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Novel spacers for mass transfer enhancement in membrane separations
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Abstract

The optimal flow pattern for mass transfer enhancement in spacer-filled channels is characterized by the coexistence of transversal and
longitudinal vortices in the flow close to the channel walls and minimal cross-flow power consumption in the middle of the channel. The
mass transfer enhancement of spacers with modified filaments, twisted tapes and multi-layer structures, which were expected to generate
these flow patterns, was investigated experimentally. The results indicate that the performance of spacers with modified filaments and twisted
tapes is generally worse while the performance of spacers with multi-layer structure is generally better than that of the optimal non-woven
net spacer. An optimal multi-layer spacer was designed with optimal non-woven nets in the outer layers and twisted tapes in the middle-layer.
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ts average Sherwood number is about 30% higher than the Sherwood number of the optimal non-woven spacer at the same cros
onsumption whereas the cross-flow power consumption is only about 40% of the consumption of the optimal non-woven spacer
herwood number. The Reynolds number based on the height of a spacer-filled channel varies from 40 to 500 in present study.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Different techniques of mass transfer enhancement are
pplied in membrane processes. In general, mass transfer
nhancement techniques can be classified either as passive,
hich require no direct application of external power, or as
ctive, which require external power such as electrical fields,
ltrasonic fields and etc. The common enhancement tech-
iques in membrane processes are given inTable 1. In some
pplications, two or more of the techniques may be utilized
imultaneously to produce an enhancement that is larger than
he individual techniques applied separately.

In membrane modules, woven and non-woven spacers are
ften used to enhance mass transfer. The performance of non-
oven feed spacers in terms of mass transfer enhancement
nd energy dissipation has been studied experimentally in

he past decades[4,12,13]. Since the late 90 s, computational
uid dynamics (CFD) has been used to investigate the flow
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phenomena in more depth in flat channels equipped
spacers[14–16].

In earlier papers of the present authors, the optimizati
non-woven spacers in terms of mass transfer (Sh) and cross
flow power consumption (Pn) has been studied by CFD sim
lations[14] and by experiments[17]. The optimal non-wove
spacer geometry was found. The performance of this op
non-woven spacer is used as a reference against whic
performance of new spacer geometries is evaluated.

The present study is focused on the development of n
feed spacers in membrane modules, which have a higher
transfer enhancement than the optimal non-woven sp
The optimization approach inShvs.Pnplots, which has bee
discussed earlier[14,17], is also used in present study. T
development of the novel spacer is carried out in the follow
three steps:

(1) Identify the optimal flow pattern for mass transfer
hancement.

(2) Identify spacer geometries and structures which gen
the optimal flow pattern.
376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2004.12.019



2 F. Li et al. / Journal of Membrane Science 253 (2005) 1–12

Table 1
Classification of common enhancement techniques

Passive techniques Active techniques

Spacers[1,2] Surface vibration[11]
Corrugated membrane surfaces[4,10] Flow vibration[5–7]
Swirling flow devices[3,8] Ultrasound field[9]

(3) Validate the performance of the novel optimal spacer by
experiments.

2. Flow patterns and spacer geometries

2.1. Coexistence of longitudinal and transversal vortices
in non-woven spacer-filled channels

Studies on heat transfer enhancement by obstacles in heat
exchangers are of interest for the investigation of mass trans-
fer enhancement by spacers in channels, because of the sim-
ilarity between mass and heat transfer. Many studies have
been published on heat transfer enhancement by obstacles
in channels of which a small selection[18–32] will be dis-
cussed below. Especially the relationship between obstacle
geometry, type of flow and heat transfer enhancement is of
interest.

Two well-known enhancement mechanisms of heat trans-
fer are: (1) flow separation caused by obstacles as ribs and
corrugations on the channel walls perpendicular to the flow
direction, followed by flow re-attachment and development
of laminar boundary layers downstream of the obstacle along

the wall; and (2) swirling flows consisting of rotating vortices.
Two types of swirling flows can be recognized: transversal
vortices with the axis perpendicular to the flow direction and
longitudinal vortices with the axis parallel to the flow direc-
tion as schematically shown inFig. 1. The above mechanisms
may occur simultaneously or consecutively in the same chan-
nel.

