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Abstract
The present study investigates the effects of non-uniformity of bundle porosity by considering a
model channel made up of “dense” (low porosity) and “loose” (high porosity) regions. In a simplified
treatment, they are assumed to be non-interacting and the flow and scalar concentration fields to be
fully developed, requiring previously obtained results for the Darcy permeability and the Sherwood
number. Then, 3-D CFD simulations are conducted for a checkerboard arrangement of alternately
“dense” and “loose” regions With square-arrayed fibers, accounting for entry effects and interactions.
Non-uniformity causes a significant increase of the permeability and a strong reduction of the
Sherwood number. The effects are larger, approaching those obtained for non-interacting regions, if
the regions’ length scale is large. The attainment of fully developed conditions is greatly shifted
forward in non-uniform bundles and the mass transfer development length may largely exceed the

physical length of most hollow-fiber devices.

Keywords: Hollow fiber; non-uniform porosity; Darcy permeability; Sherwood number; CFD; entry
effects
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1. Introduction
The widespread use of hollow fiber membrane contactors in various fields of engineering (e.g.
chemical, biomedical, environmental) has led to an ever-increasing interest in the modeling of the

phenomena involving fluid dynamics and mass transfer in these systems.

During the last decades, research efforts have focused on the effects on the performances of
such features as fiber internal diameter, gas permeance, selectivity (Lemanski and Lipscomb, 2000;
Lipscomb and Sonalkar, 2004; Liu et al., 2001); or the influence of the fluid flow distribution both in
the lumen (Park and Chang, 1986) and in the shell side (Kim et al., 2013, 2009; Labecki et al., 1995;
Lemanski and Lipscomb, 2002, 1995; Noda et al., 1979).

The effects of the design of the shell side inlet and outlet ports have also been investigated
experimentally (Frank et al., 2001, 2000) and computationally (Ding et al., 2004), as well as the
possibility of improving a module’s performance by using new geometries, alternative to the

commercial ones (Cancilla et al., 2022).

The comparison of fluid dynamics and mass transfer in regular arrays (Cancilla et al., 2021;
Happel, 1959; Ishimi et al., 1987; Miyagi, 1958; Noda and Gryte, 1979; Sparrow and Loeffler, 1959)
as opposed to random distributions (Wang et al., 2003) of hollow fibers has been investigated for
both the constant wall flux condition (Bao and Lipscomb, 2002a) and the constant wall concentration
one (Bao and Lipscomb, 2002b), and mass transfer entry effects have also been studied (Bao et al.,
1999). A recent paper (Sun et al., 2022) focused on the effects of a non-uniform porosity at the fibers-
module case interface on the performance of a gas separation module.

The porosity may be unequally distributed over the cross section of the bundle. Such condition
is very common in real hollow fiber bundles used in several membrane contactors, for example due
to the manufacturing process or as the result of the interaction of the flow with the fiber bundle (Ando
et al. 2022). Figure 1 shows a sketch of two portions of a bundle, arranged in a regular square and
hexagonal lattice, in comparison with photographs of a cross section for a real fiber bundle
(hemodialyzer), with details of two portions of different local porosity. The photograph in
Figure 1(c) shows the simultaneous presence of regions of higher packing density (low porosity) and
regions of lower packing density (high porosity). In particular, the observation of Figure 1(c)
confirms the presence of a wide central region of the photographed bundle portion characterized by
a significant void fraction opposed to the neighboring bundle regions characterized by the presence

of fibers that almost touch each other.
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Figure 1:  Top: schematic representation of regular arrays of hollow fibers, arranged in (a) a square lattice
and (b) a hexagonal lattice. Bottom: photograph of a real hollow fiber bundle, showing regions of
higher packing density (low porosity) and regions of lower packing density (high porosity).

The non-uniformity may vary in amount and in length scale according to the specific application
and may affect both hydrodynamics and mass transfer.

Lipscomb and co-workers studied (Bao et al., 1999) these effects on mass transfer in the entry
region by solving the governing equations under the boundary layer approximation. They concluded

that mass transfer coefficients in random hollow fiber bundles are much lower than in regular arrays.

In subsequent work (Bao and Lipscomb, 2002a, 2002b) the authors extended their investigation
to the fully developed region. The results are surprising: the random fiber packing significantly
reduces mass transfer coefficients, much more in the well-developed limit than in the entry region.
The overall performances are controlled by the regions of the bundle having the lowest packing
density (i.e., the highest porosity) and thus crossed by the highest flow rates: in these regions, the
fluid residence times are lower than in the low porosity regions and the mass transfer coefficient
dramatically decreases with respect to a regular fiber arrangement. Mass transfer coefficients for
random distributions are only 5-10% (constant wall flux boundary condition) and ~15-25% (constant
wall concentration) of the values for regular arrays. Moreover, while for regular arrays mass transfer

coefficients exhibit a strong dependence on the bundle porosity (Cancilla et al., 2023), for random
3
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arrangements such dependence is very softened. These results suggest that bundles of random hollow

fibers should not be used for applications operating in the ranges of low Graetz numbers.

In this work, the effects of the bundle non-uniformity are investigated by considering a model

channel made up of low porosity and high porosity regions.

The paper is made up of two parts: the first one assumes that these regions are non-interacting
and the flow and concentration fields are fully developed under an axial pressure gradient; this allows
a simplified treatment of the problem. The second part considers three dimensional CFD simulations
of fluid flow with mass transfer in a checkerboard arrangement of alternately high porosity and low
porosity regions, each provided with a regular square array of fibers. This allows entry effects and

the influence of region-to-region momentum and mass transfer to be taken into account.

2. Simplified treatment - non-interacting regions, fully developed conditions

If the flow and concentration fields are assumed to be fully developed and the regions of
different porosity non-interacting, interesting results concerning the distribution of flow rates and
mass transfer in a non-uniform bundle can be obtained from elementary considerations based on

existing experimental or computational results for uniform bundles.

For simplicity, consider a generic porous channel of total cross sectional area A, filled with a
fluid of viscosity x and divided into two equal parts, characterized by local porosities a (“loose”) and

& (“dense”) with a>& (Figure 2).

Figure 2: A generic porous channel divided into two regions with equal areas and different porosities.

