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The rejection coefficient of nonspherical particles from ultrafiltration and microfiltration membranes has been examined
from both theoretical and experimental perspectives. Modeling efforts focused on incorporating the convective hindrance
factor for a capsule shaped particle in a cylindrical pore into predictions of the rejection coefficient. First, the convec-
tive hindrance factor was approximated using previously reported results for the hydrodynamic resistances experienced
by a sphere in a pore. Second, computational fluid dynamics calculations predicted the convective hindrance factor for
a capsule in a cylindrical pore. Results from both approaches indicate that including hydrodynamic interactions in pre-
dictions of the rejection coefficient has a greater effect for smaller particles and particles with smaller aspect ratio (i.e.,
close to spherical shape). Rejections of several rod-shaped Gram negative bacteria with aspect ratio from 2 to 5 by
clean track-etched membranes were in general agreement with theoretical predictions. © 2013 American Institute of

Chemical Engineers AIChE J, 59: 3863-3873, 2013
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Introduction

Microfiltration and ultrafiltration processes are extensively
employed in various fields such as clinical applications,
dairy processing, biotechnological applications, water and
wastewater treatment, and microelectronic applications.1 of
particular relevance to environmental engineering applica-
tions is the prevention of waterborne disease such as the
1993 Cryptosporidium outbreak in Milwaukee, WI that
caused over 400,000 illnesses, 1000 hospitalizations, and 50
deaths.” Several literature reports indicate that microfiltration
or ultrafiltration systems achieve complete separation of pro-
tozoa but not bacteria and viruses.””’ Although microbial
retention can be increased by employing membranes with
smaller pore sizes, such an approach also concomitantly
increases capital and energy costs by necessitating larger
membrane area and higher pressures. Developing a quantita-
tive understanding of the factors determining bacteria and
virus removal is the first step toward optimizing the mem-
brane pore size necessary to economically produce biologi-
cally stable water.®
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Efforts to theoretically analyze retention of particles by a
porous membrane date back several decades, with studies
focused primarily on spheres.Qi12 Because pathogenic bacte-
ria and viruses present in feed waters are often nonspherical,
a comprehensive model of membrane separations for such
biological colloids is needed to design efficient membrane
systems that balance microbial removal with energy and eco-
nomic considerations.

A general expression for the filtration rejection coefficient
¢ includes both hydrodynamic particle-pore wall interactions
and steric restrictions with a Boltzmann distribution to
describe particle concentration'
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Here, G(X, ) is the local lag coefficient, which represents
the hydrodynamic particle-pore wall interactions, v(X) is the
fluid velocity field when the particles are excluded from the
pore region, E(X, i) is the particle-pore wall interaction
energy, X(x, y) is the two-dimensional (2-D) position vector in
the pore, and  is the particle orientation angle with respect to
the pore axis.

Early analyses of hindered transport were focused on
uncharged spheres wusing a centerline approximation
(GX)=G(0)).>" Brenner and Gaydos14 developed an

October 2013 Vol. 59, No. 10 3863



analytical expression for G(X) which is valid for relatively
small spheres. Ennis et al.'” used a Padé approximation to
combine the small particle expression developed by Brenner
and Gaydos'* with a large particle expression developed by
Bungay and Brenner."> Numerical simulations were carried
out by Higdon and Muldowney'® who also fit their results to
provide an analytical expression for G(X). Dechadilok and
Deen'” used this expression to determine radially averaged
hindrance factors as a function of relative particle size which
were in excellent agreement with the expression developed
by Ennis et al.'?

Anderson'! theoretically examined the transport of capsule
shaped particles in a cylindrical pore by considering only
configurational effects (i.e., G(X, ) = 1 was assumed for all
particle positions and orientations). The rejection coefficient
for a capsule-shaped particle was predicted to be larger
(higher removals) than for a spherical particle with equiva-
lent volume, with rejection coefficient increasing as particle
aspect ratio increases.

In a recent zu“ticle,8 we described results from short-term
membrane rejection measurements that were performed to
examine the removal of two gram-negative bacteria (Bre-
vundimonas diminuta and Serratia marcescens), two bacte-
riophages (PRD1 and T4), and several spherical silica
particles. These (bio) colloids ranged from spherical to cap-
sule shaped, with aspect ratio in the range 1-9. Track etch
membranes with well-defined capillary pores with a tight
pore-size distribution were used for these measurements. In
contrast to Anderson’s predictions,“ similar reflection coef-
ficient values were measured for particles of the same
dimensionless size but with different aspect ratios. We
speculated that this might be attributed to hydrodynamic
particle-pore wall interactions which were neglected in the
model.

The objective of this work was to perform detailed theo-
retical analyses of the convective transport of a rigid cap-
sule shaped particle in a cylindrical pore, yielding
predictions of oy for these particles. Specifically, we have
determined G(X, ) using two different approaches. As a
first approximation, the results of Higdon and Muldowny'®
describing G(X) for spherical particles were incorporated
into the Anderson model'' that considers the steric limita-
tions for a capsule in a pore. Because only one size param-
eter characterizes the sphere geometry, we considered
different size parameters when using the sphere model to
quantify the hydrodynamic interactions for a capsule: the
diameter of a sphere with volume equivalent to the capsule
volume, the diameter of a sphere equal to the capsule
length and the diameter of a sphere equal to the capsule di-
ameter. To develop a more comprehensive model of this
system, computational fluid dynamic (CFD) calculations
based on a finite element model were used to determine
G(0, ) for a capsule shaped particle in a cylindrical pore.
These values were used in equation 1, along with steric
restrictions for a capsule to predict o, for particles with dif-
ferent size and aspect ratio.

