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ABSTRACT

We report a numerical investigation of the deposition and re-entrainment of Brownian particles from a
permeable plane wall. The tangential flow was turbulent. The suspension dynamics were obtained through
direct numerical simulation of the Navier-Stokes equations coupled to the Lagrangian tracking of individual
particles. Physical phenomena acting on the particles such as flow transport, adhesion, detachment and
re-entrainment were considered. Brownian diffusion was accounted for in the trajectory computations by a
stochastic model specifically adapted for use in the vicinity of the wall. Interactions between the particles
and the wall such as adhesion forces and detachment were modeled. Validations of analytical solutions for
simplified cases and comparisons with theoretical predictions are presented as well. Results are discussed
focusing on the interplay between the distinct mechanisms occurring in the fouling of filtration devices.
Particulate fluxes towards and away from the permeable wall are analyzed under different adhesion

Mass transfer
Particles strengths.

Turbulence

1. Introduction

The Physics of transport, deposition, detachment and re-
entrainment of colloidal particles suspended in a fluid are of
great interest in many areas of fluid engineering: fouling of
heat exchangers, contamination of nuclear reactors, plugging of
filtration membranes, occlusion of human veins, and deposits in
microelectronics and paper industries. Although many models have
been developed to predict these particular phenomena occurring
in industrial applications, we are still far from a comprehensive
description of the interplay between all the physical-chemical
mechanisms. The aim of this work is to investigate the effect of
hydrodynamics on the deposition of Brownian particles, more
specifically turbulence effects.

Various theoretical models have been proposed to predict
particle deposition onto a surface under laminar and turbulent
regimes. Regarding laminar flows, (Bowen et al., 1976; Bowen and
Epstein, 1979) proposed a combined transport and adhesion
model based on the particle/wall interaction forces. Later,
Adomeit and Renz (1996) and Yiantsios and Karabelas (2003)
collected experimental data and developed a Eulerian approach
combining physical-chemical and fluid dynamics aspects to predict
the rate of deposition onto smooth surfaces under laminar flow.

* Correspondence to: Institut de Mécanique des Fluides de Toulouse,
CNRS-INPT-UPS 1, Allée du Prof. Camille Soula, F-31400 Toulouse, France.
E-mail address: climent@imft.fr (E. Climent).

This approach assumes constitutive equations to model the Lagran-
gian nature of the particle trajectories by transport and diffusion
fluxes towards the wall supplemented by non-hydrodynamic
particle/wall interactions. Preserving the Lagrangian nature of the
dispersed phase, Kim and Zydney (2004) examined the particle
trajectories in laminar cross-flow filtration accounting for electro-
static, hydrodynamic and Brownian contributions. These authors
show the importance of repulsive effects in the transport of particles
towards the surface. However, these simulations are limited to
laminar flow conditions.

The flow regime in a filtration system is a crucial aspect of the
process operation. Actually, most industrial processes are carried out
under turbulent flow conditions: turbulence reduces the buildup
of the particulate boundary layer due to hydrodynamic dispersion.
But, the lack of proper theoretical modeling depicting the effect of
turbulence on mass transport phenomena renders the prediction of
fouling conditions mostly empirical. Most fouling simulation in
turbulent regime relies on the balance between the dispersive mass
transport phenomena (e.g. diffusion, lateral migration, shear-induced
diffusion, colloidal interaction) and the permeate flux in an estimated
boundary layer. These simulations do not account for the spatial
and temporal heterogeneities in mass transport locally induced by
turbulence. For example, these local heterogeneities could be a cause
of the distribution in critical flux, which has been pointed out
(Bacchin et al., 2005) to explain the discrepancies between experi-
ment and simulation. Indeed, there is still a lack of predictive models
able to simultaneously consider all these phenomena and their
interactions under turbulent flow conditions.



Early models of particle deposition onto a smooth surface were
based on the concept of “stopping distance” (Davies, 1966;
Sehmel, 1970). When particles embedded in the viscous sublayer
reach this “stopping distance”, collision with the wall is consid-
ered. Cleaver and Yates (1975) showed that large discrepancies
between prediction based on this concept and experimental data
may occur under turbulent flow regime. Consequently, they
complemented the theory accounting for the presence of sweep
flows towards the wall. Dabros and Van de Ven (1983) derived
an advection/diffusion equation describing mass transfer in the
viscous sublayer for particles of negligible inertia. Based on
comparisons with experiment, they found a better agreement
with their downsweep model than the classic “stopping distance”
approach. Similarly, Lai and Nazaroff (2000) account for the
driving force of buoyancy supplemented with Brownian and
turbulent diffusion. They showed that distinct regimes of impac-
tion can be distinguished depending on the size and inertia of the
particles, and turbulent flow conditions.

Nowadays, the turbulence (at moderate Reynolds numbers)
can be fully resolved by Direct Numerical Simulation (DNS) and
can capture the dynamic effects on the adhesion of particles in
simplified geometries. DNS coupled to Lagrangian particle track-
ing have been applied to obtain detailed information on particle
wall interactions for turbulent duct flow. Marchioli et al. (2003)
analyzed the role of turbulence on particle transfer for circular
vertical pipes. They also discussed the tight relationship between
inertial migration in the boundary layer and the impaction rate.
The case of inertial particles is specific while particle dynamics is
controlled by flow structures with a time scale comparable to the
particulate relaxation time. With sub-micronic particles (no
inertia) embedded in a turbulent flow, Brownian diffusion pre-
vails in the viscous sublayer (Shams et al., 2000).

Following the original work of Zhang and Ahmadi (2000), our
aim was to simulate the transport of Brownian particles based on
a Eulerian-Lagrangian approach including deposition, detach-
ment and re-entrainment of the particles suspended in a fluid
flowing under a turbulent regime. We compared our results to
models based on convection/diffusion equations developed to
predict fouling in laminar (Song and Elimelech, 1995) or turbulent
(Minnikanti et al., 1999) conditions.

Compared to current applications, various assumptions will be
made: e.g. dilute particle dispersion, absence of electric double layer
repulsion, simple geometry. We focused our modeling approach on
specific aspects: Direct Numerical Simulation (DNS) to determine
the flow field and the wall shear stress, “optimal stopping” for
predicting Lagrangian tracking in the vicinity of the wall, and Van
der Waals adhesion forces using the Johnson-Kendall-Roberts
(1971) model of adhesion and detachment.

2. Description of flow simulations

The study is based on the full resolution of turbulent flow in a
simplified geometry (see Fig. 1). The typical length and velocity
scales refer to cross-flow filtration in a tubular ceramic or
polymeric membrane (typical diameter varies between D=1 mm

and 1 cm). A very dilute (typically 0.1% volumetric concentration)
suspension of micro-particles flows within this tube with a bulk
tangential velocity <u) of around 1 m/s. In terms of dimension-
less numbers, the flow regime is characterized by Reynolds
number Re= <u)D/v equal to 4000 when D=4 mm and the
kinematic viscosity v=10~°% m?/s for water. This means that such
operating conditions of cross-flow filtration correspond to mod-
erately turbulent flow. The permeation flux is characterized by a
wall normal velocity u,, typically on the order of 10~°m/s
yielding u,, /<> ~107°. In this range of permeable flux, we do
not expect any modification of the turbulent flow structure due to
the presence of the cross-flow (only minor effects on the wall
shear stress have been observed by Hanh et al. (2002) for values
of the filtration flux at least two orders of magnitude larger
than ours).