The two porosities g and & can be expressed as functions of the mean porosity e=(a+&i)/2 and

of the ratio R.=a/&>1:

§=2—"F (1)
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The mean porosity & may only range between a minimum packing value &min, Which depends
on the lattice geometry and is ~0.21 for a square lattice and ~0.09 for a hexagonal lattice, and 1.
Moreover, for any porosity ratio Re, ¢ is limited by the double constraint that the porosity & of the
“loose” region cannot exceed 1 and the porosity & of the “dense” region cannot be less than &min,

which leads to the double inequality:

fun (R 11)<g <Rt
2 2

(3)

&

For example, for R=2.25 and &min=0.21, Eqg. (3) yields 0.341<g<0.722. Corresponding

limitations apply to Re if the mean porosity & is chosen.
Let us make the following hypotheses:

i)  the flow is fully developed (this implies that there is no transverse flow and thus no advective
scalar flux between regions at different porosity);

i)  there are no shear forces between the two regions (i.e. each of the two porous sub-channels
behaves as if it were alone);

iii) each of the two regions of the porous medium follows Darcy’s law with its own permeability

K:
dp|K, A
=|—4|—-lg — 4
Q dZ,ugIZ (4)
dp|K, A
=l——tg — 5
Qq dz #gdz (5)

in which dp/dz is the pressure gradient along the direction of the channel’s axis z, common to

the two regions, while Q; and Qq are the flow rates.

For bundles of identical cylindrical fibers of diameter d, the permeability is a function of the
porosity and of the fiber arrangement. In square and hexagonal regular lattices, CFD results for
hydrodynamically fully developed flow were obtained by Cancilla et al. (2023) and are reported as
symbols in Figure 3. In the range £~0.21-0.90, the permeability for square lattices can be

approximated with sufficient accuracy by the single exponential function, also shown in the figure:

% 1.85-10 exp(8.34¢) (6)

> =
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The permeability for hexagonal lattices exhibits a more complex behavior and is not
comparably easy to approximate with elementary functions.

Note that, by definition, in laminar parallel flow the Darcy permeability is independent from
the Reynolds number, i.e. from the flow rate, as was verified by repeating some of the simulations

leading to Eq. (6) at different Reynolds numbers <100.

10 A
O Square lattice
1 A Hexagonal lattice &
—best fit 0.21-0.9 (square)
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Figure 3: CFD results for the axial permeability K as a function of the porosity ¢ in regular square and
hexagonal lattices. Permeabilities are made dimensionless as K&/d?. The exponential correlation
for a square lattice in Eq. (6) is also shown.

By dividing Eq. (5) by Eqg. (4) and taking account of Egs. (1), (2) and (6), the flow rate ratio
Qi/Qq is obtained:

Q R -1
Q _expl 16,685 7
] Xp{ ‘R +1J 0

&

Eq. (7) is represented in Figure 4 and predicts the redistribution of the flow rates in the fiber

bundle. Even moderate values of the porosity ratio R.= al&j yield very large values of the flow rate
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ratio Qi/Qu; for example, for £=0.5 and R.=2.25 one has Qi/Qq4~25. In Figure 4, the constraints in Eq.
(3) are explicitly indicated.
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Figure 4:  Flow rate ratio Qi/Qq as a function of the mean porosity & for different values of the porosity ratio
Rg.

Another noteworthy quantity is the ratio Qtwt/Qunit between the actual total flow rate Quot=Q¢+Qi
across the whole section A (exhibiting non-uniform porosity) and the flow rate that would be obtained
if the fibers were uniformly re-distributed across the section A, resulting in a uniform porosity

e(ata)l2.

Based on Egs. (1)-(6), the actual total flow rate Qo can be expressed as

8.75-107 | exp| 16.68 R, +exp| 16.68 ¢ (8)
R, +1 R, +1

If the fibers were uniformly distributed with the mean porosity &, the total flow rate would be

dp| Ad?
Qut = ‘_p‘

Y7

dp| Ad?
Qunif :‘ p‘

——1.75-10"exp(8.34) 9)

Based on Eqgs. (8) and (9), the ratio Qtwt/Qunit can be expressed as a function of £and R as:

exp(8.34g- 2R, )+exp(8.34g- 2 ]
Qut _ R, +1 R, +1 (10)

Qi 2-exp(8.34¢)

7
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Eq. (10) is represented in Figure 5. For example, for &=0.5 and R.=2.25, one has Qtot/Qunit~2.6.
Thus, a non-uniform distribution of the fibers causes an increase of the overall (i.e., apparent)

permeability and flow rate for any given pressure gradient.

10
\
/ )
\
P
— R,=2.5 / R condition e <1
= 2.25 // S
= \
S / ) .
= e
S condition ey>ep // // X
(square lattice) 2 /1'75 \
\ / ~\
/;// L 5/ \\
///// \\
L 1.05—
/'/ [
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
e()
Figure5:  Flow rate ratio Quw/Qunit as a function of the mean porosity ¢ for different values of the porosity
ratio R.

Similar considerations apply in regard to the transfer of a passive scalar (e.g., a solute’s

concentration). Besides assumptions (i)-(iii) above, let the following two also hold:

iv)  the scalar field is also fully developed;

v)  there are no diffusive scalar fluxes between the two regions (i.e. each of the two porous sub-
channels behaves as if it were alone also from the point of view of scalar transfer).
Note that, as remarked above, the absence of advective scalar fluxes is implied by the

assumption (i) of hydrodynamically fully developed flow.

A dimensionless mass transfer coefficient (Sherwood number Sh) for the transfer of a generic

scalar of diffusivity D, based on the fibers’ diameter d, can be defined for each region as

sho——J .4 (11)
C,-C,_ D

w,r ,r

where r=d (“dense”) or | (“loose™), j, and C,,, are the wall scalar flux and species concentration at

the wall, averaged over the fibers’ perimeter (fiber-fluid interface) in region “r”, and Cy is the bulk

8
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concentration in region “r”, defined as the mass flow — weighted average of the species concentration

on a cross section of region “r”.

CFD results for regular square and hexagonal arrays of cylindrical fibers in fully developed
flow and concentration fields under boundary conditions of constant wall mass flux j or constant wall
concentration Cy are reported in Figure 6. Results for constant j have already been reported in a
previous paper (Cancilla et al., 2023) and are in excellent agreement with the CFD results presented
by Bao and Lipscomb (2002a). Results for constant Cw (unpublished so far) do not completely agree
with those presented by Bao and Lipscomb (2002b), which exhibit lower values of Sh at low and

intermediate porosities.

16
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Figure 6:  Sherwood number as a function of the mean porosity & for regular square and hexagonal fiber
arrays under conditions of constant wall mass flux j and constant wall concentration Cy. Symbols:
CFD results; lines: best-fit polynomial curves.