Modeling results were validated by short-term measure-
ments of the removal of three rod-shaped bacteria (Brevun-
dimonas diminuta, Serratia marcescens, and Escherichia
coli), two spherical bacterial viruses (MS2 and PRDI1) as
well as four different spherical silica particles by a number
of track-etched membranes with near cylindrical pore geom-
etry in a stirred cell before the onset of fouling.
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Theoretical Work
Rejection coefficient

The filtration rejection coefficient, oy is a measure of the
degree of solute rejection by a porous membrane. The geom-
etry of the system considered here is illustrated in Figure 1.
The pore is cylindrical, with length L and radius R. The
length and diameter of the capsule shaped particle are L,
and d,, respectively. The solvent is treated as a continuum
and the flow is dictated by an axial pressure gradient. In this
work, Eq. 1 was simplified for a capsule shaped particle-cy-
lindrical pore system, following the procedure described by
Anderson''

L § T promax [ Prax Y )
or=1 71/0/0 /0 G (o, ) [0 + B>+ 1] ddo sin () dys
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Here,  is the orientation angle between the particle and
the pore axis, and X are the nondimensional position vectors.
The integration limits o, and .« are based on the steri-
cally allowed orientations and positions for a capsule in a
cylindrical pore. Details of the derivation of Eq. 2 from Eq.
1 are provided in Appendix A.

As an initial approximation for G(a, f, ), expressions
developed by Higdon and Muldowney'® for spherical par-
ticles (i.e., for G(o, f)) in a cylindrical domain were incorpo-
rated into Eq. 2. Integrations over o, [, and { were
performed to predict o5 Calculations were performed using
different characteristic particle sizes to describe G(«, ).

Accurately predicting the lag coefficient for a capsule
shaped particle in a channel is a complex nonlinear problem
which cannot be solved analytically. In this article, we estab-
lish a 3-D CFD model which simulates the translation of a
capsule-shaped particle in a cylindrical channel. The model
is used to solve for the steady-state particle velocity (v,) at a
fixed radial position (X) and orientation (). The lag coeffi-
cient is defined as the ratio of the steady-state particle veloc-
ity to the fluid velocity in the absence of the particle (uy)'"1®

G(X,y)=L 3)

In this analysis, the computation of G(X, ) is limited to a
single, rigid, capsule shaped particle translating on the pore
axis (X=0) at all sterically allowed orientations for relative
particle radii ranging from 0 to 0.9. The fluid behavior in the
cylindrical channel is described using the Navier-Stokes
equation. The motion of the particle is governed by the fluid
forces surrounding the particle.

This is a typical fluid-particle interaction problem, where
the coupled movement of fluid and particle are analyzed.
Previous reports in the literature demonstrate that the Arbi-
trary Lagrangian Eulerian (ALE) approach is effective for
simulating such fluid-particle interaction problems.l()’20 The
current CFD analysis includes a 3-D finite element model
that predicts the translational velocity of a capsule-shaped
particle at a fixed orientation suspended in a fluid in a
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Figure 1. Schematic diagram of rigid capsule-shaped particle in a cylindrical pore.

cylindrical channel. The coupling of the Navier- Stokes
equation in ALE formulation with Newton’s momentum
equation enables one to track the particle motion. Since this
method involves a moving mesh, the Laplace equation was
solved simultaneously with the Navier-Stokes equation to
ensure mesh smoothing. The model equations were solved
for the normal and shear forces, which were integrated over
the particle surface to obtain the resultant hydrodynamic
forces.'® % These forces are used in Newton’s momentum
equation to calculate the particle velocity. The lag coefficient
G(0,}) was then computed from Eq. 3.

A number of assumptions were made in our model devel-
opment. A steady parabolic flow profile was established in
the pore and, at time = O, the particle was placed at a cen-
terline position in the pore. Therefore, any resistances at the
pore entrance are neglected. Calculations were limited to
particles translating along the pore centerline; centerline val-
ues for G(0,)y) were used to describe hydrodynamic resistan-
ces at all radial positions in the pore. Finally, torque on the
particle was neglected; the translational velocity of the parti-
cle was determined using CFD calculations performed with
the particle at a fixed orientation; calculations were repeated
with the particle at different orientation. To determine oy, the
numerically computed G(0,}/) values were integrated over all
sterically allowed particle orientations in Eq. 2. In essence,
we have assumed that time scales for rotational diffusion of
the particle are much smaller than times for particle
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translation in the pore. The impact of these assumptions on
results is discussed later in this article.

