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Spiral-wound membrane (SWM) modules are the most common membrane conﬁguration utilized in reverse
osmosis (RO) and nanoﬁltration. The enhancement of SWM module design, particularly in the geometric design
of the feed spacer, can play a crucial role in the cost and the potential for wider application of these modules. The
feed spacer inﬂuences the ﬂux, pressure losses and fouling in the membrane process and consequently the
product water unit cost. Despite the shift in the application of SWM modules of RO toward low salinity sources
and the resulting higher sensitivity performance using these waters, the conﬁguration and orientation of feed
spacers have not signiﬁcantly changed since the original design. A wider use of SWM modules, therefore, requires the adaptation of geometric parameters of the feed spacer to the water source. Improving the feed spacer’s
design according to the feed water type requires the knowledge of previous studies conducted in spacer-ﬁlled
channels as well as further needed investigations in future. This paper reviews the role of the feed spacer in SWM
modules and provides an overview of studies conducted in narrow spacer-ﬁlled channels to determine the eﬀect
of diﬀerent geometric characteristics of the feed spacer on hydraulic conditions.

1. Introduction
Reverse osmosis (RO) has been used as a desalination technique for
more than six decades. Historically, RO-membranes were designed for
the production of drinking water by desalination of seawater and
brackish water. Currently, RO is a popular technology for the production of highly puriﬁed water used in drinking water, dialysis, power
generation, pharmaceuticals and medical devices, semiconductor
manufacturing, and the paper, sugar, beverage, and horticulture industries as well as in the concentration and reclamation of wastewater
[1–10].
Fig. 1 outlines the global NF/RO capacity by feed water (A) and by
region (B). Although the use of RO for seawater desalination is still
dominating the RO market (Fig. 1A), there has not been a notable increase in the use of RO for seawater desalination compared to RO application for other feed sources since 2002 [12]. In contrast, there has
been an increase of about 40% in use of RO for puriﬁcation of river
water compared to the global installed capacity from 2002 [12]. Fig. 1B
indicates that RO application for puriﬁcation of river water happens
primarily in parts of the world with rapid industrial growth and strict
environmental policy. Given the environmental trends, the application
of RO is projected to increase globally in the coming years due to
forthcoming environmental regulations in these areas and the
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inﬂuences that these measures would have on other parts around the
world.
The spiral-wound membrane (SWM) conﬁguration is predominately
applied in NF and RO because they oﬀer a good balance between ease
of operation, fouling control, permeation rate, and packing density
[13–16]. A wider and a more eﬃcient application of this conﬁguration
requires further improvements in diﬀerent parts of the module. The
feed spacer, as an essential part of these modules, has an important role
in determining the hydraulic conditions of the feed channel; i.e. pressure drop and cross-ﬂow velocity. The pressure drop is usually associated with the membrane operational cost and the cross-ﬂow velocity
with the membrane fouling. Despite numerous studies conducted on the
feed spacer in diﬀerent membrane applications, the modiﬁcation of the
feed spacer in RO has been limited to only a small increase in the
thickness of this component.
This paper will review studies conducted to determine the eﬀects
that feed spacers have on hydraulic conditions in the spacer-ﬁlled
channels such as those that encountered in SWM modules of RO. First,
this review provides a general background about SWM module conﬁguration and related improvements and geometric characterizations
of the feed spacer in particular. Next, it gives an overview of how feed
spacers aﬀect the eﬃciency and productivity performance of SWM
modules with respect to the membrane production, pressure drop, and

Corresponding author at: Room S03.02.20, Stevinweg 03 (Building 23 = Civil Engineering faculty of Delft university of technology), 2628CN Delft, The Netherlands.
E-mail address: a.h.haidari@tudelft.nl (A.H. Haidari).

http://dx.doi.org/10.1016/j.seppur.2017.10.042
Received 26 July 2017; Accepted 17 October 2017
Available online 23 October 2017
1383-5866/ © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

Separation and Purification Technology 192 (2018) 441–456

A.H. Haidari et al.