The results can be approximated by suitable functions (6""-order polynomials were used here
for the calculations that follow). All curves exhibit a maximum at some intermediate ¢and low values
for very small or very large porosities. For the square array, the maximum occurs at £~0.60 (constant
J) or ~0.50 (constant Cy); for the hexagonal array, the maximum occurs at £~0.37 (constant j) or ~0.25
(constant Cy). In the whole porosity range and for both boundary conditions, Sh is larger for

hexagonal than for square arrays, the difference decreasing at large &.
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For both geometries, Sh is larger under constant-Cy than under constant-j boundary conditions
at low &, while the boundary conditions become irrelevant for ¢ larger than a certain value (~0.65 for
the square lattice and ~0.5 for the hexagonal one). This behavior is opposite to that observed in plane

channels and circular pipes, in which uniform-j boundary conditions yield larger values of Sh.

Under the present parallel flow conditions, the Sherwood number is independent both from the
Reynolds number (flow rate), as was verified by repeating some of the simulations reported in Figure
6 for different Reynolds numbers <100, and from the Schmidt number, as was verified by comparing
results for Sc=1 and 500.

The results in Figure 6 can be used to compute the ratio Shi/Shq of the Sherwood numbers
occurring in the two, “loose” and “dense”, halves of the channel for any realizable combination of
the mean porosity ¢ and the porosity ratio R.. For the case of a square lattice and constant wall mass
flux, the results are represented in Figure 7. Note that all curves are limited by the two constraints
&> &min and a<1. It can be observed that a critical porosity value &~0.6 exists, such that for e<g the
Sherwood number is larger in the “loose” region of the channel, whereas the opposite is true for e>&.

For example, for &=0.5 and R.=2.25, one has Shi/Shq~1.85.

4
condition &4>& i /’\
(sauare lattice) // R,=25
" | \‘
3 NGRS

Sh|/S:1d A
/ /5/
W za

25 7125

1
\ condition &,<1
§§x\1
7 0

0 00 02 03 04 05 06 O
& ()

Figure 7:  Sherwood number ratio Shi/Shy as a function of the mean porosity ¢ for different values of the
porosity ratio R, (square lattice, constant wall scalar flux).

.8 0.9 1

A second noteworthy quantity is the ratio Sh/Shynir between the overall (also called mean, or

apparent) Sherwood number Sh in the non-uniform channel and the Sherwood number Shynit that

10
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would be obtained if the fibers were uniformly re-distributed, resulting in a uniform porosity

e(ata)l2.

The Sherwood number Shynir in the denominator can simply be obtained from polynomial
approximations of the results in Figure 6.

The numerator (mean Sherwood number Sh in the two-region non-uniform channel) can be

evaluated from Eq. (11) by omitting the subscript “r”, i.e., computing the mean mass flux j and the

mean wall concentration C, over all the fibers, and the bulk concentration Cy, over the whole cross

section A.

Considering, for simplicity, only the case of uniform wall mass flux j, the mean mass flux
obviouslyis j=j.

The partial flow rates Qq and Q) are given, for any pressure gradient and viscosity, by Egs. (1)
and (2) in which the Darcy permeabilities can be expressed using Eq. (6). The bulk concentration in

either region “r” is then given by a scalar balance from z=0 to the generic axial location z by:

7dN, jz
+—

C ) o

b,r = C (12)
where Co is the inlet concentration, which is irrelevant for the present purposes and will be assumed
to be zero, while Ny is the number of fibers in either region, which can be expressed as
1-¢ )(A/2
AL "
zd° /4
The mean bulk concentration, being the mass-flow-weighted average of the local concentration,

can be computed as

C — Cb,de +Cb,IQI
° Q, +Q

(14)

The evaluation of the mean wall concentration C, is more cumbersome because it requires the

partial averages of Cy over the “dense” and “loose” regions, C, , and C, , . However, these can be

w,d
evaluated starting from the partial Shq and Sh; values computed for each porosity by using the results
in Figure 4 and then inverting Eq. (11) to obtain, for either region “r”:
C,. =C +— — 15
w,r b,r Sh D ( )

r

11



255
256

257

258

259

260

261

262
263

264

265

266
267
268
269
270
271

272

273

274

275

276
277
278
279
280

281
282

283

Finally, the overall average of Cw can be obtained as a weighted average over the fiber

perimeters, proportional to their numerosity:

C_ _ CW,d Nd +CW,INI
v N, +N,

(16)

Once j, C_W and Cp are known, Eq. (11) can be used to obtain the overall Sherwood number in

the non-uniform bundle.

For example, consider a square lattice with &=0.31, §=0.69 (mean porosity £=0.5) and assume
d=280-10° m, z=0.2 m, A=12.56-10* m?, j=1-10" mol/(m?s) (uniform), |dp/dz|=4-10° Pa/m, 1=107
Pa-s, p=10% kg/m?, Sc=500 so that D=24/(pSc)=2-10"° m?/s (these latter data are roughly representative

of a hemodialyzer).

From the results in Figure 4, the Sherwood number in a regular square lattice with &=0.5 would

be Shunifz4.84.

From Eq. (6) one has K¢=4.38-101° m?, K;=6.49-10° m?. From Egs. (1) and (2) one has
Qq¢=3.41-10" m¥/s (20.46 ml/min), Qi=11.04-10° m%/s (674.8 ml/min), so that Qwt=11.58-10° m?/s
(695.4 ml/min). From Eq. (13) one has Ng=7037, Nj=3162 so that Eq. (12) yields bulk concentrations
Cp,¢=36.31 mol/m?3, Cp;=0.50 mol/m?® and Eq. (14) yields a “grand” mean bulk concentration Cp=1.55
mol/m3. From the curve in Figure 5 relative to a square lattice with constant j (or from the relevant

polynomial approximation) one has Shg~2.5 for £=0.31 and Shi~4.6 for &=0.69. Therefore, Eq. (15)

yields for the mean wall concentrations C, , ~36.87 mol/m?, C,,, ~0.81 mol/m® while Eq. (16) yields

a “grand” mean wall concentration C_Wz25.69 mol/m3. Finally, Eq. (11) yields Sh=0.058 for the

overall Sherwood number (note that this value is much less than either Shq or Shy) so that the Sh/Shunif
ratio is 0.058/4.84~0.012 (i.e., Sh is almost two orders of magnitude less than Shynif).

