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Abstract Direct-flow filtration is a common technique for filtering impurities from a fluid using a porous-walled
channel or a pipe, one end of which is closed off with a cap. Pure fluid flows out of the porous walls, while impurities
are left in the channel. Such systems are composed of a series of individual porous channels or pipes stacked in close
proximity. We develop a mathematical model for the flow in a 2D filtration channel and a 3D pipe, with a capped end,
to describe the behaviour within a direct-flow device. We study the axial dependence of the transmembrane pressure
(TMP) across the membrane walls on the imposed flux, wall permeability and the proximity of the neighbouring
fibres. The mathematical models derived are used to predict the operating regimes of the device that maximize the
spatial uniformity in the TMP and thus optimize the use of the entire membrane area. We show how a large portion
of the available membrane area is not used when the fibres are packed too closely together, with the majority of
the filtration behaviour being localized near to the impermeable capped end; this leads to inefficient filtration. We
quantify the device performance by examining the uniformity of the filtration across the length of the device and
the output of the filtered fluid for a given operating pressure.

Keywords Blocked end - Direct-flow filtration - Hollow fibre - Transmembrane pressure

1 Introduction

Membrane filtration is one of the most common methods for purifying fluids [1,2]. Here, a fluid containing contami-
nants is pushed through a porous membrane; the fluid penetrates the membrane, while the contaminants are retained.
Membrane filtration typically takes place either in dead-end or crossflow modes (Fig. 1a, b). In classical dead-end
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Fig. 1 Schematics of a dead-end, b crossflow and ¢ direct-flow filtrations. Typlcally, the respective permeate rates are high, low and
moderate, while the rates of fouling are the opposite, i.e. high, low and moderate

filtration mode, both the flow and the filtration direction are normal to the membrane surface; in crossflow mode,
the feed flow is parallel to the membrane surface, while permeation occurs naturally through the walls, orthogonal
to the flow [3]. In both cases, contaminants build up on the surface and reduce the permeability of the membrane to
the fluid, as filtering progresses. This effect, termed concentration polarization (or fouling when the contaminants
physically block the membrane pores) poses one of the most significant challenges limiting membrane filtration
[4-6]. Concentration polarization is greatly reduced in crossflow filtration, due to the flow occurring tangential to
the membrane, which sweeps the contaminants downstream and limits build-up of contaminants at the surface. The
fluid that is not transported across the membrane is re-circulated. This advantage requires higher input fluxes to
generate the same quantities of purified fluid as in dead-end filtration.

Direct-flow filtration offers an efficient combination of the benefits of both dead-end and crossflow filtrations.
This is achieved by capping the end of a crossflow device so that all the fluid is forced to pass through the walls (Fig.
1¢). Direct-flow filtration is more energy efficient than crossflow filtration and so forms the dominant method for
producing potable water from ground or surface water [7]. In industrial filtration, a direct-flow module commonly
consists of hundreds of hollow fibres arranged in a 3D cylindrical fashion (Fig. 2) [8]. Since the permeate is shared
by each fibre, the flow through each channel is coupled to that in the others.

Unlike in crossflow filtration, fouling is not controlled via recirculation but can be minimized by incorporating
very short automatic backwashes at regular frequencies [3-5], in which the imposed pressure gradient (and hence
the flow) is reversed to dislodge the contaminants that have built up at the surface [9-11]. The lack of recirculation
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Fig. 2 Schematic of a hollow-fibre filtration device as used in direct-flow filtration

Table 1 Summary of flow situations in three filtration modes

Dead-end Crossflow Direct-flow
Strength of feed flow Feed flow = Permeate flow Feed flow > Permeate flow Feed flow = Permeate flow
Tangential flow None Yes, strong Yes, weak
Orientation of permeate with Same direction Orthogonal Orthogonal

regard to feed

in direct-flow filtration results in lower flow rates (and thus a lower axial pressure gradient) to achieve permeate
fluxes comparable to those of crossflow filtration, and so many finer feed channels may be used [12]. A comparison
of the three filtration modes is given in Table 1.

