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ABSTRACT

Key parameters in the design of spiral wound elements are the geometrical characteristics of
net-type spacers at the feed-flow channels, which greatly influence the transport phenomena
therein and the overall operation of these modules. Recent results from a comprehensive theo-
retical and experimental study, on the flow characteristics and mass transfer in narrow channels
with spacers, summarized in this paper, provide basic information that enables optimization
of spacer characteristics. The new results include correlations of pressure drop and of average
mass transfer rates to the wall as well as distributions of local shear stress and mass transfer, as
a function of Reynolds and Schmidt number and of spacer geometry. An assessment of spacers,
based on the above results, indicate trends, regarding geometric parameter values, leading to
improved membrane element performance. Numerical results are also presented of an example,
involving a single element in a RO seawater desalination plant, which demonstrate the applica-
bility of the proposed new expressions for optimizing spacer and system performance. Finally,
it is argued that an “optimum” spacer geometry depends on the kind of membrane operation
(RO, NF, UF) employed to treat feed water of specific characteristics, which implies that most
likely there exists no single spacer geometry with universally optimum performance.

Keywords: Spiral wound membrane elements; Spacers; Pressure drop; Shear stresses; Mass
transfer coefficients; Optimization of performance

1. Introduction of concentration polarization and of membrane fouling
and scaling. However, they also contribute to increased
pressure drop and energy expenditure, and possibly
to the creation of limited- (or dead-) flow zones if not
properly designed. Therefore, the spacer geometrical
characteristics are the key design variables in the typi-
cal optimization problem emerging due to the afore-
mentioned opposite trends, associated with the flow
in the narrow feed channels. Indeed, the spacer geo-
metrical parameters as well as the flow rate essentially
determine the transport phenomena (momentum and
mass transfer) within the complicated geometry of the
*Corresponding author. narrow feed channels.

Spiral wound membrane (SWM) modules are pre-
dominantly used in advanced processes for water
desalination and treatment of various effluents. This
kind of module is equipped with a net-type polymeric
material (spacer), placed in-between neighboring mem-
brane leaves, to create the necessary space for feed
water flow. Spacers tend to promote the development
of turbulence and to increase the wall shear stresses
that lead to reduction of the undesirable phenomena
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This paper is part of a comprehensive study aimed
at obtaining an improved understanding of transport
phenomena in SWM elements, and at optimizing spacer
design by identifying geometries associated with suffi-
ciently high mass transport coefficients at relatively low
pressure drop. The spacers considered in this study con-
sist of two arrays of parallel unwoven thin cylindrical
filaments (in contact with each other), which intersect at
a certain angle, B, and are in contact with both channel
walls which represent the membranes. This geometry
closely resembles currently used commercial spacers
within the feed-side SWM channels. The flow field and
mass transfer in such complicated narrow passages is
influenced by physical and geometrical parameters such
as the Reynolds and Schmidt numbers, cylindrical fila-
ment diameter D, distance between the filaments L, their
intersection angle B, and the angle of flow orientation o.

There is a significant amount of theoretical and
experimental work in the literature, dealing with the
study and optimization of spacer geometrical character-
istics. Studies relevant to the present paper include that
of Li et al. [1], who investigated flow characteristics and
mass transfer in spacer-filled channels, by performing
3D simulations. Spatially periodic boundary conditions
were imposed which allowed the study of the aforemen-
tioned phenomena in a spacer unit cell. The influence
of spacer geometry on pressure drop and mass transfer
was studied and some optimum geometries were sug-
gested. These results, for which no information about
the time and spatial discretization was provided, were
compared with experimental data, and good agree-
ment was reported [2,3]. Da Costa et al. [4-6] performed
experiments with commercial and laboratory-made
spacers to obtain data on pressure drop and flux [4-6], as
well as mass transfer coefficients, using UF membranes
[4,5]. Working with idealized geometries comprised of
a set of parallel filaments, as well as with a variety of
commercial spacers, Da Costa and Fane [6] showed that
filaments attached to the membrane and transverse to
the mean flow (the ladder-type spacer) are more effec-
tive in reducing concentration polarization and more
economically attractive than filaments aligned with the
flow. They also suggested that an optimum mesh length
exists.