This procedure can be repeated for different values of the two porosities with the help of a
spreadsheet. The resulting Sh/Shunis ratio for the case of a square lattice and constant wall mass flux
is represented in Figure 8 as a function of the mean porosity ¢ for different values of the porosity
ratio R.. Note that a logarithmic scale had to be used for the Sh/Shynit ratio because of the broad range

spanned by this quantity, and that the constraints in Eq. (3) have been represented.

Under most of the realizable conditions considered, the Sh/Shynit ratio is <1, decreases with
increasing R, i1.e. with increasing non-uniformity, and attains minimum values below 0.01. For

example, for £&=0.5 and R.=2.25 one has Sh/Shunit #0.012. Such extremely low values of Sh in non-

12
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uniform bundles are somewhat surprising, but are actually in agreement with the results of Lipscomb
and co-workers (Bao and Lipscomb, 2002a, 2002b) for random arrays of fibers, exhibiting a

comparable amount of non-uniformity.

R,=1.25
/
q
. 15 /
7
01 1 : /75 //
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)\
\3\\\

0.01 - Ve \/
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Figure 8:  Sherwood number ratio Sh/Shynir as a function of the mean porosity ¢ for different values of the
porosity ratio R, (square lattice, constant wall scalar flux).

The results in this Section can be summarized by stating that introducing non-uniformity in the
distribution of porosity over the cross section of a channel, while preserving the mean porosity, causes
an increase of the overall permeability and a large decrease of the mass transfer coefficient (Sherwood

number) with respect to the uniform porosity case.
The above results were obtained under assumptions (i)-(v), and in particular for

o fully developed flow and concentration fields;
o no interaction between the “dense” and “loose” regions in terms of exchanged shear forces and

diffusive mass fluxes,

so that they strictly apply only to the limiting case of an infinitely long channel with “dense” and

“loose” regions of infinite cross-sectional area (i.e., surface-to-volume ratio — 0).

Accounting for the finite size of the different regions (i.e., for the length scale of the non-
uniformity) and for entrance effects requires that the elementary one-dimensional approach of this
Section has to be replaced by a more complete treatment, involving the use of Computational Fluid

Dynamics. This will be done in the next Section.
13
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3. CFD treatment - interacting regions, developing conditions

3.1 Computational domain

The aim of this Section is to investigate the influence of the extent and spatial scale of the non-
uniformity in the fiber distribution in a bundle and to clarify the influence of non-uniformity on
entrance effects and development lengths. To this purpose, an “artificial” cross section geometry was
built, composed of alternate square regions of higher and lower porosity, arranged in a checkerboard
pattern. In each region, the fibers were assumed to be arranged in a square lattice. For symmetry
reasons, it was sufficient to include in the computational domain only two low-porosity (“dense”) and

two high-porosity (“loose”) square regions while imposing lateral periodicity at the opposite sides.

An example of the resulting computational domain is shown in Figure 9.

Figure 9:  Cross section of a computational domain representing a fiber bundle divided into “dense” and
“loose” regions arranged in a checkerboard pattern. In the example shown (“small” geometry with
2x2 and 3x3 fibers), one has &=0.5, 8=0.69, &=0.31; the domain includes 26 fibers.

In order to establish its geometry, the first step is to choose a mean porosity ¢ and two small
different integer numbers ng (for “dense”) and ny (for “loose”). The numbers of fibers in the “dense”
and “loose” regions are Ng=2ng4> and Ni=2n/?, respectively, and the overall number of fibers in the
computational domain (square of side length L) is Nwt=Ng+Ni.The two porosities a, & are obtained

by considering the two identities

14
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which yield

and thus the porosity ratio R= al&d.

(17)

(18)

(19)

(20)

The pitches (center-center distances between adjacent fibers) are now obtained by imposing the

conditions, valid in each unit cell:

P*-zd*/4
TR
[

which yield

Finally, the side length of each square region is L/2=n/P\i=n4Pq.

(21)

(22)

(23)

(24)

In the example in Figure 9 (“small” geometry), the values 2 and 3 were chosen for n; and ng

and the value 0.5 for the mean porosity & The above formulae yield £=9/13~0.6923...,
&=4113~0.3077..., R=(9/13)/(4/13)=2.25, P|~1.5977-d, P4~1.0651-d, L/2~3.1954-d, Nj=2x(2x2)=8,

Ng=2x(3x3)=18. Thus, the whole computational domain includes Nt=26 fibers.

For a mean porosity ¢of 0.5, the choice ni=2 and nq¢=3 yield the simplest possible computational

domain. The only couple of smaller numbers (ni=1, ng=2) would yield, based on Egs. (19)-(20), a=4/5
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and &=1/5; but this latter value is smaller than the minimum realizable porosity in a square lattice
(~0.22).

The same values of ¢, a, &, P1and Pq can be obtained multiplying ni, nqg by the same integer
number. This property can be exploited to build larger computational domains and was used in the
present paper to investigate the influence of the spatial scale of the non-uniformity in the porosity
distribution. For example, Figure 10 shows the case ni=4, n¢=6 (“large” geometry), for which the
side length of each region is double with respect to the example in Figure 9; of course, the cross

sectional areas and the numbers of fibers (104) are four times larger.

Figure 10: Cross section of a computational domain representing a fiber bundle divided into “dense” and
“loose” regions arranged in a checkerboard pattern. In the example shown (“large” geometry),
the domain includes 2x(4x4)+2x(6x6)=104 fibers.

For a Schmidt number of 1, the extent of the computational domain along the axial direction z
was set to ~900d, a length amply sufficient to achieve fully developed hydrodynamics and mass
transfer thus elucidating entry effects. For Sc=500, on the basis of the Graetz-Leveque theory of
entrance effects (Everts and Meyer, 2020), comparably developed conditions would be achieved only
after a distance of the order of 500x900d=450,000d from the inlet, which, however, is
computationally prohibitive. Thus, the length of the computational domain was actually limited to
36,000d (corresponding to a physical length of ~10 m for d=280-10"° m), just sufficient to attain axial
mass transfer development for a Reynolds number of 10 as will be shown below.
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3.2 Definitions

The axial interstitial velocity (w) is defined as the area average of the local velocity component
w along the axial direction z, performed over the area occupied by the fluid. In particular, (w)q is the
interstitial velocity obtained by averaging w over the “dense” region and, similarly, (w) is the

interstitial velocity obtained by averaging w over the “loose” region.
The axial interstitial Reynolds number of the “dense” (subscript r=d) or “loose” regions
(subscript r=I) Rer, based on the fiber diameter d, is defined as

Rer = M (25)

U

The axial interstitial Darcy hydraulic permeability K is defined as:

#{w), &,

= 26
|dp/dz]| (26)

where & is the porosity of the “dense” (r=d) or “loose” (r=I) region; the only difference with respect
to the implicit definition of permeability given in Section 2, Egs. (1) and (2), is that now the possibility
of different axial pressure gradients in the two regions is taken into account, as it is appropriate in the

entrance (development) region of the channel.