In all filtration scenarios, the main quantity of interest is the volumetric flux across the porous wall, which
depends on the local transmembrane pressure (TMP): the more spatially uniform the TMP, the more effectively the
membrane area is used for filtration. The TMP is a complex function of operating flux, membrane wall permeability
and, crucially, the packing density of the fibres within a device [13]. Hurwitz [14] modelled the direct-flow process
by considering the flow inside a single porous tube with a capped end. The flow was solved for in the asymptotic
limits of low permeability and low Reynolds number. Sanaei et al. [15] derive a theoretical model for the flow
behaviour in a pleated filter, composed of a series of permeable pleated ‘fingers’. The impact of pore constriction
on filter blocking as a result of this configuration was also explored. In both Hurwitz [14] and Sanaei et al. [15],
the coupling that results from the flow on the permeate side was not considered. Griffiths et al. [16] address the
question of how to choose the spatial dependence of the wall permeability to allow for the uniform delivery of
solute (nutrient) across the permeable wall in a crossflow device.

Although many authors have studied the impact of particle accumulation on the overall filtration output, little
emphasis has been placed on explaining the influence of pressure profiles on the direct-flow filtration process.
This paper provides a mathematical approach demonstrating how the pressure profile changes in response to fibre
spacing and operating conditions for these devices in the absence of fouling. Since fouling is flux driven, a spatially
uniform pressure drop helps to mitigate the influence of fouling and extend filter lifetime [11,17]. Indeed, Alfa-Laval
introduced in the early 1990s the Bactocatch process with feed and permeate flowing co-currently in order to achieve
an even transmembrane pressure profile [18,19]. However, a similar approach would be too energy intensive in the
water industry where direct flow finds its main application; nevertheless, the desire to have as even a transmembrane
pressure as possible remains.
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In this paper, we develop a mathematical model for the fluid flow in a direct-flow filter. The feed and permeate flow
in a single fibre of the direct-flow device are modelled analytically, by exploiting the slenderness of the fibres [20],
with a transmembrane pressure difference across the porous fibre walls. Initially, a 2D analogue is analysed as a
convenient way of introducing our analysis. We then turn our attention to a 3D cylindrical configuration for the
direct-flow device to model the appropriate configuration for water-treatment systems. We study the uniformity
with which the fluid passes across the membrane area and how this is affected by the proximity of the neighbouring
fibres. We use the resulting model to predict the optimal operation configuration that offers the appropriate balance
between maximizing the membrane area used while minimizing the space occupied by the entire device.

2 2D Channel model development
2.1 Setup

We begin by considering a 2D analogue of the direct-flow device in which the flow enters a single 2D channel, of
length L and width H, with permeable walls. The wall conductivity, IG, is constant, and the end of the channel is
capped (impermeable), as shown in Fig. 3. We use a Cartesian coordinate system (x, Z) to represent the system,
where X denotes the direction perpendicular to the permeable channel walls and z denotes the distance along the
channel. Fluid enters the channel (Region 1) at a fixed flux 20, which passes through the membrane side walls,
and into the permeate region (Region 2). For an isolated channel, we would consider Region 1 inside the channel
and a quiescent bath outside. However, since a typical direct-flow device is composed of a series of such channels
packed together, the flow in Region 2 must also be considered. Since the end of the channel is blocked, the entire
fluid must eventually flow through the permeable walls from Region 1 into Region 2 (net flux 0 through each side
of the channel by symmetry).
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Fig.3 Schematic of the flow within a single direct-flow 2D channel. Solid lines indicate impermeable walls, blue dashed lines indicate
permeable walls, and the dotted line indicates symmetry in the flow. Flow enters from the bottom and passes through the permeable
walls. Beyond the capped end, the fluid continues to an outlet following the black arrows. The inside of the membrane-walled channel
is referred to as Region 1, while that outside is Region 2. (Color figure online)
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We consider an array of such channels with a centre—centre separation 2(H + D) and so impose a symmetry
condition at x = +(H + D). The fluid velocity field in the (X, Z) directions is @ = (u(X, z), w(x, z)), while the
(spatially variable) pressure inside the channel is p with that outside the channel denoted by ¢. The quantity of most
interest is the transmembrane pressure difference (TMP), p — g at X = +H; The greater the spatial uniformity in
the TMP, the more uniformly the membrane area is used for filtration.

Typically, for hollow-fibre membrane module configurations, L = 1.5 m and 2H = 0.7—1 mm, so that the
aspect ratio, 8 = H/L = O(1073). Since the membrane is thin (e.g. typical thicknesses 4 ~ 10 um [21] and
so h/H ~ 1073), we can ignore the behaviour within the membrane when solving for the flow. Furthermore, the
effect of the membrane thickness on the pressure drop across the membrane is captured in the effective permeability
parameter, k, which we vary in our analysis.

