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Overview Modelling Results Summary

Fouling Mechanisms

Adsorption: Deposition of small particles on the pore walls
within membrane;
Sieving: Deposition of large particles covering the top of
membrane or plugging pores;
Cake formation: Stacking of particles on top of each other,
during later stages of filtration.

identical to that for the un-fouled membrane; the 50%
decline in filtrate flux due to IgG fouling had no effect on
either the initial LRV or the rate of LRV decline during the
subsequent phage challenge. These data also demonstrate the
need to perform virus spiking studies over the full process
throughput, since the initial LRV after prefouling is unlikely
to be representative of the true process LRV.

The results in Figure 2 demonstrate that LRV for the
DV20 membrane is strongly dependent on throughput of the
virus challenge, in contrast to the strong dependence on flux
decline seen by Bolton et al.3 The different behavior
observed in these studies is likely due to differences in the
morphology of the virus filters; the DV20 membrane is rela-
tively homogeneous while the Viresolve NFP membranes
examined by Bolton et al.3 are highly asymmetric with a
very open structure (with micron-size pores) at the inlet
region of the filter. It is also possible that the results are
affected by differences in the proteins; Bolton et al.3 prefil-
tered their IgG through the Viresolve Prefilter media while
the IgG used in this work was prefiltered only through a 0.2-
mm sterilizing grade filter. SEC analysis of the IgG used in
this work showed no measurable aggregates >40 nm in size,
suggesting that the protein fouling was not due to cake for-
mation. Note that Khan et al.7 observed an increase in LRV
with increasing throughput due to protein cake formation,
which is exactly opposite to the behavior seen in this study.

Confocal microscopy

Figure 3 shows a fluorescent image of a cross-section
through a single layer of two DV20 membranes after filtra-

tion of 11 L/m2 (top panel) and 44 L/m2 (bottom panel) of a
suspension containing approximately 108 pfu/mL of the fluo-
rescently labeled PP7 bacteriophage. These cross-sectional
views were constructed from 54 in-focus images of the x–y
planes inside the membrane. These images were stacked
along the z-axis and then sliced through an arbitrary x–z
plane, approximately 1 mm thick, using the Olympus Fluo-
ViewTM viewer software. The fluorescently labeled PP7 bac-
teriophage are easily visible throughout the upper region of
the DV20 membrane, extending approximately one-quarter
of the way through the approximately 40 mm thick mem-
brane. The depth of penetration was very similar at the two
loadings, with the image at 44 L/m2 showing a much greater
fluorescent intensity. Additional details on the confocal
microscopy are provided by Bakhshayeshi et al.19

Independent experiments were performed to verify that the
majority of filtered bacteriophage actually enter the DV20
membrane. 100 mL of a solution containing a mixture of 2.8
3 107 pfu/mL PP7 and 2.5 3 104 pfu/mL PR772 bacterio-
phages were filtered through a DV20 membrane. The filtrate
was collected in four samples, each containing approximately
24 mL, with approximately 4 mL of retentate left in the hous-
ing above the filter. No PR772 phage were observed in the fil-
trate samples and less than 0.01% of the PP7 phage passed
through the membrane. The residual retentate was collected
by draining the housing, with any remaining phage collected
by circulating 200 mL of acetate buffer through the filter
headspace upstream of the membrane at a flow rate of approx-
imately 40 mL/min. Approximately 20 6 15% of the PP7
phage were recovered in the residual retentate plus buffer
rinse, with the remainder being retained within the filter (con-
sistent with the confocal image in Figure 3). In contrast,
75 6 25% of the large PR772 bacteriophage were recovered
in the residual retentate plus the buffer rinse. The large error
bars on the calculated values of the percent recovery reflect
the inherent uncertainties in the plaque assay.

Internal polarization model

The confocal images in Figure 3 suggest that the retained
bacteriophage accumulate within the upper region of the
membrane, which we refer to as the “reservoir zone” within
the filter. This accumulation of retained virus would lead to
a reduction in LRV as the “rejection zone” of the membrane
is challenged by a continually increasing concentration of
virus from the reservoir zone. As with classical membrane
processes, the polarization occurs when the virus is selec-
tively retained by the membrane so that the concentration
increases near the surface of the rejection layer. In contrast
to standard concentration polarization theory, rejection in
internal polarization occurs within the membrane after con-
vective transfer of viruses through the reservoir zone. The
thickness of this internal concentration polarization layer is
thus determined by the physical dimensions of the reservoir
zone as opposed to the balance between convection and dif-
fusion in a concentration polarization boundary layer.