The performance of transversal vortices induced by ribs
and corrugations on heat transfer enhancement depends on
the flow hydrodynamics:

(1) When the Reynolds number based on the channel height
(Reh) is small (Reh < 100), Grosse-Gorgemann et al.[27]
have concluded that transverse ribs and corrugations, as
shown inFig. 1a, generate slowly rotating transversal
vortices, which lead to flow separation, re-attachment
and development of hydraulic and heat transfer bound-
ary layers, resulting in enhanced heat transfer, while the
vortices themselves do not contribute to heat transfer en-
hancement. This conclusion has also been substantiated
by the work of Fiebig[18] in which it is shown that heat
transfer enhancement by flow separation, reattachment
and boundary layer development is not efficient when
cross-flow power consumption is taken into considera-
tion.
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ig. 1. Swirling flow in flat channels: (a) transversal vortex in a channe
nduced by delta wings mounted on the flat walls (the upper wall is no
2) When the Reynolds number (Reh) is larger than abou
150 for the geometry shown inFig. 1a, a periodic Kar
man vortex street occurs. The flow is then unsteady
the heat transfer enhancement is mainly due to the
periodic exchange of flow between wall and the flow b
caused by vortex shedding. For very different geome

ound rods periodically positionedReh = 61; (b) longitudinal vortices atReh = 374
n for the reasons of clarity).
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Amon and Mikic[28] and Grosse-Gorgemann et al.[29]
have shown that periodic shedding of transversal vor-
tices in ribbed channels cause heat transfer coefficients
several times larger than those in an empty channel for
the same pumping power. The CFD study by Esfahani
[34] shows, that in a flat channel with a square rib at-
tached on one wall, a periodic flow field exists which
is two-dimensional in time and space up to a certain
Reynolds number (Reh ∼= 500). Beyond this Reynolds
number, three-dimensional disturbances are amplified
leading to the onset of turbulence.

It is concluded from the above discussions that heat trans-
fer enhancement by transversal vortices is most energy-
efficient in the Reynolds number range 150 <Reh < 500,
where vortex shedding occurs. Below this Reynolds range
there is no vortex shedding, while above this range turbulence
occurs with extremely high cross-flow power consumptions.

Longitudinal vortices can be generated by various types of
wings (seeFig. 1b), ribs as shown inFig. 2, and other geome-
tries such as spacers with appropriate geometric parameters.
Fiebig[18] observed that generation of longitudinal vortices
leads to the con-occurrence of transversal vortices. They in-
vestigated experimentally the joint influence of longitudinal
and transversal vortices on heat transfer enhancement in flows
generated by a pair of ribs according toFig. 2, of which the
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Fig. 3. Geometric characterization of a commercial non-woven spacer.

(3) The optimal non-woven spacer withα = 30◦, β = 120◦,
l/h= 4 (Reh = 122) inFig. 6.

The velocity components were calculated in plane(s) as
sketched schematically inFigs. 4a, 5a and 6aand shown in
the velocity plots inFigs. 4b, 4c, 5b, 6b and 6c. The following
velocities were chosen:

• Velocities in plane 1, which is perpendicular to the channel
wall and parallel to the mean flow direction. When a local
velocity pattern indicating a rotating liquid mass can be
seen in the vector plot, a transversal vortex is present there.

• Velocities in plane 2, which is perpendicular to the channel
wall and the mean flow direction. When a local velocity
pattern indicating a rotating liquid mass can be seen in the
vector plot, a longitudinal vortex is present there.

Three longitudinal vortices are present in the spacer shown
in Fig. 4. The spacer inFig. 5 exhibits only one transversal
vortex. For that reason only the velocity vector plot in a plane
perpendicular to the mean flow direction is shown. The coex-
istence of one longitudinal and two transversal vortices in the
optimal spacer is obvious inFig. 6. In the previous publica-
tions by the authors[14,17]it was shown that the latter spacer
is indeed optimal, confirming the observations of Fiebig[18]
for larger Reynolds numbers.
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ow attack angle (θ) can be changed. By pivoting the r
o θ = 90◦, they are transversal vortex generators. Their w
hows that forθ < 60◦, the flow is dominated by longitudin
ortices, while forθ > 70◦, the flow is dominated by transve
al vortices. Optimal heat transfer enhancement was no
∼= 65◦. This suggests that an optimal flow pattern is c
cterized by the coexistence of longitudinal and transv
ortices. Although Fiebig[18] carried out their studies in th
eynolds range 500 <Reh < 4000, which is outside the ran
f the present paper, it is believed that these results c
xtrapolated to the range 100 <Reh < 500.