The Reynolds number of this channel is defined as Re = (2Hp W)/, where p is the density of the fluid (water
considered in this paper), W is the typical axial velocity (cm/s), and u is the dynamic viscosity. In this case, Re ~ 20,
however, because § = H/L ~ 5 x 10~* the reduced Reynolds number § Re = 0(1072) <« 1[12].

In principle, the particles contained within the fluid will influence the flow field. However, the influence on the
flow field is small for dilute concentrations [20], or higher concentrations of larger particles (such as in micro-
filtration) where osmotic pressures are lower [1]. The particles will also affect the flow as they accumulate on
and within the membrane, causing blocking and flow redistribution. There are typically two to three feed/standard
hydraulic backwash cycles per hour, one to three chemically enhanced backwashes per day and a major clean only
once per month. Since the typical time taken for fluid to pass through the device is on the order of a minute, the
net accumulation and indeed accumulation during any one cycle is small. As a result, in this paper, we focus our
attention on the fluid dynamics in a steady-state configuration, neglecting the start-up process and the longer-term
effect that particles may have on this.

2.2 Governing equations

Since the reduced Reynolds number is small and the channel is thin, the fluid flow obeys the lubrication equations
[20]. The symmetry of the 2D channel means that we need only to solve the system for (x, z) € ([0, H + D], [0, L]).

We non-dimensionalize lengths with the channel length, L, and exploit the small aspect ratio, § = H/L < 1.
Similarly, the velocities are scaled with the typical axial velocity, W:

uw
— Lt

uw

=1Lz, X =68Lx, w=Wuw, 0 =48Wu, p mq’

é:

. . 8L
0 = SWLQ, k:Tk. (1)

In this model, we allow for variations in the dimensionless flux, Q, the effective membrane permeability, k, and
the parameter £ = D/H, which characterizes the dimensionless inter-fibre spacing. Note that we have chosen not
to scale the velocity with 0 /L so that the effect of flux remains explicitly in the resulting system.

InRegion 1 (0 < x < 1 and 0 < z < 1), we have the lubrication equations

0

_l/i 8_w — 07 (Za)
0x 9z

Pw dp

—_— = . 2b
dx? dz (2b)

These equations are subject to typical boundary conditions that reflect the symmetry of the flow, the flux of fluid
and no flow through the impermeable end. We assume a filtration velocity that is proportional to the transmembrane
pressure difference and permeability of the membrane (i.e. Darcy flow) [22]. In general, at a permeable wall there is a
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tangential slip velocity, whose magnitude is determined by a Neumann boundary condition such as that given in [23].
However, it has been found that this slip is not significant for a wide range of membranes [24,25] and so here, for sim-
plicity, we shall assume a no-slip boundary condition. Mathematically the boundary conditions may be expressed as

Symmetry: T =u=0, on x =0, (3a)
No axial wall slip: w =20, on x =1, (3b)
Permeate flow: u=k(p—-gq, on x =1, (3¢)
Fluid flux: /Ol wdx = Q, at 7z =0, (3d)
No fluid outflow: w =0, at z = 1. (3e)

As the end is capped all injected fluid must pass through the membrane, and so

1
/udz:Q at x = 1. €]
0

In this model, there is a transverse flow, u, at the capped end, z = 1. In reality, there is a no-slip condition here
(u = 0). As a result of exploiting the slenderness of the system geometry, the order of the system is reduced and
we are not able to impose this additional constraint. However, this no-slip condition influences the flow only in a
boundary layer of size § near the capped end (where we would have to solve the full Stokes equations, as considered
in [14]) and so we are able to neglect this effect in our model.

InRegion2 (1 <x <14+ £and0 < z < 1), the fluid also obeys the lubrication equations

ou n ow 0 (52)
— 4+ — =0, a
ox a9z

Pw dg

-1 5b
9x2 dz (5b)

The boundary conditions reflect the symmetry of the flow, no-slip at the porous wall, continuity of velocity across
the membrane, the impermeable bottom, and a fixed outlet pressure, i.e.