The slightly asymmetric structure of the Ultipor VF Grade
DV20 membrane, with a more open pore size in the reservoir
zone and a tighter pore size near the filter exit, has been
observed previously. In contrast to scanning electron micros-
copy cross-sections showing relative homogeneity, dextran
retention tests performed with the membrane oriented with the
shiny-side up yielded contrasting results to tests with the
shiny-side down.20 Further demonstration of this asymmetry

Figure 3. Confocal scanning image of the cross-section of a
DV20 membrane after filtration of 11 L/m2 (top
panel) and 44 L/m2 (bottom panel) of a suspension
containing approximately 108 pfu/mL fluorescently
labeled PP7 bacteriophage.

4 Biotechnol. Prog., 2014, Vol. 00, No. 00



Overview Modelling Results Summary

Fouling Mechanisms

Adsorption: Deposition of small particles on the pore walls
within membrane;
Sieving: Deposition of large particles covering the top of
membrane or plugging pores;
Cake formation: Stacking of particles on top of each other,
during later stages of filtration.

identical to that for the un-fouled membrane; the 50%
decline in filtrate flux due to IgG fouling had no effect on
either the initial LRV or the rate of LRV decline during the
subsequent phage challenge. These data also demonstrate the
need to perform virus spiking studies over the full process
throughput, since the initial LRV after prefouling is unlikely
to be representative of the true process LRV.

The results in Figure 2 demonstrate that LRV for the
DV20 membrane is strongly dependent on throughput of the
virus challenge, in contrast to the strong dependence on flux
decline seen by Bolton et al.3 The different behavior
observed in these studies is likely due to differences in the
morphology of the virus filters; the DV20 membrane is rela-
tively homogeneous while the Viresolve NFP membranes
examined by Bolton et al.3 are highly asymmetric with a
very open structure (with micron-size pores) at the inlet
region of the filter. It is also possible that the results are
affected by differences in the proteins; Bolton et al.3 prefil-
tered their IgG through the Viresolve Prefilter media while
the IgG used in this work was prefiltered only through a 0.2-
mm sterilizing grade filter. SEC analysis of the IgG used in
this work showed no measurable aggregates >40 nm in size,
suggesting that the protein fouling was not due to cake for-
mation. Note that Khan et al.7 observed an increase in LRV
with increasing throughput due to protein cake formation,
which is exactly opposite to the behavior seen in this study.

Confocal microscopy

Figure 3 shows a fluorescent image of a cross-section
through a single layer of two DV20 membranes after filtra-

tion of 11 L/m2 (top panel) and 44 L/m2 (bottom panel) of a
suspension containing approximately 108 pfu/mL of the fluo-
rescently labeled PP7 bacteriophage. These cross-sectional
views were constructed from 54 in-focus images of the x–y
planes inside the membrane. These images were stacked
along the z-axis and then sliced through an arbitrary x–z
plane, approximately 1 mm thick, using the Olympus Fluo-
ViewTM viewer software. The fluorescently labeled PP7 bac-
teriophage are easily visible throughout the upper region of
the DV20 membrane, extending approximately one-quarter
of the way through the approximately 40 mm thick mem-
brane. The depth of penetration was very similar at the two
loadings, with the image at 44 L/m2 showing a much greater
fluorescent intensity. Additional details on the confocal
microscopy are provided by Bakhshayeshi et al.19

Independent experiments were performed to verify that the
majority of filtered bacteriophage actually enter the DV20
membrane. 100 mL of a solution containing a mixture of 2.8
3 107 pfu/mL PP7 and 2.5 3 104 pfu/mL PR772 bacterio-
phages were filtered through a DV20 membrane. The filtrate
was collected in four samples, each containing approximately
24 mL, with approximately 4 mL of retentate left in the hous-
ing above the filter. No PR772 phage were observed in the fil-
trate samples and less than 0.01% of the PP7 phage passed
through the membrane. The residual retentate was collected
by draining the housing, with any remaining phage collected
by circulating 200 mL of acetate buffer through the filter
headspace upstream of the membrane at a flow rate of approx-
imately 40 mL/min. Approximately 20 6 15% of the PP7
phage were recovered in the residual retentate plus buffer
rinse, with the remainder being retained within the filter (con-
sistent with the confocal image in Figure 3). In contrast,
75 6 25% of the large PR772 bacteriophage were recovered
in the residual retentate plus the buffer rinse. The large error
bars on the calculated values of the percent recovery reflect
the inherent uncertainties in the plaque assay.