In order to demonstrate the applicability of the above
ults of Fiebig[18] to non-woven spacers, CFD velocity c
ulations were carried out for three non-woven space
metries. The geometric parameters (α, β andl/h) character

zing the non-woven spacer geometry are illustrated inFig. 3.
he optimal non-woven spacer has the geometric param
= 30◦, β = 120◦, l/h= 4 [14,17]. The three spacers are:

1) The non-woven spacer withα = 60◦, β = 60◦, l/h= 4
(Reh = 296) inFig. 4;

2) The non-woven-spacer withα = 0◦, β = 90◦, l/h= 4
(Reh = 188) inFig. 5.

ig. 2. A pair of ribs mounted on flat wall with adjustable flow attack an
.2. The optimal flow pattern for mass transfer
nhancement in spacer-filled flat channels

Not only the coexistence of longitudinal and transve
ortices is essential, but also the spatial distribution of
ortices in a spacer is of great importance for the opt
pacer performance.Figs. 4–6show that the vortices in no
oven spacers occur mainly in the bulk of the flow. Since

esistance against mass transfer from the bulk of the flo
he wall of the channel is situated in the immediate vici
f the wall, mass transfer enhancement in the bulk of the
an not be energy-effective. The obvious conclusion is
ortices should be generated close to the channel wall.
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Fig. 4. Vector plots for a non-woven spacer withα = 60◦, β = 60◦, l/h= 4 (Reh = 296): (a) the position of the planes 1 and 2; (b) the vector plot of velocities in
plane 1; (c) the vector plot of velocities in plane 2.

From the above deliberations, it can be concluded that the
optimal flow pattern in terms of mass transfer enhancement
and cross-flow power consumption should have the following
characteristics:

(1) Coexistence of longitudinal and transversal vortices in
the flow close to the channel walls.

(2) Minimal cross-flow power consumption in the middle of
the flow channel.

Fig. 5. Vector plot for a non-woven spacer withα = 0◦, β = 90◦, l/h= 4 (Reh = 188): (a) the position of plane 1; (b) the vector plot of velocities in plane 1.
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Fig. 6. Vector plots for the non-woven spacer withα = 30◦, β = 120◦, l/h= 4 (Reh = 122): (a) the position of the planes 1 and 2; (b) the vector plot of velocities
in plane 1; (c) the vector plot of velocities in plane 2.

One way to bring the vortices closer to the wall would
be to fix non-woven spacers with small filament diameters
on the walls of the channel, thereby leaving the major part
of the cross section of the channel open for the bulk of
the flow. This idea is checked experimentally by compar-
ing the performance of the usual non-woven spacer with
filament diametersd=h/2 with that of a non-woven spacer
with smaller diametersd=h/12. The latter, thinner, spacer
is placed on the top and bottom walls of the flat chan-
nel, leaving the middle part of the channel open.Fig. 7
shows the poorer performance of the thinner spacer at low
Reynolds (and power) numbers. A plausible explanation is
that the flow phenomena near the spacer filaments are gov-
erned by the local Reynolds numbers, which are dependent
on the filament diameter. Since the local Reynolds num-
bers for the thinner spacer are much smaller than those
for the usual spacer, the mass transfer enhancing mecha-
nisms described in Section2.1occur at larger superficial ve-
locities and cross-flow power consumptions in the thinner
spacer.

Fig. 7. Comparison of the experimental results obtained with the usual non-
woven spacer withd=h/2 and a thinner non-woven spacer withd=h/12.
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The above considerations and experimental investigation
indicate that, in order to create the required mix of longitudi-
nal and transversal vortices close to the wall and to minimize
the cross-flow power consumption in the middle of the chan-
nel, appropriate spacers have to be developed.

2.3. Spacer geometries to be investigated

The performance of the following spacer geometries was
investigated:

(1) Spacers with modified filaments as shown inFig. 8 (1).
The modified filament has a helical bar winding around
the cylindrical filament. It is expected that this helical
winding generates longitudinal vortices close to wall,
which effectively enhances mass transfer. In addition to
the geometric parameters for non-woven spacers shown

Table 2
Geometric parameters of the MF and TT spacers

No. h (mm) l/h α (◦) β (◦) n D/h Di/h Do/h t/h

MF 4 4 45 90 2 – 0.34 0.50 0.13
TT 4 4 45 90 1 0.5 – – 0.13

in Fig. 3, the following geometric parameters are re-
quired: the 360◦ twist pitch (w), the thickness of helical
rods (t), the inner diameter (Di) and the outer diameter
(Do). These parameters are made dimensionless by divi-
sion byh. The ratio ofw/h is also referred to as the twist
ratio (n). All geometric parameters are shown inTable 2.