Direct Numerical Simulation (DNS) is based on fully resolved
solution of the Navier-Stokes equations regarding all the scales of
turbulent flow (full resolution of local and temporal flow struc-
tures from the large-scale motions down to the Kolmogorov
scale). The fluid is considered Newtonian and incompressible
with constant physical properties (p is the fluid density and u
its dynamic viscosity). The unsteady three-dimensional Navier—
Stokes Eq. (1(a)-(b)) are solved on a Cartesian grid for a channel
configuration.

V-u=0 (1a)

p @—‘t’ + Vuu) = —VP+ V[u(Vu+V'u)] (1b)

These equations are solved using a conservative finite-volume
method. Primitive variables (velocity u and pressure P) are located
on a staggered non-uniform Cartesian grid. Spatial derivatives are
computed with second-order accuracy. Temporal integration is
achieved through a third-order Runge-Kutta scheme and a semi-
implicit Crank-Nicholson scheme for the viscous term. The incom-
pressibility of the flow is achieved using an auxiliary potential for
the projection method leading to a Poisson equation for pressure
correction. The convergence criterion is fixed to 108, which permits
to account precisely for fluid velocity as small as u,~10">. The
corresponding simulation code, named JADIM, has been widely used
and validated under laminar and turbulent flow regimes using
either direct numerical simulation or large eddy simulations for
higher Reynolds turbulence (e.g. Calmet and Magnaudet (2003),
Climent and Magnaudet (2006) and references therein). In our study
no sub-grid modeling has been used while all the turbulence
features close to the wall are fully resolved (mesh stretching
based on hyperbolic tangent function). On the two parallel walls,
no-slip boundary conditions are imposed for the streamwise and
spanwise velocity. The flow is driven by a constant pressure drop
along the channel while periodic boundary conditions are imposed in
the two directions of statistical invariance of the flow (streamwise
and spanwise). Our aim was to investigate some fundamental aspects
of the filtration process assuming that the two parallel permeable
walls experience a uniform and steady wall-normal flux. This
corresponds to early instants of fouling. As shown in Fig. 1, we
impose the cross stream velocity u,, as a Dirichlet boundary
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Fig. 1. Sketch of the channel flow considered in the simulations. Arrows correspond to the filtration velocity u,, normal to the walls.



condition. We simulate the flow in an idealized channel with two
parallel permeable walls, with permeation fluxes in opposite
directions (outward and inward) to maintain mass balance and
keep the mean axial velocity (u) constant. This helps to enforce
mass conservation through the entire computational domain and
permits the use of periodic boundary conditions in the stream-
wise direction thus reducing the computational cost of simula-
tion. Of course, in reality the flow is outwards on both walls. Due
to low permeability of permeable walls (filtration membrane or
porous walls for instance), the pressure difference across the
walls is orders of magnitude larger than the pressure drop in the
flow direction yielding constant cross-flow flux for short chan-
nels. For the analysis of the filtration process, we only dealt with
the bottom wall y=—h where the permeation flux is outward.
Although in real cross-flow filtration applications an outward
flow should be considered also for the upper permeable wall, the
configuration presented in Fig. 1 is valid because the concentra-
tion of particles in the bulk is uniform far from walls (see
paragraph 4) while strong gradients occur in the vicinity of walls.
Therefore, particle transport, adhesion and detachment events
occurring on the bottom wall have no correlation with the
boundary condition applied on upper wall. Since u,,/<U) <1,
the turbulent flow structures are not modified by the cross-flow
velocity (Hanh et al., 2002).

2.1. Validation of a laminar channel flow

We tested the accuracy of the numerical solution under
laminar flow conditions (Re=100), with and without the permea-
tion velocity u,. An analytic solution of the velocity profile is
available in fluid mechanics textbooks (Spurk, 1997) for a plane
channel flow as follows:

uQy) @

Kh [y etwh/ve=@wh/v)_Deltwy/v)
= ,UTW (E euwh/v_e—(uwh/v) )
where u is the velocity component parallel to the wall, K is the
opposite of the pressure gradient imposed in the flow direction (x).
Eq. (2) degenerates towards the well known Poiseuille velocity
profile when u,,/<u) <1. Comparisons between the velocity
profiles calculated with Eq. (2) and the simulation results for
different values of the permeation velocity led to relative errors
lower than 1074,

2.2. Statistics of the turbulent channel flow

The flow Reynolds number is 4000 based on the average flow
velocity and the channel height 2 h (this corresponds to 8000 for
the classical definition based on equivalent diameter). This is
significantly higher than the transition (Re.~2000) preventing
the presence of large scale intermittency in our flow configura-
tion. We initiate the velocity field with Eq. (2) and add a certain
amount of noise to provoke transition to turbulence. After a transient
regime, the flow reaches sustained turbulence with steady statis-
tics. Our simulation domain was chosen large enough to contain
the general features of wall-bounded turbulence (streaks, bursts,
sweeps and hairpin vortices). However, the longitudinal and span-
wise dimensions of the channel were fixed following the study of Xu
et al. (2002) (same flow conditions and same mesh). We used a
grid composed of 64 x 64 x 64 nodes equally spaced in two
directions x (flow direction) and z (spanwise direction). In the y
(wall normal) direction the mesh is stretched near the walls
enforcing 4 to 5 nodes in the viscous sublayer. This ensures grid
independence of the numerical results especially in the near-wall
region (viscous sublayer and buffer layer). The turbulent struc-
tures are active in the buffer layer and convected towards the

bulk flow while fluctuations vanish in the viscous sublayer. In
those regions of the flow, velocity gradients are steep, which
require mesh refinement.

Averages of the velocity field are formed over time and the two
directions of homogeneity (x, z). All the statistics are very similar to
an impermeable turbulent channel flow (see Moin and Kim, 1982)
because u,,/<{u) is extremely low. Based on the profile of the
mean velocity, we can define the characteristic friction velocity
u*=(<Tw >/p)'?, which is related to the mean wall shear stress
{Tw ». The turbulent flow in the vicinity of the wall is character-
ized by the wall Reynolds number Re.=({7y )>/p)"?hjv=135.
Therefore, the viscous length 8,=v/({Tw >/p)'? is 135 smaller
that the half width of the channel. This gives a measure of the
stretching of velocity gradients close to the wall in the turbulent
regime. In the remainder of the paper, velocities, lengths and time
can be scaled in two ways using either the channel characteristics
(uy,handh/<{u) or the wall units (viscous units) u*, 4, and J,/u*.
When wall units are used, a superscript + is added otherwise we
use the channel units. The spanwise and longitudinal dimensions
of the domain correspond to 800 wall units, respectively. This
corresponds to the typical length of low speed streaks while six to
eight of them can fit in the spanwise width of the domain (Rajaee
et al., 1995).