Fig. 1. Global installed NF/RO capacity by feed water (A) and by region (B). The raw data obtained from DesalData [11].

it faces the active layer of each envelope. The feed spacer works as a
supporting net and keeps the two adjacent envelopes apart [21,22];
thereby, it provides a passing channel for feed water to move tangentially over the active layer of the membrane [23].
Cost savings in RO would make this technology widely available for
sustainable and aﬀordable water production in every corner of the
globe. An eﬀective method to achieve this target is to improve the SWM
modules because the SWM module is the most applied conﬁguration in
RO. These improvements include transformation and consolidation in
membrane sheet chemistry, re-evaluation of the module design, and
optimization of the RO-plant conﬁguration and operation [24]. Among
the aforementioned improvements, the impact of module design is most
signiﬁcant. Table 1 provides an overview of some improvements regarding the module design of SWM of RO.
As mentioned in Table 1, investigations of the optimal number of
envelopes in a module [19–21] agree that the optimal SWM module
design can be achieved with the highest number of envelopes when
glue-line eﬀects are neglected. It is important to consider the width of
the glue-line in determining the optimal number of envelopes because
for a higher number of envelopes, it reduces the membrane active area.
The optimal number of envelopes in an SWM module of RO including
the glue-line has only been determined by the practical work of Schock
and Miquel [19]. Using a 4-in membrane, Schock and Miguel found that
by increasing the width of glue-line, the optimal module design is at a
lower number of envelopes. They [19] found an optimal of 4–6 envelopes for a 4-in module with a glue-line width of 40 mm and optimal
of 3–4 envelopes for the same module diameter and a glue line of

fouling. Finally, it discusses eﬀects of the spacer geometry on hydraulic
conditions of the feed channel. The main aim of this paper is to provide
the reader with an overview about the areas investigated and those that
still need attention for feed spacer design in RO. This overview can also
be used for other spacer-related membrane technologies working with
nonwoven spacers.
2. Background
Each SWM module of RO (Fig. 2) consists of envelopes, a permeate
tube, permeate spacers and feed spacers [17].
The permeate spacer is inside the envelope and creates a ﬂow pass
for permeate water. Additionally, it supports the membrane sheets
mechanically against (high) feed pressure [18], and therefore it is made
of woven spacers with low permeability to have the required stiﬀness.
This low permeability can have great impact on the pressure drop.
However, the pressure drop in the permeate channel of RO is usually
neglected by manufactures because SWM modules are historically designed for application in the seawater desalination. Schock and Miquel
[19] reported that contrary to manufacturers’ claims, the pressure
losses in the permeate channel are not negligible. Koutsou et al. [20]
conﬁrmed the importance of pressure drop in permeate channel especially for the membrane modules applied on low salinity water. Additionally, they [20] mentioned that stiﬀ and incompressible construction of the permeate spacer is of importance for seawater
desalination due to high applied pressure in these modules. The feed
spacer, which is more porous, lies between two envelopes in a way that

Fig. 2. A schematic view of SWM module out of the pressure vessel (A), unwrapped situation with only two envelopes (B) and side view of the feed channel (C).
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Table 1
Selected studies addressing geometric improvements made in SWM modules.
Improvement
Module design

Using pressure vessels with two lead
elements
Reducing the number of elements in a
pressure vessel
Diameter of a module
Length of a module

Envelope

Number of envelopes in a module

Width of envelope

Results

Ref.

The shear will be reduced. This results in formation of a more ﬂuﬀy bioﬁlm. A ﬂuﬀy bioﬁlm can be
removed more easily with mechanical cleaning than impacted bioﬁlm
Linear velocity will be reduced and consequently the pressure losses. This results in productivity
enhancement of a module. The impact of biomass was reduced on module performance
The increase in the membrane diameter results in the reduction of costs due to a reduction of the system
footprint, numbers of housing, piping interconnection and seals between the modules
An element should be as large as possible to obtain maximal production yet small enough to be handled
and installed by a single individual
The standard element length is one meter because the industry has commonly made membrane sheets
with a width of approximately one meter

[25,26]

The optimal numbers of the leaves are almost independent of the concentration, permeability of the
membrane, transmembrane pressure (TMP) diﬀerence, and thickness of the feed and permeate spacers
The optimal geometry of the SWM module is reached at the highest number of membrane envelopes,
when the glue-line is not considered
For a constant membrane area, the highest optimal design is when the width of the envelope is the
smallest

[19,21]

[25,26]
[27]
[28,29]
[30]

[19–21]
[20]

Permeate spacer

Thickness
Conﬁguration
Pressure losses

0.2–0.4 mm
Woven
Contrary to claims of manufacturers, the pressure losses in permeate channel are not negligible

[19]

Feed spacer

Increasing the feed spacer thickness from
0.7 mm to 0.86 mm

0.86 mm thick spacer had a lower fouling tendency, cleaning frequency, and pressure drop

[31]

the mass transfer coeﬃcient of the membrane for water or the speciﬁc
ﬂux (JSPE), depends on the temperature (Eq. (2)).

