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Abstract. The effect of an evolving particle siziestribution due to paicle agglomeration
and breakup, and the direction and absence of gravitational acosleaatiflow turbulence
modulation is investigated ungj large eddy and discrete pdeisimulation of a turbulent
channel flow. The results are compared withdhage in which the particle size distribution is
static and where only inter-ganle collision is allowed. Due to the small particle Stokes
number considered, inherent in a solid-ligti@v, and the small simulation time, only small
effects were observed for the static verdysamic particle size distribution on the fluid
turbulence. For vertical channigows, however, the influencef flow direction and gravity
lead to different particle geegation patterns vith, together with changes in wall shear
stresses and mass flow rate daebuoyancy effects, do affetiie flow turbulence and the
evolution of inter-particleollisions, collision efficency and agglomerate breakup.

1 INTRODUCTION

The structures in a tiulent flow are known to be highcomplex, associated with time-
dependent, three-dimensional phenomena cogea wide range of spatial and temporal
scales. The degree of the complexity increagiis the introduction ofa dispersed particle
phase. Additional effects include the interastbetween phases in terms of mass, momentum
and energy (as applicable) exchange, the idtierabetween particles and any walls, and the
influence of gravity, particle collision, gglomeration and breagu Since the system
performance is a complex function of sughderlying phenomena, a detailed knowledge
regarding the hydrodynamics and the evolutmnthe dispersed phase is essential for
understanding such systems. The governing festaf the dispersed phase are its size and
velocity distributions, both of which have a major influence on the flow turbulence.

Previous works have focused on the effectpafticle size disibution (PSD) on fluid
turbulence. These have bgeerformed by studying two-wayapling and four-way coupling
[1, 2], where the effects of two-way couplibgtween the particles and the flow, and inter-
particle collisions, on fluid turbulence are culesed. To the best of our knowledge, there has
been no work on the effect of an evolving P&I® to particle agglomeration and breakup on
turbulence modulation. Work to dateerefore considered the et of a static, poly-dispersed
PSD on turbulence modulation. In this paper, an eddy-resolving simulation for prediction of
the fluid velocity distribution is adopted tmprove confidence in thresults. Large eddy
simulation (LES) is preferred to direct numerical simulation (DNS) to benefit from LES’s



lower computational cost as compared BINS. Discrete particle simulation (DPS)
considering particle drag, shear-lift, pressure gradielite@ mass and buoyancy forces, and
sub-grid scale velocity fluctuatiocontributions to paidle acceleration, iapplied to treat the
particle dynamics in the turbulent flow. The classiparticle-in-cell techigue is used to treat
the two-way coupling.

Most numerical simulations exclude theagtational force to sidy only turbulence-
induced agglomeration. However, gravitatioaateleration is inevitably present and hence
must be included as one of théexral forces that induce patgeparticle interations leading
to agglomeration and sedimentation. The inolu®f gravitational acderation does alter the
fluid mass flow rate and the pigte behaviour in a system, ssown in the literature [3-5].

In resolving four-way coupling aspects, the sbdor possible binary pacle collisions is
based on a deterministic method followingnmdon decomposition. The outcome of all
collisions is determined usiraghard-sphere collision model whidl collisions are subjected
to an energy-balance agglomeration to testpfussible agglomeration [6]. All agglomerates
are subjected to hydrodynamicesin stresses in the flow fpossible breakup of agglomerates
[7]. Note that agglomerate dakup is due to agglomeratgggomerate or primary particle-
agglomerate collisions, and through impact vativall or due to hydrodynamic shear [7].

The LES-DPS developed for predicting thendsnic PSD and turbulence modulation is
tested on flows of relevance tbe transport of nlear waste sludge. Channel flow is the
simulation domain while calcite particles suspended in water are the nuclear waste simulant.
Results will be presented in terms of the P&bBq profiles of fluid ad particle velocities,
with simulation time, focussing on the impacttioé evolving particle size distribution on the
flow turbulence.

2 MATHEMATICAL FORMULATION

A four-way coupled Eulerian-Lagrangian apach is adopted since the suspension is
dense with high particle volume fractions. lkrge eddy simulation, the continuity and
Navier-Stokes equations are spatially filtered that the energy-containing large-scale
turbulent motions are solved while the sub-grid scales (SGS) are modelled. The filtered
governing equations with the influence of the dispersed phase can be expressed as:

0w .
ou; omm 10p a ,_ M Sy,
Tt o = pam Tog (TS @)

where G;; = —2vS;; represents the viscous stress; = 0.5(0%;/0x; + 01, /0x;) is the
filtered strain-rate tensow, is the kinematic viscositys;; = w;u; — u;u; is the SGS tensor
which represents the effect of tB&S motions on the resolved motionss time, x; is the
spatial co-ordinate directions; is the velocity vector is the pressure, andis the density.