Numerical model

The fluid forces acting on the particle cause its displace-
ment, and the particle motion in turn changes the fluid pro-
file in the channel. This interplay between fluid and particle
motion in this system is incorporated in our model. Incom-
pressible Newtonian fluid flow in a cylindrical channel was
simulated using the steady-state Navier-Stokes and continuity
equations

pr(u-Vu)=(V 1) )]
(V-u)=0 (3)
t=—pl+y; [Vu+(Vu)T} 6)

where u is the fluid velocity, pr and u are the fluid density
and viscosity, respectively, p is the pressure, I is the identity
tensor, and 7 is the stress tensor. Here, 7 is the combination
of normal and shear forces, which are numerically integrated
over the particle surface to determine the total force on the
particle'®2°
F= / (z- m)dl ™
The particle velocity is determined using Newton’s mo-
mentum equation which relates the hydrodynamic forces
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obtained from the Navier-Stokes equation to the linear mo-
mentum of the particle*

m dv, _

Par

F (8)

where m,, is the mass of the particle. As noted earlier, the
rotational motion caused by the angular momentum is
neglected in this analysis; only linear momentum is consid-
ered. Equations 4-8 were solved simultaneously using the
ALE algorithm, yielding the particle velocity with the parti-
cle at a fixed orientation. Rotational diffusion of the particle
is implicitly accounted for by calculating particle velocities
at all sterically allowed orientations, yielding G(0,}/) values
that are integrated over particle orientation to determine oy
(Eq. 2).

In the ALE algorithm, the particle is tracked in a Lagran-
gian frame and fluid flow is tracked in a Eulerian reference
frame. Therefore, the Navier-Stokes equation must be
defined in ALE form. This transformation introduces the
mesh velocity » in Eq. 4.'820-22 The mesh velocity is com-
puted by coupling the Laplace equation with the ALE—Nav-
ier-Stokes equation

pr((u—@)-Vu)==V,+p, [Vzu] 9

(V- V)=0 (10)

Since ALE involves a moving mesh, Eq. 10 ensures a
smooth variation in the computational mesh.”"

For the numerical simulation of the motion of the capsule
shaped particle in a cylindrical pore, a 3-D model was devel-
oped with geometry illustrated in Figure S1 in the Supple-
mentary Information. Steady Poiseuille flow was established
in the pore. At time =0, an isolated 3-D capsule (cylinder
with hemispherical ends) was placed inside the pore at a
centerline position. The pore length was set to 10 times the
pore diameter. However, the length of the pore is immaterial
as long as it is sufficient so that the particle achieves a
steady-state velocity within the pore. Since the particle is
assumed to be rigid, its trajectory can be tracked using its
center of mass.

Nondimensional form of model equations

To nondimensionalize Eqs. 8 and 9, the centerline velocity
(u.) in the cylindrical channel and the diameter of the parti-
cle (d,) are considered as the characteristic velocity and
length, respectively®?

=y

z e
U= t=— 11
a, (11

SIE

The resulting nondimensional forms of the Navier-Stokes
ALE and Newton’s momentum equations are

Re((U—a) - VU)=—VP+ [vzv] (12)

e 1\\dV, -
yrl-+-) ) L=
(Reppn<4 6)) 7 F (13)

where Re as the Reynolds number, p, is the density ratio p,/
pr (with a value of 1.1 in these calculations), V, is the
dimensionless particle velocity, and F is the nondimensional
hydrodynamic force acting on the particle
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Equations 12 and 13 were solved, subject to the following
boundary conditions. A parabolic velocity field was imposed
at z =0, atmospheric pressure was imposed at the pore exit,
and a no slip boundary condition was imposed on the pore
wall and on the particle surface. The particle was initially
placed on the pore centerline with zero velocity. The particle
accelerates due to the fluid forces acting on the particle sur-
face, eventually reaching a steady state velocity when the
net forces on the particle are zero.

Numerical solution

The Navier-Stokes ALE equation was coupled with New-
ton’s momentum equation and solved in the computational
domain shown in Figure S1. The domain was meshed using
tetrahedral elements in the cylindrical volume space and tri-
angular elements on the pore and particle surfaces. To ensure
an accurate force calculation, a finer mesh was considered
on the particle surface and a coarser mesh in the region
away from the particle.

The Navier-Stokes ALE and Newton’s momentum equa-
tions (Egs. 12 and 13) were solved using a finite element
ALE method.'®?* The Reynolds number (defined with the
particle diameter as the characteristic length scale) was equal
to 0.25, consistent with our previous23 as well as current
experiments. Calculations performed with smaller Re 1o
to 0.1) showed only a small impact on the lag coefficient
(<2% difference), indicating that inertial effects are not im-
portant for this system. The translational motion of capsule-
shaped particles with different aspect ratios and sizes were
considered. In all cases, the particle was positioned at the cy-
lindrical pore axis (centerline approximation) with a fixed
orientation. Since torque on the particle was neglected, the
particle displays only translational motion in the direction of
the fluid flow.

The ALE method involves moving surfaces boundary con-
ditions, which cause the computational mesh to deform.
Hence, the Laplace equation was included to ensure a
smooth deformation of the mesh. For each time step, the
mesh and the particle location were updated, and the mesh
quality was checked. Once the quality deteriorated to a set
level, a new geometry was generated from the deformed
mesh, with the solution from the previous mesh mapped
onto the new mesh. The simulation was terminated once the
particle attained a steady state velocity and was repeated
with the particle positioned at the same initial axial position
but with different orientation. The fluid velocity in the ab-
sence of the particle ug, was obtained by simulating fluid
flow through a 3-D cylindrical channel.