Internal polarization model

The confocal images in Figure 3 suggest that the retained
bacteriophage accumulate within the upper region of the
membrane, which we refer to as the “reservoir zone” within
the filter. This accumulation of retained virus would lead to
a reduction in LRV as the “rejection zone” of the membrane
is challenged by a continually increasing concentration of
virus from the reservoir zone. As with classical membrane
processes, the polarization occurs when the virus is selec-
tively retained by the membrane so that the concentration
increases near the surface of the rejection layer. In contrast
to standard concentration polarization theory, rejection in
internal polarization occurs within the membrane after con-
vective transfer of viruses through the reservoir zone. The
thickness of this internal concentration polarization layer is
thus determined by the physical dimensions of the reservoir
zone as opposed to the balance between convection and dif-
fusion in a concentration polarization boundary layer.

The slightly asymmetric structure of the Ultipor VF Grade
DV20 membrane, with a more open pore size in the reservoir
zone and a tighter pore size near the filter exit, has been
observed previously. In contrast to scanning electron micros-
copy cross-sections showing relative homogeneity, dextran
retention tests performed with the membrane oriented with the
shiny-side up yielded contrasting results to tests with the
shiny-side down.20 Further demonstration of this asymmetry

Figure 3. Confocal scanning image of the cross-section of a
DV20 membrane after filtration of 11 L/m2 (top
panel) and 44 L/m2 (bottom panel) of a suspension
containing approximately 108 pfu/mL fluorescently
labeled PP7 bacteriophage.

4 Biotechnol. Prog., 2014, Vol. 00, No. 00



Overview Modelling Results Summary

Fouling Mechanisms

Adsorption: Deposition of small particles on the pore walls
within membrane;
Sieving: Deposition of large particles covering the top of
membrane or plugging pores;
Cake formation: Stacking of particles on top of each other,
during later stages of filtration.

identical to that for the un-fouled membrane; the 50%
decline in filtrate flux due to IgG fouling had no effect on
either the initial LRV or the rate of LRV decline during the
subsequent phage challenge. These data also demonstrate the
need to perform virus spiking studies over the full process
throughput, since the initial LRV after prefouling is unlikely
to be representative of the true process LRV.

The results in Figure 2 demonstrate that LRV for the
DV20 membrane is strongly dependent on throughput of the
virus challenge, in contrast to the strong dependence on flux
decline seen by Bolton et al.3 The different behavior
observed in these studies is likely due to differences in the
morphology of the virus filters; the DV20 membrane is rela-
tively homogeneous while the Viresolve NFP membranes
examined by Bolton et al.3 are highly asymmetric with a
very open structure (with micron-size pores) at the inlet
region of the filter. It is also possible that the results are
affected by differences in the proteins; Bolton et al.3 prefil-
tered their IgG through the Viresolve Prefilter media while
the IgG used in this work was prefiltered only through a 0.2-
mm sterilizing grade filter. SEC analysis of the IgG used in
this work showed no measurable aggregates >40 nm in size,
suggesting that the protein fouling was not due to cake for-
mation. Note that Khan et al.7 observed an increase in LRV
with increasing throughput due to protein cake formation,
which is exactly opposite to the behavior seen in this study.

Confocal microscopy

Figure 3 shows a fluorescent image of a cross-section
through a single layer of two DV20 membranes after filtra-

tion of 11 L/m2 (top panel) and 44 L/m2 (bottom panel) of a
suspension containing approximately 108 pfu/mL of the fluo-
rescently labeled PP7 bacteriophage. These cross-sectional
views were constructed from 54 in-focus images of the x–y
planes inside the membrane. These images were stacked
along the z-axis and then sliced through an arbitrary x–z
plane, approximately 1 mm thick, using the Olympus Fluo-
ViewTM viewer software. The fluorescently labeled PP7 bac-
teriophage are easily visible throughout the upper region of
the DV20 membrane, extending approximately one-quarter
of the way through the approximately 40 mm thick mem-
brane. The depth of penetration was very similar at the two
loadings, with the image at 44 L/m2 showing a much greater
fluorescent intensity. Additional details on the confocal
microscopy are provided by Bakhshayeshi et al.19