The Sherwood number in the “dense” or “loose” region is still defined by Eq. (11).

3.3  Governing equations and boundary conditions

The following steady-state continuity and momentum equations for the flow of a Newtonian
incompressible fluid, along with the convection-diffusion equation governing the transport of a

passive scalar (e.g. a solute concentration), were used:

V.i=0 (27)
P -V =-Vp+ 4V (28)
i-VC=DVC (29)

in which @ is the local velocity, p is the local pressure, p and u are the density and dynamic viscosity

of the fluid, C and D are the local concentration and the kinematic diffusivity of the scalar in the fluid.

The above equations were solved by using the finite volume code ANSYS-CFX 18® (ANSYS,

2018). The fluid properties were set equal to those of water at 25°C. The study was conducted for
17
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Schmidt numbers Sc=4/(pD) of 1, representative of heat transfer in gases and other common fluids,
or 500, better representative of mass transfer of many species in water.

Regarding hydrodynamics, the cylindrical surfaces representing the fibers’ walls were treated
as no slip walls. At the inlet a uniform interstitial velocity was imposed, set to a value that guarantees
a mean interstitial Reynolds number of 20 (averaging over “loose” and “dense” regions), while at the

outlet the pressure was arbitrarily set to zero.

Regarding mass transfer, in most cases a Neumann boundary condition was adopted, with an
arbitrarily set value for the scalar flux. In some cases, Dirichlet boundary conditions were also tested,
with the concentration at the walls set at an arbitrary uniform value. Without any loss of generality,

the inlet concentration was arbitrarily set to zero.

The fluid flow and concentration fields started from an initial guess of zero velocity and zero
concentration. Periodic boundary conditions were imposed to all quantities at the opposite side
surfaces of the fluid domain along the x and the y directions, respectively. Figure 11 shows the

boundary conditions employed for a test case corresponding to the “large” domain in Figure 10.

Inlet

)
9

:‘
)
\ )
L)
L)
J

A

Figure 11: Computational domain (“large” geometry) and boundary conditions used in the simulations. For
representation purposes, the domain is shown compressed many times along z.

Fluid flow direction

3.4  Domain discretization and computational methods

The computational domain was discretized by hybrid grids made up of hexahedral and wedge
volumes. The use of hybrid meshes was necessary because of the complexity of the geometries
considered, which are difficult to be meshed by hexahedra only. However, all the grids used are

mostly composed of hexahedral volumes, as summarized in Table 1.
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Table 1: Summary of the grids employed.

% of volume discretized

Geometry Number of finite volumes with hexahedra
small ~6,300,000 99.5
large ~28,500,000 99.3

Figure 12 shows details of the mesh in a cross section of the “loose” and “dense” regions.

(a) (b)

Figure 12: Details of the mesh over a cross section of the computational domain. (a) “loose” region (b);
“dense” region.

Along the axial direction z, the computational domains were discretized in all cases by 110

finite volumes, which were selectively refined towards the inlet.

A full grid-independence study was unfeasible for the present geometries due to the large
number of fibers. Based on a previous grid-independence assessment for a unit cell including a single
fiber (Cancilla et al., 2021), the present grid resolution (~2500 finite volumes per fiber in the cross
sectional plane) implies a discrepancy of ~5% on the axial Darcy permeability and of less than 1%
on the Sherwood number. Therefore, the present results can not be regarded as grid-independent,
especially from the hydrodynamic point of view; however, they are acceptable as far as the difference
in Darcy permeability and Sherwood number between regions at different porosity is the main point

at issue.

All simulations were run in double precision and were interrupted as the dimensionless
residuals of all quantities decreased below 10-*2, which is a very tight convergence criterion. A two-
point upwind scheme was used for the discretization of the advection terms. A strongly coupled

algorithm was adopted to solve for pressure and velocity. A different number of iterations, in the form
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of false time steps, was used for the present steady state simulations depending on flow rate, system

geometry and boundary conditions.

3.5 CFD Results

3.5.1 Hydrodynamics

Figure 13 shows velocity contour plots at z/d~900 (hydrodynamically fully developed
conditions) for the two geometries simulated and a mean interstitial Reynolds number of 20. Note

that the same scale is used for both maps.

Velocity w

l 2.0e-001

1.8€-001
- 1.6e-001
" 1.4e-001
- 1.2e-001
|| 1.0e-001
- 8.0e-002
- 6.0e-002

4.0e-002
I 2.0e-002
0.0e+000

Figure 13: Contour plots of the axial velocity over cross sections of the computational domains lying in the
hydrodynamically fully developed region: (a) “small” geometry; (b) “large” geometry.

(@ (b)

In all cases, the “dense” regions are characterized by lower velocities while the peak values are
reached in the “loose” regions, thus implying the flow rate redistribution between regions of different
local porosity, as already observed by other authors (Bao and Lipscomb, 2002b; Sangani and Yao,
1988).

In the fully developed flow region, the “loose” to “dense” flow rate ratio attains a value of ~8.7
for the “small” geometry and of ~11.6 for the “large” one. These values are much lower than that of
34.33 predicted by Eq. (7) for the present porosities of ~0.69 and ~0.31, and the largest discrepancy
is obtained with the “small” geometry. This discrepancy is due to the fact that Eq. (7) is for infinite
(non-interacting) “dense” and “loose” regions, whereas the interaction between regions at different
porosity, mainly by lateral diffusion of axial momentum (shear forces), is fully taken into account by
the CFD simulations and tends to equalize the two flow rates. These results show that this interaction
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IS quite strong even for the “large” geometry (L~12.78-d), and that a much larger scale of the non-

uniformity would be required for the flow rate ratio closely to approach that predicted by Eq. (7).