The ALE finite element algorithm was implemented using
Comsol Multiphysics 4.2. Comsol’s graphical user interface
environment cannot directly simulate the moving boundary
conditions in this problem. Therefore, the model generated
using Comsol was imported to MATLAB to implement an
iterative program for auto mesh generation and solution
mapping.

The lag coefficient G(0,)y) was obtained using Eq. 3 with
the calculated v, and u, values. The rejection coefficient was
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Table 1. Number Weighted Average Size and Degree of Pol-
ydispersity of Spherical (Bio)colloids as Determined from
Light Scattering Measurements The degree of polydispersity
is the normalized variance of the particle diffusion coeffi-
cients, as defined by Brown et al.>®

Number weighted Degree of

Colloid average size (nm) polydispersity
ST-OL Silica 4891 £ 1.67 0.067
MP 1040 Silica 101.1 £0.42 0.024
MP 2040 Silica 193 +8.76 0.026
MP 3040 Silica 316.44 £ 2.45 0.005
PRD1 virus 80.72 £4.94 0.157
MS?2 virus 2475 £ 2.46 0.194

determined by numerical integration of Eq. 2 using these lag
coefficient values. The numerical integrations over pore
space and particle orientation were programmed in MAT-
LAB using a Simpson’s quadrature technique.

The 3-D model developed using the ALE algorithm was
verified using a benchmark problem. The lag coefficient cal-
culated for a sphere translating on the pore axis in a cylindri-
cal pore was reproduced using an appropriate 3-D geometry
to represent the system. The steady-state particle velocity
and maximum fluid velocity data were extracted from the
simulation results to evaluate the lag coefficient; results were
compared to an analytical solution available in the
literature.'***

Experimental Methods
Spherical colloids

The number-weighted hydrodynamic diameters of colloi-
dal silica (SNOWTEX-OL Nissan Chemical Industries, Ltd.)
and two bacterial viruses (MS2 and PRD1) measured using
dynamic light scattering (DLS, BI200SM, Brookhaven
Instruments) are given in Table 1. Particle polydispersity is
characterized using the degree of polydispersity, which is the
normalized variance of the particle diffusion coefficients, as
defined by Brown et al.> In all cases, the degree of polydis-
persity was very low, demonstrating the narrow size distribu-
tion of these particles.

Silica concentration was measured using light extinction at
600 nm using a 5 cm path length cell (DR 6000, Hach Co.).
The bacteriophages MS2 (ATCC 15597-B1) and PRD1 (pro-
vided by David Metge at the United States Geological Sur-
vey, Boulder, CO) were propagated with the double-top agar
layer technique using their respective hosts Escherichia coli
(ATCC 15597) and Salmonella typhimurium (ATCC 19585)
as reported earlier by us.”® Virus stocks were further purified
with two successive poly(ethylene glycol) precipitations and
chloroform extraction to increase monodispersity and reduce
dissolved organic carbon carry over. For filtration experi-
ments, 1 mL of purified virus stock O (10" - 10'" plaque
forming units (PFU)/mL was added to 1 L of feed water to
obtain a feed concentration of O (10’ —10%) PFU/mL.

Bacteria

Cultures of Escherichia coli, Serratia marcescens, and
Brevundimonas diminuta were first grown in Tryptic Soy
Broth (TSB; Difco) at 37, 26 and 30°C, respectively and
then pelletized by centrifugation at 4°C and 5000 g for 30
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min. Bacteria were grown until early stationary phase after
resuspending them in phosphate buffered saline (PBS; com-
position 137 mM NaCl, 2.7 mM KCI, 43 mM Na,H-
PO,4.7H,0, and 1.4 mM KH,POy4; pH 7.5), and immediately
filtered. Feed concentrations for membrane rejection experi-
ments were maintained in the range O (10°—107) colony
forming units (CFU)/mL. Bacteria were enumerated by seri-
ally diluting the samples, spreading on presolidified trypti-
case soy agar petri dishes (TSA 1.5%, Difco), and counting
20-300 colonies after 24 h incubation.

The length and diameter of bacteria were obtained by
imaging them after fixing with 2.5% glutaraldehyde solution
at 4° C overnight. At least 100 cells were inspected. Before
electron microscopy (LEO 1525, Carl Zeiss), samples were
gently washed with ultrapure water, dehydrated using pro-
gressively increasing concentrations of ethanol, and sputter-
coated with a 10 nm layer of gold. Bacteria dimensions are
listed in Table 2.

Membranes

Pore sizes of polycarbonate hydrophilic track-etched mem-
branes (Isopore, Millipore) were independently measured by
image analysis and water permeability. Electron micrographs
of membranes were digitally reversed using Image J software
so that the background appeared as black and pores were
white. The Farsight ToolKit was then used to measure the
pore area in square pixels (at least 200 pores from different
scale images were analyzed). The pore diameter was calcu-
lated by obtaining the pixel size from the scale bar and
assuming a circular cross section. Hydraulic equivalent pore
diameters were calculated from measurements of pure water
fluxes over the pressure range 2—15 psig assuming Poiseuille
flow through individual pores and using average pore den-
sities obtained from image analysis. A comparison of pore
sizes determined from image analysis, hydraulic permeability
and the manufacturer’s nominal values is listed in Table 3.
Pore sizes determined using image analysis were used when
comparing experimental and predicted membrane rejection.