The SGS tensor is computed using the dycararsion of the Smagorinsky model proposed

by Piomelli and Liu [8]. Its specific implementation has been presented in a recent paper [9].
I1 = —pu?/h is the mean pressure constant isgub along the streamwise directiarakis)

that drives the flowsS,,; is a source term analccounts for the action ate fluid of the
particles, given by the sum afl hydrodynamic forces in th@momentum equation due to all



particles in a fluid computational cell.
The motion of a particle intrbulent flow field followsNewton’s second law of motion:
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An important notation convention is that the derivatidgdt andD/Dt represent Lagrangian
derivatives, following the partie and the containing fluid enent respectively, so that
boldface symbols denote thecter quantities, withdu/dt = du/dt + v - Vu andDu/Dt =
Jdu/dt + u - Vu. The terms on the right-hand side af.E3) are, respectaly, contributions
from the drag, shear lift, pregre-gradient, added-mass, and buoyancy forces. The particle
properties are denoted by the subscpiptand fluid properties are either given without a
subscript (for readabilf) or by the subscripf (where it enhances clarityy. andx, are the
particle instantaneous velocity and positiarendw = 0.5(V X u) are known resolved fluid
velocities and rotation interpolated at particle position. The fgrim a non-linear correction
due to the particledinite Reynolds numbeRe, = |u — v|d, /v, taken from the Schiller and
Naumann drag correlation, and expressef},as 1.0 + 0.15Re %7, with d,, as the particle
diameter.t, = (®,d3)/18v is the particle relaxation time and when normalised by the
viscous time-scale; = v/u?, gives the particle Stokes numbej, = 7,,/7;, which is then
used to characterise the particle response time, @itk p,/p being the particle to fluid
density ratio. Hence, a supersciip) denotes variables made dimensionless in wall (viscous)
units using the fluid kinematic viscosity, and the fluid shear velocity,,. The shear lift
force coefficientCs; accounts for corrections due to aimand large particle Reynolds
numbers, as proposed by Mei [10].

The deterministic hard-sphere collision model][is adopted to treat the interactions
between particles due tonary collisions. Agglomeration fahe colliding particles is based
on an expression which permits agglomeratiothé elastic energy (i.e. the relative kinetic
energy before the collision minus the dissidad@ergy) after the compression period of the
collision is less than the work requiredaeercome the van der Waals’ forces [12]:
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where quantities with the superscript * are mduoheensionless in the integral scale using the
channel half-height, bulk velocity, u;,, and fluid density,p. H is the particle Hamaker
constantp is the maximum contact pressurewdtich plastic deformation occur§, is the
minimal contact distance areg is the normal restitution coefficient. Note the superscrjpt (
denotes quantities before the collision, andstligscripts 1 and 2 demoparticles number one
and two. The agglomerate size and strucamesbased on a volumepgvalent sphere.

Breakup is defined as a singukarent in time, i.e. there Bn exact moment in time when
an agglomerate turns from being intact inttngebroken. We assume that this happens when
the local hydrodynamic stress~u(e/v)Y/? at the agglomerate position, acting on the
agglomerate, exceeds a critical stress,[7]; wheree is the instantaneous turbulence kinetic
energy dissipation rate at the pims of the agglomerate, andandv are the dynamic and

(v —vi)? = [(v; —vi) - nJ?(1—ed) _ H’
|(v; —vi) - n| ~ 65,7

(1-e2) (5)



kinematic viscosities. The critical stregs is a characteristic of the considered agglomerate,
i.e. g, is a function of the aggregate properties saghize, structureype of the constituting
particles, and the chemical environment. Amdmgse variables, the size of the aggregate is
most crucial. A large body of experimental, nuroarand theoretical studies, see Babler et al.
[7] and cited references, suggegtaaver law dependency of the form:

O~ = N (6)

WhereNpp~rdf is the number of primary particles constituting the agglomedatés the
agglomerate fractal dimension, is the radius of the primary particle, agd= [9.2(3 —

df) + 1]/2 is a scaling exponent thdépends on the agglomerateusture [7]. There are no
exact models to effect breakup, and recestaech [7] has been limited to detecting the
moment break-up events are likétyoccur. We adopt this mdder detecting breakup events
for small agglomerates and subsequently karpathe parent agglomerate into two daughter
particles. This method of breaking an aggerate into two parts is a popular modelling
assumption mainly because of the lacklafa for other types of breakup mode.