The better to highlight the influence of the length scale of the non-uniformity, Figure 14 reports
the fully developed longitudinal Darcy permeability K (normalized by d?) as a function of the scale L
(normalized by d). Dashed lines represent the asymptotic values of the axial fully developed Darcy
permeabilities predicted for infinite regular square lattices (red for the “dense” porosity of ~0.31, blue
for the “loose” porosity of ~0.69, black for the mean porosity of 0.5). Symbols and solid lines
represent the fully developed axial Darcy permeabilities Kq and K computed by the present CFD
simulations for the “small” and “large” geometries, corresponding to L/d=6.39 and 12.78,

respectively.

In non-uniform array of fibers, the “dense” and “loose” fully developed permeabilities depart
from the value for &=0.5, approaching the values for uniform bundles of the corresponding porosity,
the more as the length scale of the non-uniformity increases. In particular, in the “small” geometry,
simulations predict K/d?=1.18x102 and 4.62x107, respectively for the “dense” and the “loose”

regions, while for the “large” geometry these values become 1.13x102 and 6.10x1072.

1E-01

1E-02 -

K/d? ()

—o—Kdense
—o—Kloose
— —Uniform, £=0.50
— —Uniform, £=0.31
— —Uniform, £=0.69
1E-03 :

1 10 100

L/d (-)
Figure 14: Fully developed axial Darcy permeability K (normalized by d?) as a function of the length scale
of the non-uniformity (normalized by d).

In order to show the influence of non-uniformity on hydrodynamic entrance effects, Figure 15
reports the Darcy permeability K, normalized by its fully developed value K-, as a function of the
dimensionless distance from the inlet, z/d, for the “dense” (£~0.31, graph a) and “loose” (&~0.69,
graph b) regions of both geometries (small and large domains) and as the “grand” average between
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“dense” and “loose” regions (graph c). In each plot, K/Ks profiles are compared with that predicted

495
496  for an infinite uniform square array of fibers of the corresponding porosity.
497
1.01 101
1.00 100 | e
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501 (©
502  Figure 15: Darcy permeability K as a function of the dimensionless axial coordinate z/d for both the
503 geometries investigated (“small”, i.e. 2x2&3x3 fibers, and “large”, or 4x4&6x6 fibers), along
504 with the results for infinite square lattices of uniform porosity. The permeability is made
505 dimensionless as K/K... Porosity: (a) &=0.31; (b) &=0.69; (c) &=0.50.
506
507 In the uniform-porosity cases, the permeability increases monotonically tending to its
508 asymptotic value (of course, this behaviour is opposite to that of the friction coefficient, which
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diverges for z—0). The dimensionless hydrodynamic development length znqe/d, as identified, for
example, by the condition |K-K«|/K%<0.01 (1% criterion), decreases from ~23 to ~14 and ~10 as the

porosity increases from 0.31 to 0.5 and 0.69.

In the non-uniform porosity geometries, K/Kx exhibits a quite different behaviour, attaining a
maximum before relaxing towards its asymptotic (fully developed) value. By the 1% criterion, the
development length is not much different from that for a uniform geometry, and is not even always
larger; for example, for the “dense” region of the “small” geometry one has znges/d~19 against the
value znde/d~23 holding for a uniform bundle of the same porosity ¢=0.31, see Figure 15(b).
However, if a tighter convergence of K to its asymptotic value K is imposed to define zn dev, then it
becomes significantly larger in non-uniform geometries than in uniform ones; for example, the
condition |K-Kx«|/K%<0.001 (1% criterion) is attained (from below) for zn dev/d~35 in a uniform array
with &=0.50, but is attained (from above) only for zh 4e//d~60-70, i.e. about twice farther downstream,
in both the “small” and the “large” non-uniform geometries when the mean permeability is

considered, see Figure 15(c).

3.5.2 Mass transfer

The bulk concentrations in the “dense” and “loose” regions (Cpg and Cp,, respectively) vary

along the axial direction z according to the following balance equations

dC . .

Q, d;d = zdN, j, —2Lj,_, (30)
dC

Q TM = 7zdN, j, +2Lj,_,, (31)

in which Qq and Q) are the flow rates in the two regions, Ng and N, are the numbers of fibers (so that
7dNr is the fiber perimeter in the generic region “r”, i.e. either “d” or “I”’), jq and j; are the mean scalar
fluxes at the fibers’ walls (imposed to be uniform and equal to j in the present simulations), L/2 is the
side length of each sub-region (so that 4L/2=2L is its boundary perimeter) and jq-i is the average
scalar flux from the ‘“dense” region at higher concentration to the “loose” region at lower
concentration. Note that j4—i includes an advective contribution (which tends to zero for increasing z,
when cross flows vanish and the fluid’s motion becomes parallel) and a diffusive contribution (which

depends only on the concentration difference between “dense” and “loose” regions).

For distances z from the inlet larger than a certain mass transfer development length zgev,c, the

flow rates Qq and Qy, the flux jg¢—s1 and the difference C4-C; all become constant. This is clearly shown
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by the behaviour of the “dense” and “loose” bulk concentrations for a Schmidt number of 1, reported
in Figure 16. Larger length scales L yield larger asymptotic differences between “dense” and “loose”
bulk concentrations, clearly due to the weaker coupling between adjacent regions at different porosity.

The value of zqev,c depends on its exact definition, on the Schmidt number and on the length
scale L of the non-uniformity. For Sc=1, it is ~200d for the “large” geometry and ~100d for the
“small” one when defined as the length beyond which the difference in concentration between regions
attains within 1% its asymptotic value. Thus, it is larger than the 1% hydrodynamic development

length defined above.
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Figure 16: Bulk concentration in the “dense” and the “loose” regions of the bundle as a function of the
dimensionless axial coordinate z/d at Sc=1 for the two geometries simulated.

Figure 17 reports concentration contour plots at z/d~900 (well into the fully developed scalar
transfer region) for the two geometries investigated and a Schmidt number of 1. The quantity shown
is the difference C-Cy, between the local concentration C and the overall bulk concentration Cp

computed over the whole cross section, which includes both the “dense” and the “loose” regions.

The “dense” regions, where the fluid flows with the lower velocities, are characterized by higher
concentrations and vice versa. Unlike in Figure 13, maps are reported with different scales because

the concentration variance is much larger in the larger geometry.
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The “small” geometry (a) shows maxima of C-Cp of ~4-10 mol/m? in the “dense” regions and
minima of ~-1-102 mol/m3 in the “loose” regions, while the “large” geometry (b) exhibits maxima of
C-Cp 0f ~1.6-10 mol/m? in the “dense” regions and minima of ~4-102 mol/m3 in the “loose” regions,

with a range ~4 times wider than the “small” one.
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Figure 17: False color maps of the difference between local and bulk concentration over a cross section of
the computational domain for the (a) “small” and (b) “large” geometries at Sc=1.