This paper is based on the results of a comprehensive
study aiming to compliment and significantly extend
the aforementioned as well as other works in the litera-
ture. Specifically, the study includes 2-D [7] and 3-D [8]
direct numerical simulations of the fluid flow, as well as
3-D simulations of the mass transfer [9], in the above
described narrow channels, by considering spacers in a
rather broad geometrical parameter space. In conjunc-
tion with the numerical studies a significant amount of
measurements were obtained of pressure drop [8] and

of space-averaged mass transfer coefficients [9], in a spe-
cially made experimental set-up, for comparison with
the theoretical predictions. The new data from numeri-
cal simulations and experiments on pressure drop, wall
shear stresses and mass transfer coefficients, in the form
of generalized correlations for various spacer geome-
tries, provide the basis for optimizing spacer geometrical
characteristics and the performance of SWM elements.
Numerical and experimental techniques, used in this
study, are outlined first and the main results are summa-
rized later. Regarding optimization of spacer geometri-
cal parameters, general considerations are discussed
and trends are identified for optimum membrane mod-
ule performance, on the basis of the new results. Finally,
an example is provided demonstrating the applicability
of the new results to spacer and performance optimiza-
tion of a RO element.

2. Numerical simulations

The flow geometry considered is a close approxi-
mation of the narrow channels with spacers which are
formed in spiral wound elements at the concentrate
side. It consists of a flat narrow channel in which a net is
placed, comprised of two layers of non-woven straight
cylindrical filaments of diameter D. The filaments of each
layer are parallel and equidistant, whereas the two layers
have different orientation and intersect at a certain angle,
B. The channel height (H) is twice the cylinder diameter
(H=2D). In Figure 1, a top view of the spacer is pro-
vided. The geometrical characteristics of a spacer include
the ratio of the distance between parallel filaments to the
filament diameter (L/D), the angle between the crossing
filaments B, and the flow attack angle o.

It is considered that fluid flow development exhib-
its a periodicity in each cell, which is formed by four
neighboring cylindrical filaments (indicated as ABCD
in Figure 1); therefore, the flow is studied in a unit cell

Direction of
the mean flow

Fig. 1. The geometrical characteristics of net-type spacers;
top view.
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Fig. 2. The geometry of the 3D-simulations of the flow filed
and mass transfer.
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Fig. 3. The shaded area depicts the geometrical parameter
space of commonly employed RO membrane feed spac-
ers. Squares represent previous theoretical studies [1] in
the literature for oo = 90°. Circles represent the geometrical
parameters considered in this work.

(a parallelepiped), that includes half of each of the four
cylinders, in which periodic boundary conditions are
applied (Figure 2).

In commercial spacers the ratio L/D usually varies
between 7 and 9, while the angles o and 3 are in the
range of 0° to 90° and 60° to 120°, respectively [4-6,
10-13]. It should be pointed out that if the mean flow
is not symmetrically oriented with regard to the spacer

Table 1

configuration (i.e. if o is not 90°) an asymmetry between
the two channel surfaces exists, regarding the flow and
mass transfer characteristics. This asymmetry may
lead to different concentration polarization and fouling
behavior for the two membrane surfaces comprising the
flow channel, which is not desirable. For this reason, in
all the flow field simulations, presented in a previous
paper [8], as well as in mass transfer simulations [9],
the orientation of the spacer is taken to be symmetric
with regard to the main flow direction, so that o = 90°.
The geometrical parameter space of flow simulations is
depicted in Figure 3. Existing results from previous the-
oretical studies in the literature for oo = 90° are marked
in the same figure. Apart from these numerical studies,
there are also some experimental studies in the literature
for oo = 90° [2-6,10,12], some of which are referred to in
the Introduction. As shown in Figure 3, the flow field
simulations of the present study, including additional
cases at L/D = 10 (with B = 90°, 105°, 120°) not reported
in a previous paper [8], do not repeat the results of pre-
vious theoretical studies but significantly extend them.
It should also be noted that in this work the angle f is
taken equal to or larger than 90°. This is because when
the filament orientation tends to become parallel to the
mean flow direction, inferior mass transfer performance
is obtained, namely lower mass transfer coefficients for
the same Reynolds and Schmidt numbers, as suggested
by several previous experimental [4,12] and theoreti-
cal studies [1]. In Table 1, all the simulations concern-
ing the flow field and mass transfer are listed, with the
corresponding geometrical characteristics of spacer
configurations.

Flow and mass transport are governed by Navier-
Stokes, continuity and mass transfer equations, assum-
ing that the fluid is Newtonian and incompressible.