In Fig. 2, the mean velocity profile has been scaled using
ut = Uy /(<Tw>/p)'? and the distance to the wall scaled by J,.
This is a classic presentation of the viscous sublayer u*=y* for
y* <5 and the Log law region for y* > 50. In our simulations, the
region of fully developed turbulence is limited because the
Reynolds number is moderate. The region (so called buffer layer)
located between y* =10 and 30 experiences the most intense
velocity fluctuations. In Fig. 3a, the profiles of the three compo-
nents of the fluctuating velocity scaled by the wall velocity u* are
shown as a function of y/h. The maxima are located in the buffer
layer between y* =10 and 20. These are in good agreement with the
experiments of Kreplin and Eckelman (1979) although Re,=190 in
their experiments. Fig. 3b also shows that the turbulent contribution
to the shear stress (the so-called turbulent Reynolds shear stress)
grows as the viscous stress decreases away from the wall. All these
features have been often commented on in the literature and
contribute to the validation of our direct numerical simulations
of the flow. More statistics (streaks separation distance, velocity
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Fig. 2. Dimensionless mean velocity profile vs. distance from the wall (scaled with
wall units).
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Fig. 3(. a) Profiles of the fluctuating velocity scaled by u*=({%w »/p)'/%. Solid line
with x: v/, dashed line: v/, solid line: w'. (b) Total shear stress profile across the
channel (thin dashed line). Thick dashed line: viscous contribution ud<u)/dy,
solid line: Reynolds stress —p<u'v' ).

autocorrelations) have been compared to the literature but are not
detailed in the present paper.

2.3. Near-wall turbulent structures

The dynamics of near-wall turbulence is complex and has been
a longstanding topic of research. The complexity arises from the
interplay of three major features:

- The no-slip boundary condition on the streamwise component
of the velocity damps the fluctuations of the velocity and
produces a strong shear normal to the wall.

- The intense shear tends to stretch all the flow structures in the
streamwise direction, elongating the fluctuating flow field.

- The presence of the wall forces the redistribution of the
turbulent kinetic energy due to the imposed boundary condi-
tion on the wall normal velocity. Therefore, in the vicinity of
the wall the normal component of the flow velocity tends
towards the imposed permeation velocity u,,.

Because of the strong streamwise stretching, the near-wall
turbulence is composed of longitudinal streaks (see Fig. 9a). Those
flow structures are elongated in the streamwise direction (typi-
cally, the length is a few hundred wall units) and are distributed
in the spanwise direction (statistically the distance between two
streaks is one hundred wall units). The streaks are flow regions
where the fluid is moving slower or faster than the local
mean value. They have a limited life time due to a longitudinal
instability, which provokes the lift-up of these structures towards
the turbulent bulk flow. These turbulent structures (see Fig. 4 for
an instantaneous snapshot) are unsteady and contribute to the
cycle of regeneration of the turbulence (Jeong et al., 1997). During
these events, slow fluid is ejected from the wall region towards
the bulk and high-speed fluid is sucked from the bulk and
projected towards the wall leading to a local and instantaneous
increase of wall shear stress. The transfer of momentum and mass
between the wall and the core of the turbulent flow is very
intense. The intensity of the fluctuations of the local wall shear
stress may be large. Fig. 5 shows the probability density distribu-
tion of simulated values of the local wall shear stress fitted by a
log-normal law. This has been also observed by Sheng et al.
(2009). The unsteady nature of turbulence induces large fluctua-
tions of the local and instantaneous characteristics of the particle
dispersion (concentration, fluxes, etc.). Statistics can be formed
over space and time. Spatial averages can be easily obtained by
summation over the two homogeneous directions (x, z) for
distinct time steps. Temporal averages have been formed over
seven realizations of flow, which reduces fluctuations around the
mean value (see Fig. 6).

The low speed and high speed streaks are a central feature of
the wall-bounded turbulence and we will see that they have a
particular importance on the detachment of particles. Finally, we
point out that although the permeation velocity is extremely low
and does not influence the general features of the turbulence, it
makes a major contribution to particle trajectories in the vicinity
of the wall where velocity fluctuations all vanish due to viscous
effects. Also, Brownian agitation, which is negligible away from
the wall (intense turbulence occurs beyond y* > 7) is a central
feature for particle dispersion close to the wall where turbulence
is damped by viscous stresses.

3. Lagrangian tracking of particles

To determine the most important features of particle disper-
sion, we based our analysis on the characteristic dimensionless
numbers of the coupling between the particle and the flow length
and time scales. We focus on particles with a typical diameter of
d,=1 pm and density ratio p,/p equals to 1.5, which is an upper
bound for most plastic particles. In our numerical model, we
account for particle transport by the flow, Brownian diffusion,
adhesion and detachment from the wall.

The time scale of particle dynamics is the viscous relaxation
time t,=(m,+m/2)/6mur, with my,, r, being the mass and the
radius of the particle and m the mass of the fluid volume occupied
by the particle. It is compared to the fluid flow time scale tp=v/u*?
through the Stokes number St=t,/t; In the range of physical
parameters we investigate, St is very small (typically ~4.5 x 10~%).
The disperse phase behaves as non-inertial particles. Segregation
or local accumulation in the flow induced by turbulent near-wall



Fig. 4. Near-wall turbulent structures located between the bottom wall and y* =60. The domain dimensions have been scaled with wall units.
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Fig. 5. Probabiblity distribution of the wall shear stress scaled by <7, » and its
approximation by a lognormal distribution. Vertical dotted lines: 7/ {Tw » =0.57,
0.91, 1.48.

structures does not occur (Rouson and Eaton, 2001). It is important
to note that the viscous sublayer is significantly thicker than the
particle diameter (d,/,=0.064). Therefore particles in the vicinity
of the wall are fully embedded in the viscous sublayer and will be
treated as point particles. Close to the wall (y* <1), particles
approaching the solid boundary experience an unsteady laminar
shear flow (the magnitude is non-uniform over the wall due to the
presence of turbulent structures at y* > 10). Therefore, the effect
of Brownian diffusion included in the simulations through a
random walk model is important. This can be characterized by
the Peclet number of the particles Pe=u,r,/D, where D, is the
Stokes-Einstein diffusion coefficient (D,=kgT/6mur, with kg the
Boltzmann constant and T the temperature). Defining the Peclet
number with u,, means that the typical velocity of the particles
close to the wall is controlled by the permeation velocity because
transverse velocity fluctuations are vanishingly small at the wall.
This assumption is valid while the Stokes number is very low and
the turbulence intensity is weak in the viscous sublayer. We obtain
Pe~10 meaning that Brownian diffusion has a significant con-
tribution to the particle trajectories. Finally, comparing the char-
acteristic velocity of filtration to the settling speed of particles in a
quiescent fluid provides an estimation of gravity effects in the

process. Using Stokes drag, we can estimate the settling velocity of
the particles under gravity g: Useq=(m,—m)g/6mur,. The velocity
ratio Useq/u,=0.05 clearly shows that the gravitational contribu-
tion to deposition is much weaker than the drag induced by the
permeation velocity and, thus, gravity will be ignored in our
simulations.

3.1. Trajectory equation

Using force balance (Egs. (3) and (4)) acting on an isolated
particle, trajectories of individual point particles can be simulated
in a Lagrangian framework.

