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Abstract

A novel feed spacer for spiral-wound membrane modules is proposed. Based upon a
continuous arch-type streamline frame two feed spacers with different node designs were
constructed. In the first, Arch-Hole, two elliptic cylinders form a node zone with a passage.
The other, named Arch, has a solid node. Their hydrodynamics, fouling and filtration
performance were compared with a commercial design. This was a classic net-type spacer with
nodes of relatively substantial size. All three were manufactured using 3D printing.
Computational fluid dynamics simulation showed that the Arch-Hole design gives a more
uniform velocity distribution with fewer dead zones. Subsequent evaluation of this design
indicated less foulant accumulation as confirmed by optical coherence tomography and the
evolution of channel pressure drop. Measured adenosine triphosphate and total organic carbon
values for the module with this spacer were substantially lower than the corresponding values
associated with the commercial design. Crucially with the Arch-Hole design, flux values
remained higher than for the other two designs. Thus use of this spacer would minimize both
capital and operational costs. Compared to the commercial one, use of the Arch-Hole design
would reduce the energy cost of filtration significantly beyond the 69% found for the
application considered herein.
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Nomenclature

ATP

Ch

CFD

CP

DI water

FCP

OCT

SWM

SEC

TDS

TOC

Ur

Adenosine triphosphate

Bulk solute concentration
Computational fluid dynamics
Concentration polarization
Deionized water

Feed channel pressure drop
Boundary layer mass transfer coefficient
Optical coherence tomography
Spiral-wound membrane
Specific Energy Consumption
Total dissolved solids

Total organic carbon

Feed flow velocity



1. Introduction

Spiral-wound membrane modules (SWM) has been widely used in water filtration due to
their small footprint and high specific surface area [1, 2]. Such modules are at the heart of
seawater desalination technology. The feed spacer inside the module is an indispensable
component to not only support the membrane but promote turbulent flow and reduce
concentration polarization [3]. However with the evolution of fouling (and some fouling is
inevitable) there is a propensity for feed spacers to create some dead zones and further promote
fouling including biofouling. Thus, the existing design of feed spacer can typically result in
higher pressure loss across the module [4, 5]. There is a consequential lowering of permeation
flux [6-9] and together with the increased trans-module pressure drop, a resulting increase in
the specific energy cost. Whilst, the biofouling on the membrane surface is flux-driven, with a
lesser dependence on cross-flow; biofouling on spacers can be observed by the rise in feed
channel pressure drop (FCP). Membrane biofouling is mainly flux driven and can be observed
by flux decline, or for operation at a constant flux, by a rise in TMP. In contrast spacer
biofouling generates the aforementioned augmentation of FCP [10, 11]. As a result, feed spacer
design has attracted attention with the aims of enhancing process efficiency and thereby
reducing the relative energy consumption [12].

Prior studies have shown that feed spacer geometry can have a significant influence on
the hydrodynamics inside the flow channel [13]. Generally, researchers have mainly focused
on the influence of geometric parameters of the traditional net-type feed spacer on hydraulic
performance and have studied the flow attack angle (o), mesh angle (B), filament spacing/mesh

size (I) and filament diameter (d) [3, 14-16]. Moreover, the hydrodynamics changes induced
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by geometric variables have a significant effect on the filtration performance [17-21].

To understand the closest analysis between feed spacer design and its effect on filtration
characteristics, computational fluid dynamics (CFD) is a powerful tool to obtain the
hydrodynamic behavior [17, 22-24]. The flow velocity field, shear stress, mass transfer and
feed channel pressure drop (FCP) can be predicted through CFD simulation [25-28].
Combining the CFD and experimental results, a commonly agreed view is that shrinking the
filament spacing reduces FCP [29, 30].

The spacer node is another important parameter, since the flow velocity reduces after the
flow has passed and the low velocity zone can become a dead zone that initializes biofouling.
The spreading of biofouling results in higher FCP and higher specific energy consumption [31-
36]. It has been found out that an open-pore structure in the spacer node (which permits fluid
to flow through the node hole) is superior because increases the flow velocity after the node
and thereby reduces dead zones [36, 37]. In turn this affects membrane fouling and thus
permeation flux.