9 V= VP + v (1a)
ot Re

V=0 (1b)
aC 1

9= L uvC=—V2C 1
ot " Pe (1c)

Geometrical parameters of the flow and mass transfer simulations.

Flow field simulations

Mass transfer simulations

B =90° B =105° B =120° B =90° B =120°
L/D=6 Case study 1 Case study 5 Case study 9 Case study 13 Case study 15
L/D=38 Case study 2 Case study 6 Case study 10 Case study 14
L/D=10 Case study 3 Case study 7 Case study 11
L/D=12 Case study 4 Case study 8 Case study 12
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It is emphasized that the results in this study are
obtained through a direct numerical simulation (DNS)
involving equations (1a) to (1c), without the introduc-
tion of any approximation for turbulence modeling.
A commercial CFD code (FLUENT, v. 6.2.16) is used,
which employs the finite-volume method. In each simu-
lation the governing equations are integrated in time by
imposing a constant mean-pressure gradient until the
flow and the concentration reach a statistically steady
state.

The channel walls are considered to be impermeable
because the RO permeation velocities are much smaller
than the feed flow velocities, justifying this assumption.
However, it should be pointed out that this assumption
may be satisfactory for the fluid flow simulations, but
not necessarily for the mass transfer problem; thus in
future simulations, permeation needs to be considered
in order to assess its significance. Consequently, the
boundary conditions are the no-slip and no-penetration
conditions on the channel surfaces and similarly on the
space filament surfaces. In addition, for the mass transfer
simulations, channel walls are assumed to be of uniform
wall concentration, C . As mentioned before, flow and
mass transfer are assumed to be periodic in each unit
cell indicated in Figure 1. More details regarding the
periodic fluid flow and mass transfer simulations are
provided elsewhere [8,9].

The physical parameters of the fluid flow and
mass transport in spacer filled channels, are the Reyn-
olds, Schmidt and Sherwood numbers defined here as
follows.

Re:u'D, Sc =
v

Sl
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where
U : mean superficial velocity in the channel [m/s]
D spacer filament diameter [m]

v : water kinematic viscosity [m?/s]

D salt diffusivity [m?/s]

k mass transfer coefficient [m/s]

Under typical conditions in spiral wound mem-
brane elements, the velocity in the channels created by
two adjacent membrane leaves and separated by the
spacer does not exceed 0.4 m/s and the allowable pres-
sure drop, recommended by manufacturers, should not
exceed 0.6 bar/m [14]. Therefore, the Reynolds num-
ber, defined on the basis of the superficial velocity and
the spacer filament diameter, is less than 200. Typical
Schmidt numbers for brackish and sea water are of the
order 10°. In this series of mass transfer simulations, the
Schmidt number values varied from 1 to 100; limitations
associated with available computer power did not allow
calculations at higher Sc. More specifically, at such large
Schmidt numbers, the concentration boundary layers
at the channel walls are very thin, necessitating a very
fine grid which leads to significantly increased compu-
tational load. The latter exceeds our computer hardware
capabilities.

3. Experimental

A schematic diagram of the experimental set-up is
shown in Figure 4; this set-up, with appropriate adapta-
tions, was used for both mass transfer and pressure drop
measurements. A test section in the form of a flat narrow
channel with impermeable walls has been constructed,
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Fig. 4. A schematic diagram of the experimental set-up, for mass transfer measurements.
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bearing features such as adjustable gap for precisely fit-
ting the spacers and the specially fabricated electrodes
for mass transfer measurements. The test channel is
comprised of two thick Plexiglass plates on which spe-
cial features for smooth flow entry and exit, as well as for
flow development, have been machined. The free-flow
length and width in the channel are 40 cm and 14.5 cm,
respectively. In order to have a pulse-free flow, the feed
vessel is elevated relative to the channel to provide the
desired hydrostatic pressure. The fluid is collected in a
second vessel after passing through the test section and
is pumped back to the feed vessel.