% =V ppv% =F (3)

The dispersed phase is made of microparticles experiencing
the combined effects of the carrying fluid flow and Brownian
motion. Obtaining an analytical expression for all hydrodynamic
forces is still an open issue in most flow regimes. Therefore,
simplifying assumptions have to be adopted to make the problem
tractable and obtain a reasonable force balance. Considering that
all the relevant spatial length scales of the carrying flow are much
larger than the typical size of the particles (dp/d,« 1), we assume
that the so-called Faxen corrections induced by the local curva-
ture of the flow velocity field are negligible in the expression of all
hydrodynamic forces. Also, we considered the particles to be
spherical. The particulate Reynolds number is low and Stokes’
expression is an appropriate estimation of drag. In addition to the
above assumptions, we assume that direct interactions between
particles are negligible, which restricts our investigation to dilute
suspensions. We write the force balance (Eq. (4)) as a sum of
distinct contributions. Hence, we track the particle trajectories
and predict the position x(t) of their center of mass and their
velocity v(t) in a fluid flow whose velocity, Lagrangian accelera-
tion, and vorticity at x(t) are u, Du/Dt and w=V x u.

nd;@ ndf, Du dv W Ld;
Dt dt

p—-Cum 6

? Dt + 6 CL(V—U) X

“4)

In Eq. (4), F is the sum of the Stokes drag, dynamic pressure
gradient (also called Tchen force), added-mass and lift forces
while buoyancy and Basset effects have been neglected. Assuming
that particles have a spherical shape Cy is equal to 1/2
(Magnaudet et al., 1995). For high particulate Reynolds numbers
(based on the slip velocity), the mechanisms that control lift
effects are essentially of inviscid nature, so that the inviscid result

F=-3nudy(v—u)+p
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C,=1/2 is appropriate. At lower Reynolds numbers, it was shown
that C; is a function of both the Reynolds number and the shear
rate. In contrast, for Reynolds numbers typically less than unity,
the situation becomes much more complex. This is why no
general expression of the lift force applicable to an arbitrary
linear flow field is available to date in this regime. We used a
correlation that matches the Saffmann estimate at low particulate
Reynolds number. We did not include wall distance corrections
on Cy and C; as the particles approach the wall. In the viscous
sublayer, the contribution of Brownian motion is largely dom-
inating the particle dynamics.

This system of ordinary differential equations can be effi-
ciently solved with a four-step forward Runge-Kutta scheme.
All the information about the fluid quantities (velocity and its
gradients) is interpolated by a tri-linear scheme at the particle
position. In the viscous sublayer, the components of the velocity
vary smoothly and using a higher order scheme is not necessary.
Brownian motion is accounted for by a random walk (Eq. (5))
supplemented to the deterministic particle position obtained
from Egs. (3) and (4). The stochastic contribution is added
explicitly at the end of each time step of the deterministic particle
integration Ax9°t, £(t) is a random number based on a Gaussian
probability density function with zero mean and standard devia-
tion equal to one.

Ax; = AX{t 4 E(0)4 /2D At (5)

The numerical solution of the set of stochastic equations was
validated under simplified conditions. The dispersion of an
initially homogeneous particle suspension was simulated consid-
ering a constant wall normal velocity u,. For this test, the
condition of perfect particle rebound on the wall was imposed.
Under steady state, the particle concentration profile is known
analytically (balancing convection and diffusion fluxes gives an
exponential decrease of the concentration profile). We obtained
an excellent agreement between the analytical prediction and the
simulation results (relative error lower than 10~2).

3.2. Behavior in the vicinity of the wall

Because we are interested in the simulation of Brownian
motion of particles very close to the wall, we have to precisely
resolve the stochastic contribution in the vicinity of the wall. This
is a major feature for accurately predicting the adhesion flux.

When a stochastic differential equation corresponding to the
Lagrangian tracking of the particles is solved in the vicinity of an

absorbing boundary (i.e. deposition wall), the limitation of using a
finite time step At has been addressed by the “optimal stopping”
technique (Mannella, 1999; Maniero and Canu, 2006). During a
single time step, a selected particle may have reached the wall
even though the initial and the final positions remain on the
same side of the boundary representing the wall. A simulation in
similar conditions but with a much shorter time step would have
correctly predicted this adhesion event. Therefore, the probability
of particle deposition during each time step has to be evaluated
for complementing the numerical prediction. This estimate is
based on the probability P(hit) as follows:

: (yw_YO)(yw_Ys)
P(hit) = exp [— T (6)

The subscripts w, 0 and s indicate the wall location, and the
initial and final positions for the considered time step, respec-
tively. P(hit) is calculated at each step for each particle. This
predicts whether the particle crosses the wall boundary and
therefore determines the precise deposition time and location.
Alternative schemes such as reduction of the time step or variable
time step methods are much more time consuming (Kloeden and
Platen, 1992). In Eq. (6) the double-layer electric repulsion is
ignored but this physical-chemical effect may be accounted for
by modifying P(hit) (see Mannella, 1999). Only the attractive Van
der Waals force is accounted for with a perfect sink model. In
order to determine colloidal motion near the wall, an explicit Van
der Waals force can be considered in the force balance (Eq. (4)).
A correct description of the Van der Waals interaction should
include retardation and screening effects (Russel et al., 1989;
Maniero and Canu, 2006), which limit its range of influence to a
few nanometers. In many engineering applications, the non-
retarded and non-screened expression of the Van der Waals force
is applied, leading to an overestimation of its interaction length as
discussed by Israelachvili (1991) and Maniero and Canu (2006).
The deposition rate due to this very short range attraction force is
appreciably smaller than that of the hydrodynamic forces con-
sidered in Eq. (4) (Maniero and Canu, 2007). Therefore, using
Eq. (6) introduces negligible errors (Maniero and Canu, 2007). In
the force balance (Eq. (4)), we did not include deterministic
particle wall interactions such as electric double layer repulsion.
This physical-chemical effect is undoubtedly very important in
the real process but as a first step of our numerical modeling we
chose conditions that allow some simplifications. We consider
negligible electrical double layer repulsion therefore only Van der
Waals particle-wall interaction is present (see the model of
adhesion in next section). Similar conditions can be achieved



with aqueous suspensions of well-defined ionic strength, tunable
through the pH value, keeping the interacting surfaces near the
isoelectric point. Since only the attractive Van der Waals interac-
tion acts on non-inertial particles, we assume that the efficiency of
adhesion onto the wall is maximum and equals one. Consequently,
when particles reach the wall they attach (perfect sink model).

The efficiency of the optimal stopping technique can be empha-
sized through the simulation of a simplified problem (Maniero and
Canu, 2006). In a uniform flow, the particle motion in the wall
normal direction is only controlled by Brownian diffusion and
convective transport towards the absorbing wall. In his reference
textbook, Fuchs (1964) gave an explicit expression relating the
diffusion coefficient D, to the probability distribution of particle
impact times on the wall. We carried out four distinct simulations
comparing the effect of the optimal stopping technique for two
different initial positions away from the wall. This test clearly
shows that using the optimal stopping technique significantly
increases the accuracy of the simulations, especially when the
particles are initially positioned in the vicinity of the wall. The error
is decreased by a factor 20 for an initial position of y* =0.0135. The
role of the optimal stopping technique increases as the particle/
wall initial distance decreases. Our study involves particles experi-
encing detachment from the wall, entrainment in the flow and
possibly adhesion again. There will be a large number of trajec-
tories confined in a narrow region very close to the wall and
adhesion fluxes may be greatly underestimated without the
optimal stopping technique.