0
Symmetry: a_w =u =0, on x =144, (6a)
X
No axial wall slip: w =0, on x =1, (6b)
Permeate flow: u=k(p-q), on x =1, (6¢)
No fluid flow: w =0, at =0, (6d)
Fixed outlet pressure: q =0, at z = 1. (6e)

Note that the permeate-flow boundary conditions (3c) and (6¢) are the same, enforcing continuity of flux across the
membrane.
2.3 Flow in a direct-flow device

The system of equations (2), (3), (5), and (6) can be solved analytically. Using both sets of symmetry and no axial wall-
slip conditions, (3a, b) and (6a, b), we can express the fluid velocities in terms of the pressures. In Region 1, we have
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ldp  ,
=_P2_, 7
w 2dz(x ) (7a)
Ld*p 2
M=gd—z2(3—x )x, (7b)

while in Region 2,

dg 1 1
w:d—Z[Exz—(1+£)x+£+§], (8a)
d’q[ 15 1 2 1 1 3 1
O —(A+0x2—(t+=)x—=1+¢ e+-)e+n]. 8b
u dzz|: 6x +2(+)x (+2)x 3(+)+(+2)(+)i| (8b)

In each region, we find a Poiseuille profile for the axial velocity, and a transverse velocity that is proportional to
the second pressure derivative and is cubic in the coordinate x [26]. However, we shall see that the pressure itself
is affected by the capped end of the channel.

Substituting the transverse velocity expressions, (7b) and (8b), into the boundary conditions for the permeate
flux through the membrane, (3¢) and (6c), gives a set of second-order ordinary differential equations (ODEs) for
the pressures, p and g. Using the axial velocities in (7a) and (8a) we can rewrite the boundary conditions (3) and
(6) to obtain conditions for p and ¢g. The flux condition (3d) becomes

dp

o v

z=0

while (3e) and (6d) become

d d

Llo=o0 I =0, (10)
dz z=1 dz z=0

respectively.

The complete system then reads

1d%p dp dp

——Z =k(p—q), = = -30, — =0, I1a
3422 (r—a) az |y o i, (11a)
13 d2g e : dg| _, t=1) =0 (11b)
a2~ TP g T 1T UER

The system of ODEs (11) may be solved analytically to give

1
PR = 15 |[PM(@) 43001 =)+ Mo]. (12a)
1
q(z) = m[—M(z)HQ(I —2) + Mol, (12b)
where
30 .
M(z) = sech(C}) [Mo cosh(Ciz) + o sinh [C(1 — Z)]] , (13a)
1
30T 1
Mo = C—? [£—3 coth(Cy) + csch(Cl)i| , (13b)
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Fig. 4 Variation of fluid pressure inside the channel, p (red), and outside the channel, g (blue) given by (12). The permeability k = 1
and the flux Q = 1, with dimensionless module spacing parameters a £ = 1 and b £ = 10. (Color figure online)

C = [3k (1 + %3) (13¢)

‘We now consider the behaviour of the pressures p and g for different module spacing parameters, £. When £ = 1,
there is a negative pressure gradient on both sides of the membrane (p and g are decreasing, as seen in Fig. 4) with
the pressure in Region 1 larger than the pressure in Region 2. This means that there is a flow of fluid in the positive
z-direction on both side of the membrane and a flow through the membrane, as expected. When ¢ = 10, the outside
pressure, ¢, is effectively zero everywhere (Fig. 4), equivalent to a quiescent bath (i.e. it is unaffected by the flow
from the channel).

As discussed, the quantity of real interest is not p and g separately but rather the TMP, p — g, which is simply
given by the function M (13a): the more spatially uniform the TMP the more effective the use of the available
membrane area. As Q increases, the TMP (13a) increases linearly at each point along the membrane. In general, the
TMP has a convex shape with a central minimum, so that more of the fluid is filtered near the entrance and capped
end (Fig. 5a). For small values of O, the TMP is small but still relatively large at the ends. When Q is larger, the TMP
retains the same qualitative shape, but varies in absolute terms to a larger degree along the membrane. The TMP
has a qualitatively similar profile as we vary k, although higher pressures are required for smaller permeabilities
(Fig. 5b)—this should be expected because in direct-flow with constant flux, all the fluid must be filtered through
the membrane. The variation between minimum and maximum TMPs increases with increasing k.