For measuring mass transfer coefficients, a well-
known electrochemical technique was used which was
developed by Hanratty and collaborators [15]. This
method also known as polarization technique is based
on an electrochemical reaction which is controlled by
the rate of mass transfer (through diffusion) to a suffi-
ciently small electrode (cathode), embedded on a solid
surface, over which convective flow exists. This non-in-
vasive technique has been widely used for mass transfer
and shear stress determination in single-phase flows in
tubes [16] as well as for mass transfer studies in single
and two-phase flows in complicated geometries such as
packed beds [17,18]. The anode of the electrochemical
system is a 2-inch stainless steel tube which connects
the feed vessel with the test section, while the cathode
is a circular disc, 40 mm in diameter made of bronze. It
is flush-mounted with the upper channel wall and its
surface is gold plated. The surface of the gold-plated
cathode covers an adequate number of specially made
spacer cells, which (depending on the spacer geometry)
vary between 8 and 33. In the case of a common com-
mercial spacer the number of spacer cells covered by
the cathode is in excess of 140. More details about this
technique, as implemented in this study, are provided
elsewhere [9].

Polyethylene filaments of diameter 1 mm were glued
together to create a variety of nine spacer patterns with
characteristics similar to those of the flow field [8] and
mass transfer simulation studies [9] carried out in this
laboratory. Additional measurements were taken with
a common commercial spacer, employed in Osmonics
(AG4025T) elements, and characterized by angle § = 90°
(square cell) and L/D ~ 10.

4. Results and discussion
4.1. Pressure drop

Pressure drop, which is related to the energy expen-
diture in membrane operations, has been computed and
found to depend both on the ratio L/D and the angle
B between spacer filaments. More specifically, pressure
drop tends to decrease with increasing ratio L/D as the
resistance to flow tends to be smaller for the less dense
spacers (corresponding to greater channel void fraction
€). In addition, pressure drop increases with increasing
angle B; this trend may be attributed to increased drag
forces on the filaments as the angle B3 increases ( towards
B ~180°) and the angle of attack of the main flow tends
to be normal to the filaments (as indicated in Fig. 1). For
geometries which differ in both the ratio L/D and angle
B, pressure drop is found to be larger for the geometry
with the smaller ratio L/D, i.e. for the more dense spac-
ers. In Figure 5 the dimensionless pressure drop, defined
as <A—P> _AP D , isshown as a function of Reynolds

AL/ AL U?%
number for the geometries of interest; in Table 2, the
corresponding pressure drop correlations are presented.
The theoretical predictions of pressure drop were
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Fig. 5. Calculated dimensionless pressure drop as a func-
tion of Reynolds number for the geometries considered.
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Table 2

Correlations between pressure drop and Reynolds number, from results of simulations.
B =90°

L/D=6 — AP/AL = 2.3 Re™*3!

L/D=8 — AP/AL = 0.8 Re™ %V

L/D=12 — AP/AL = 1.5 Re %

— AP/AL =09 Re
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compared with experimental measurements performed
in this work, as well as with experimental and theoreti-
cal results from the literature, and good agreement was
observed [8].

4.2. Local wall shear stresses and mass transfer coefficients

The results of the numerical simulations reveal the
influence of spacer geometry on Sh number distribu-
tions. As shown in Figure 6 these distributions tend to
be displaced towards smaller Sh values as the ratio L/D
is increased, and towards higher values as the angle 3 is
increased. Additionally, the local Sh distributions appear
to be significantly broader at higher angle f.

In Figure 7, images are presented of the time-aver-
aged spatial Sh distributions in comparison with the
corresponding shear stresses. The results of this com-
parison indicate that mass transfer coefficient and wall
shear stress distributions are similar and exhibit mini-
mum and maximum values almost at the same locations
of the unit cell surface, as shown in Figure 7. As seen
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—L/D=8, B=90°
al —L/D=6, p=120°
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Fig. 6. Probability density functions of the time-averaged
local Sherwood number at the channel walls, Re~80 and
Sc=1.

Mean Shear Stress

Fig. 7. Distribution of local values of time-averaged mass
transfer coefficient and wall shear stress, for the channel top
wall. Spacer geometrical characteristics: L/D =6, B =90°.
Mean flow direction from left- to right-hand side. Note that
red and blue colors correspond to minimum and maxi-
mum values respectively for the mass transfer coefficients,
Re = 80.
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Fig. 8. Distribution of local time-averaged values of (a) Sher-
wood number for Sc =1, 10, 25 and 100 and (b) Dimension-
less shear stress, at the surface of the channel walls, for
Re = 159. Parameter values: L/D = 6, 3 = 90°.

in Figure 8, with increasing Schmidt number the form
of local mass transfer coefficient distribution tends to
resemble closer the corresponding distribution of the
local time-averaged shear stress values. This is attrib-
uted to the fact that, as the Schmidt number is increased,
the concentration boundary layer tends to become thin-
ner and as a consequence the mass transfer, at the chan-
nel walls, is affected more by the flow conditions near
the channel surface than from the bulk.