Independent experiments were performed to verify that the
majority of filtered bacteriophage actually enter the DV20
membrane. 100 mL of a solution containing a mixture of 2.8
3 107 pfu/mL PP7 and 2.5 3 104 pfu/mL PR772 bacterio-
phages were filtered through a DV20 membrane. The filtrate
was collected in four samples, each containing approximately
24 mL, with approximately 4 mL of retentate left in the hous-
ing above the filter. No PR772 phage were observed in the fil-
trate samples and less than 0.01% of the PP7 phage passed
through the membrane. The residual retentate was collected
by draining the housing, with any remaining phage collected
by circulating 200 mL of acetate buffer through the filter
headspace upstream of the membrane at a flow rate of approx-
imately 40 mL/min. Approximately 20 6 15% of the PP7
phage were recovered in the residual retentate plus buffer
rinse, with the remainder being retained within the filter (con-
sistent with the confocal image in Figure 3). In contrast,
75 6 25% of the large PR772 bacteriophage were recovered
in the residual retentate plus the buffer rinse. The large error
bars on the calculated values of the percent recovery reflect
the inherent uncertainties in the plaque assay.

Internal polarization model

The confocal images in Figure 3 suggest that the retained
bacteriophage accumulate within the upper region of the
membrane, which we refer to as the “reservoir zone” within
the filter. This accumulation of retained virus would lead to
a reduction in LRV as the “rejection zone” of the membrane
is challenged by a continually increasing concentration of
virus from the reservoir zone. As with classical membrane
processes, the polarization occurs when the virus is selec-
tively retained by the membrane so that the concentration
increases near the surface of the rejection layer. In contrast
to standard concentration polarization theory, rejection in
internal polarization occurs within the membrane after con-
vective transfer of viruses through the reservoir zone. The
thickness of this internal concentration polarization layer is
thus determined by the physical dimensions of the reservoir
zone as opposed to the balance between convection and dif-
fusion in a concentration polarization boundary layer.

The slightly asymmetric structure of the Ultipor VF Grade
DV20 membrane, with a more open pore size in the reservoir
zone and a tighter pore size near the filter exit, has been
observed previously. In contrast to scanning electron micros-
copy cross-sections showing relative homogeneity, dextran
retention tests performed with the membrane oriented with the
shiny-side up yielded contrasting results to tests with the
shiny-side down.20 Further demonstration of this asymmetry

Figure 3. Confocal scanning image of the cross-section of a
DV20 membrane after filtration of 11 L/m2 (top
panel) and 44 L/m2 (bottom panel) of a suspension
containing approximately 108 pfu/mL fluorescently
labeled PP7 bacteriophage.

4 Biotechnol. Prog., 2014, Vol. 00, No. 00



Overview Modelling Results Summary

Fouling Mechanisms

Adsorption: Deposition of small particles on the pore walls
within membrane;
Sieving: Deposition of large particles covering the top of
membrane or plugging pores;
Cake formation: Stacking of particles on top of each other,
during later stages of filtration.

identical to that for the un-fouled membrane; the 50%
decline in filtrate flux due to IgG fouling had no effect on
either the initial LRV or the rate of LRV decline during the
subsequent phage challenge. These data also demonstrate the
need to perform virus spiking studies over the full process
throughput, since the initial LRV after prefouling is unlikely
to be representative of the true process LRV.

The results in Figure 2 demonstrate that LRV for the
DV20 membrane is strongly dependent on throughput of the
virus challenge, in contrast to the strong dependence on flux
decline seen by Bolton et al.3 The different behavior
observed in these studies is likely due to differences in the
morphology of the virus filters; the DV20 membrane is rela-
tively homogeneous while the Viresolve NFP membranes
examined by Bolton et al.3 are highly asymmetric with a
very open structure (with micron-size pores) at the inlet
region of the filter. It is also possible that the results are
affected by differences in the proteins; Bolton et al.3 prefil-
tered their IgG through the Viresolve Prefilter media while
the IgG used in this work was prefiltered only through a 0.2-
mm sterilizing grade filter. SEC analysis of the IgG used in
this work showed no measurable aggregates >40 nm in size,
suggesting that the protein fouling was not due to cake for-
mation. Note that Khan et al.7 observed an increase in LRV
with increasing throughput due to protein cake formation,
which is exactly opposite to the behavior seen in this study.

