall. This also im-
plies that more agglomeration events are likely to take
place in those regions. Taken with the results of Figure
6, it is implied that the presence of large forces in the
wall direction may be the reason for the rapid response
to collisions when considering turbophoresis.

Figure 9 depicts a run using four-way coupling
with the agglomeration mechanism. In order for an ag-
glomeration event to occur, a particle must firstly col-
lide with another. It must then possess a certain
amount of kinetic energy, which is calculated using
the value for the primary maximum in the DLVO
equation. The resulting agglomerate is then considered
as a spherical particle with twice its original volume.
For an initial run, the potential was non-dimensional-
ized and the Hamaker constant, Debye screening
length and reduced surface potential were chosen to
match particles in water with arbitrary surface charge,



making sure that the potential barrier was of the order
of half the average kinetic energy of the original ag-
glomerating particles in the flow.

It is clear that it would have taken just slightly
longer than the simulation time (t* = 30) for 1/3 of
the particles to form agglomerates, and the number of
agglomerates formed per second appears linear in this
period. The rate at which N = 2 agglomerates are
formed decreases over time, with a fairly sharp in-
crease during the first third of the simulation. The
higher order agglomerates actually accelerate in for-
mation over time, however, their overall totals remain
few. With the addition of this mechanism, and for the
duration of simulation time studied, the particle statis-
tics did not change, implying that their concentration
was mostly unaffected, but further studies are required
to verify this.

4 Conclusions

This work has considered the effect that two-way
and four-way coupling has on the turbulence statistics
associated with a multi-phase channel flow at a shear
Reynolds number of 180. Direct numerical simula-
tions have been carried out at two particle-fluid den-
sity ratios, corresponding to that of water and air.
Throughout, we have demonstrated that the introduc-
tion of two- and four-way coupling does indeed mod-
ify the turbulence properties of the system.

In water, it works to reduce the overall mean ve-
locity profile and increases the streamwise turbulence
intensity in the wall-region. The inclusion of interpar-
ticle collisions has little effect on any of the statistics
studied, but we do observe a temporal migration of the
high collision density regions toward the wall.

In air, a qualitative difference is identified
wherein the inclusion of coupling reduces the turbu-
lence intensities in the streamwise direction. An argu-
ment to explain this involving average drag force in-
formation across the channel has been offered. It is
also observed that the inclusion of particle collisions
has a greater impact on this statistic. The other statis-
tics gathered exhibit the same behaviour as in water,
albeit less pronounced.

Drag forces have been examined in both systems
and their qualitative properties have been discussed in
all directions. It is shown that there is a much greater
turbophoretic force in the water system which is
barely present in air. The bulk streamwise drag force
is also much larger in air. Spanwise forces are negligi-
ble in both systems.

The agglomerating flow in water studied exhibited
reasonable agglomerate formation in the time simu-
lated, however, the turbulence statistics were unre-
sponsive to the introduction of this mechanism and so
more work should be carried out to determine the in-
fluence of agglomeration on the flow field.

In future, we aim to investigate the result of in-
creasing the concentration of the particulate phase, in
an effort to encourage a more direct effect on the fluid
characteristics.
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