Filtration procedure

Suspensions were dead-end filtered at constant pressure in
a cell with 4.1 cm?® effective area (model 8010, Millipore)
and very low hold up volume. The pressure (PX303-
050G5V, Omega) and cumulative permeate volume (Ohaus
Navigator, NIH110, Fisher Scientific) were digitally moni-
tored using LabView (National Instruments, v. 8.5). To
reduce concentration polarization and fouling, the filtration
cell was continuously stirred at ~ 3000 rpm using a mag-
netic Teflon bar. First, 100 mL of PBS was passed through
the membrane to rinse it before filtering the colloids. Short-
term experiments were performed before any fouling could
be discerned and rejection was measured after filtering 5 mL

Table 2. Bacteria Dimensions Measured by Digital Image

Analysis
Volume
equivalent
Diameter Length  Aspect sphere
Organism (pm) (pm) ratio diameter (um)
Serratia marcescens  0.76 1.67 2.22*+0.58 1.07
Brevundimonas 0.51 1.76  3.51%£0.93 0.86
diminuta
Escherichia coli 0.50 243 493+12 0.95
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Table 3. Comparison of Membrane Pore Sizes Determined
from Image Analysis and Hydraulic Permeability. Pore sizes
determined by SEM imaging were used for comparing meas-

ured and predicted particle rejection

Nominal pore Image analysis Hydraulic permeability

size (nm) (nm) (nm)

50 56.0 £ 8.1 720£0.5
100 105.5 = 8.1 1374 £ 1.1
200 166.7 £5.0 261.1 0.9
600 642.8 £20.9 747.5 3.7
800 779.5 = 11.04 929.6 £ 15.1
1200 1382.9 = 105.4 1587.7+43
2000 1746 = 92 1809.5 =4.0
3000 2841.3 = 135.8 2212.7+2.1
5000 3821421 27395+ 132

of feed water. Biocolloid stocks were diluted in PBS to
reduce their { potential to near neutral values (measured to
be between —5 and +3 mV using electrophoretic light scat-
tering, Nicomp 380 ZLS, Particle Sizing Systems), ensuring
negligible electrostatic interactions during their passage
across membranes.

Results and Discussion

Hydrodynamic interactions using spherical particle
model

As a first approximation, the integrations over pore space
and particle orientation in Eq. 2 were carried out by combin-
ing previously reported results for the hydrodynamic parti-
cle-wall interactions for a spherical particle!” with the steric
restrictions for capsules. Calculations were performed using
three different characteristic particle sizes for G(o, f): the di-
ameter of a sphere equal to the capsule diameter, the diame-
ter of a sphere equal to the capsule length, and the diameter
of a sphere with volume equal to the capsule volume. The
dependence of G(«,f) on radial position in the pore was
included in these calculations.

The ratio of o predicted using these approximations to oy

predicted by assuming G =1 is presented in Figure 2 for
capsules with aspect ratio =2 (Figure 2a) and 4 (Figure 2b).
As expected, the rejection coefficients calculated with hydro-
dynamic drag are larger than o, values predicted with G =1,
with the largest rejection coefficients predicted when the
capsule length is used as the characteristic particle size for
estimating G. The ratio of or with lag to or without lag
decreases as particle size increases, with the ratio ~1 for
particles with 4>0.5 when ¢ =2 and 4>0.3 when ¢=4.
For larger particles, steric restrictions that limit particle posi-
tions and orientations within the pore dominate over hydro-
dynamic  resistances experienced by the particle.
Hydrodynamic interactions are particularly important for
smaller particles (4 <0.05), with ¢ predicted when incorpo-
rating hydrodynamics to be 2—5 times larger than the predic-
tions made by considering only steric interactions.

A comparison of the results presented in Figures 2a and
2b show that predictions of o for larger aspect ratio particles
are more sensitive to the choice of characteristic particle size
used to estimate G. Also, adding hydrodynamic resistances
has a larger impact on predictions of oy for the smaller as-
pect ratio particles. For larger aspect ratio particles, the steri-
cally allowed positions and orientations are significantly
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reduced when the particle is in a pore, minimizing the effect
of hydrodynamic particle pore-wall resistances on oy.

CFD simulations: Particle trajectory and velocity

The CFD calculations yielded the particle displacement in
the cylindrical pore domain, from which the particle velocity
was calculated. The fluid forces accelerate the initially sta-
tionary particle to a steady state velocity. The particle dis-
placement and velocity profile in the pore are illustrated in
Figure S2 in the Supplementary Information.

The time evolution of the translational particle velocity
for particles oriented with major axis parallel to the pore
axis (y =0) with ¢ =2 and relative particle radii (1) of 0.2,
0.5, and 0.8 is shown in Figure 3. Here, / is defined as the
ratio of particle diameter to pore diameter. The particle with
A=0.2 takes ~0.7 nondimensional time units (equivalent to
2.0 dimensionless length units) to reach a steady-state veloc-
ity, whereas the particle with 2 =0.8 takes 0.05 time units
(0.5 dimensionless length units) to achieve steady state. For
all cases, the steady-state particle velocity is less than the
maximum fluid velocity (U,,) in the channel in the absence
of the particle, due to particle-pore wall interactions.'*!”-*’
The steady-state particle velocity is largest for the smallest
particles, because the smaller particles are less influenced by

g=2 (a) |
54 3
oo 41 1
=
=) ' 3 |
S 3] —+— Sphere diameter = capsule diameter _
“E?D —e— Sphere volume = capsule volume |
%}” | —=— Sphere diameter = capsule length |
1 - J
0.0 02 0.4 0.6 08 1.0
1 e=4 b
& 3 -
8* —v— Sphere diameter = capsule diameter
gﬂ —e— Sphere volume = capsule volume
-3“ 21 —=— Sphere diameter = capsule length 1
14 ]
0.0 02 0.4 0.6 038 1.0