4.3. Average mass transfer coefficients

In Figures 9 and 10, numerical and experimental
results are presented concerning the effect of the Re and
Sc numbers on Sh number, indicatively for one spacer
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Fig.9. The effect of the Re number on Sh number determined
by (a) Experiments and (b) Numerical simulations.

geometry. It is observed that the exponent of Sh num-
ber dependence on Re number is quite similar for all the
Sc numbers for which measurements were made. The
same also holds true for the exponent of Sh dependence
on Sc number, which is nearly constant for the Re range
of the measurements. This result, which is confirmed
for all the spacer geometries considered in the present

Table 3
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Fig. 10. The effect of the Re number on Sc number deter-
mined by (a) Experiments and (b) Numerical simulations.

study [9], allows the correlation of Sh with Re and Sc
numbers. These correlations are presented in Table 3. It
must be pointed out that the present study is the first
one systematically examining the effect of both the Re
and Sc numbers on Sh number, whereas all previous
works are restricted to studying the effect of the Re num-
ber for a single Sc number. Upon inspection of Table 3,
it is concluded that for spacer geometries with § = 90°,
the exponent for the Reynolds number dependence is

Correlations of measured average Sherwood number dependence on Re and Sc number, for all prototype spacer geometries

considered in this work.
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around 0.6. This exponent tends to increase with angle
B. It is also noteworthy that the exponent of the Sc num-
ber dependence is essentially constant, around 0.40.
More information, including comparisons showing
good agreement between numerical simulation results
and experimental data from this study, as well as com-
parisons with other literature correlations are presented
elsewhere [9].

5. Effect of spacer geometry on spiral wound module
performance

5.1. General considerations

The adopted methodology in this study and in par-
ticular the results concerning pressure drop, wall shear
stresses, and mass transfer coefficients, provide the nec-
essary information for developing quantitative criteria
towards optimization of spacer geometrical character-
istics. For determining an optimum (or near-optimum)
spacer geometry, one should take into consideration the
effects of three parameters—feed flow pressure drop which
directly affects energy expenditure, mass transfer rates
of dissolved species to the wall which strongly influ-
ence concentration polarization, and shear stresses at the
membrane surface, which (in addition to transport phe-
nomena) affect membrane fouling. Spacer optimization
should be based on quantitative criteria concerning the
above parameters.

As far as establishing pressure drop criteria, this is
feasible because estimation of energy expenditure due
to pumping of feed is rather straight-forward. It must
be noted that for relatively low-pressure processes
treating low-salinity waters (LPRO, NF), where spi-
ral wound elements usually operate in the pressure
range 5 to 12 bar, differences in concentrate pressure
drop because of different spacers, may have a sig-
nificant impact on the energy efficiency of the entire
process. Consequently, in this case, spacer AP charac-
teristics should be estimated as accurately as possible
for an optimization exercise. However, in RO desalina-
tion of seawater, where the operating pressure is usu-
ally in the range 60 to 70 bar, the same differences in
pressure drop are expected to have a lesser impact on
spiral-wound module operation. It appears, therefore,
that the advantage of relatively smaller pressure drop,
associated with certain spacer geometry, does not have
the same impact on all membrane operations and feed
water qualities.

On the basis of similar arguments, the impact of the
spacer geometry on mass transfer coefficients should be
taken into account, in a quantitative manner, for low
and high salinity fluids. Based on reliable predictions of
mass transfer coefficients, the concentration polarization

and the osmotic pressure at the membrane surface can
be calculated. One additional parameter is the concen-
tration polarization of salts which tend to precipitate
(e.g. Ca, Ba, Mg, etc) leading to deposits on the mem-
brane surface. A relatively small concentration increase
of these salts at the membrane surface could have a pro-
portionately small impact on osmotic pressure, but may
have a significant impact regarding the above species
super-saturation and deposition, negatively affecting
process operation as well as the cost of chemicals used
for preventing scale formation. Quantification of this
impact is necessary, and it is feasible with the improved
expressions obtained in this work. Furthermore, it is
obvious that variations of mass transfer coefficient due
to spacer geometry would not have the same impact on
all kinds of membrane processes, largely depending on
the feed water characteristics. For instance, the osmotic
pressure developing in membrane-filtered brackish
waters is usually much smaller than that prevailing
at the concentrate side of RO membranes treating sea-
water. Additionally, mass transfer considerations are
of rather limited significance in UF operations. Conse-
quently, the impact of improved spacer performance
regarding mass transfer would be greater on RO than
on NF and UF operations.