(2) Twisted tapes as shown inFig. 8(2). Twisted tapes have
been extensively used in heat transfer enhancements[30].
In those applications, the twisted tape inserts in heat ex-
changers parallel to the main flow direction are used to
generate swirling flow. Investigations of the performance
Fig. 8. Geometric configur
ation of novel spacers.
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Table 3
Geometric parameters of multi-layer spacers

No. Layers Type hi
a (mm) hi /ha l i /hi

a α (◦) β (◦) D/hi
a t/hi

a n

MLNF1 Top Non-woven 1 0.17 4.0 30 120 0.5 – –
Middle Non-woven 4 0.66 4.0 30 120 0.5 – –
Bottom Non-woven 1 0.17 4.0 30 120 0.5 – –

MLNF2 Top Non-woven 1 0.17 4.0 45 90 0.5 – –
Middle Non-woven 4 0.66 4.0 45 90 0.5 – –
Bottom Non-woven 1 0.17 4.0 45 90 0.5 – –

MLTT1 Top Non-woven 1 0.17 4.0 45 90 0.5 – –
Middle Twisted plates 4 0.66 4.0 45 90 0.5 0.13 1
Bottom Non-woven 1 0.17 4.0 45 90 0.5 – –

a the subscript i represents either t (for the top layer), m (for the middle layer) or b (for the bottom layer) where appropriate.

of twisted tapes in viscous process fluids have shown
that the relative heat transfer enhancements in laminar
flow region are substantially greater than that in turbu-
lent flows[30–32]. One may expect a similar behavior
in the area of mass transfer. In addition to the geometric
parameters shown inFig. 3, the dimensionless parame-
ters for geometric characterization are required: the twist
ratio (n) and the thickness of twisted tapes (t). All geo-
metric parameters are listed inTable 2.

(3) The performance of spacers with multi-layer structures
is investigated with the spacers shown inFig. 8(3) and
(4). These multi-layer spacers have three distinct layers.
The layers close to the channel walls generate swirling
flows, and the middle layer diverts the flow from bulk to
the channel walls. The geometric parameters needed for
characterization of multi-layer structures are the height
of each layer (ht for the top layer,hm for the middle
layer, andhb for the bottom layer) as shown inFig. 8
(3) andFig. 8(4) leading to the dimensionless parameter
ht/h, hm/h, andhb/h, the usual geometric parameters for
non-woven spacers (α, β, lt/ht, lm/hm, lb/hb), and the ad-
ditional geometric parameters for twisted tapes in case
they are adopted in the multi-layer spacers. All geometric
parameters are shown inTable 3.
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ysis as shown by the authors in a previous paper[14]. The
results are summarized by Eq.(1):

Sh = F (Pn, Sc, λ1 . . . λm) (1)

The m dimensionless geometric parameters are indicated
by λ1. . .λm. The physical quantities in Eq.(1) are defined
below.

The local mass transfer coefficient is defined as:

k ≡ 1

Cb − Cw

(
−D

∂C

∂y

)
wall

(2)

The mass transfer coefficient averaged over the area of
both channel walls is:

km = 1

A

∫
A

k dA (3)

The (average) Sherwood number is then:

Sh ≡ kmh

D
(4)

Furthermore the Schmidt number is:Sc ≡ µ/ρD and the
power number is:Pn = SPCρ2h4/µ3, with the cross flow
power consumption per unit volume of spacer-filled channel:
SPC≡ ∆Puwh/Lwh = ∆Pu/L.
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The first two spacer geometries with modified filame
nd tapes are derived from the non-woven net spacer
ussed earlier. Since they do not necessarily satisfy th
erion of minimal power consumption in the middle of
hannel, a novel inhomogeneous spacer is studied hav
iddle layer.
The reader is referred to earlier publications of the

hors [14,17] for a more detailed discussion on the use
imensionless geometric parameters.

. Numerical and experimental studies

.1. Summary of the theory

Mass transfer and cross-flow power consumption in
etrically similar spacers is described by dimensional a
pacer geometry is based on the comparison of two pa
ters: the consumption of cross-flow mechanical (pump
ower per unit volume of spacer SPC and the product of

ransfer coefficient and mass transfer area (wall or memb
rea) per unit volume of spacerSKA. Spacers with a high
KA per SPC are more efficient. In order to facilitate
omparison, the parameters SKA and SPC are incorpo
n the dimensionless Sherwood numbersShand power num
ersPn, respectively:Sh ≡ kmh/D = kmLwh2/LwhD =
KA h2/D andPn = SPCρ2h4/µ3.