3 NUMERICAL SIMULATIONS

The BOFFIN-LES code [13] was used golve the LES equations. The shear Reynolds
number of the channel flow wae, = u, h/v = 300 based on the properties of watpr=£
1000 kg 3, v = 107 m? s?). The computational domaih x wh x 2rmh, was discretised
using grid nodes of129 x 128 x 128 in the wall normal, spanwise and streamwise
directions, respectively. Periodic boundarynditions are applied in the streamwise and
spanwise directions and the no-gigndition is imposed on the walls.

Table 1: Calcite mechanical properties and influence ofiglardiameter, normal restitution coefficient and
volume fraction on particle-particle interactions.

Parameter Symbol Unit Value
Particle density Pp kg m® 2710
Hamaker constant H J 3.8 x 10720
Mean yield stress p Pa 3.0 x 108
Minimal contact distance 8o m 2.0 x 10710
Particle diameter dp pm 60
Normal restitution coefficient en - 0.4
Particle volume fraction a, - 1x1073

Particles are injected uniformly into the fully developed un-laden flow with their velocity
set to the local fluid velocity and tracked bglving the particleequation of motion. A %
order Runge-Kutta scheme and a trilinear intexppoh scheme are employed in the DPS code
with time step equal to thaif the LES. Periodic boundarmonditions are applied in the
streamwise and spanwise directions and pedtadtic collisions are imposed on the walls.
The particle simulation properties and the naesbal properties of calcite particles, a
simulant for UK legacy waste sludge, usedhase simulations are listed in Tabldarticle-



particle collisions are considst within a long dispersion phageassure a pper mixing of
the primary particles. Then, two-way couygj inter-particle colli®n, agglomeration and
breakup are considered. The instant in tima/ath the agglomeration and breakup models
are applied is denoted® = 0 and then a dimensionless time interval &f*~100 is
investigated.

4 RESULTS AND DISCUSSION

Figure 1 shows the population balanceo(gh and/or death) of the singl&,,, and
agglomerate particledl, ;.s, defined as the ratio of the numlwdrparticle sizes to the initial
number of total single particled, = 2,748,100, after a simulation time* = tu,/h = 100.

In this test case, agglomeration and breakwgye monitored for primary particles with
particle diameterd, = 60 um, particle Stokes numbet, = 5, density ratio,p,/p ~100
and agglomerate fractal dimensiah,= 2.0.
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Figure 1. Time evolution of the population of singlg,,,, and agglomerate particlé,;—,; . Lines are as
follows: black &) single; red € -- —) double; green<{ —) triple; blue - —) quadruple; purple<{) quintuple

Figure 1 shows the particle size distribution at any time instahcand demonstrates that
agglomerates of two particled, ;-,, form first. With increasing time, large agglomerates
begin to form through collisions between dengarticles and larger agglomerates, and
between the agglomerates themselvel, canstrained by de-agglomeration due to
hydrodynamic shear stress acting on the agglomerdte rate of formation and breakup of
the lower order agglomerates, eNy.;—, 3, ultimately tends to a steady state, while those of
the higher order agglomerates, eM,;-s, show an unsteady trend since the large



agglomerates are susceptible to breakup.
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Figure 2: (a) Mean streamwise fluid velocity;, and rms of fluid velocity fluctuations for (b) streamwise,
U7 rms, (C) spanwisey s, and (d) wall-normahiy .., components. Lines are as follows: blaeR (inladen
DNS; red ¢ —) unladen LES; green-(- —) four-way coupled LES, with collision only and blue ¢ —) four-

way coupled LES, with collisioragglomeration and breakug,(= 60 um, p,/p ~100, 7, =5, d; = 2.0).

Following the test case presed in Figure 1 where fouray coupling including inter-
particle collision, agglomeration and breakup aonsidered, the first and second statistical
turbulent moments for the liquid phase are cared in Figure 2 with those obtained from
unladen DNS [14], unladen LES and four-waypled LES with inter-particle collision only,
all computed at shear Reynolds numRef = 300. The four-way coupling case considering
particle collision, agglomeration and breakupulés in a dynamic particle size distribution,
while the four-way coupling case considering lifgtarticle collision only results in a static
PSD, and in this case mono-dispersity.