The phenomena of fouling are quite complicated and
the impact of the spacer geometry thereon cannot be
easily quantified, although one expects that the pres-
ence of higher shear stresses would be beneficial and
would tend to extend the time intervals between succes-
sive membrane cleaning and as a consequence reduce
the significant related costs, due to chemicals, down-
time and water losses. Thus, one could employ at pres-
ent qualitative criteria on this aspect, based on the new
results.

To summarize the above considerations, the parame-
ters of pressure drop and mass transfer coefficients could
be rather easily utilized for the assessment of various
spacer geometries, in a quantitative manner. Thus, tak-
ing advantage of the results obtained in this study, one
can calculate the effects of varying the above parameters
on the design and operation of membrane desalination
plants, either by using various existing commercial soft-
ware for membrane processes, or by developing novel
accurate methods that appear to be necessary. Criteria,
essentially qualitative, relating wall shear stresses to
spacer geometries, obtained in this work, can supple-
ment the above computational results. Finally, it should
be stressed (as outlined above) that the “optimum”
spacer geometry depends on the kind of membrane pro-
cess considered, in relation to the specific characteristics
of the feed water, which implies that very likely there
exists no single spacer geometry with universally opti-
mum characteristics.
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5.2. The influence of spacer geometry on spiral wound
element performance: An assessment of trends

Notwithstanding the above considerations on the
“universally optimum” spacer geometry, the substan-
tial amount of new results on pressure drop, local shear
stress and local mass transfer computations, as well as the
average mass transfer measurements, justify an assess-
ment (albeit preliminary) of spacer geometric parameter
values that may offer specific advantages regarding
membrane element performance. For RO membrane
operations, as outlined above, criteria that can be used
for this assessment include pressure drop, space average
wall shear stress and mass transfer coefficients as well
as their distributions. In currently used commercial RO
modules the spacer is usually characterized by param-
eters L/D~7-9 and = 90°. The geometry of the pres-
ent simulations closest to the above typical commercial
spacer is L/D =8, B = 90°. By inspection of Figure 5 one
observes that pressure drop smaller than that of the typ-
ical commercial spacer appears to be associated with the
greatest ratio L/D examined, i.e. L/D = 12, for all three
angles [ (90°, 105°, 120°).

These three cases can also be assessed on the basis
of the measured space-averaged Sherwood number at
the wall (Figure 11). The case L/D = 12, B = 90°, dis-
plays the smallest values of overall average Sh number
(which is generally undesirable) but it is associated with
the smallest pressure drop, while the cases L/D =12,
B=105°and L/D =12,  =120°, compared to the case
L/D =8, B =90° exhibit higher Sh numbers. The latter
result is also verified by the computed space-averaged
shear stress values at the wall, where the geometries
L/D=12,B=105°and L/D =12, § = 120° exhibit nearly
the same and higher shear stress values compared to
the geometry L/D =8, B = 90°, respectively (Figure 12).

Sc~1450
120
100 — L/D=6, p=90°
L/D=8, f=90°
LiD=12, p=90°
80 LiD=6, p=105°
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L/D=6, p=120°
L/D=8, p=120°
40 L/D=12, p=120°
20
0

Fig. 11. Measurements of Sh number as a function of Reyn-
olds number for the spacer geometries considered in this
work, Sc~1450.
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Fig. 12. Spatially mean values of the time-averaged wall
shear stresses as a function of Reynolds number for all the
geometries considered.

The above comparisons suggest that, overall, spacers
with parameter values L/D =12, # =90°, may exhibit
somewhat inferior performance compared to the other
two cases with L/D =12, i.e. B = 105° and 120°.