3.3. Modeling the detachment

Particle detachment from a surface under laminar or turbulent
conditions has been investigated in several works. Yiantsios and
Karabelas (1995) studied the adhesion and detachment of sphe-
rical glass particles from a flat glass surface both theoretically and
experimentally. Their results suggested that the rolling mechan-
ism is mainly the cause of detachment in their range of para-
meters. Ziskind et al. (1995, 1997) presented an exhaustive
review and analysis of different approaches related to particle
re-entrainment in turbulence.

Three mechanisms of detachment are commonly considered:
lifting, sliding and rolling (Burdick et al.,, 2001). A complete
description of particle detachment should simultaneously con-
sider all three of these mechanisms. However, under the physical
configuration and the range of parameters we considered (parti-
cles are completely embedded within the viscous sublayer where
the velocity fluctuations normal to the wall are very weak), it is
possible to ignore the lifting mechanism due to forces acting
perpendicularly to the wall. Moreover, recent investigations on
particle detachment in similar conditions, suggest that the rolling
mechanism prevails over sliding (Yiantsios and Karabelas, 1995).
Consequently, we consider only the rolling mechanism to deter-
mine the criterion for detachment (see Fig. 7). After detachment,
the trajectory including all the contributions, is integrated and
due mainly to the Brownian diffusion particles moving away from
the wall. The rolling criterion is given in the following equation as
a torque balance where Mp is the hydrodynamic torque induced
by surface stresses, Fp the drag force parallel to the wall, [; the
distance from the particle center to the wall, F; the lift force
(which makes a negligible contribution), I, the radius of contact
area and F, the adhesion force:

Mp +Fply +Fily > Faly @)

Considering Eq. (7) as the detachment condition yields detach-
ment when the torque related to external forces overcomes the
torque of adhesion forces. In Eq. (8), the total torque acting on an

Fig. 7. Sketch of a particle attached to a flat wall.
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Fig. 8. (a) Snapshot of the spatial distribution of the wall shear stress 1, scaled by
{Tw ». (b) Instantaneous snapshot of particles attached onto the wall (T¢it/{Tw > =
0.91, Scieqn="50%).

attached particle is expressed in terms of local shear rate (Ziskind
et al,, 1995, 1997; Yiantsios and Karabelas, 1995).

My =Mp +Fply = 44t,r1; (8)
When a particle is attached to a flat wall, deformations from

its original spherical shape occur and consequently the contact
area may change. Calculating the right hand side of Eq. (7) needs



Table 1

Dimensionless flux of attachment for different critical wall shear stresses of particle detachment.

Terit/ {Tw » = 0 Sciean=0 absorbing wall (pure adhesion)

Teriel {Tw ) =1.49 Teriel {Tw » =0.91 Teriel {Tw » =0.57

Sclean=0.2 Sclean=0.5 Sclean=0.9
Simulation Minnikanti et al. Song and Elimelech (1995) Simulation results Simulation results Simulation results
results (1999) model adapted to turbulent
conditions
Sh from Egs. (12) or (17) 1.6 x 10° 1.23x 10° 1.84 x 10° 1.2 x 10° 0.48 x 10° 034x10°
evaluation of the deformation of attached particles. Particle 140 — . . — T
deformation depends on the mechanical characteristics of the ! : .
wall, the particle nature and the energy of adhesion. We consider 120 ¢ ! .
the Johnson-Kendall-Roberts model (1971), commented in the S 100 | particle ) _ / ) ) ' !
textbook of Israelachvili (1991), to predict particle deformation % radius ¢ domain where particle trajectories are considered | :
(Ziskind et al., 1997). The torque of adhesion (right hand side of £ 80 / '
Eq. (7)) is approximated in Eq. (9) where w, is the work of the 3 ) . .
adhesion force and K. the reduced elastic modulus. These two § 60 constant concentration layer : ]
physical quantities depend on the properties of the particle and 40 | ! "
the particle/wall interaction. ' !
4/3 15/3 20 ¢ ! o
My = 2,638 % 9 P
A= 4. W ( ) 0 N
¢ 0 0.05 0.1 0.15 0.2 0.25

Rearranging Egs. (7)-(9), the value of 7.4 can be estimated
based on the physical (reduced elastic modulus K.) and physical-
chemical (work of the adhesion, w,4) nature of particles and wall

(Eq. (10)).
Terit = ﬁ—% (10)

In the present work, we varied the value of the critical wall
shear stress between 2.6 and 6.75 Pa; these values remain within
the range of experimentally determined critical shear stress. In
the literature, several experiments have reported values of the
yield stress for particle detachment within the range 2-20 Pa
(Negri et al.,, 2002) depending on the nature of the particles
(shape, material) and the duration of contact (Yiantsios and
Karabelas, 1995).

It is straightforward to use Eq. (10) with the direct numerical
simulation of the flow. The simulations provide an instantaneous
and spatial distribution of the wall shear stress t.,,(x,—h,zt) (see
Fig. 8a) under turbulent conditions. Hence Eq. (10) gives the
criterion for detachment 7, > 7. for an attached particle at any
location. The critical wall shear stress has to be compared to the
probability distribution of simulated values (Fig. 5). Depending
on the critical wall shear stress for detachment determined by
Eq. (10), the cumulative probability distribution can be used to
estimate the average wall area, which matches the detachment
condition. This particular fraction Sgeq, of the wall area is called
“clean surface” in the remainder of the paper because particles
initially attached to this wall area are instantaneously resus-
pended in the fluid flow. It is defined by Sgean=_(Sciean/S) Where
Sciean is the area of the surface matching 7,, > 7 and S the total
surface of the permeable bottom wall. For perfectly absorbing
walls Sceqn €quals zero (no detachment associated to permanent
adhesion) while for a perfect rebound condition S.e., equals
unity. The correspondence between T./<{Tw > and Sceqn iS col-
lected in Table 1.

4. Discussion of results

Simulations including the full set of models simultaneously,
i.e. particle transport by the turbulent flow and Brownian motion,

+

y

Fig. 9. The particle boundary layer (concentration scaled by cpy). Example of
concentration profile obtained in the simulations for Scjeq,=90%.

adhesion onto the permeable wall, detachment and possibly re-
entrainment or re-deposition were carried out. To obtain con-
verged statistics, a large number of particles have to be consid-
ered. We focused on wall normal concentration profiles, temporal
evolution of the number of attached particles, deposition and re-
suspension fluxes. A complete set of data is based on averaging
over seven simulations (initial transients are not considered in
the statistics). The simulation starts with a total of 20,000
particles; 10,000 particles randomly dispersed throughout the
domain where the particle trajectory is considered (see Fig. 9) and
10,000 particles attached to the wall. The presence of the attached
particles reduces the transient time of the particulate boundary
layer formation. We expect this mass boundary layer to be much
thinner than the hydrodynamic viscous sublayer. For Brownian
dispersions embedded in a turbulent channel flow and experien-
cing irreversible deposition, the thickness of the mass boundary
layer . is related to the hydrodynamic length J, and the Schmidt
number Sc=u/pD, (Calmet and Magnaudet, 1997) by Eq. (11).