80 mm. Manufactures normally produce 4-in SWM modules with 6–8
envelopes. Koutsou et al. [20] and van der Meer et al. [21] referred to
the importance of the glue-line but they did not mentioned the optimal
number of envelopes including the glue-line.
To the authors’ knowledge, Koutosu et al. [20] conducted the only
study of the eﬀect of membrane width on module performance. They
found [20] that given a constant membrane area (37 m2 for 8–in
membrane), when the width of membrane decrease to its half, the
number of envelopes increases, which results in module performance
enhancement due to more uniform spatial distribution of the trans
membrane pressure. In this study [20], the eﬀect of the glue-line was
neglected, which aﬀects the productivity of the membrane. Additionally, it was not mentioned how the increase in the number of
envelopes would aﬀect the feed and permeate ﬂow, particularly in the
area adjacent to the permeate tube.
Table 1 also shows that a slight increase in the feed spacer thickness
causes a lower fouling tendency, cleaning frequency, and pressure drop
in the membrane modules. However, the extent of the eﬀect of spacer
thickness increase on diﬀerent factors is not exactly clear from the study
because the spacer was chemically enhanced by biocides on top of its
thickness enlargement.

Kw = JSPE =

Arguably, one of the greatest improvements in the SWM module of
RO took place when cellulose acetate membrane sheets were replaced
with a polyamide and composite conﬁguration. This transformation led
to an increase in the productivity of and rejection by SWM modules of
RO. For instance, it is reported [24,32,33] that compared to 8-in cellulose acetate membranes, the capacity of 8-in seawater RO elements
made of a polyamide and composite conﬁguration is doubled and the
salt passage is decreased about threefold. The cost of water produced by
RO is calculated using ratio of operational and capital expenses to the
production capacity. The product unit cost decreases with the increase
of production volume at a given set of operating parameters. The production capacity is related to the average permeate ﬂux deﬁned as the
ﬂow rate of permeate per unit of membrane area (Eq. (1)).

Qp
Amem

= NDP × Kw (depends on the temperature)

Jave × TCF
NDP

(2)

TCF in Eq. (2) refers to the temperature correction factor and depends on the choice of reference temperature. Commonly, a reference
temperature of 25 °C is used as the reference to match the current literature on membrane ﬁltration and the standard test conditions for the
membranes as speciﬁed by the membrane suppliers. The reference
temperature can be based on the local parameters and conditions. For
instance, a reference temperature of 10 °C is used in some countries and
for some speciﬁc applications.
At a given set of operating parameters, the average permeate ﬂux
determines the size of RO train and number of elements required,
therefore inﬂuencing the capital expenses. The average permeate ﬂux at
a constant temperature is determined using two known parameters: the
membrane permeability (KW) and net driving pressure (NDP).
Treatment plants typically work at a constant production rate; i.e. a
higher membrane permeability (mass transfer coeﬃcient) results in a
lower and required feed pressure.
In addition to the NDP and temperature, modifying the membrane
sheet or increasing the shear at the boundary layers can increase the
membrane permeability. The membrane sheet allows the transport of
some compounds and prevent or delay the transportation of others and
can have a symmetric or asymmetric conﬁguration [8,9,34–41]. The
ﬁrst asymmetric RO membranes produced by Loeb and Sourirajan [42]
were made of cellulose acetate and showed up to 100 times higher ﬂux
than any symmetric membranes known. The composite conﬁguration of
a membrane is made of a fragile discriminating layer with high selectivity (active layer) aﬃxed to a porous support layer (non-active
layer) [43,44]. The support layer protects the ripping or breaking of the
membrane sheet, while the active layer is responsible for the mass
transport and the membrane selectivity.

2.1. Membrane productivity

Jave =

[19]

2.1.1. Productivity reduction
At a constant NDP, the average permeate ﬂux decreases over time
because of the degradation of speciﬁc permeate ﬂux (membrane permeability) due to fouling formation [3,45]; i.e. fouling results in decreased production capacity when a system operates at a constant NDP.
The fouling rate is a function of the permeate ﬂux rate relative to the

(1)