Varying the spacing parameter of the channel, ¢, affects not only the magnitude of the TMP but also its shape
(Fig. 5¢). When £ > 1, permeate channels are wider than the feed channel D > H and the section of the membrane
walls nearest the entrance of the channel has the largest TMP. The TMP then decreases monotonically, as the permeate
side behaves like a quiescent bath (Fig. 4b). When £ ~ 1 (i.e. D ~ H), the TMP assumes a profile with a central
minimum. For £ < 1, when permeate channels are relatively small compared with the feed channels (D < H), the
TMP is the largest at the impermeable capped end. This results in the majority of filtration occurring further down
the channel, a situation to be avoided since a large area of the membrane is not being used to its full potential.

The pump-driving pressure at the entrance to the module is given by (12a) evaluated at z = 0:

1
30 [Cl + |:2+ (63 + £—3) coshC1i| cschCl]
(1+£3C ’

p(0) = (14)

Clearly this depends on the imposed flux, Q, the permeability, k, and module spacing parameter, ¢, through Cy,
(13c). The driving pressure increases linearly with flux, as expected. As both the permeability and separation
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Fig. 5 Profiles of transmembrane pressure difference (TMP), M(z) = (p — q)|x=1, in a capped 2D channel. Variation with a flux, Q,
b permeability, k£, and ¢ module spacing parameter, /. In each figure, the varying quantity takes the values 0.1, 0.5, 1, 2, plotted in red,
green, blue and black respectively, with other quantities taking the value 1. (Color figure online)

distance increase, the driving pressure decreases. This is because a greater pressure is required to force the fluid
through the walls when the permeability is small. The behaviour when we vary the module spacing parameter, ¢, is
explained via the TMP in the system (Fig. 5c). As ¢ is decreased, more of the fluid passes through a smaller fraction
of the membrane area, and so a higher pressure is required. When £ is large so that the permeate channels have a
small effect on the flow, the pressure difference (13a) takes a form similar to that of a crossflow channel with full
fractional recovery (see, e.g. [13]), or a channel with zero net exit flux as in [16].

3 3D Pipe model development

In the 3D geometry of relevance industrially, the pipes themselves have a circular cross-section. However, the posi-
tion of the symmetry boundary is no longer simple and will, in general, depend on the packing of the pipes (square,
hexagonal, etc.). For simplicity, we will assume that a symmetry condition may be applied at a particular radial
coordinate, so that an axisymmetric coordinate system (7, Z) may be used. Here, the radial coordinate 7 replaces
the Cartesian coordinate x, and the Z coordinate remains unchanged. We denote the radius of Region 1 by R and
non-dimensionalize 7 = Rr so that 0 < r < 1 in Region 1. The module spacing parameter is now £ = D/R so
that 1 <r <1+ £ corresponds to Region 2.

The dimensionless equations analogous to (2), (3), (5), and (6) for a cylindrical geometry may easily be written
down, again exploiting the small aspect ratio (which in this case is R/L). In Region 1, the fluid obeys the lubrication
equations,
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19 ow

- — =0, 15
ror (ru) + 0z (15a)
10 d

19 (w)_dp (15b)
ror or dz

for0 <r < 1 and 0 < z < 1. The boundary conditions read, by analogy with (3):

Symmetry: 2—1: =u=0, on r =0, (16a)
No axial wall slip: w =0, on r=1, (16b)
Permeate flow: u=k(p-—q), on r=1, (16¢)
Fluid influx: 2 /01 wrdr = Q, at 7z =0, (16d)
No fluid flow: w =0, at z = 1. (16e)

In Region 2, the fluid again obeys the lubrication equations,

19 a
—— (ru) + ow _ 0, (17a)
r or 0z

ad d
li r_w - _q (17b)
ror or dz

forl <r <14 £and 0 < z < 1. For this region, the boundary conditions read,

0
Symmetry: a_w =u=0, onr=1+4¢, (18a)
r
No axial wall slip: w =0, on r=1, (18b)
Permeate flow: u=k(p-q), on r=1, (18¢)
No fluid flow: w =0, at z =0, (18d)
Fixed outlet pressure: qg =0, at z = 1. (18e)

As in the 2D case, the flow in a single element, given by (15)—(18), can be solved analytically. Using both sets
of symmetry and no axial wall-slip conditions (16a, b) and (18a ,b), we can solve for the fluid flow in terms of the
pressure gradient. In Region 1, we find

=-——@r" -1 19
Y= (r® =1, (19a)
1 d’p 3

similar to [14], although the pressure will take a different form since we consider the combined flow in Regions 1
and 2. In Region 2, we find