Se~Sc13g, an

Applying Eq. (11) to our physical parameters leads to
o0& =0.0358 wall units. This approximate value of the boundary
layer thickness is based on conditions of irreversible adhesion
without filtration flux. An even thinner concentration boundary
layer is expected when the filtration flux is present. In our
numerical model, we need to simultaneously solve the flow field
by Direct Numerical Simulation and obtain all the particle
trajectories. Although we are interested in phenomena taking
place in the near-wall region, we need to simulate the flow
dynamics in the bulk because the buffer layer and the region of
developed turbulence influence the local and instantaneous dis-
tribution of wall shear stress and the flow profile in the viscous
sublayer. To reduce the computational cost of the simulations,
instead of distributing the particles evenly throughout the entire
domain, we restricted the simulation of the trajectories to a region
very close to the wall (y* <0.227). Indeed, we are concerned
with non-inertial particles, which are likely to be homogeneously



distributed in the bulk (very low Stokes number). Consequently,
concentration gradients are present only in a thin concentration
boundary layer near the wall. We impose a “constant concentra-
tion layer” sufficiently far from the wall (see Fig. 9); note that
the “constant concentration layer” is located at a distance rather
larger than the value of 67 evaluated from Eq. (11). During the
simulations, the number of particles located between y* =
211x10"" and y*=2.27x10""' are frequently counted and
new particles are added or removed in this region to keep the
number density of particles constant and equal to its reference
value. The practice to “add and remove” particles in this region is
very efficient. The constant bulk concentration imposed far from
the mass boundary layer only fluctuates within 1% over time.
Based on the instantaneous positions of the particles, concentra-
tion profile is formed by box counting. Slabs parallel to the wall
are used to calculate the number of particles associated to a
particular wall normal distance. The thickness of these slabs is
fine enough to resolve steep concentration gradients in the
boundary layer and wide enough to contain many particles for
statistical convergence. The thickness Ay* has been set to
2.27 x 104, The quantitative value of the bulk volumetric con-
centration in our simulations is only considered as a reference
while we used it to scale the concentration profiles. Because we
ignore direct particle-particle interaction and the modification of
the flow by the presence of particles, the range of applications
in terms of mass loading of particles is limited to very dilute
suspensions.

The build-up of the concentration layer is basically time
dependent because the layer of constant concentration away
from the wall acts as a continuous source of particles transported
towards the wall by the permeation velocity. Consequently the
total number of particles involved in the simulations starts at
20,000 and increases continuously during the simulation. The
procedure described above was repeated for three different values
of the critical wall shear stress: 6.75, 4.16 and 2.6 Pa (T¢it/ {Tw > =
1.48; 0.91; 0.57, respectively) corresponding to Sceq, €qual to 20%,
50% and 90%, respectively (average fraction of the wall area
matching the detachment criterion t,, > 7). Also, the two limit-
ing conditions of irreversible adhesion and particle rebound at the
wall have been simulated as references under extreme conditions.

4.1. Local analysis of adhesion

Since the presence of filtration velocity towards the wall
induces a source of particles (u,, cpux), the number of particles
increases in the near wall region, resulting in a progressive build
up of the concentration boundary layer and fouling. Moreover,
under turbulent flow conditions the local distribution of attached
particles is not likely to be uniform because of the presence of
near-wall coherent flow structures yielding spatial fluctuations of
the convective flux towards the wall and strong inhomogeneities
of wall shear stress leading to particle detachment. As expected,
preferential adhesion and re-entrainment locations are spatially
correlated to low shear stress areas (see Fig. 8a-b). This is a visual
observation of the basis of several theoretical models: local flow
structures are responsible for particle detachment and re-entrain-
ment (Ziskind et al., 1995). Using direct numerical simulation of a
planar turbulent channel flow (without wall normal velocity),
Zhang and Ahmadi (2000) showed that these preferential loca-
tions of re-suspension may exist and depend on the nature of the
particle (size, adhesion force). We confirm the early observation
of Yung et al. (1989) on the interaction between turbulent burst
activity and deposited particles. Particles experiencing a wall
shear stress lower than the threshold 7.4 (Eq. (10)) remain
attached. The region where 7,, > 7 corresponds to rapid flows
sweeping the wall and is distinct from fluid ejection or bursting.

Particles fully embedded in the viscous sublayer are not lifted up
by fluid ejection but initially roll along the wall (Ziskind et al.,
1995), are dispersed by Brownian agitation and are eventually
dragged towards the bulk by the flow bursting out of the viscous
sublayer. There are only few experiments, which quantify the
local deposit of small particles on membranes under turbulent
flow. One of these techniques is Direct Observation Through
Membranes (DOTM), which allows the visualization of the surface
of a membrane during filtration. However, these experiments
have only been performed for a Reynolds number of 2000
(Li et al., 2003). These experiments revealed the formation of
cylindrical rolling flocs during the detachment of bacteria from
the membrane surface. However, this technique does not allow
the percentage of the fouled surface or its correlation with local
shear stress to be determined. There is then no quantitative
comparison possible with our work and we could hypothesize
that this phenomenon (of cylindrical rolling aggregate) is related
to the dynamics of wall-bounded turbulent flows.

The filtration velocity, together with re-suspension, yields
particle accumulation close to the wall where the maximum
concentration is reached. Fig. 10 plots the maximum concentra-
tion scaled by the bulk concentration for different values of the
critical wall shear stress versus time. A large fraction of wall area
matching the detachment criterion corresponds to larger max-
imum concentration in the particulate boundary layer. Also the
rate of build-up (the slope of linear fitting of simulation results) of
the boundary layer is faster. Additionally, the number of particles
attached onto the wall (Fig. 11) increases with time. This is a
direct measure of the dynamic fouling of the permeable wall.
Smaller values of 7./<{Tw ) lead to fewer attached particles.
However, we obtain an increase in the number of attached
particles although particles can detach easily from the wall. Slow
fouling occurs whatever the configuration. It can be explained by
the continuous build-up of the particulate boundary layer
induced by the filtering flux towards the wall.

4.2. Comparison to macroscopic models

The particulate flux of attachment @y, is commonly scaled
to form the Sherwood number (Eq. (12)). In Fig. 12, the particulate
flux obtained in simulations under the configuration of irrever-
sible adhesion (Sgean=0; Tcrie/ {Twy =00) is compared to the
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Fig. 10. Maximum concentration scaled by the bulk concentration versus time.
Symbols stand for the simulation results averaged in space and over seven simula-
tions (the line is a linear fit). Stars: Sciean=90%; circles: Scjean=50%; Crosses: Sciean=20%
(Terie/ {Tw » =0.57, 0.91, 1.48, respectively). Dimensionless time= {u ) t/h.
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Fig. 11. Number of attached particles versus time (“clean surface” denotes the
average fraction of the total wall surface matching Eq. (10)). The thin line
corresponds to a linear fit. Dimensionless time: {u)t/h.
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Fig. 12. Streamwise profile of the Sherwood number. Stars: simulation results at
different times (Sgiean=0, Terit/ (Tw » = 0 ); dashed line: Minnikanti et al. (1999);
solid line: Song and Elimelech (1995) model designed for turbulent conditions.
Dimensionless length: (u)t/h.

theoretical models of Song and Elimelech (1995) and Minnikanti
et al. (1999). Due to periodic boundary conditions, the temporal
evolution of our simulation can be analyzed in terms of normal-
ized spatial evolution using the relation {u)t/h.