Confocal microscopy

Figure 3 shows a fluorescent image of a cross-section
through a single layer of two DV20 membranes after filtra-

tion of 11 L/m2 (top panel) and 44 L/m2 (bottom panel) of a
suspension containing approximately 108 pfu/mL of the fluo-
rescently labeled PP7 bacteriophage. These cross-sectional
views were constructed from 54 in-focus images of the x–y
planes inside the membrane. These images were stacked
along the z-axis and then sliced through an arbitrary x–z
plane, approximately 1 mm thick, using the Olympus Fluo-
ViewTM viewer software. The fluorescently labeled PP7 bac-
teriophage are easily visible throughout the upper region of
the DV20 membrane, extending approximately one-quarter
of the way through the approximately 40 mm thick mem-
brane. The depth of penetration was very similar at the two
loadings, with the image at 44 L/m2 showing a much greater
fluorescent intensity. Additional details on the confocal
microscopy are provided by Bakhshayeshi et al.19

Independent experiments were performed to verify that the
majority of filtered bacteriophage actually enter the DV20
membrane. 100 mL of a solution containing a mixture of 2.8
3 107 pfu/mL PP7 and 2.5 3 104 pfu/mL PR772 bacterio-
phages were filtered through a DV20 membrane. The filtrate
was collected in four samples, each containing approximately
24 mL, with approximately 4 mL of retentate left in the hous-
ing above the filter. No PR772 phage were observed in the fil-
trate samples and less than 0.01% of the PP7 phage passed
through the membrane. The residual retentate was collected
by draining the housing, with any remaining phage collected
by circulating 200 mL of acetate buffer through the filter
headspace upstream of the membrane at a flow rate of approx-
imately 40 mL/min. Approximately 20 6 15% of the PP7
phage were recovered in the residual retentate plus buffer
rinse, with the remainder being retained within the filter (con-
sistent with the confocal image in Figure 3). In contrast,
75 6 25% of the large PR772 bacteriophage were recovered
in the residual retentate plus the buffer rinse. The large error
bars on the calculated values of the percent recovery reflect
the inherent uncertainties in the plaque assay.

Internal polarization model

The confocal images in Figure 3 suggest that the retained
bacteriophage accumulate within the upper region of the
membrane, which we refer to as the “reservoir zone” within
the filter. This accumulation of retained virus would lead to
a reduction in LRV as the “rejection zone” of the membrane
is challenged by a continually increasing concentration of
virus from the reservoir zone. As with classical membrane
processes, the polarization occurs when the virus is selec-
tively retained by the membrane so that the concentration
increases near the surface of the rejection layer. In contrast
to standard concentration polarization theory, rejection in
internal polarization occurs within the membrane after con-
vective transfer of viruses through the reservoir zone. The
thickness of this internal concentration polarization layer is
thus determined by the physical dimensions of the reservoir
zone as opposed to the balance between convection and dif-
fusion in a concentration polarization boundary layer.

The slightly asymmetric structure of the Ultipor VF Grade
DV20 membrane, with a more open pore size in the reservoir
zone and a tighter pore size near the filter exit, has been
observed previously. In contrast to scanning electron micros-
copy cross-sections showing relative homogeneity, dextran
retention tests performed with the membrane oriented with the
shiny-side up yielded contrasting results to tests with the
shiny-side down.20 Further demonstration of this asymmetry

Figure 3. Confocal scanning image of the cross-section of a
DV20 membrane after filtration of 11 L/m2 (top
panel) and 44 L/m2 (bottom panel) of a suspension
containing approximately 108 pfu/mL fluorescently
labeled PP7 bacteriophage.

4 Biotechnol. Prog., 2014, Vol. 00, No. 00



Overview Modelling Results Summary

Flow and Adsorption (Sanaei & Cummings (2017))

Hagen Poiseuille

πA2
ij Up,ij = − 1

µRij

∆P
Di

.

Conservation of Flux
νi∑

j=1

πA2
ij Up,ij = (2W )2 U.

2W

D
3

P=P
0

A
31

A
33

A
21

D
2

D
1

A
22

A
34

11
P

22
PP

21

A
11

A
32

P=0

Advective Deposition & Pore Shrinkage

Up,ij
∂Cij

∂X
= −Λ

Cij

Aij
, C01 (T ) = C0,

∂Aij

∂T
= −ΛαCij , Aij,0 = Aij (0) , 1 ≤ i ≤ m, 1 ≤ j ≤ νi .



Overview Modelling Results Summary

Flow and Adsorption (Sanaei & Cummings (2017))

Hagen Poiseuille

πA2
ij Up,ij = − 1

µRij

∆P
Di

.

Conservation of Flux
νi∑

j=1

πA2
ij Up,ij = (2W )2 U.