_ldgr, 2

_é_ld_z[r 21+ 0)2log r 1], (20a)
1 d? 3 4 2

= S B3 aq0 -2 dartogr—a+02 (=24 Z10g1+0) =) (20b)
16 dz2 roor r
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In an analogous fashion to the 2D case, the permeate flux through the membrane, (16¢) and (18c) give a set of
second-order ordinary differential equations (ODEs) for the pressures p and g. These equations have two boundary
conditions each, given by

1 d?p dp 80 dp
———=k(p—q). -2 == s =0, (21a)
16 dz dz |, b4 dz |,
Adzq—k( A — (z=1)=0 (21b)
16 dZ2 - p q £ dZ Z:O - ’ C] Z - - E)
where A = A(l) is given by
—AW) =1—4(1+ 0% +[3—4log(1 +O)](1 +&)* < 0. (22)

The ODEs (21) may be solved analytically to yield the pressures, p and g, in the axisymmetric pipe:

1 80
p(2) = T1A |:AN(Z) + ?(l —-2) +N0:| ) (23a)
1 80
q(z) = T A [—N(z) + 7(1 —2) +N0] , (23b)
where
80 .
N (z) = sech(C3) [Nocosh(sz) + N—Qsmh(Cz(l — z)):| , (24a)
0o 80
Ny = mcoth(Cz) + n—czcsch(Cg), (24b)
1
Cr = 16k (1 + X)' (240)

The TMP in the pipe (Fig. 6), given by the function N'(z) = (p — q)|,=1, (24a), behaves similarly to that of the
2D channel, cf., Fig. 5. In this case, however, the TMP at the entrance is typically larger than that at the capped end,
except for very small module spacing parameters, £ (Fig. 6¢). In order to achieve approximately constant TMP, as
preferred for the uniform use of membrane area, the permeability and flux must be low and the spacing parameter
similar to the width of tube (D ~ H).

4 Discussion of results and optimization

We have so far considered the behaviour of the pressure profiles in both 2D and 3D (axisymmetric), both inside and
outside, for a range of (a) module spacing parameter, £; (b) fluxes, Q; and (c) permeabilities, k. In this section, we
explore how we may use the mathematical model that we have presented to understand how a direct-flow device
can be arranged to operate optimally and, in particular, making good use of the available membrane area.

As Q increases, the TMP increases linearly at each point along the membrane, resulting in a convex profile with
a minimum in 2D (Fig. 5) and a descending curve in 3D (Fig. 6). When Q is large and ¢ is small, the TMP retains
the qualitative shape in both 2D and 3D, but varies to a larger degree absolutely (i.e. a larger variation between the
minimum and maximum TMP values) along the membrane for larger flux, Q, and lower permeabilities, k. Therefore
under constant flux in direct-flow filtration, this suggests that using low-permeability material and operating at low
fluxes results in the filtration area being more evenly used.
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Fig. 6 Profiles of transmembrane pressure difference (TMP), N'(z) = (p — ¢q)|r=1, in a capped axisymmetric pipe. Variations with a
flux, Q (with £ =1, k = 0.1); b permeability, k (with Q = 1, £ = 1); and ¢ module spacing parameter, £ (with Q =1, k = 0.1). In
each figure, the varying quantity assumes the values 0.1, 0.5, 1, 2, plotted in red, green, blue and black, respectively. (Color figure online)

The TMP plots in the axisymmetric pipe (Fig. 6¢) show qualitative similarities to that of the 2D channel (Fig. 5¢)
but differ in detail, which lead us to focus on the geometrical differences. For 2D channels, the module spacing
parameter £ = D/H could also be counted as a cross-sectional area ratio of Region 2 to Region 1. However, the
situation differs in a pipe configuration: £ = D/R = 1 does not indicate an equal cross-sectional area for the inside
and outside of the fibre. Therefore, we define another dimensionless module spacing parameter, y, for the pipe
configuration on an area basis

_ Area outside the fibre o0y 2 25)
¥ = "Atea inside the fibre '