Axial profiles of the “dense” and “loose” bulk concentrations for Sc=500 are reported in Figure
18. As remarked above, for this value of Sc, a very long computational domain, ~36,000d in extent,
was adopted since the concentration development length is proportionally larger. The price of some
loss of accuracy was paid since the number of finite volumes along the flow direction z was kept fixed
at 110 as in the case Sc=1 in order to limit the computational effort.

As in the previous case Sc=1, larger length scales yield larger differences between the bulk
concentrations of “dense” and “loose” regions. The 1% development length zgev,c is much larger than
in the Sc=1 case (~20,000d for both geometries), due to the larger Schmidt number. Note that the
graphs in Figure 16 and Figure 18 exhibit the same general trend but are not in similarity; the reason
is that, of the two terms at the right hand side of Egs. (30) and (31), the first expresses the “adiabatic”
increase in concentration due to scalar influx from the fibers and is independent of the Schmidt
number, while the second expresses the scalar flux from “dense” to “loose” regions (which, in the

hydrodynamically fully developed region, is purely diffusive) and thus depend on Sc.
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Figure 18: Bulk concentrations in the “dense” and the “loose” regions of the bundle as a function of the
dimensionless axial coordinate z/d at Sc=500 for the two geometries simulated.

Concentration maps for this case are similar to those in Figure 17 and are not reported here for

brevity.

A second possible definition of the mass transfer development length, say, zdev,sh, can be based
on the behavior of the Sherwood number. For example, Figure 19 reports Sherwood numbers as

functions of the dimensionless axial coordinate z/d for Re=10 and Sc=1.

In particular, Figure 19(a) shows the separate values of Sh in the “dense” (&=0.31) and “loose”
(e=0.69) regions in the “large” (4x4&6x6) geometry along with the corresponding mean Sh. The
dashed line represents the Sherwood number for an infinite regular square array at the same Sc and
the same mean porosity &=0.5. A first striking feature of this graph is that the Sherwood number is
much lower than that predicted for a regular fiber array in both the “dense” and the “loose” regions.
A second noteworthy feature is that the mean Sh is lower than those separately computed for both
regions. A third, somewhat expected, characteristic of the plot is that fully developed Sh values are
attained far downstream than in a regular array. In particular, zgev,sh (defined, for example, as the value
of z at which the Sherwood number approaches its asymptotic value within 1%) is ~2-3-d for the
regular array but ~100-200-d for the non-uniform geometry, with larger values in the “loose” regions.

In terms of the dimensionless variable z'=z/(dPe)=1/Gz (Gz being the Graetz number), Sh attains its
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fully developed value to within 1% at z°~0.10-0.15 for the regular array and z"~5-10 for the non-

uniform configuration.

Figure 19(b) compares axial profiles of the mean Sh for the “small” (2x2&3x3) and “large”
(4x4&6x6) geometries. As in the previous graph, the dashed line represents the Sherwood number in
an infinite square array at £&=0.5. The 1%-fully developed Sherwood number is attained at zgev,sn~200d
in the “large” geometry and Zdev,sh=100d in the “small” geometry, consistently with the values of the

development length derived above from concentration profiles for this Schmidt number.
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Figure 19: Sherwood numbers as functions of the dimensionless axial coordinate z/d for Re=10 and
Sc = 1. (a) Separate Sh in the “dense” (&=0.31) and “loose” (£=0.69) regions and mean Sh for the
“large” (4x4&6x%6) geometry; (b) mean Sh for the “small” (2x2&3x3) and “large” (4x4&6x6)
geometries. The dashed line reported in both graphs represents the Sherwood number for an
infinite regular square array at the mean porosity ¢=0.5.

Figure 20 reports Sherwood numbers as functions of the dimensionless axial coordinate z/d for
Re=10 and Sc = 500. As in Figure 19, graph (a) shows the separate values of Sh in the “dense”
(e=0.31) and “loose” (&=0.69) regions in the “large” (4x4&6x6) geometry along with the
corresponding mean Sh, while graph (b) compares the mean Sh for the “small” (2x2&3x3) and
“large” (4x4&6x6) geometries; the dashed line represents the Sherwood number for an infinite

regular square array at the mean porosity ¢=0.5 and the present Schmidt number of 500.

In comparison with the results for Sc=1 in Figure 19, the main difference is that all mass
transfer development lengths are now ~200 times larger, i.e. between 20,000 and 40,000 (an increase

lower than the 500-fold increase in the Schmidt number), so that the length of the computational
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domain (~36,000d) is barely sufficient to allow fully developed conditions to be achieved. Minor
differences regard the shape of the Sh-z curves, which are now more complex than in the case Sc=1,
probably due to the larger relative magnitude of advective scalar fluxes, associated with flow
redistribution between regions at different porosity, with respect to diffusive scalar fluxes.
Asymptotic Sh values, on the other hand, are the same as those predicted for Sc=1, consistently with
the fact that in parallel flow the Sherwood number does not depend on the Schmidt number. As in the
case Sc=1, the asymptotic overall, or mean, Sherwood number is smaller than either the “dense” or

“loose” Sh, and decreases as the length scale of the non-uniformity increases.
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Figure 20: Sherwood numbers as functions of the dimensionless axial coordinate z/d for Re=10 and
Sc = 500. (a) Separate Sh in the “dense” (&=0.31) and “loose” (£=0.69) regions and mean Sh for
the “large” (4x4&6x6) geometry; (b) mean Sh for the “small” (2x2&3x3) and “large” (4x4&6x6)
geometries. The dashed line reported in both graphs represents the Sherwood number for an
infinite regular square array at the mean porosity ¢=0.5.

Conclusions

The effects of a non-uniform porosity distribution on low-Reynolds number hydrodynamics
and mass transfer in a bundle of parallel fibers were investigated. To this purpose, a straight channel
in axial flow, made up of regions filled with regular arrays of identical cylindrical fibers of two
different porosities, was studied as the model system.

In a first stage, all interactions between “dense” and “loose” regions were neglected and fully
developed flow and concentration fields were assumed. Consistently with the model’s assumptions,
previously obtained computational results for the Darcy permeability and the shell-side Sherwood

number (based on the fiber diameter) in regular fiber arrays were assumed to hold in each region.
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Elementary computations, repeated for different values of the mean porosity ¢ and of the ratio
R of “loose” to “dense” porosity, showed that, within the non-uniform bundle, “loose” regions always
exhibit, as expected, a larger Darcy permeability then “dense” regions. The behavior of the “loose”
to “dense” Sherwood number ratio is more complex since its dependence upon the porosity in a
regular fiber array is non-monotonic and exhibits a maximum at some intermediate porosity which,
for square arrays and uniform wall mass flux conditions, is ~0.6.