The complicate relation between the hydrodynamics effect and the fouling performance
has recently received more attention, and the findings suggest that velocity non-uniformity and
dead zones inside feed channel are the main reasons for foulant accumulation [38-41]. Ali et
al. [35] proposed a new turbine feed spacer, in which the blades rotated at a high speed under
the impact of water flow to form a strong fluid jet, thereby generated turbulence in the feed
channel. It found that the flow velocity and shear stress were evenly distributed, which
effectively limited the accumulation of foulants and further reduced FCP. In addition, the

thickness of filament could be manufactured to be smaller, in other words, the gap zone
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between filament and membrane became larger, by which the flow velocity through this gap
could be effectively decreased, and the velocity uniformity was enhanced. This design
improved the fouling control and filtration performance as well as the energy consumption [34].

The development of 3D printing technology enables fine-size, complex structures suitable
for feed spacers to be produced in a fast and economic way. Hence, 3D printing technology
should promote the development of novel feed spacer for experimental investigations into the
effects of spacer geometry. Although the number of investigations is growing, progress is still
in general quite limited [34, 35, 42-44]. Therefore, the overall objective of this work is to
quantify the hydraulic and fouling performance of a novel feed spacer design, under different
operating conditions. This was accomplished by a study encompassing 3D printing technology
for manufacture, conducting CFD simulations and fouling experiments to obtained detailed
information on the performance of feed spacer. Two arch-type feed spacers were designed. The
Arch-Hole geometry combined the advantages of a drop-like frame and node-opening, the
other design without the node opening was named Arch. The hydraulic performance was
studied in detail at various cross-flow velocities of 0.03 ~ 0.27 m/s, with special attention paid
to the determination of velocity profile and shear stress distribution. The anti-fouling
characteristics were studied by a 5-day fouling experiments, with OTC scan images and
measurements of TOC, ATP, FCP and specific flux in the channel. Those data were also
compared with a standard commercial feed spacer.

The use of constant pressure ensures that all feed spacers were evaluated for the same
transmembrane filtration pressure, which permitted evaluation as to whether the permeate flux

changed with spacer design. Whilst our study was focused on exploring the effect of changes
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in overall performance due to changes in the spacer geometry under constant pressure

conditions, further work at constant flux would be valuable.

2. Methods and materials
2.1 Feed spacer designs

The two Arch-type feed spacers and the commercial feed spacer had the same node height
of 1.2 mm. The arch-type feed spacers had non-varying diameter of 0.5 mm, which included
two structures i.e., Arch and Arch-Hole. Both of them had the same node shape of ellipse
cylinder. The difference is that the node of feed spacer Arch is a solid elliptical cylinder, whilst
Arch-Hole is composed of two small elliptical cylinders with height of 0.35 mm, which creates
a relatively wide passage for flow at the node. The detail structure and dimensions were shown
in Fig. 1 and Fig. S1.

The feed spacers designed in this work were manufactured by 3D printer (3Dsystems,
Mjp3510HD, USA), with printing accuracy of 0.025 mm and resolution of 16-33 um, which
can accurately print and restore the target feed spacers. The material used in printing is VisiJet
Crystal (photosensitive resin) with high durability and stability. The feed spacers were all

printed to the required size and used in the subsequent filter modules.
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Fig. 1 Schematic diagram and the prototype of standard and arch-type spacers at various

orientations.

2.2 Experimental set-up

Experiments were conducted in a filtration system, which included three parallel
membrane modules each with one of the three different feed spacer designs. NF membrane
(NF2, Zhongke Ruiyang, China) was used for nanofiltration process, which has a MgSQO4
rejection of 99% (with 2000 ppm and 0.48 MPa). The schematic diagram of the filtration
system is shown in Fig. 2. Feed water was send from the 50 L feed tank to the crossflow cells
(66 x 40 x 1.2 mm) by the booster pump (CHLP-RP, NURET, Italy) which maintained the
working pressure. Instrumentation included flowmeters and differential pressure transmitters
(EJX110A, YOKOGAWA Electric Corporation, Japan) to monitor the feed channel pressure

drop (FCP) Permeate water was collected and weighed by a digital balance. A transparent
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window in the crossflow cells enabled observations by an optical coherence tomography (OCT)
(OPIMG, Optoprobe, UK) of the growth of the fouling layers. The feed tank was kept topped

up by adding water and nutrients on daily or twice daily basis.
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Fig. 2. Schematic diagram of a laboratory-scale filtration set-up.