We now focus on the geometrical configuration of this device, characterized through the areal spacing parameters,
£ (in 2D) and y (in 3D). For small areal spacing parameters, the TMP is low for most of the membrane channels
and then rapidly rises to a high value as the capped end is approached (z = 1). In this case, the majority of filtration
occurs at the end of the fibre and highlights the constraints that the impermeable capped end enforces on the TMP.
In Fig. 7, the accumulated filtration volume percentage, V., clearly demonstrates the restrictions that arise when
the module spacing parameter is too small. With a spacing parameter of 0.1, there is almost no flux through the
membrane wall over the first 95 % of the length and all of the filtration essentially occurs in the last 5 % near the
impermeable capped end. For both 2D and 3D, this is a situation to be avoided since a large area of the membrane
is not being utilized and the very high local permeate flux at the end would lead to intense particle deposition. It
is important to note that when the module spacing parameter becomes too small the packing arrangement chosen
(e.g. ahexagonal or square array) in 3D plays a role. At this point our symmetry boundary conditions will no longer
be appropriate and we would need to solve for the flow in the complete array using computational fluid dynamics
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Fig. 7 The cumulative fluid volume transported through the fibre walls, V. (%), versus axial distance, z, in a a 2D channel and b an
axisymmetric pipe for various values of module spacing parameters (¢ and y respectively). In both cases, the varying quantity assumes
the values 0.1, 0.5, 1, 1.5 and 5, respectively at Q = 1 and k = 1. (Optimal performance corresponds to a linearly increasing cumulative
flux, which is also shown as an additional solid straight line for comparison.)

tools. When the module spacing parameter is large, the feed channels or fibres are widely separated, and any further
increase in the separation will have only a small effect on the flux profiles.

In the opposing regime of large areal spacing parameter, one should also note that in both 2D and 3D plots (Fig. 7),
the profiles of percentage volume of cumulative filtered fluid will overlap when the module spacing parameter is
large (i.e. £ = 5with £ = 10 and y = 5 with y = 10). When £ in 2D or y in 3D are large (typically greater than 2),
the feed channels or fibres are widely separated and thus further increases of £ or y larger than 2 will have a very small
effect on the flux profile. Continuing to increase the module spacing parameter value beyond approximately 3 has
only a small influence on the TMP plots and the overall filtration process (see blue and black lines in Figs. 5c and 6c).

The results of our analysis show that when fibres are packed too closely to one another the membrane area is
not effectively used in a uniform manner. However, when the fibres are spaced far apart, although the area is more
uniformly used, fewer fibres can be packed into a single direct-flow device. We therefore turn our attention to the
question of how closely the fibres should be placed to optimize the operating efficiency of a direct-flow device. We
frame this mathematically by introducing the design variable

o=bo_2 26)
Py (1+S))

where Q is the fluid flux as defined earlier, P, is the maximum TMP for a chosen set of conditions, S, is the dimen-
sionless module spacing parameter (£ in 2D and y in 3D), and P is the maximum operating pressure. The term
Q/ Py, is a constant for a given fibre, and equates to a mean dimensionless permeability. Thus, PyQ/ Py, expresses
the productive capacity for a given set of conditions. Overall, the parameter « is a measure of the productive capacity
per unit size of the module, i.e. a module productivity factor. We now wish to determine the operating regime that
maximizes this factor.

We find that an optimal module spacing parameter S, exists that maximizes the module productivity in both the

2D and 3D filtration systems (in particular we find S;pt ~ 11in 2D and S;pt ~ 1.24 in 3D, see Fig. 8).
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Fig.8 The normalized module productivity, «, versus different values of dimensionless module spacing parameters a £ in a 2D channel
and b y in an axisymmetric pipe respectively). In both cases, Q = 1,k =1

We also quantify the uniformity of the filtration behaviour through the parameter ¢:

2 1
p=1-— / AVdz, 27)
Viinal Jo

where AV (2) = |Videal — Ve(z)| with Vipar the total filtration volume, Vigeal = Z Vfnal the cumulative volume that
would be filtered along the membrane under strictly uniform (idealized) filtration, and V. is the actual cumulative
volume that has been filtered (see Fig. 7). When ¢ = 1 the system filters the fluid uniformly across the entire fibre
medium; when ¢ = 0 all the fluid is filtered only at a single position in the fibre.