Particle radius/ pore radius,

Figure 2. Effect of incorporating hydrodynamic interac-

tions on predictions of o for capsule-shaped
particles with (a) aspect ratio =2, and (b) as-
pect ratio = 4.
(b) Predictions were developed using lag coefficients for
a spherical particle with steric restrictions for a capsule.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 3. Time evolution of the translational velocity of

a capsule shaped particle in a cylindrical
pore when the particle is positioned on the

pore axis with orientation angle =0.

Results are shown for a particle with aspect ratio =2
with 4=0.2, 0.5 and 0.8. Here, 4 is defined as the ratio
of particle radius to pore radius. The particle transla-
tional velocity is compared with the maximum centerline
fluid velocity in the channel (U). [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the presence of the conduit wall than the larger particles.
Particles achieved the same steady state velocity when a
nonzero initial velocity was used in the simulation.

Effect of particle orientation on the lag coefficient

Calculations were repeated for particles placed at different
orientation angles in the pore, yielding the steady-state parti-
cle velocity at each orientation. The lag coefficient G(0,})
was determined from the particle and fluid velocities using
Eq. 3. The variation of G(0,)y) with  for capsules with
A=0.2 and aspect ratios of 2, 3, and 4 is shown in Figure 4.
For these particles, all particle orientations from 0° to 90°
are sterically allowed. The lag coefficient monotonically
decreases with Y for all ¢ values, indicating that the particle
experiences the highest hydrodynamic resistance when it is
perpendicular to the direction of fluid flow (i =90°) and
experiences the least resistance at yy =0°. The difference
between G(0,1) for ¢ =2 and ¢ =4 is insignificant at ¥ =0,
but becomes more pronounced when 1/ approaches 90°.
Quantitatively, the lag coefficient decreases by 4% for ¢ =2
and ~22% for ¢ =4, when  changes from 0° to 90°. Note
that for larger particles, steric restrictions limit the maximum
orientation to an angle less than 90°. These limitations are
incorporated in the calculations.

Effect of lag coefficient on rejection coefficient

Predictions of o from CFD calculations are compared to
the no lag model (G = 1) in Figure 5 for particles with ¢ =1,
2 and 4. A centerline approximation was used to estimate G
in the CFD calculations. Here, A is defined using the volume
equivalent particle radius, so that all particles with a given A
have the same volume. The results show that higher rejec-
tions are observed for more elongated particles and that the
impact of adding hydrodynamics to the predictions is great-
est for spherical particles. As A increases, the difference
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Figure 4. Effect of particle orientation on the lag coeffi-
cient for particles with different aspect ratio
(=2, 3 and 4) with 7 =0.2.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

between predictions made with and without hydrodynamic
lag decreases. The steric restrictions that limit the allowed
positions and particle orientations dominate over the hydro-
dynamic particle-pore wall interactions for more elongated
and larger particles. These conclusions are qualitatively con-
sistent with the conclusions drawn from the results presented
in Figure 2 using the spherical model to approximate hydro-
dynamic lag.

There are several important assumptions made in our analy-
sis. The first is a centerline approximation, i.e., the lag coeffi-
cient at any radial position in the pore is assumed to be equal

1.0 " T T T

L__-b--:-.!‘-‘-""
‘3’_,— T [ ]
b2 e/ =
. 0.81 ¥ e a2
o 7 -
E" 'f /!
Q x / /n
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S ! / e=1(G=1)
= 041 S R = £e=1G(0) .
. i ---e=2(G=1)
2. 024 i Iy * £=2CFD model |
e 4/ ——-g=4(G=1)
5 * g=4 CFD model
00 /‘ T Y T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Volume equivalent radius / pore radius

Figure 5. Impact of hydrodynamic interactions on the
rejection coefficient for capsule shaped par-
ticles with aspect ratios of 1 (sphere), 2
and 4.

CFD calculations were used to determine G at different
particle orientations for particles along the pore center-
line. The rejection coefficient was determined by inte-
grating G over the pore space, assuming centerline G
for all radial positions in the pore. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 6. Validation of the NS—ALE algorithm for the
system of a spherical shaped particle trans-
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a 3-D model.

The solid line is the analytical solution from Bungay

and Brenner."? [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

to the value on the pore axis. The lag coefficient is largest for
a particle at the pore center and decreases as particles move
closer to the pore wall. Therefore, this assumptions leads to a
lower bound on the predicted reflection coefficient.