2.3 Operating conditions

Before the fouling test, the membranes were rinsed in deionized (DI) water for one day.
Then, membrane was soaked and compacted by DI water with 0.48 MPa (optimal working
pressure of NF membrane) for at least 12 hours (hrs) until the permeation became stable. The
results showed that the initial flux of Arch-Hole, Arch and Commercial systems were 28.8
LMH, 23.9 LMH and 22.7 LMH, respectively. These values are comparable to those used

elsewhere e.g. [11]. Afterwards, ultrapure water was used to conduct a hydraulic test to
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evaluate the hydrodynamic performance of different feed spacers. After the hydraulic test was
completed, the feed water was replaced with synthetic feed solution to conduct fouling test.

The synthetic feed solution was prepared to provide nutrients required for biofilm
formation, which can stimulate fouling faster in 5-day experiment. The biomass developed as
a result of opportunistic bacteria in the feed water. The feed solution was prepared by adding
various nutrient to tap water, namely sodium acetate, sodium nitrate, monosodium phosphate,
magnesium chloride and calcium chloride. The dosage was 0.5 mg/L Mg?*, 0.5 mg/L Ca?*, 2
mg/L C and C: N: P mass ratio of 100:20:10. The solution pH value was adjusted to be 10 by
sodium hydroxide, in order to prevent bacterial growth in the dose container [40].

2.4 Biomass analysis

After conclusion of the fouling experiment, the membrane and feed spacer were removed
for ex-situ analysis. Samples were prepared to ascertain TOC (used to reflect the content of
organic carbon) and ATP (used to indicate microbial activity). These measurements enable one
to characterize the accumulation of foulant.

Organic contamination on the surface of membrane/feed spacer [45] was assess by firstly
cutting samples of size 1x2 cm from the membrane and feed spacer. Then secondly the samples
were placed in a centrifuge tube, and put in a 0.2% HCI solution (pH=1.3), soaked in a shaker
at 150 rpm with constant temperature of 25°C for 24 hrs. Thirdly, 10 mL of 0.26% NaOH
solution was added to the previous centrifuge tube and soaked for 24 hrs. under the same
condition as above. After the immersion had been completed, the solution was passed through
a 0.22 um membrane filter which was then inserted into a total organic carbon analyzer (multi

N/C3100, Jena, Germany) for TOC measurement. TOC levels were expressed as the total
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organic carbon per square centimeter. The membrane area when evaluating membrane is
themselves, for the spacers, it referred to the membrane surface that the spacer occupied.

The accumulated biomass and activity on the membrane / feed spacer can be characterized
by the content of ATP [12]. Again 1x2 cm samples of membrane / feed spacer were taken.
They were put into a centrifuge tube containing 1.5 mL sterile physiological saline, then mixed
and shaken for 3 minutes to extract the biomass into the solution. The above extraction process
was repeated three times. In accord with the luciferase method, the Bactite Glo ™ microbial
cell viability assay kit [46] was used to determine the ATP content in the extract.

2.5 CFD simulation

The geometry of computational domain of the feed spacers were established by
GAMBIT 2.4.6 software. Subsequently, numerical simulation was carried out in ANSYS
Fluent 14 to study the hydrodynamics of different feed spacer geometry and compared with
experiment results. Fluid flow phenomena, assuming incompressible Newtonian fluid, without
energy exchange, involved two conservation laws: conservation of mass and conservation of
momentum. The flow was proposed as a steady-state laminar flow, and the fluid medium is
taken to be pure water (temperature 25 °C, density 997 kg/m?®, dynamic viscosity 8.899x10*
Pa-s). Hence the following continuity (Egn. 1) and momentum (Eqn. 2-4) equations were
considered. Modelling outputs (as shown below) compared well with the experiment output

and this provided good justification for the CFD assumptions.

du N av 4 ow 0 1
ox  dy 0z (1)
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where u, v, w represents the velocity components in X, y, z coordinate system (m/s), p is
the liquid density (kg/mq), p is the dynamic viscosity, P is the pressure (Pa).

The total number of grids in the computational domain is approximately 880,000. Mesh
independent verification was carried out to confirm that there is no change of calculation results
by increasing the number of grids. The inlet flow rate is in the range of 0 ~ 0.18 m/s.
Considering that the permeation velocity of the membrane is much lower than the cross-flow
velocity, the bottom of the channel was assumed to be an impermeable surface, and no-slip
wall conditions were applied on the channel wall and the surface of feed spacer.