The membrane permeability for water (Kw), which is also known as
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crossﬂow rate. A higher average permeate ﬂux causes a higher concentration of particles at the membrane surface and a higher fouling
formation rate. Therefore, fouling reduces the average permeate ﬂux
and increases the pressure drop of the membrane [46,47]. The primary
fouling mechanisms in RO are related to deposition of inorganic, colloidal and organic materials as well as microorganisms [48] in the feed
channel either on the membrane surface or on the feed spacer. The
extent and nature of fouling is related to several factors such as feed
solution properties (concentration, pH, ionic strength, and component
interactions), the membrane module conﬁguration, membrane sheet
characteristics (hydrophobicity, charge, roughness, pore size, pore size
distribution and porosity), and operating conditions (temperature, NDP
and cross-ﬂow velocity).
In addition to fouling, concentration polarization is another serious
concern in the production capacity reduction of a membrane system.
Concentration polarization is the consequence of water permeation,
causing a higher salt concentration directly adjacent to the membrane
sheets compared to the bulk of ﬂuid. Thus, concentration polarization is
not a fouling type, but it reduces the membrane productivity by lowering the permeation of water through the membrane and enhancing
the fouling formation [3,45,49] on the membrane. For instance, scaling
is a consequence of the salt concentration increase as the sparingly
soluble salts reach their solubility limit and deposit on the membrane
surface [50,51]. As with the fouling, the degree of concentration polarization depends on the ratio of the permeate ﬂow rate to cross-ﬂow,
with greater concentration polarization resulting from a higher
permeate ﬂow. This is the reason that concentration polarization is
worse in the composite membranes, which have a higher permeate ﬂow
at the same pressure compared to cellulose acetate and polyamide
membranes.
Among diﬀerent types of fouling, biofouling is probably the most
diﬃcult type to control because of the complexity of the ecosystems
causing it [27,52–58]. Biofouling is deﬁned as a structured community
of bacterial cells adhering to an inert or living surface due to attachment and growth [59–63]. The degree of biofouling is usually determined by measurement of ATP (adenosine triphosphate) for total
living biomass [64] and TOC (total organic carbon) for total accumulated biomass [65,66]. Biofouling can occur with a minimal number of
microbial cells that adsorb to a surface and create a conditioning layer
for more biomass accumulation [67,68].
In SWM modules, spacers are regarded as the starting point for
biofouling. The bioﬁlm growth favors the feed spacer’s junctions close
to the module inlet, which leads to a distortion of the ﬂow ﬁeld and the
creation of regions with low-velocity values close to the spacers’ intersections [69]. With time, the bioﬁlm accumulates further, eventually
clogging a part of the feed channel and spreading the stagnant regions.
As a result, the ﬂuid stream through the ﬂow channels is hindered,
preferential channels are formed, and consequently, the permeate ﬂow
decreases [69–71].

2.1.2. Productivity improvement
Eﬀective fouling control to improve the membrane productivity is
possible by having suﬃcient information about the feed water and a
profound understanding of fouling mechanisms and hydrodynamic
conditions inside the feed channel. However, the fouling mechanisms
are often complex and become even more complicated knowing that a
remediation method for one type of fouling mechanism could worsen
other types. For instance, increasing the axial ﬂow rate is an eﬀective
way of removing the colloidal matter from the membrane surface and
reducing the ﬂuid resistance close to the membrane surface (reducing
the thickness of concentration polarization layer) due to better ﬂow
mixing [72–74], but it is not eﬀective in removal of biofouling. On one
hand, the higher ﬂow rate leads to a higher transport of nutrient into
the ﬂow cell and higher biomass formation; on the other, the bioﬁlm
formed at a higher rate of axial ﬂow is more compact and harder to
remove compared to the ﬂuﬀy bioﬁlm formed at lower shear
[71,75–86]. Consequently, given our current knowledge, total fouling
prevention seems to be impossible, and using a single curative method
to combat all fouling types is not practical.
Operating the system at a higher shear than operational shear is
generally considered an eﬀective way of reducing the fouling and increasing the average permeate ﬂux. A higher shear can be achieved by
increasing the axial ﬂow rate, creating ﬂow instabilities, applying twophase ﬂow, and using a feed spacer. Rotation of the membrane [87] and
ﬂow pulsating [88,89] are possible techniques to make the ﬂow unstable. However, these techniques are (i) expensive and (ii) not always
easy to apply in SWM modules of RO. Application of a higher axial ﬂow
rate as the only method to increase the shear is not economically attractive because the required mixing in the ﬂow, which is needed to
eﬀectively decrease the thickness of boundary layer, causes a high
pressure drop. Using rotational shear and two-phase ﬂow in addition to
the increase of normal axial shear is suggested to be more eﬀective in
fouling removal [45,73]. For example, the rotational shear can be
generated by using double inlet/outlet ﬂow cells. Kim et al. [90] and
Balster et al. [91] examined the eﬀect of rotational ﬂow on the average
permeate ﬂux. These studies [90,91] found that rotational ﬂow has only
a marginal eﬀect on the ﬂux enhancement. The impact of air sparging
(two-phase ﬂow) on the improvement of mass transfer was a function of
the air/water ratio, bubble size, air distribution patterns, and duration
of the air sparging [91–97]. Table 2 shows some investigation on the
mechanisms of mass transfer enhancement.
Periodic membrane cleaning with chemicals and dosing of chemicals in pretreatment are common methods to prevent and control
membrane fouling [54,100–104]. The chemical cleaning, however, is
(i) expensive, (ii) of environmental concerns (discharge regulations),
(iii) not always eﬀective, and (iv) a danger to the membrane lifespan.
The price of scale inhibitors and cleaning chemicals alone is reported to
be around 5–25% of operational costs [51].
Biofouling control is of particular importance in SWM modules of
RO, especially when wastewater, seawater, and fresh surface water are
used as the feed. Presently, chemical cleaning is one of the most widely