The second assumption is that rotational particle diffusion
occurs on a much shorter time scale than particle translation,
i.e., hydrodynamic torque is neglected. The lag coefficient
was determined by calculating the translational particle ve-
locity for capsules at a fixed orientation in the pore. The
reflection coefficient was determined by integrating the lag
coefficients over all sterically allowed particle orientations.
Implicit in this approach is the assumption that all sterically

10 T x T ¥ T
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o
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k5 e ST-OLsilica
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Particle radius/pore radius, A

Figure 7. Comparison of experimental results for

spherical particles with theoretical predic-
tions of the rejection coefficient.
Model predictions were made using a centerline
approximation for the lag coefficient of a sphere."
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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The dimensionless particle size 4, is defined using the
volume equivalent particle radius. Therefore, data at a
fixed A refer to particles with the same volume. [Color

figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

allowed orientation angles are equally probable, i.e., there is
no particle alignment in the pores. Particle alignment would
yield higher particle velocities and, therefore, larger lag coef-
ficients and smaller rejection coefficients. This assumption
leads to an upper bound on the rejection coefficient.

Another assumption made in our analysis is that the parti-
cle concentration is dictated by a Boltzmann probability and
any pore entrance effects that might alter the concentration
profile are neglected. The impact of pore entrance effects
was examined by Quddus et al.'® for spherical particles who
found the ratio of G at the pore entrance to G at a distance
inside the pore to be ~0.95 for particles of various sizes
located along the pore axis. These results indicate that a par-
ticle experiences minimal resistance when entering the pore.
However, for a nonspherical particle, entrance effects may
lead to particle alignment which is not accounted for in our
model. We plan to use CFD simulations to examine the
transport of capsule shaped particles from a reservoir into a
pore to better understand the impact of pore entrance effects
on particle transport in a pore.

CFD code validation

To validate the Navier-Stokes ALE code, lag coefficients
for a sphere translating along the axis of a cylindrical pore
were calculated. For the same system, Bungay and Brenner
developed an analytical solution using a perturbation tech-
nique and asymptotic expansion.'* A comparison of G deter-
mined from the CFD calculations to Bungay and Brenner’s
solution shows excellent agreement between the CFD results
and the analytical solution, validating the Navier-Stokes
ALE algorithm developed in this work. CFD results and the
analytical solution are compared in Figure 6.

Experimental results

Spherical Particles. A comparison of the experimentally
measured membrane rejection coefficients for spherical silica
colloids and the spherical virus particles PRD1 and MS2 to
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model predictions is shown in Figure 7. The model predic-
tions were generated using the centerline approximation
(G(X) = G(0)). Excellent agreement was observed between
data and experiment for both virus and silica particles for
the entire range of dimensionless particle sizes, confirming
the validity of the pore size values and the experimental pro-
cedures used for the rejection measurements.

Bacteria. Experimental membrane rejection data for S.
marcescens (¢ =2.22), B. diminuta (¢=3.51) and E. coli
(6 =4.93) are compared in Figure 8. Experimental results
were generated using membranes with different pore sizes,
yielding results over a range of dimensionless particle sizes.
The results generally follow the trends predicted from our
model, with increasing rejection as aspect ratio increases at a
fixed value of A.

In our earlier publication,” experimental results for four
different nonspherical bacteria and viruses with aspect ratio
ranging from 2.7 to 8.9 showed measured rejection coeffi-
cients that were generally independent of particle aspect ratio,
results that are not consistent with those presented in Figure
8. In the previous work, the aspect ratio for three of the par-
ticles ranged from 2.7 to 4.0, differences that, according to
our model, are not expected to yield significant differences in
rejection. The fourth particle was a unique B. diminuta that,
because of growth conditions had an aspect ratio of 8.9. This
elongated particle may have become aligned with the flow in
the pores, yielding lower rejections than predicted from both
the steric restrictions model (G =1) as well as the current
CFD model that includes hydrodynamic resistances.

Comparisons of the experimentally measured membrane
rejection coefficients to model predictions are shown in Fig-
ure 9 with comparisons for S. marcescens in Figure 9a, for
B. diminuta in Figure 9b and for E. coli in Figure 9c. The
theoretical predictions were obtained from our CFD calcula-
tions using the appropriate aspect ratio for each particle.

The comparisons in Figure 9 show generally good agree-
ment between experiment and theory for all systems. The
increase in rejection observed as 4 increases (i.e., decreasing
pore size) follows the rate of increase predicted by the
model. Complete rejection is observed for experiments with
small pore membranes (/> 1). Note that the volume equiva-
lent sphere radius is used here to define A. Therefore, with
appropriate orientation, the particles could access the pore
even when 4> 1, but do not to any significant extent, as pre-
dicted by the model.

The comparisons in Figure 9 also show that in all cases,
measured rejection values were less than or equal to model
predictions. There were no experimental rejection coefficients
larger than predicted values. Particle alignment in the pores,
which was neglected in the CFD calculations, may be respon-
sible for this trend. Our current efforts are focused on a model
that includes torque on the particles. Results from this revised
model may help us to better understand these observations.

Long-range particle—pore-wall interactions were also
neglected in the CFD model. Attractive particle—pore-wall
interactions could result in higher-particle concentrations in
the pore, yielding reduced membrane rejections relative to
values predicted when only steric interactions are considered.
Experimentally, buffer conditions were established to keep
particle { potential at near neutral conditions. Future experi-
ments will examine rejection with different ionic strength
buffers. Results from these measurements may also help us
to better understand our observations. A revised model that
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Figure 9. Comparison of experimental results with the-
oretical predictions of the rejection coeffi-
cient for (a) S. marcescens (¢=2.22,
compared to a model with ¢=2.0), (b) B.
diminuta (¢ = 3.5, compared to a model with
¢=23.5), and (c) E. coli (¢=4.93, compared to

a model with ¢ =5.0).