3. Results and Discussion
3.1 Hydraulic characterization of feed spacers

CFD simulations were performed on the three test feed spacers at the cross-flow velocity
corresponding to the experimental conditions. The hydraulic characteristics induced by
different feed spacers is mainly described in this section. On one hand, these results validate
the CFD model, and on the other hand, they show which geometry is more advantageous in
improving pressure drop performance.

Fig. 3 (A) presents the FCP drop induced by different shapes of feed spacer as a function
of crossflow velocities. As the velocity increases, the FCP drop increased in all cases. Both
Arch and Arch-Hole feed spacers generated lower pressure drops than that from the

commercial one, indicating that the drop-like shape is more advantageous than the traditional
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straight-lined commercial shape. The Arch-Hole feed spacer always had the smallest pressure

drop performance.
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Fig. 3 (A) Comparison of experimentally measurements of feed channel pressure (FCP) drop
with crossflow velocity for the three different spacer-filled channels, (B) Comparison of
simulation results at two different crossflow velocities (0.12 m/s and 0.18 m/s) with

corresponding experimental results.

As shown in Fig. 3 (A), there is no obvious difference between the Arch and Arch-Hole
designs at cross flow velocities up to 0.12 m/s, the pressure drops of Arch-Hole and Arch were
0.043 and 0.050 mbar/mm respectively. However, as the velocity became larger, the difference
between the two structures became significantly, especially after the velocity of 0.24 m/s, FCP
from Arch feed spacer increased steeply. The difference between two structures reached to be
around 0.12 mbar/mm. This indicated that small variation of node in Arch-Hole design could

result in the advantage of lower FCP at larger crossflow velocities.
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Additionally, the FCP results from simulation and experiments were compared in Fig. 3
(B). The error was less than 5%, indicating good agreement between CFD and experiment
results thus this robust CFD model could be used in future to explore other related designs. At
a feed velocity of 0.18 m/s, the difference between two drop-like feed spacers was larger than
that of small speed of 0.12 m/s, which was also observed in Fig. 3 (A). This could be somehow
explained by the velocity distribution from CFD. In the simulation results, as shown in Fig. 4,
the velocity distribution in the center plane of channel at a velocity of 0.12 m/s has been

compared for three structures of feed spacer.

Fig. 4 Comparison of numerically simulated x-velocity contours at the central plane of the

channel for (A) Arch-Hole, (B) Arch and (C) Commercial spacers at Ug = 0.12m/s.
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Fig.5 Comparison of numerically simulated shear stress contours for (A) Arch-Hole, (B)
Arch and (C) Commercial spacers at Ug = 0.12m/s.

Along the fluid flowing direction, before and after the commercial node there were large
dead zones with the commercial spacer. For Arch and Arch-Hole designs, one can view the
structure as essentially consisting of two elements, streamlined filaments or curved struts that
and a series of nodes with four filaments being joined at each node. This design has reduced
the area of dead zones, and the hydraulic angle formed by the streamlined nodes allowed fluid
to flow smoothly around the feed spacer nodes, especially with the Arch-Hole design which
generates a micro jet at the nodes. This produces a higher velocity after the nodes compared
with the other two feed spacers and thereby eliminates the "dead zones™ at the nodes. According
to the CFD simulation results (Fig.5), it can be seen that the shear stress of the Arch-hole is the
most uniform, and the shear force at the node is greater than that of the Arch.

3.2 Fouling accumulation
Images of feed spacer and membrane were taken after fouling experiments and are shown

in Fig.6. From a macro point of view, it can be clearly seen that the greatest amount of
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accumulated foulant is on the commercial spacer with there being significant accumulation at
the nodes. There are fewer foulants in the case of Arch and the least for the Arch-Hole design.
The same trend was observed for the membrane surface, with fouling in the commercial case
being the most serious and Arch-Hole case yielding the least.

This indicated that the Arch-Hole design can effectively reduce the fluid dead zones
especially at the node area. In addition, combined with the velocity distribution of CFD
simulation (Fig. 4), it can be deduced that velocity distribution of Arch-Hole has the greatest

uniformity and that the reduction in dead zones will result in less foulant accumulation.

Commercial Arch Arch-Hole

"
J

Membrane

Membrane g
and spacer &

Fig. 6 Mapping the biofilm attachment/growth with hydrodynamics conditions at constant

inlet feed velocity for various spacers.
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B

Membrane Fouling

Fig. 7 OCT scans for fouling taken on the membrane surface after 5 days, Arch-Hole (A),

Arch (B) and Commercial (C).