Atlow module spacing parameters, the uniformity of the filtration behaviour is low and increases as S, increases
(Fig. 9). As for the module productivity, o, we find that the filtration uniformity, ¢, is optimized for module spacing
parameter values of around 1 both in the 2D channel and axisymmetric pipe systems. In a 2D channel, we find
that ¢ > 0.8 for all £ 2 0.7 and the peak occurs at £ &~ 1 where ¢ ~ 0.95. This is consistent with Fig. 7a, which
indicates the most uniform filtration performance when £ is near 1. For a pipe, ¢ > 0.7 for 0.95 < y < 1.9 and
the peak occurs at y & 1.3 where ¢ ~ 0.82. The values of the spacing parameter that create 95 % uniformity in
a 2D channel and 82 % uniformity in pipe are also close to those that maximize the module productivity factor, c.
If one continuously increases S, beyond unity, the uniformity of the filtration behaviour will begin to fall again,
asymptoting to the value attained for an individual fibre surrounded by an infinite bath of fluid.

The uniformity in filtration is also influenced by the membrane permeability, k, with smaller permeabilities giving
rise to more uniform filtration (Fig. 10). However, one should avoid too low a permeability in a real engineering
situation as this will result in either low throughputs or the need for a high inlet pressure. When the wall permeability
is large, the central portion of the filter will contribute little to the overall filtration, with the membrane surface near
the beginning and the end providing the main contribution, as seen in Fig. 10a. For example, when k = 10, around
30% of the total flux passes through the membrane in the portion 0 < z < 0.2; filtration then decreases with a small
TMP, before the majority of the remaining fluid is filtered in the region z = 0.8.

The pump-driving pressure is directly proportional to the flux, Q, and decreases with increasing permeability.
As the module spacing parameter decreases, more of the fluid passes through a smaller area of the membrane,
which also results in a higher operating pressure. Therefore, optimal direct-flow modules with a capped end should
operate at low fluxes, be manufactured from a material with a relatively low permeability, and be arranged such that
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Fig. 9 The measure of the uniformity of the overall filtration, ¢, for a a 2D channel versus ¢ and b an axisymmetric pipe versus y, for

a filtration setup in which Q = l and k = 1
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Fig. 10 a The cumulative fluid volume transported through the fibre walls (%) versus axial distance ( z) in an axisymmetric pipe with
different values of permeability k; b The measure of the uniformity of the overall filtration, ¢, in a pipe versus permeability k. In a, the
varying quantity assumes the values 0.1, 0.5, 1, 1.5, 5, and 10, respectively (the black dashed line depicts the optimal filtration case).

In both cases, Q =l and y =1

the ratio of the inside fibre to the outside is approximately unity. Such modules would ensure a relatively uniform

filtration across the entire available fibre area in the system.

5 Conclusions

We have derived a mathematical model for the fluid flow in a direct-flow filtration module composed of a series of
hollow fibres arranged within a single device, each with a capped end. The main focus of this work was to inves-

@ Springer



210 J. G. Herterich et al.

tigate the influence of the proximity of neighbouring fibres on the flow behaviour and the filtration efficiency. This
generalizes the models developed for a single hollow fibre with a blocked end [14] and models where neighbouring
fibres are adjacent to one another [15].

The model is able to predict the operating regimes that optimize the uniformity of fluid transport across the whole
membrane area, thus maximizing the efficiency of operation. We defined a module spacing parameter based on the
ratio of cross-sectional areas of the feed and permeate side. We showed that, to maximize the uniformity of use
of the filtration area, dead-end filter modules should operate at low fluxes, be composed of a filter material with a
relatively low permeability and have neighbouring modules spaced such that the ratio of volumes on the feed and
permeate side are approximately equal (i.e. module spacing parameter values of approximately unity).

For small module spacing parameters, we showed that a large portion of the available membrane space is not
utilized, and the majority of the filtration occurs at or near the impermeable capped end. Module spacing parameters
of around 1 will result in a close to optimal distribution of available membrane area in a 2D channel and 3D pipe
module, when operating in a regime that optimizes the pressure applied and the space occupied by the system. The
lower the permeability the higher the uniformity in the filtration system. However, this needs to be weighed against
the fact that as the permeability falls a higher pump pressure is required to drive the fluid across the filter.

We have considered an important metric and proposed a strategy for optimizing the process for this metric. In
principle, other factors may play a role, principally cost. Other functions could be constructed with respect to other
optima which may be determined in a similar manner. The results of this paper should be useful in the future design
of direct-flow devices and offers a deeper understanding of the filtration process in such a device. However, one
should also be aware that what is uniform or reasonably uniform for this system may not be uniform for when the
flow is reversed (backflow) in the same system. For evaluation of the overall filtration cycle (direct filtration followed
by short sharp backflow), further research must be carried out to investigate the backflow in the same modules [27].
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