Model predictions were made using CFD calculations for

the lag coefficient G. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

includes particle—pore-wall electrostatic interactions will
also be developed.

Summary and Conclusions

The effect of convective hydrodynamic resistances on the
reflection coefficient for a capsule shaped particle in a cylin-
drical pore has been examined using an approximate model
based on the hydrodynamic resistances experienced by a
sphere and from CFD calculations for a capsule. Predictions
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of o7 from the CFD model are in close agreement with the
sphere model when the hydrodynamic hindrance for a rod is
approximated using a sphere whose diameter equals the cap-
sule length. However, it should be noted that the lag coeffi-
cient calculated using the CFD model is based on a
centerline approximation, whereas the sphere model includes
the radial dependence of the lag coefficient.

Results reveal that the addition of convective hindrance to
steric considerations within the pore increases predicted o
values for small particles, but has minimal impact for larger
particles. Incorporating hydrodynamic resistances also has a
larger impact for particles with a smaller aspect ratio (closer
to a sphere). Steric considerations apparently dominate for
large and more elongated particles.

Experimental results collected from filtration experiments
performed with track etch polycarbonate membranes and three
different bacteria with aspect ratio ranging from 2.2 to 5 show
generally good agreement between model predictions and
experimentally observed membrane rejection coefficients.

The CFD calculations presented here were limited to par-
ticles positioned at the pore centerline. To accurately evalu-
ate the lag coefficient for a capsule shaped particle at off-
axis positions, torque-induced rotation should be considered
because of the high-shear rates near the pore wall. We are
currently developing such a model. A revised model that
incorporates long-range electrostatic  particle—pore-wall
interactions is also being developed.

From a practical perspective, the current results indicate
that selection of a pore size needed to achieve a desired level
of rejection of capsule-shaped microorganisms is not particu-
larly sensitive to whether or not hydrodynamic interactions
are included in the model predictions, particularly for high
rejection systems (>0.5). Selection of pore size using a no
lag model or a model based on a spherical approximation for
the hydrodynamic lag coefficient provides a conservative
estimate that should not have a significant impact on energy
requirements for a given system.

Notation

diameter of capsule shaped particle, yum
interaction energy between particle pore wall, J/mol
fluid force on the particle surface, N
dimensionless fluid force on the particle surface
lag coefficient

cylinder length, um

length of a capsule shaped particle, um

particle mass, g

pressure, N/m?>

dimensionless pressure

pore radius, um

%"Uf@%s“hh(;)'ﬁ'j\"q &

Re Reynolds number

time, S
r dimensionless time
u fluid velocity, m/s
ug streamline fluid velocity, m/s
U, centerline fluid velocity, m/s
U dimensionless fluid velocity
v(X) velocity field, m?
v, particle velocity, m/s
vV, dimensionless particle velocity
X(x,y) 2-D position vector
of filtration rejection coefficient
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v particle orientation angle, degrees
o,p dimensionless Cartesian coordinates
A dimensionless particle size

£ particle aspect ratio (L,/d),)

oy fluid density, kg/m®

Pp particle density, kg/m’

Py dimensionless particle density

T stress tensor, N/m?

Ur fluid viscosity N s/m>

w mesh velocity, m/s

(0] dimensionless mesh velocity

\Y Laplace operator
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Appendix
Derivation of Eq. 2

In this Appendix, the derivation of Eq. 2 from Eq. 1 is
presented, following the development presented by Ander-
son.'" For laminar flow in a cylindrical pore with pore ra-
dius R, the velocity field is

v(X)= % (rP—R*)= % [¥*+y*—R?] (AD)

The volume of orientation space is
de=sinyy dfy do (A2)

Here y is the solid angle between the orientation unit vec-
tor ¢ and the z axis, and ¢ is the azimuthal angle. Substitut-
ing Eqgs. Al and A2 into Eq. 1 and applying steric potential
conditions (E(X,}y) =0 when the particle is positioned com-
pletely inside the pore (x,y,},p) and E(X,)) = oo if the

particle penetrates the pore wall when the particle center is
located at (x,y,},¢)) yields

max [ Vimax
— 2
or=1— 47_[R4/ /0 / / G(x,y,¥)— [x +y? R

dx dy sin (Y)dyr do

(A3)
where x;.x and yn.. are the upper limits for the particle
position within the pore space, which depend on the particle
orientation, . For a capsule particle, X and y.. are

Xmax =‘/R/2—L/2 Vimax =1 /R/Z —x2 _L/2

L,—L L
== R=p—2
5 sin () >
L() :LP _dp
We define dimensionless coordinates o and f§ by
o =Y
R R
yielding
L*=(e—1)Asin () =(1-4)
L
e= 2 ) @
d, 2R

Opax = /R*z —L*2 Bmax = /R*2—062 _L*2

Substituting these dimensionless parameters into Eq. A3
yields

8 [7 [%max Binax
o=1- /0 /0 /0 G(a o) [P+ B2+ 1) dBdosin()dys
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(A4)
which is Eq. 2.
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