Biofouling accumulation on the membrane surface was analyzed and compared through
OCT scans. The results which are illustrated in Fig. 7 showed that the Commercial feed spacer
always led to a thicker and denser biofilm on the membrane surface; followed by the Arch
spacer case with less biofilm; whilst the Arch-Hole spacer had the thinnest biofilm. This
indicated the Arch-Hole feed spacer resulted in least biofouling accumulation on the membrane,
which was consistent with the macroscopic observations illustrated in Fig. 6.

The biofouling was further quantified and compared with TOC and ATP measurements
for three cases. The ATP concentration associated with the biofouling differed with the
different spacers. ATP concentration on membrane with the Commercial feed spacer was used
as the baseline and was set to be one hundred percent. The values for the Arch and Arch-Hole
cases were 71% and 21% respectively. It can be seen that Arch-Hole showed significant
advantages in mitigating fouling on the membrane surface. The TOC concentration on the

membrane surfaces with Arch-Hole spacers is 0.028 mg/cm? (26%) less than that with an Arch
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feed spacer, and 0.073 mg/cm? (49%) less than that with a commercial design. Moreover, the
TOC on the feed spacers themselves showed a similar trend for the different spacers. For any
given spacer the value for the membrane surface was lower than that of the membrane surface
indicating that biological fouling is somewhat more likely to occur on the membrane surface
than the spacer which accords with [11]. That the fouling on the membrane itself is more

serious accords with fouling being (at least in part) a flux driven process [47].
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Fig.8 TOC concentration and ATP concentration of spacer and membrane after the
membrane and spacer were fouled over a 5-day period. The TOC concentration on the spacer

is based upon the underlying membrane area.

The fouling accumulation results of Figs. 6 ~ 8 could be partially explained by the
different hydrodynamics induced by the different feed spacers shown in Figs. 4 and 5. Due to
its more uniform velocity distribution, and hence the more uniform shear stress, the fouling

attenuation in the Arch-Hole case is the most efficient. Of particular note, the areas in the fluid
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flow direction before and after node are only lightly fouled. This is attributed to the design
feature that induces a micro jet after each node. This feature distinguishes the Arch-Hole design
from that of the Arch. With the Commercial design, the feed spacer occupies more of the cross-
section and thus for the same nominal crossflow velocity some of the actual fluid velocities
and shear stresses are higher than in the other two cases but there are more dead-zones. The
outcome was found to be greater foulant accumulation.
3.3 Filtration performance

The feed channel pressure drop (FCP) increased in all three cases during the 120 hrs
experiments. This was only by a factor of 1.2 times for Arch-Hole, by 1.6 times for Arch but
was 4.7 times for the Commercial design. As shown in Fig. 9 the experiment with the
Commercial design started with a value of over 7 mbar and finished with a value of around 35
mbar. The other two cases had relatively small values of FCP initially and at the end of the

experiments as shown in Fig. 9.
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Fig. 9 Evolution of channel pressure drop over 5-days operation. Crossflow velocity: 0.12

m/s.
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Fig. 10 Permeate flux as a function of time for three different spacers tested at a linear

crossflow velocity of 0.12 m/s.

In Fig. 10, permeation flux was recorded during experiments, it can be seen that the flux
first showed a downward trend and then stabilized. The sharp decrease in flux is because the
pollutants in the feed water adsorb on the surface of the membrane and in the pores of the
membrane, causing the total resistance to membrane fouling to increase. Owing to operation at
constant pressure there is a consequential decrease in flux. That it reduced to a sustainable
value corresponds with accepted theoretical expressions as explicated elsewhere [48] and
accords with the concepts of critical and sustainable flux as discussed further in section 3.4.3.
The modules with the Arch-Hole and Arch spacers tended to superior steady-state values.
Given this finding, there is no conflict between choosing a design that minimizes capital cost,
which corresponds to selecting the design or designs that maximize flux, and a design that

minimizes operating cost which corresponds to selecting a design giving low channel pressure
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drops.
The Specific Energy Consumption (SEC) for a product that is the permeate can be

calculated from the following:

QpAPry + QpAPrc (5)
Qp

SEC =

where Q, and Qf are the permeate and feed flowrates respectively, and APry and

APg are the transmembrane and feed channel pressure drops respectively.