Table 2
Selected studies conducted on mass transfer enhancement.
Technique

Speciﬁcation

Field

Eﬀect of modiﬁcation on mass transfer

Ref.

Multi-layer spacer

3-layer spacer

UF
ED

More turbulence and therefore less fouling and a higher mass transfer was observed
20% higher mass transfer compared with two 2-layer

[98]
[99]

Two-phase ﬂow

Empty channel
Single-layer net-type spacer
Multi-layer spacer
Using baﬄes

ED

With the increase of the gas to liquid ratio from 0 to 0.9, 70% increase in mass transfer was observed
With the increase of the gas to liquid ratio from 0 to 0.9, 50% increase in mass transfer was observed
With the increase of the gas to liquid ratio from 0 to 0.9, no signiﬁcant increase in mass transfer is observed
A better distribution of bubbles and the size of bubbles
Could be used to lower the fouling and enhance the mass transfer

[91]

The mass transfer was the same as single inlet/outlet channel
Improvement was less compared to single inlet/outlet channel
Improvement was insigniﬁcant compared to single inlet/outlet channel

[91]

Double inlet/outlet cell

Empty feed channel
Single layer-net-type spacer
Multi-layer spacer

MBR
ED

444
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2.2. Energy and pressure drop

employed techniques for inactivating and removing biomass from RO
and NF [102]. This method normally involves dosing biocidal chemicals
in the feed water of a membrane system in order to destroy the bioﬁlms
[100,101]. Several biocidal chemical agents have been documented for
this use, ranging from acidic cleaning to caustic cleaning and enzymatic
cleaning techniques [102,103]. Multiple studies have shown that a very
low dosage of copper [85,105] and other metals such as silver and gold
could be eﬃcient in disinfecting water against microbial bioﬁlms.
However, chemical agents are known to reduce the lifespan of the
membranes [100]. Additionally, bioﬁlms have a high degree of resistance to many disinfectants, even against antimicrobial compounds
such as metal ions [104]. Finally, chemical cleaning could be ineﬀective
due to the eﬀect that it has on other non-targeted fouling types or due to
the eﬀect that traces of chemical cleaning has on other locations in the
treatment plant. For instance, ineﬀectiveness of chemical cleaning
could be due to residues leakage of chemicals from pretreatment to
membrane unit. In this context, it has been shown that systems with
continuous chlorination have a higher rate of membrane biofouling
[106–108]. This is most likely due to the formation of assimilable organic carbon (AOC), which serves as indicator of the biological stability
of the water, with high levels leading to the biological (re)growth
during subsequent return to normal water production through the
particulate fouling [61,70]. Table 3 provides a short overview of biofouling control studies.

Studies have shown that energy is a major contributor to the operational costs of RO systems. The required energy for an RO system
includes the energy for pumping the feed water, running equipment
during pre- and post-treatment and operating the transfer pumps and
high-pressure pumps, among which feed pressure pumps require the
most energy to operate [120–122]. The power consumption of a feed
pump is a function of feed pressure, recovery and equipment eﬃciency.
At a determined feed pressure, the average ﬂux (Jave) over a module
decreases because NDP (Eq. (3)) decreases as a result of the increase in
ﬂow friction losses and osmotic pressure of the feed [120].