_ h (pattach

Sh =
DyCpuik

(12)

Minnikanti et al. (1999) based their analysis on the solution of
a convective diffusion equation (Eq. (13)) of particle transport
within the viscous sublayer. Including the effect of wall suction
u,, they assume a linear profile of the longitudinal velocity. The
shear intensity k is controlled by the average value of shear stress

at the wall under turbulent regime (Eq. (14)).

ac oc o%c
ky&—uwa :Dpay—2 (13)

2
u= 40.0395<u> Re~ /4y = ky (14)

Imposing u,x'/* constant along the channel, Minnikanti et al.
(1999) obtained a self-similar analytic solution of Eq. (13).
A significant discrepancy between our simulation results and
the prediction of Minnikanti’s model is observed (Fig. 12) at the
channel inlet. The discrepancy is basically related to the assump-
tion of constant u,x' in theoretical modeling while in our
simulations the filtration velocity has been kept constant along
the channel length. The different assumptions on the filtration
velocity evolution used in our simulation (u,, is constant) and in
Minnikanti’s model (u,,~x~'3) can be justified. In both cases the
dispersed phase has a non-inertial behavior. Although our parti-
cles behave as Brownian particles (typical dimension around one
micron) our results can not be extended to flowing suspension of
smaller particles. Minnikanti’'s model (1999) is suitable for a
suspension consisting of small particles (typically macromole-
cules) and larger concentration is considered. The wall accumula-
tion forms a gel-like concentration polarization layer following
the classical x!/® evolution of the transfer coefficient for a non-slip
boundary. In response to this accumulation the filtration velocity
decreases along the wall (u,,~x~ /). In our case, we are modeling
and simulating early instants of deposition of a highly dilute
dispersion of Brownian particles and constant filtration velocity
u,, is consistent with other assumptions such as one-way cou-
pling (the particles are not perturbing the flow neither in the bulk
nor for the wall boundary condition on filtration velocity).

The model of Song and Elimelech (1995), considered a con-
stant permeation velocity. However, their model was initially
developed for laminar flows. Song and Elimelech included in their
transport equation the contributions of gravitational, lift and Van
der Waals forces. Neglecting the lift and Van der Waals forces
terms and considering the mean shear rate in the viscous sublayer
of a turbulent channel flow (Eq. (14) similarly to Minnikanti’s
model), Eq. (13) can be solved numerically. For a constant
filtration velocity u,, along the channel length, the numerical
integration of Eq. (13) is carried out with the following boundary
conditions: constant concentration at the inlet of the channel
c(0,y)=Cpui, “perfect sink model” at the wall ¢(x,0)=0 and fixed
bulk concentration c(x,c0)=cpu outside the concentration sub-
layer. These boundary conditions have been also selected by Song
and Elimelech (1995) and they are in perfect agreement with our
simulation assumptions (particles are assumed to be attached
when they touch the wall, i.e. “perfect sink model”; on the
contrary in Minnikanti’s model a Robin-Mixed boundary condi-
tions is applied at the wall, where the permeation flux is
accounted for, while it is not present in our study. For these
appropriate conditions, a good agreement between the numerical
solution of Eq. (13) and our Eulerian-Lagrangian simulations are
observed in Fig. 12. The comparison to the Elimelech and Song
model has been done simply by introducing the mean shear rate
provided by DNS in the viscous sublayer, in order to adapt their
model (originally developed for laminar flow) to turbulent con-
ditions. Therefore the excellent agreement obtained signifies that
while turbulent fluctuations have an important effect on the
mechanism of detachment, they are a negligible contribution to
particle transport (turbulent diffusion is much larger than Brow-
nian diffusion far from the wall) and attachment onto the wall.
Predictions based on mean flow characteristics are sufficient to
provide an accurate description of these latter phenomena.



4.3. Determination of particle fluxes

In our simulations, we have direct information on the respective
contributions to the balance of particulate fluxes. The rate of increase
in the number of suspended particles (Eq. (15)) is the sum of the
convective flux entering the simulation domain through the constant
concentration layer (far from the wall), the diffusive flux of adhesion
and the detachment flux from the wall. A similar balance can be
written for the attached particles (Eq. (16)). The rate of increase of
total number of particles N;or=Ngysp+ Neaie in the simulation domain is
equal to U, Cpyk-

dNsusp [ oc ]
= |UwCpyx—D— S+ DgetachS (15)
dr wCbu B etac
dN, att oc
dr D@ wall S_(pdetachs (] 6)

Each term of Egs. (15) and (16) has been calculated in the simulations
with Sgeqn=20%, 50% and 90%. Nevertheless, the instantaneous
quantities are very noisy due to the unsteadiness of the turbulence.
When averaged over the seven flow calculations, the quasi-linear
variation of all fluxes in time is related to the continuous and constant
feed of the mass boundary layer by the outer boundary condition
C=Cpui- Fig. 10 gives an indication of the continuous build-up of the
particulate boundary layer. A linear increase in time of the number of
attached particles N with distinct slopes is obtained for the three
ratios 74/ <{Tw » (Fig. 11). The resulting adhesion flux can be scaled to
compare our numerical results with the former theoretical predic-
tions of Minnikanti et al. (1999) or Song and Elimelech (1995)
modified for turbulent conditions. For Sgeqn=0 (Tair= o0 ), the Sher-
wood number (Eq. (12)) compares the flux of adhesion to the
diffusion transport of particles. The theoretical estimate is in good
agreement with dynamic simulations under turbulent conditions (see
Table 1 and Fig. 12). This corresponds to the perfect sink model. For
Scean 7 0 (finite value of 744), we propose to extend the definition
of the Sherwood number (Eq. (17)) to the simultaneous presence
of adhesion and detachment of particles at the wall. The effective
adhesion flux corresponds to the net attachment flux: @¢f= Pgstach—
‘pdetach = dNatt/ dt.
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The results of our simulations are summarized in Table 1. It is
clear that reducing the critical wall shear stress of detachment
yields a reduction of the net attachment flux @.5 since particles
increasingly undergo re-suspension in the flow (see Fig. 13 for a
comparison of detachment fluxes and their linear fitting).
Decreasing the ratio 7.4/<{Tw » corresponds not only to larger
values of the detachment flux but also its rate of increase and
consequently larger values of the maximum concentration in the
boundary layer (see Fig. 10).