The system was operated with a transmembrane pressure drop of 0.76 MPa. Based upon
the values at 120 hours and the above equation the SEC from Arch-Hole spacer is 0.26 kWh/m?®
which is significantly smaller than the 0.81 kwWh/m? value with the commercial design of spacer.
The Arch design has an intermediate value close to, but above that of Arch-Hole. It is 13%

higher.

3.4 Discussion
3.4.1 Correlating spacer geometry and hydraulic performance

Filtration characteristics of pressure drop and specific flux have been compared in this
work. Traditionally the optimal feed spacer design has been seen as a “trade-off”” between mass
transfer and channel pressure drop. However here it has been shown that achieving a high level
of uniformity (coupled with the elimination of dead-zones) can lead to beneficial improvements
in both flux and channel pressure drop.

To achieve this objective, the feed spacer was designed as an arch-type with streamlined
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frame, which effectively optimized the attack/mesh angles and in particular made the velocity
distribution more uniform. From Fig. 4, it can be seen that the Arch-Hole and Arch feed spacers
have a more uniform velocity distribution compared to Commercial one, with dead zones
essentially eliminated. Secondly, as a refinement, the Arch-Hole has an opening in the node.

Unlike the hole design in a previous study [36, 37], the creation of the opening did not involve
drilling through the node but was a passage created between two elliptical elements. The
relatively wide opening avoided excessive changes in local velocities. The results from Figs. 4
~ 10 confirmed this observation and demonstrated various favourable outcomes; having
velocity distributions with only small fluctuations achieved beneficial results not only in

channel pressure drop but also flux and SEC.

3.4.2 Shear stress and membrane fouling

Shear stress has an important influence on the development of fouling. Most scholars
generally believe that high shear stress will reduce the initial adhesion of microorganisms and
increase the chance of biofilms detaching from the surface. However, some scholars have
emphasized that there is no “silver bullet” for biofouling [49]. Whilst the average shear stress
was higher for the commercial design, Figs. 6 and 7 show that fouling with spacers of this
design was more serious than that with the two novel designs. The implication is that the
countervailing effects of dead-spaces is more important than the average value of shear stress.
Furthermore, in the context of biofouling, a potentially important effect of shear stress is that
it increases the boundary layer mass transfer coefficient (k) and reduces the nutrient

concentration polarization (CP) next to the membrane [10]. Thus shear stress has not only an
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effect on the initial adhesion of microorganisms but on their growth. Obviously, dead zones
with low k and high CP will favour both initial attachment and then subsequent growth of the
biofilm. It can be seen from Fig. 10 that the Arch-hole design with higher initial flux has the
highest steady-state flux, and thus by implication improved mass transfer. It is recalled that
Figs. 6 and 7 indicate that the foulant accumulation was less with the Arch-Hole design.

For very similar designs one would expect a link to average shear stress. and equally the
elimination of potential dead-zones might be the key factor. As shown in Figs. 11 and 12, the
differences in shear stress between Arch and Arch-Hole case are modest. As expected, Fig. 11
shows that Arch-Hole has a higher value at the node zone. Although the shear stress difference
is not large, it is enough to have a noticeable effect on fouling (perhaps more specifically upon

fouling initiation) and filtration performance.

[ pagcal ]

Fig.11 Comparison of shear stress contours at the membrane for a simulation at Ur = 0.12m/s:

(A) Arch-Hole; (B) Arch.
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Fig.12 Shear stress simulation values for the center line of the membrane surface. (A) shows
for Arch-Hole and Arch spacers the variation with position for the X direction. (B) shows the

variation of shear stress in the X direction for the commercial design of spacer.

The variation of shear stress along the membrane is governed by the spacer design and
shows peaks and troughs. As shown in Fig. 12 the variation for the new designs is distinct from
the commercial design in at least two ways. The commercial design (Fig. 12 (B)) displays more
intense peaks but also longer troughs whereas the new designs show a smoother near sinusoidal
variation. The shear stress values upstream of the node are larger than those at the rear of the
nodes indicating where liquid stagnation occurs and hence where bacterial growth will be

promoted [50, 51].