Further comparative assessment of the last two cases
(L/D =12, B =105° or 120°) can be made on the basis of
distribution of wall shear stress or Sh values. In Figure
13, the distribution of wall shear stress for the geom-
etry L/D =8, B= 90° is shown in comparison to the
corresponding distributions of the geometries L/D =
12, B = 105°and L/D =12, f = 120°. It is expected that
a broader distribution of wall stresses with a greater
percentage of relatively high values would be ben-
eficial in reducing polarization effects and fouling. It
should be noted first that the shear stress distributions
are skewed to the right, with a significant percentage of
near-zero values due to the contact lines and the nearly
stagnant flow regions along these lines. Upon inspec-
tion of Figure 13, it appears that the geometry L/D =12,
B =120° is associated with a broader stress distribution
which is advantageous (as outlined above), compared
to the geometry L/D =12, B = 105° and to the geometry
L/D =8, =90°.

In conclusion, this assessment, based on the rather
extensive flow simulations performed in this study as
well as on the mass transfer data collected, suggests
that, for applications such as RO where pressure drop,
shear stresses and mass transfer rates play a significant
role, spacer parameter values that appear to be associ-
ated with improved element performance may be near
L/D =12 and angle B closer to 120° than to 90°. It is evi-
dent that the above preliminary assessment provides
trends that are subject to verification, through further
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Fig. 13. Distribution of dimensionless shear stress values at
the surface of the channel walls. Parameter values (a) L/D = 8,
B=90° (b) L/D =12, B = 105° and (c) L/D = 12, B = 120°.

experimental testing and numerical simulations. Addi-
tionally, the comments made above, regarding the dif-
ferent conditions and requirements of NF-LPRO and
of high pressure RO processes, should be taken into
account when the issue of spacer geometrical optimiza-
tion is addressed.

5.3. An example of selecting optimum spacer geometry for
RO elements, for sea water desalination

As discussed in the preceding section, the optimum
spacer geometry apparently depends on the kind of
membrane process considered, in relation to the spe-
cific characteristics of the feed water. Consequently, the
issue of the optimum spacer geometry should be exam-
ined separately for each major category of membrane
applications. An example is provided here for RO sea-
water desalination, with a membrane that is not fouled,
to demonstrate the usefulness of the new information
developed in this study. To take into account quantita-
tively the effect of spacer geometry on pressure drop
and concentration polarization, the following function
is considered in the search of an optimum.

Apeff _ Apapp/ied - APf —CP-Ar (4)
APnominal Apapplied - An
where

s - theapplied trans-membrane pressure

applie

s - theeffective operating pressure difference
AP, : the pressure drop at the feed water channel
CP : the concentration polarization factor
Arm : the osmotic pressure difference

Here, AP, . ,is the difference between the applied
pressure and the osmotic pressure computed on the basis
of bulk salt concentration, whereas the effective operat-
ing pressure difference is further reduced due to pressure
drop in the feed channel and the concentration polariza-
tion. The latter effect may be quantified, as is common
(e.g. [19]), by determining a concentration polarization

factor CP = exp(J/k), where | is the trans-membrane
flux and k the mass transfer coefficient, k = ShT.Q),
computed from the correlations of Table 3 that depend
on the particular spacer geometry. To obtain specific
numerical results, the pressure conditions prevailing at
the end of the first element in an array (i.e. 1.0 m from
feed entry) are estimated, for various spacer geometries.
Typical process parameter values are employed for sea-
water of salinity 35.000 ppm NaCl. The case of a typical-
filament mean diameter 34mils is considered [20]. The
various parameter values used in the calculations, typi-
cal for sea-water desalination, as well as other data are
listed in Table 4.

In Figure 14, the ratio of effective over the nominal
trans-membrane pressure is plotted as a function of feed-
channel Reynolds number, for the various spacer geom-
etries examined in this work. Figure 14 shows that for
most spacer geometries there is a rather narrow range of
near optimum operation (from the stand-point of effec-
tive pressure) characterized by Re numbers roughly
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Parameter values employed in the example of determining “optimum” spacer geometrical characteristics for RO elements,

in sea-water desalination service.

applied A APf ] Sh D D Sc
70 bar 26.7 bar Table 2 20 L/m?h Table 3 1.2710° m?/s 043mm 700
(Salinity 35.000 ppm) (34 mils filament)
~ L/D=6,$=90 - L/D=8,$=90  L/D=12, p=90 (Re) and Schmidt (Sc) numbers on Sherwood (Sh) num-
-+ L/D=6, $=105 = L/D=8, =105 - L/D=12, B=105 ber, for narrow channels with spacers, closely mimick-
098 /D=0 P=120 7 LID=8, p=120 " L/D=12, p=120 ing conditions in feed-side channels of spiral-wound
0,07 modules. The numerical study comprised extensive
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Fig. 14. The ratio of the effective over the nominal trans-
membrane pressure as a function of the feed channel
Re number.