NDP =

Jave
P + PC
−PP ⎞
= PTMP−πTMP = (Pf −PP )−(πf −πP ) = ⎛ F
KW
⎠
⎝ 2
πF + πC
−⎛
−πP ⎞
2
⎝
⎠

(3)

NDP is a measure of available driving pressure to force the water
through the membrane from the feed side to the permeate side and is
related to the average permeate ﬂux of the system (Jave) and membrane
permeability (KW) [120,123]. The available driving pressure is the
diﬀerence of the transmembrane pressure and transmembrane osmotic
pressure.
The pressure losses could be expressed in terms of total pressure
drop (ΔP), which is the sum of the pressure drops at successive pressure
vessels, interconnections of membrane elements, the permeate channel
and the feed channel. The pressure drop in the sequential pressure

Table 3
Selected studies addressing methods for biofouling control.
Method

Suggested mechanism

Eﬀectiveness

Literature

Copper dosage

Copper is thought to be cytotoxic by causing changes in the plasma
membrane permeability or eﬄux of intracellular K+ during the
entry of Cu2+ ions
Copper can participate in Fenton-like reactions, generating reactive
hydroxyl radicals, which can cause cellular damage imparted via
oxidative stress
Copper is believed to interfere with enzymes involved in cellular
respiration and bind to DNA at speciﬁc sites
Adding copper to water causes a reduction of the contact angle and
hence an increase in the hydrophobicity of the feed spacer, which
results in a decreased likelihood of biofouling

A reduction of biomass concentration (8000 pg ATP/cm2)
and pressure drop (18%) with a daily dosage of copper
sulfate was achieved

[70]

Nutrient loading

Nutrient loading is a function of substrate concentration and the
linear ﬂow velocity

For a limited substrate load, microorganisms attune
themselves to the environment by changing their
morphology

[86,111]

Linear velocity

Limiting linear velocity causes less nutrient loading and therefore a
lower probability of biofouling

The formed bioﬁlms were more compact and harder to
remove

[71,86,112]

Gas sparging

Gas sparging causes an increase of shear
It is a function of air to water ratio, bubble size, air distribution
patterns and duration of the sparging

Less eﬀective in SWM of RO than MF and UF

[113,114]
[91–97]

The formed bioﬁlms were more compact and harder to
remove
Complete removal of bioﬁlm was not achieved. The
remaining bacteria on the spacer/ membrane caused a rapid
regrowth and accumulation of cells
Fouling attributed to inhomogeneous air distribution and
channeling of the airﬂow, which can cause incomplete
cleaning and an enhancement of scaling.

[75,77,79,81,82,86,115]

[109]

[110]
[104]

[116]

[93,95,96,117]

Feed ﬂow
reversal

The feed ﬂow reversal results in re-dissolution of the deposited
scale into the solution

The feed ﬂow reversal reduces the impact of biomass on
membrane performance and gradually decreases the
amount of biomass over time

[7,27]

CO2 nucleation

Nucleation within the ﬂow channel is due to local pressure
diﬀerences as well as the presence of rough spots as the nucleation
sites. Upon their formation, the bubbles are swept along with the
ﬂow due to their coalescing with larger bubbles, and the ﬂow
channel will become clean.
Rough spots (junctions and ﬁlaments of spacers) enhanced the
nucleation and subsequent growth of the bubbles

Eﬃciency of this method is higher than air/water cleaning
due to that no stagnant bubbles or bubble channeling is
formed

[118]

A higher removal eﬃciency is achieved compared to the
air/water cleaning

[118,119]
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vessels and successive modules in a pressure vessel can be minimized
with an optimal design of the pipes and interconnectors. In an SWM
module, usually only the pressure drop in the feed channel (Δp) accounts for the pressure drop calculation. Permeate pressure drop has
been shown [19] to have potentially more than minor eﬀects on the
total pressure losses. Eﬀects of permeate pressure losses on the feed
pressure become particularly important in low salinity water sources,
but there is a limited number of investigations in this area.
The feed channel pressure drop includes frictions as a consequence
of the (clean) channel geometry and frictions as a consequence of
fouling. The clean feed channel pressure drop is a function of frictions
at the walls and the feed spacer as well as changes in ﬂow directions
and ﬂow patterns. Generally, the presence of the feed spacer has greater
eﬀects on the pressure drop than the channel walls [124,125].