2W

D
3

P=P
0

A
31

A
33

A
21

D
2

D
1

A
22

A
34

11
P

22
PP

21

A
11

A
32

P=0

Advective Deposition & Pore Shrinkage

Up,ij
∂Cij

∂X
= −Λ

Cij

Aij
, C01 (T ) = C0,

∂Aij

∂T
= −ΛαCij , Aij,0 = Aij (0) , 1 ≤ i ≤ m, 1 ≤ j ≤ νi .



Overview Modelling Results Summary

Flow and Adsorption (Sanaei & Cummings (2017))

Hagen Poiseuille

πA2
ij Up,ij = − 1

µRij

∆P
Di

.

Conservation of Flux
νi∑

j=1

πA2
ij Up,ij = (2W )2 U.

2W

D
3

P=P
0

A
31

A
33

A
21

D
2

D
1

A
22

A
34

11
P

22
PP

21

A
11

A
32

P=0
Advective Deposition & Pore Shrinkage

Up,ij
∂Cij

∂X
= −Λ

Cij

Aij
, C01 (T ) = C0,

∂Aij

∂T
= −ΛαCij , Aij,0 = Aij (0) , 1 ≤ i ≤ m, 1 ≤ j ≤ νi .



Overview Modelling Results Summary

Flow and Adsorption (Sanaei & Cummings (2017))

Hagen Poiseuille

πA2
ij Up,ij = − 1

µRij

∆P
Di

.

Conservation of Flux
νi∑

j=1

πA2
ij Up,ij = (2W )2 U.

2W

D
3

P=P
0

A
31

A
33

A
21

D
2

D
1

A
22

A
34

11
P

22
PP

21

A
11

A
32

P=0
Advective Deposition & Pore Shrinkage

Up,ij
∂Cij

∂X
= −Λ

Cij

Aij
, C01 (T ) = C0,

∂Aij

∂T
= −ΛαCij , Aij,0 = Aij (0) , 1 ≤ i ≤ m, 1 ≤ j ≤ νi .



Overview Modelling Results Summary

The Basics of Sieving

Discrete Properties
Takes one large particle to have an effect
View the underlying geometry as a connected graph.

Example
A connected graph

General Setup

Poisson arrivals with rate Γ

Particle size distribution
Preferential flow (probability)
at junctions
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state by size comparison
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Effect of Local Sieving
State Characterization

χij (T ) =

{
1, T ≥ Tij (blocked) ,

0, T < Tij (open) ,

where Tij is the blocking time of a pore at location (i , j).

Local Resistance due to Sieving

Rij,blocking = ΞE
[
χij
]

Ξ: Severity of sieving.

Dependence Problem
Problem: Tij ’s are not entirely mutually independent, e.g.
consider a pore and its direct “parent”.

Consequence: distribution of Tij ’s is difficult to find.
Solution: condition on the state of the ensemble

.
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Continuous-time Markov Chain (CTMC)
(1, 1)

(2, 1) (2, 2)

(3, 1) (3, 2) (3, 3) (3, 4)

(1, 1)

(2, 1) (2, 2)

(3, 1) (3, 2) (3, 3) (3, 4)

ZT =

(0,0,1,0,0,0,0,0)

ZT+dT =

(0,0,1,0,0,0,1,0)
ZT : time-inhomogeneous CTMC with transition density P and
rate Q, satisfying the master equations,

d~P
dT

= Q (T ) ~P (T ) , ~P (0) = (1,0, . . . ,0) .

~P lists the probability of the ensemble being in a possible state,
contributing to a new formula for E

[
Tij
]
.
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Resistance in Series

Resistance by the two fouling modes are put in series,

Rij = Rij,a + Rij,b = Rija =
8
πA4

ij
+ ΞE

[
Tij
]
.

Allow leakage after sieving has occurred.
Nondimensionalise.
Fix initial resistance for fair comparison of different
membranes.
Initialize pore size (for symmetric case – pores in the same
layer have equal initial radii):

ai (0) = a0κ
i−1.
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Variations in Sieving Severity ξ

Throughput:

v (t) =

∫ t

0
u (s) ds.
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Variations in Arrival Rates γ
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Model Predictions and Extensions

Increasing blocking strength and arrival rate reduces total
throughput, as expected.
Sieving severity parameter can be further improved.

Radius dependent, e.g. sieving impact is small when pore
radius is small.

Apply the method to more general connected graphs.
Investigate the dependence of membrane performance on
graph parameters.
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