4.4. Temporal evolution of adhesion

The particle fluxes towards (ANg./t) or away from the wall
(ANgysp/t) can be scaled by the rate of particles entering the
concentration boundary layer (Egs. (18) and (19)):

ANsusp _ Nsusp(t)*Nsusp(t = 0)

n = = 18
Susp ANtcat Suwcbulkt ( )
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ANgrt  Nate(t)—Nare(t = 0)
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Fig. 13. Detachment flux versus time for three configurations: Scjeq,=90% (stars),
50% (circles), 20% (squares) (Tl {Tw » =0.57; 0.91; 1.48, respectively). Symbols
stand for the simulation results averaged in space and time. Flux densities are
scaled by u,,Cpu. Dimensionless time: (u) t/h.

where Ny, is the total number of suspended particles, N the
total number of attached particles, Ny, the total number of
particles and S the area of the bottom wall. The dimensionless
flux of attached particles (or suspended particles) is an indicator
of the dynamic fouling of the permeable wall.

Under the condition of absorbing wall (S¢eqn=0, T¢rit= 00 no
detachment) ng, tends to zero while with perfect rebound
(Sctean=1, Tcrie=0) Ngysp tends towards 1. For finite values of .y,
the prediction of ngsp (O Nge=1—ngsp) is Not obvious. Assuming
a perfectly homogeneous suspension from the bulk to the wall
(absence of a mass boundary layer), Eq. (18) becomes:

UwChulk tsclean

UnCy, lkts = Sclean (20)
wCbu

Nsusp =

While formation of a concentration boundary layer close to the
wall increases the convective and diffusive fluxes towards the
wall, and therefore ngs, < Scean is expected, dynamic re-suspen-
sion due to moving near-wall turbulent structures increases the
number of suspended particles (increasing ng,s,) compared to its
static estimate (Eq. (20)). Fig. 8a is a static snapshot of the wall
shear stress spatial distribution. Turbulent streaks and conse-
quently high wall shear stress areas move in time in a streamwise
direction. Attached particles in front of the translating region of
high wall shear stress will be re-suspended away from the wall
while Eq. (10) is verified. Because these two physical mechanisms
make opposite contributions, the actual value of the dimension-
less flux of particles away from the wall ng,, depends on the
relative magnitudes of the two terms. Based on simulation
results, we calculated the suspension response for three different
conditions of the detachment criterion 7./ {Tw » =1.48, 0.91 and
0.57 (Sciean=20%, 50% and 90%, respectively). They are plotted
against time in Fig. 14. In all cases, the results are close to the
static estimate (Eq. (20)). When Sjeq, =20%, the magnitude of ng,s,
is slightly lower than s.eq,. This means that enhancement of the
diffusive flux towards the wall dominant over the dynamic
detachment effect. The wall area swept by moving regions of
high shear stress yields a lower flux away from the wall than the
deposition flux. The opposite trend is observed when S¢eqn=50%
or 90%. The explanation is related to the spanwise extension of
the wall area matching Eq. (10) for detachment. As S¢eq, increases,
the dynamic effect becomes larger than the diffusive flux of
adhesion to the wall. Elongated regions of high shear stress become
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Fig. 14. ngsp and ng, versus time for Sceqn=20% (thicker lines, Tt/ {Tw » =1.48)
and Sceqn=>50% (thinner lines, 7./ {Tw » =0.91). Dimensionless time: {u)t/h.

thicker (in the spanwise direction) when sS4y, is increased and, thus,
removal of attached particles is enhanced.

5. Conclusion

Direct simulation of particle transport in turbulent flow near a
permeable surface was performed by coupling Lagrangian particle
tracking to the full simulation of near-wall turbulent structures
of the fluid flow. It allows simultaneous modeling of physical
phenomena such as transport, deposition, detachment and re-
entrainment of Brownian particles suspended in a turbulent
channel flow experiencing cross-flow filtration. Results of fully
coupled simulations demonstrate the possibility of using the
model to predict the macroscopic behavior of the process but
also to obtain insights into local and temporal hydrodynamic
phenomena.

From a macroscopic point of view, these simulations show that
turbulence deeply modifies particle mass flux near the permeable
wall. We compared our averaged results to macroscopic predic-
tion in the absence of particle detachment and we found good
agreement. Statistical analysis of the temporal build-up of the
concentration layer due to the permeation velocity allows adhe-
sion and re-entrainment fluxes to be measured. These fluxes can
be scaled into Sherwood numbers and have been compared to
theoretical predictions adapted to turbulent flow conditions for
the case of perfectly adhesive walls.

Furthermore, the present results show that under low turbu-
lent conditions (Re=4000) the presence of bursting, sweeping
events and streaks (elongated coherent flow structure) leads to
strong spatial and temporal fluctuations of the wall shear stress.
The consequence of these instantaneous and local flow structures
on the mechanism of particle adhesion and detachment from
a permeable wall is discussed. The local formation of streaks
changes the wall shear stress and the mass flux by the presence of
a fluid ejection zone (high fluid velocity away from the wall) and
of a fluid advection zone (high fluid velocities towards the wall).
These streaks strongly modify the force balance acting on parti-
cles near the surface. The present study shows the role of these
near-wall events on local deposition and re-entrainment fluxes in
turbulent dilute particle dispersion channel flows in the absence
of electric repulsion.

Nomenclature

c particle concentration (part/m?>)

C lift coefficient

Cu added mass coefficient

D=2h distance between channel walls (m)
d, particle diameter (m)

D, particle diffusivity (m?/s)

F force (N)

Fp, Fy, F4 force of drag, lift, adhesion (N)

g gravitational acceleration (m/s?)

h half distance between two walls (m)
k shear intensity (s~ 1)

kg Boltzmann constant, 1.381 x 1023 (J/K)

K= —(op/ox) opposite of the pressure gradient in the
x direction (Pa/m)

K. reduced elastic modulus (Pa)
I wall-attached particle center distance (m)
I contact area radius (m)
L particle distance from the wall (m)
m mass (kg)
My moment of adhesion forces (N m)
Mp moment of surfaces stresses (N m)
Nsusp dimensionless suspended particle number
Naer dimensionless attached particle number
Neot total number of particles
Niusp total number of suspended particles
Naee total number of attached particles
P pressure (Pa)
P(hit)  hit probability
Pe Peclet number
Tp particle radius (m)
Re Reynolds number
Re; shear Reynolds number
Sclean clean surface fraction (where detachment occurs)
S wall surface (m?)
Sc Schmidt number
St Stokes number
Sh Sherwood number
t time (s)
T temperature (K)
u average fluid velocity in x-direction (m/s)
ut dimensionless velocity in wall units
u fluid velocity (m/s)
Uy, filtration velocity (m/s)
u* shear velocity (m/s)
v particle velocity (m/s)
1% volume (m?3)
x* dimensionless x coordinate
yt distance from the wall in dimensionless wall units
XY,z spatial coordinates
+

dimensionless z coordinate

Greek symbols

P particle flux per area (part/(s m?))

Oy thickness of the viscous sublayer (m)

d¢ thickness of the concentration boundary layer (m)

0 density (kg/m?)

u v fluid viscosity, dynamic and kinematic (kg/m s), (m?/s)
At time step (s)

5 fluid flow time scale (s)

Tp particle relaxation time (s)

Tw wall shear stress (Pa)

w vorticity (s™1)



wWa work of adhesion (N m)
14 random number from a Gaussian distribution with zero
mean and unity standard deviation

Subscripts and Superscripts

+ dimensionless unit
0 initial value

att attached

p particle

sed sedimentation
susp suspended

tot total

w wall

<> average in space and time
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