Table 4
Constants for the calculation of Sherwood number for empty rectangular-shaped channels
and spacer-ﬁlled channels.
KW

a

b

c

Z

Error

Empty rectangular feed
channel
Spacer ﬁlled channel without
changes in ﬂow direction
Spacer ﬁlled channel with
changes in ﬂow direction

0.66

−1/2

−2/3

0

0

–

0.664

1/2

1/3

1/2

1

30%

[124]

0.664kdc

1/2

1/3

1/2

2

10%

[124]

Ref.

the empty feed channel. The constant “a” for the spacer-ﬁlled channel is
reported to be around 0.5. Da Costa et al. [129] found values range
from 0.49 to 0.66, Kurada et al. [137] mentioned a value of 0.5, and
Schwager et al. [138] reported 0.62.
Da Costa et al. [124] investigated the mass transfer coeﬃcient
achieved for spacer-ﬁlled channels using Eq. (4) and the constants
mentioned in Table 4 and found that the mass transfer coeﬃcient differs 30% from the practical value for spacers that do not change the
ﬂow direction and 10% for spacers that change the ﬂow direction. In
zigzag spacers, which are commonly used in SWM modules, the constant K is related to factor kdc, which is a function of geometrical
characteristics of the spacer such as the ratio of ﬁlament thickness to
the channel height (d/HCH), porosity (ε) and hydrodynamic angle (α)
(Fig. 5) [124,139].
The relationship between the pressure losses and the ﬂow through
the channel can be described by determining ﬂow characteristics.
However, because the ﬂow characteristics of a spacer-ﬁlled channel are
too complicated, the friction factor and the pressure drop dependency
on the velocity are used to elucidate this relation. The friction factor
(Ctd in Eq. (5)) is deﬁned in terms of three components: the kinetic
energy per unit volume of feed, pressure drop per unit length of the
ﬂow path and characteristic dimensions of the channel.

3. Optimal feed spacers
An optimal membrane module is one with the highest production
rate at the lowest energy consumption and expense possible. One approach towards the design of such an SWM module is to optimize the
feed spacer geometry. Theoretically, an ideal feed spacer is deﬁned as a
spacer with the perfect hydrodynamic design [126], i.e. a spacer that
neither causes stagnant regions nor blocks the membrane surface area
[127]. Stagnant areas cause solids and/or microorganisms to accumulate and/or rejected salts to build up [126,127], and the resulting
smaller membrane surface results in a reduced production rate. In
practice, an optimal feed spacer is deﬁned as a design that achieves a
balance between competing concerns: the mass transfer on one hand
and the pressure drop and fouling on the other. For instance, using a
feed spacer in an empty channel causes a mass transfer enhancement
[13,15,19,23,124,126–132] but at the expense of increased pressure
losses along the feed channel [14,15,19,23,124,126,128,129,132–134].
Additionally, the use of a feed spacer in an empty channel reduces effects of concentration polarization but at the expense of the formation
of stagnant regions, which are favorable for particle deposition and
biomass formation, either downstream [86] or upstream [135] of a
spacer. It is reported that feed spacers have a higher impact on the
pressure drop (2.5–160 times compared to an empty channel) than ﬂux
enhancement (2–5 times) [129,136]. Therefore, the optimal feed spacer
is the one that results in a ﬂux improvement without a (signiﬁcant)
increase in pressure losses. It is typically more economically attractive
to operate membrane systems with a spacer than without because the
beneﬁts of mass transfer often outweigh the disadvantages caused by
increased energy losses. Therefore, the main reason for using a feed
spacer in SWM modules of RO is to enhance the mass transfer, which is
often described by the diﬀusion model. According to this model,
average water ﬂux (Jave) through the membrane is a function of applied
pressure over the membrane sheet (NDP), the membrane mass transfer
coeﬃcient (Kw) or speciﬁc permeate ﬂux (JSPE) and temperature (TCF)
(Eq. (2): KW = Jave ∗ TCF/NDP). The Sherwood number (Eq. (4)), which
incorporates the eﬀect of the Reynolds number (Re) and Schmidt
number (Sc), is commonly used to predict the membrane mass transfer
coeﬃcient (Kw).

Z ·dh ⎞
Sh = Kw × Re a × Sc b × ⎛
⎝ L ⎠

Type of the feed channel

Ctd =

dp
2
A′b
· ·dh =
2
L
Re n
ρ ·uave

(5)

Eq. (5) is a semi-empirical equation, which means that the pressure
drop over the membrane has to be measured in order to determine the
friction factor. The friction factor in Eq. (5) is typically expressed as a
function of the Reynolds number to a speciﬁc power (Ren) and channel
geometry (A′). In the case of an empty rectangular channel, a value of
24 can be assigned to A′ [124,140]. The Reynolds number is a function
of inertial and viscous force.