100 to 120. At Re below 100, the mass transfer rates are
relatively small and concentration polarization tends to
enhance the effective osmotic pressure at the membrane
surface, thus reducing the effective trans-membrane
pressure; at Re above 120, pressure drop in the channel
due to higher cross flow tends to become excessive and
to eliminate any benefits resulting from the concomi-
tant reduction of concentration polarization. It is further
noted that, for the case considered, spacer geometries
with L/D = 12 exhibit an optimum performance in com-
parison with the other geometries, i.e. the greatest val-
ues of effective over nominal trans-membrane pressure,
which is in accord with the general trends suggested by
the assessment of new results outlined in a preceding
section. It should be finally pointed out that the cross-
flow velocity corresponding to the Re range 100 to 120
(where the performance appears to be near optimum)
is 0.23 to 0.28 m/s, that is within the commonly used
operating velocities in commercial plants, and recom-
mended by membrane element manufacturers.

6. Conclusions and discussions

Results are summarized of a numerical and experi-
mental study, systematically examining the effect of
Reynolds number (Re) on pressure drop and of Reynolds

3D simulations of the fluid flow [7,8] and mass trans-
fer [9], in spacer filled channels, for a relatively broad
range of spacer geometrical parameters. The validity
of the numerical results was confirmed by comparison
with experimental data on pressure drop and average
mass transfer rates. The results of this study confirm
that pressure drop and mass transfer coefficients are
strongly dependant on spacer geometry; in particular,
these quantities tend to decrease with increasing ratio
of L/D and to increase with the angle . Additionally,
for each geometry considered, correlations are obtained
of AP/AL, and of average Sh number in terms of Re and
Sc numbers; the exponent of Sherwood number depen-
dence on Schmidt number is near 0.4.

An assessment of spacers (based on the results on
wall shear stress and Sh distributions, as well as on pres-
sure drop) indicates trends, regarding their geometri-
cal parameter values, leading to improved membrane
element performance in RO operations. More specifi-
cally, it appears that the less dense spacers studied (i.e.
L/D = 12), with filament crossing angles B greater than
90°, may hold advantages over other commonly used
spacer geometries. Results on shear stress distributions
tend to support these trends regarding “near optimum”
spacer parameters. It is argued, however, that an “opti-
mum” spacer geometry apparently depends on the kind
of membrane element employed (i.e. for RO, NF, or UF
operation) to treat a feed-water with the specific char-
acteristics regarding salinity and fouling propensity;
this implies that very likely there exists no single spacer
geometry with universally optimum performance. To
test the validity of the above conclusions, results of
a numerical example are reported to identify spacer
geometries associated with optimum performance, for
the case of a typical RO membrane element in sea water
desalination. By taking into account the reduction of
effective trans-membrane pressure caused by feed-flow
pressure drop and by concentration polarization effects,
as a function of Re, a narrow range of optimum spacer
parameters and cross-flow velocities could be deter-
mined. The identified near optimum spacer parameters,
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in this example, are in accord with the preceding quali-
tative assessment; moreover, the narrow range of opti-
mum Re and cross-flow velocities identified are in
agreement with membrane module manufacturers rec-
ommendations for operating RO systems. It should be
pointed out, however, that in systematic spacer optimi-
zation calculations, one must take into account the axial
variability of flow rate and salt concentration, along a
pressure vessel, using appropriate software and the new
correlations developed in this study.

To conclude, the new information obtained in this
study (i.e. results of simulations and experimental data)
provide a solid basis for further exploration of issues,
related to optimization of spacers and of membrane
module operating conditions. In particular, the new
results clearly demonstrate the usefulness of advanced
computational tools to predict flow characteristics
and mass transfer in the complicated narrow channels
examined here and, thus, to determine the performance
of spacers in relation to their geometrical parameters.
Therefore, in designing membrane modules for a spe-
cific operation (RO, NF or UF), systematic screening and
selection of a narrow range of optimum spacer param-
eters appears to be possible with numerical techniques
in lieu of expensive pilot plant experiments.
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