Figure 2 gives profiles of the mean streamwise fluid veloaity,and the root mean square
(rms) of the fluid velocity fluctuations in the streamwigg, s, Spanwiseuy s, and wall-
normal,uy ., directions. All show only small diffenees between the unladen flow and the
four-way coupled case based on the static and dynamic PSDs. Although the presence of
particles in the fluid flow does modulate the fldurbulence, therefore, the degree of this
modulation depends on several fastas reviewed in Pang et HI5]. Due to a small particle
Stokes numberr, =5, for this flow, and a small elapsed simulation tine~ 100, the
consideration of two-way couplj with static and dynamic PSias little effect on the fluid
statistical moments studied. This negligibféeet of small particle Stokes number on fluid
statistics has been observegnmevious studis, e.g. [12].
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Figure 3: Time history of (a) the total number thie accumulated particle-particle collisioNs,,;/N,, (b) the
total number of the accumulated particle-péetmllisions leading to agglomeratiaW,,, /N, , () the
agglomeration ratey, /N, and (d) the total number of thecumulated agglomerate breakups,/No; No
is the total number of primary particléextp =60um, p,/p = 2.71) initially injected into the domairLines are
as follows: red —) downward flow; greeii— —) no-gravity flow; and blu¢— - —) upward flow.

Figure 3 shows the evolution of the number of collisioNs,;, the number of collisions



which satisfy the agglomeration criterion in Eq. (8),,, the agglomeration rat&y,,,/Nco,
and the number of breakups,,, for the three flows consided, i.e. downward flow, no-
gravity flow and upward flow, all normalised byetimitial total number of primary particles,
N, = 2,748,100. The effect of momentum exchangedvieen the solid and liquid phases, the
shear induced lift force and the direction of gigall have an effect on particle segregation,
inter-particle collision, partle agglomeration and agglomegaireakup. Subsequently, their
combined effects influence the fluiddt and second statistical moments.
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Figure 4: (a) Mean streamwise fluid velocity;, and rms of fluid velocity fluctuations for (b) streamwise,
Uz rms, (C) spanwisey; s, and (d) wall-normalyy ..., components. Simulations based on particle diameter
d, = 60 um and p,/p = 2.71 Lines are as follows: blagk-) unladen DNS; re¢— —) downward flow; green
(— - =) no-gravity flow; and blu¢— -- —) upward flow.

The particles in the downward flow (DF) and-gravity flow (NG) @cumulate at the wall,
with the former showing more particle segrégratat the wall comparetb the flow without
gravity. In contrast to both thedlows, the particles in the upward flow (UF) are depleted in



the near-wall region. Note thestdts that support thisbservation are nohewn here, but this

has been observed previously [2]. Due to @nes of gravity, and also to local momentum
exchange with the carrier fluehd to differences in partickeegregation, we observe in Figure

4 significant increases (resp. decreases) of thathwall shear and ligdimass flow rate in
downward (resp. upward) flows when comparedh® no-gravity flow. Hence, in the three
cases, the particles see significantly different turbulence intensities, as is evident in the
evolution of the number of collisions, agglomerations, breakups and the agglomeration rate in
Figure 3. With the largest wall shear stress miads flow rate for the downward flow, the DF
case showed the highest rate of particle collisidis,/N,, agglomeration eventd,, /Ny,

and breakupsN,,/N,. In contrast, the DF case showed the lowest agglomeration rate,
Nggg/Neoi- These observations are consistent whigory and with our earlier observations
reported in Njobuenwu and Faieather [6], where particle Bigion, agglomeration and
breakup, all increased, while the agglomeration g (/N.,;) decreased, with an increase

in the carrier-phase mass flowtagReynolds number). Hendbge influence of the direction

of gravity in a verticalflow on particle colligon, agglomeration and breakup is like that of
flow Reynolds number, i.e. equivalent talieased Reynolds numbef DF, and decreased

for UF. In the same vain, the UF showed the least particle collision, agglomeration and
breakup, but the largeagglomeration rate.

5 CONCLUSIONS

The effect of the particle size distributionafsc versus dynamicind the direction and
absence of gravitational accelgon, on particle collision, agglomeration and breakup, and
fluid turbulence, in vertical channel flowsas been investigated. Large eddy simulation,
discrete particle simulation, gministic hard-sptre collision and egrgy-balanced based
agglomeration models, and breakup due tordwghamic shear stress, were all adopted for
this study. Due to the small particle Stokes number considered, inherent in a solid-liquid flow
and small simulation tim&t*~100, only small effects were obsed for the static versus
dynamic particle size distribution on the fluidtulence. In the vertical channel flow case,
particles in downward and zegravity flows are transported towards the wall where they
accumulate, while particles in upward flow migrate away from the wall. This segregation
pattern, as well as changestire wall shear stresses andssdlow rate due to buoyancy
effects, do affect the flow turbulence and the evolution of intergbartollisions and the
collision efficiency, as weks agglomerate breakup rate.
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