More interesting is the behavior of overall Darcy permeability and Sherwood number,
computed for the bundle as a whole: the non-uniformity causes in all cases a significant increase of
the overall permeability and, almost in all cases, a very large decrease of the overall Sherwood number
with respect to a uniform bundle of the same mean porosity, the only exception being the case of a
slight non-uniformity (e.g., ratio of “loose” to “dense” porosities < 1.25) in conjunction with an
unrealistically large mean porosity (e.g. >0.9). This behavior, although somewhat surprising, is
consistent with previous findings by Lipscomb and co-workers (Bao and Lipscomb, 2002a) for
random fiber arrays, exhibiting a similar non-uniformity in the distribution of the porosity. It can be
intuitively explained by considering that most of the flow is diverted through the “loose” regions,
characterized by few fibers, while very little fluid flows through the “dense” regions, where most
fibers reside, causing poor overall mass transfer.

In a second stage, the model channel was assumed to be made of alternately “dense” and “loose”
regions, disposed in a checkerboard arrangement and each filled with a regular array of fibers (for
symmetry reasons, it was sufficient to consider a square cross section including only two “dense” and
two “loose” sub-regions). Fully three-dimensional CFD simulations were conducted by assuming
uniform velocity and concentration at the inlet (simultaneously developing flow and concentration
fields). The simulated length of the channel was large enough for fully developed flow and mass
transfer to be attained. Two different sizes of the “loose” and “dense” regions were considered, SO
that they included either 2x2 and 3x3 or 4x4 and 6x6 fibers, respectively. This approach allowed the
effects of the hydrodynamic interaction and mass transfer between regions at different porosity to be
assessed, also as a function of the length scale of the non-uniformity, and made the prediction of entry
effects possible.

In regard to hydrodynamics, the simulations showed that the flow rate distribution between
regions is somewhat intermediate between the uniform one expected in a regular array and the
strongly non-uniform one predicted for non-interacting regions, the flow non-uniformity increasing
(approaching that predicted for non-interacting regions) with the length scale of the geometrical non-
uniformity. The hydrodynamic entry length is 2-3 times larger than that predicted for a uniform
bundle (which is close to that expected in a circular pipe), but this increase seems to depend little on

29



688
689
690
691
692
693
694
695
696
697
698
699
700
701
702

703
704
705
706
707

708
709
710
711
712
713

714
715
716
717
718
719
720

the geometrical length scale of the non-uniformity.

Also in regard to mass transfer, the CFD results for interacting regions and developing flow
were consistent with those obtained for the hydrodynamic quantities, i.e. they were intermediate
between those expected in a uniform bundle and those predicted by the simpler model assuming non-
interacting regions and fully developed conditions. For “dense” and “loose” porosities of 0.69 and
0.31 (mean value &=0.5, ratio R~2.25,), the asymptotic (fully developed) overall Sherwood number
was ~25 times smaller than in a uniform array at &=0.5 for the smaller length scale (2x2 and 3x3
fibers), and ~100 times smaller for the larger one (4x4 and 6x6 fibers). This latter result is close to
that obtained for non-interacting regions. The mass transfer development length was ~100 times
larger than in a regular array (i.e., around a single fiber) for a Schmidt number of 1 and ~40 times
larger for a Schmidt number of 500 (representative of many solutes in water). In this latter case, for
a Reynolds number of 10 the mass transfer development length was of the order of 4-10* fiber
diameters, thus largely exceeding the physical length of any realistic device employing hollow fibers.
Also this large increase of the development length associated with bundle non-uniformity is consistent
with the findings of Lipscomb and co-workers for random fiber arrays (Bao et al., 1999).

All the quantitative assessments in this paper were based on the assumption of square arrays of
fibers. This configuration was chosen because it lends itself much more easily to build the “artificial”,
non-uniform, checkerboard geometry investigated in the second part of the study. However, the
qualitative results and their order of magnitude are not expected to change significantly if more
realistic hexagonal lattices or random fiber distributions are considered.

Similarly, through most of the paper the scalar transfer between the fibers and the working fluid
is understood to be mass transfer, i.e. to regard a solute, and is described in terms of Schmidt and
Sherwood numbers. However, the phenomenon studied can also be interpreted as a heat transfer
problem, and the above numbers can be interpreted as Prandtl and Nusselt numbers, thus making the

conclusions applicable (for example) to mini-heat exchangers and similar heat transfer devices.
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Nomenclature

A

T - =z - X =

Pe

R:
Re
Sc
Sh

<l

Zdev,C
Zdev,Sh

Zh,dev

total cross sectional area of a porous channel (m?)

concentration (mol m3)

scalar diffusivity (m? s?)

outer diameter of a fiber (m)

Graetz number based on fiber diameter, dPe/z (-)

mass flux at the wall (mol m2s)

axial Darcy permeability based on interstitial velocity (m?)

length along x and y directions (m)

number of fibers (-)

number of fibers on each side (-)

pitch (center-center distance between adjacent fibers) (m)

pressure (Pa)

Péclet number, Re-Sc (-)

flow rate (m®s™)

porosity ratio, al&i (-)

Reynolds number based on interstitial velocity and fiber diameter (-)
Schmidt number (-)

Sherwood number (-)

local velocity (m s™)

local velocity component along the axial direction z (m-s™)
Cartesian coordinates in cross section orthogonal to the fibers (m)
Cartesian coordinate along the axial direction (m)

dimensionless axial coordinate, z/(dPe) (m)

mass transfer development length based on concentration profiles (m)
mass transfer development length based on Sherwood number profiles (m)

hydraulic development length (m)

Greek symbols

&

generic or mean porosity (-)
dynamic viscosity (Pa s)

density (kg m=)
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Subscripts
b

bulk (mass flow averaged)

C critical
d “dense” (low porosity)
d-l from “dense” to “loose” regions
I “loose” (high-porosity)
min minimum
r region (i.e. “dense” or “loose”)
tot total
unif uniform
w wall
e porosity
0 inlet section
© fully developed value
Averages
- line average on fiber-fluid interface
() surface average on fluid cross sectional area (interstitial mean value)
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