The performance of a spacer is characterized by its
ion in aShversusPnplot.

.2. CFD simulation

Flow patterns and mass transfer in spacers are calcu
y the commercial CFD package CFX-4. An overview
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Fig. 9. The TT spacer manufactured by SLS technology.

the models and calculation procedures has been given in an
earlier paper of the present authors[14].

3.3. The manufacturing technique of spacers

The novel spacers used for the experimental investigations
were manufactured with the Selective Laser Sintering (SLS)
technology. For detailed information about this technology,
the reader is referred to the literature[33]. An important step
is the preparation of the 3D CAD model of the spacer, which is
then used to control the SLS machine.Fig. 9shows the spacer
with twisted tapes manufactured with SLS technology.

3.4. Experimental

The limiting current method is used to obtain the mass
transfer coefficients on the walls of spacer-filled channels. All
experiments are conducted at 20± 0.2◦C and the Schmidt
number isSc= 1.28× 103. For detailed information of the
method and the set-up used in the study, the reader is referred
to the previous paper of the present authors[17].

4. Results and discussions

4
t
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T ed
l ured.
T with
c . See
f X-4
s r-
i enta
r

f e

Fig. 10. Comparison of the MF spacer, TT spacer and optimal non-woven
spacer.

both dominated by longitudinal vortices in the middle of the
channel, which do not contribute to spacer performance. It is
hardly surprising that the MF and TT spacers are inferior to
the optimal non-woven spacer.

4.2. Spacers with multi-layer structures

Since the geometries of multi-layer spacers are even
more complicated than those of the MF and TT spacers
(seeFig. 8) mass transfer simulations in these spacers by
CFD can not be reliable. Therefore, there was no point in
carrying out the extremely time-consuming generation of
numerical grids for the computational domain. Only exper-
iments were used to study the performance of multi-layer
spacers.

Three multi-layer spacers were investigated experimen-
tally:

• the MLNF1 spacer having the same geometric parameters
(α = 30◦, β = 120◦ andl i /hi = 4) as the optimal non-woven
spacer,

• the MLFN 2 spacer with the sub-optimal non-woven spacer
geometry (α = 45◦, β = 90◦ andl i /hi = 4), and

• the MLTT1 spacer with a middle layer consisting of twisted
tapes.

a
pre-

s al
n e re-
s -
s

the
o bet-
t f the
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i the
.1. Spacers with modified filaments (MF) and twisted
apes (TT)

The spacers with modified filaments MF and twisted ta
T are compared inFig. 10. The CFD simulations (dash

ines) predict a higher performance than actually meas
he explanation is that CFD simulations for spacers
omplicated geometries lead to numerical inaccuracies
or a more detailed analysis of calculation errors in the CF
oftware the doctoral thesis of Li[35]. Therefore, the compa

son between the MF and TT spacers is based on experim
esults only.

The flow patterns in the velocity vector plots inFig. 11
or the MF spacer and inFig. 12 for the TT1 spacer ar
l

Full details of the spacer geometries are shown inFig. 8
ndTable 3.

The performance of the three multi-layer spacers is
ented inFig. 13 and compared with that of the optim
on-woven spacer. For a better understanding of th
ults, also the power consumptions inFig. 14should be con
ulted.

The figure shows clearly that the MLNF1 spacer with
ptimal non-woven spacer geometry does not perform

er than the MLFN 2 spacer. This is a consequence o
igher power consumption in the MLFN1 spacer, as sh

n Fig. 14. But it is also clear that the performance of
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Fig. 11. Longitudinal vortices in a flat channel filled with MF spacer atReh = 371: (a) the position of plane 1; (b) the vector plot of velocities in plane 1. (The
position of the filament cross-section is indicated by ovals in this figure.)

MLNF1 and MLNF2 spacers is only slightly better than the
optimal non-woven spacer. The salient role of the middle
layer in improving the performance of multi-layer spacers
can be deducted from the comparison of the MLNF1 and

MLNF2 spacers with the better performing MLTT1 spacer.
The superior performance of MLTT1 spacer results mainly
from the lower power dissipation in the twisted tapes situated
in the middle layer.