3.4.3 Critical flux
In the process of studying membrane fouling, the concept of critical flux has been widely
cited. The concept of critical flux was proposed by Field in 1995 [52], and its essence is that

long-term operation of the membrane can best be achieved by selecting an appropriate
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membrane flux that does not exceed the critical flux for that system. In further elaboration of,
the concept of criticality, the threshold flux was proposed as an indication of the dividing point
between low rates of fouling and high rates of fouling [53]. The critical flux is related to solute
properties, hydraulic conditions and membrane properties. Whilst membrane fouling is often
referred to as being ‘flux-driven’ (and it is the flux that does indeed ‘drive’ the process), the
tendency towards a stable state is equally dependent upon the mass transfer conditions
determining removal of foulants from the membrane surface as discussed in detail elsewhere
e.g. appendix of [51].

In the present work the chosen operating pressure of 0.48 MPa gave initial fluxes between
the two constant flux values of 20 and 35 LMH used in [11]. That the steady-state values in
Fig. 10 for the new designs were found to be superior to that for the commercial design (and
indeed the data for that design does not show a clear asymptote) is indicative of the enhanced
mass transfer conditions generated by Arch-Hole and Arch spacers.

The tendency to a steady-state flux is not indicative of the strong form of the critical flux
because consideration of the latter is only relevant for unfouled membranes. Tangential to this
one may ask whether a fouling asymptote is indicative of an exhaustion of foulants. As the
work reported here did involve the periodic addition of nutrients as mentioned in Section 2.2,
the asymptotes are attributed to the new spacers creating an effective hydrodynamic
environment rather than to any other factor. We also note that valid comparative conclusions
can be drawn from the present data because the experimental set-up (Fig. 2) has a common
feed tank for the three crossflow cells that are run in parallel. This certainly permits a

comparison to be made between the three spacers. At full scale Arch-Hole and Arch may not
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achieve the asymptotes demonstrated in Fig.10 but this can only be determined in full-scale
long-term evaluations. However taken together Figs. 9 and 10 suggest that the new designs will
have higher threshold fluxes for any given application. Firstly, because of lower foulant
accumulation and secondly because as shown in Fig. 10, both Arch-Hole and Arch data

displays genuine asymptotes whilst the data for the commercial design does not.

3.4.4 Mechanical Considerations

An important consideration is whether the mechanical stability of channels is still
maintained with spacers having wide openings. There is a point at which greater spacer area
will lead to collapse of channels. Also high pressures coupled with nodes of smaller area could
lead to membrane punctures. As shown in Fig.12, all designs had the same density of nodes
but the area of the nodes in the new design was smaller. In addition to the experiments reported
here (which were run at 0.48 MPa) we have operated successfully at both 0.48 and 0.76 MPa
with different NF membranes; there was no membrane perforation. The choice of 0.48 MPa
for the present work was influenced by the fluxes that were generated (see previous section on
critical flux) and not by any possible fragility of the new designs of spacers. The optimal

applications for Arch-Hole and Arch designs will be determined by future work.

4. Concluding Remarks
Two new type feed spacers were developed in this work. They are Arch-Hole with a wide
passage and a hole in the node, and Arch without such a passage (solid node). The analysis of

the hydrodynamics, fouling and filtration performance leads to the following conclusions and
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implications:

1)

2)

3)

4)

From CFD simulation results, more uniform velocity distribution and essentially no dead
zones were obtained in Arch-Hole design. This resulted in less foulant accumulation as
observed by OCT images (and as inferred from channel pressure drop measurements). The
ATP and TOC measurements of Arch-Hole were 79% and 46% lower than those found for
the commercial design, and 50% and 25% lower than for Arch.

The flow channel pressure drop increased with fouling in all cases but remained low for
Arch-Hole and Arch designs. Arch-Hole value was lower by factors of 1.5 and 8.7
compared with the Arch and commercial case, respectively. Flux values associated with
the various spacers were found to be as follows: Arch-Hole > Arch > commercial design.
Compared to the commercial one, use of the Arch-Hole design would reduce the energy
cost of filtration by 69% for the application explored here. Also Arch has an SEC value 13%
higher than Arch-Hole. For the foulant used, the results after 120 hours indicate that SEC
with an Arch-Hole spacer is 0.26 kWh/m?® compared with 0.81 kWh/m? for the commercial
design of spacer. Furthermore for some applications displaying non-negligible osmotic
pressure the saving in SEC could be greater The SEC values would be different because
the effective osmotic pressure is affected by CP as well as the bulk solute concentration Cp,
and the new designs generate better mass transfer conditions.

The current study explored the overall performance at constant pressure conditions.
However, having demonstrated the potential benefits of the new designs, and in recognition
of the fact that fouling can be very flux sensitive, further work at constant flux would be

valuable.
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