F 321: ( (The
p

ig. 12. Longitudinal vortices in the channel filled with TT spacer atReh =

osition of the filament cross-section is indicated by the rectangles in this fig
a) the position of plane 1; (b) the vector plot of velocities in plane 1.

ure.)
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Table 4
Geometric parameters of the optimal multi-layer spacer

Type hi
a (mm) hi /ha l i /hi

a α (◦) β (◦) D/hi
a t/hi

a n

Top layer Non-woven 1 0.17 4.0 30 120 0.5 – –
Middle layer Twisted plates 4 0.66 4.0 30 120 0.5 0.13 1
Bottom layer Non-woven 1 0.17 4.0 30 120 0.5 – –

a the subscript i represents either t (for the top layer), m (for the middle layer) or b (for the bottom layer) where appropriate.

Fig. 13. Comparison of multi-layer spacers.

4.3. The optimal high performance spacer with
multi-layer structure

The MLTT1 spacer is further optimized by modifying the
geometrical parameters of the two non-woven layers from
α = 45◦, β = 90◦, l i /hi = 4 intoα = 30◦, β = 120◦, l i /hi = 4, i.e.
the geometrical parameters of the optimal non-woven spacer,
as shown inTable 4.

The performance of this spacer is presented inFig. 13.
Comparison of this spacer with the optimal non-woven spacer
and the multi-layer spacers discussed earlier indicates that the

s.

performance of this multi-layer spacer is very promising. Its
average Sherwood number is about 30% higher than that of
the optimal non-woven spacer at the same cross-flow power
consumption whereas the cross-flow power consumption is
only about 40% of the optimal non-woven spacer at the same
average Sherwood number.

It can be seen from the plot ofPn versusRe in Fig. 14
that the measurements have been executed in the Reynolds
number range 40–500.

It should be pointed out here that, due to the limited num-
ber of multi-layer spacers studied in this research, the pos-
sibility can not be ruled out that a more efficient multi-layer
spacer can be identified by varying its geometrical param-
eters. However, the present optimal multi-layer spacer ap-
peared to be already so promising that a patent application
has been filed[36].

5. Conclusions

CFD simulations of the mass transfer in spacers with in-
tricate geometries as modified filaments, twisted tapes and
multi-layer structures are unreliable. In this study the com-
parison of mass transfer in spacer-filled channels has been
based purely on experiments.
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Fig. 14. Relation between Power numbers and Reynolds number
The optimal flow pattern in spacer-filled channels is c
cterized by the coexistence of transversal and longitu
ortices.

The performance of both modified filaments and twi
apes is inferior to the optimal non-woven spacer.

The performance of multi-layer spacers is equal or s
ior to that of the optimal non-woven spacer. The spacers
twisted tape middle-layer are most effective.
Finally, the novel optimal multi-layer spacer with optim

on-woven nets in the outer layers and twisted tapes i
iddle-layer is identified as the best performing space

verage Sherwood number is about 30% higher than th
he optimal non-woven spacer at the same cross-flow p
onsumption whereas the cross-flow power consumpti
nly about 40% of the optimal non-woven spacer at the s
verage Sherwood number.
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Nomenclature

A total area of both channel walls (m2)
Cb bulk concentration (M)
Cw concentration at channel wall surfaces (M)
d filament diameter
D liquid diffusivity (m2/s)
h channel height (m)
ht thickness of the top layer in the multi-layer

spacer (m)
hm thickness of the middle layer in the multi-layer

spacer (m)
hb thickness of the bottom layer in the multi-layer

spacer (m)
k local mass transfer coefficient (m/s)
km average mass transfer coefficient (m/s)
l filament spacing (m)
l1 filament spacing (m)
l2 filament spacing (m)
lt filament spacing of the top layer in the multi-

layer spacer (m)
lm filament spacing of the middle layer in the

multi-layer spacer (m)
lb filament spacing of the bottom layer in the

multi-layer spacer (m)
L length of spacer-filled channel (m)

Pn power numberPn = SPCρ2h4

µ3

Reh the Reynolds numberReh ≡ ρuh
µ

Sc Schmidt numberSc ≡ µ
ρD

Sh Sherwood number averaged over both channel
wallsSh ≡ kmh

D
SKA product of average mass transfer coefficient

and wall area per unit volume of spacer,
SKA ≡ kmLw

Lwh
SPC specific power consumption in the channel,

SPC≡ ∆P u w h
L w h

= ∆p
L

u

u superficial velocity in the channel (m/s)
w channel width (m)

Greek letters
� flow attack angle
β angle between crossing filaments
λ geometric parameter
µ dynamic viscosity of the solution (Pas)
ρ density of the solution (kg/m3)
∆P pressure difference over the channel (Pa)
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