Re = uave ·dH ·

ρ
μ

(6)

The viscous forces are often kept constant in membrane ﬁltration
experiments and the inertial forces are a function of the hydraulic
diameter, ﬂow density and viscosity. The initial increase of the
Reynolds number during steady ﬂow causes slight oscillations, which
are superimposed on the steady ﬂow pattern, and ﬂow instabilities
appear as a result. A further increase of the Reynolds number causes an
increase in the amplitude of the oscillations, which gives rise to ﬂow
with considerable mixing [141]. Table 5 outlines studies that investigate the eﬀect of the Reynolds number on the hydraulic conditions
of the feed channel.
The hydraulic diameter (dH) is used to correlate the ﬂow through
non-circular or complex channels with a constant cross-sectional area,
i.e. hydraulic diameter serves as the characteristic channel dimension
[19,97,124,145,146]. Attempts to relate the hydraulic diameter to the
ﬂow behavior by a single equation in the spacer-ﬁlled channel had only
limited success [145].

c

(4)

The Sherwood number depends on several constants. Table 4 shows
the common values used for the constants of Sherwood numbers for the
empty and spacer-ﬁlled channels. Spacer-ﬁlled channels with zigzag
spacers (diamond shape) are considered to be channels in which the
ﬂow direction is changed. Channels with ladder type or cavity type
spacers are usually considered to be channels without changes in ﬂow
direction, containing one set of ﬁlaments parallel to ﬂow and other set
perpendicular to ﬂow direction.
The last term of the Sherwood number can be neglected in the
empty rectangular channels because the constant “Z” is equal to zero in

dH =
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4×ε
2
HCH

+ (1−ε ) Sv,SP

(7)
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Table 5
The eﬀect of Re on diﬀerent parameters.
Spacer/process

Re

Eﬀect

Ref.

Net-type spacers

50
35–45

The ﬂow was in an average direction
Numerical study shows that transition to unsteady ﬂow occurs at relatively low
Reynolds numbers; i.e. Re = 35–45
The experimental studies with particle image velocimetry (PIV) shows that unsteady
ﬂow for common feed spacer
Most geometries started to exhibit oscillations
Flow became unsteady and wavy
Flow showed a very unsteady behavior

[141]
[142]

Flow separation and boundary layer development play a role in mass transfer
enhancement

[143] [99]

30
180–280
250–300
> 300
10 < Re < 100

Longitudinal and transversal swirling causes mass transfer enhancement due to mixing

[99]
[144]

Re > 400

Compared to the strip-type promoters, the net-type promoters were more eﬃcient at the
lower Reynolds numbers
Sherwood number of net-type mesh became equal to or slightly smaller than that of the
strip-type promoters, likely because the eddy generation mechanism in the net-type
spacer is aﬀected by the ﬂow attack angle

ﬂow regimes encountered in SWM modules as “turbulent” is a common
misunderstanding because turbulent ﬂow is deﬁned for Re > 3000, at
which turbulence can be assumed to be isotropic and fully developed
while the Re in SWM modules of RO remains in the laminar ﬂow regimes (Re < 300).

The hydraulic diameter depends on the channel height (HCH),
spacer porosity (ε), and speciﬁc surface of the spacer (Sv,sp). Eq. (8)
provides a formula for estimation of the spacer porosity (ε). In this
formula, the porosity is estimated with the channel height or spacer
thickness, orientation of longitudinal and transverse ﬁlaments with
respect to each other and the ﬁlaments’ geometry.

Vsp
Vmesh

A ·lmCT + ACP ·lmCP ⎞
= 1−⎛⎜ CT
⎟
lm
⎝ CT ∗lmCP ∗sin(β ) ∗HCH ⎠

3.1. Investigation of the feed spacer eﬀect
(8)
The desire to enhance the performance of RO together with the
development history of these membranes encouraged a vast amount of
study related to the role of the feed spacer in determining the hydraulic
conditions inside the feed channel of SWM modules. Early studies led to
a good understanding of the mechanisms that give rise to concentration
polarization, and the recent studies have led to a partial understanding
of biofouling mechanisms. The role of the feed spacer in SWM modules
of RO has been derived from the function of feed spacers in other ﬁelds
such as in electrodialysis [90,126,155,156], tubular reverse osmosis
[157], electrochemical cells [90,91,99,127,136,157–159] and microand ultraﬁltration processes [15,124,128,129,133,157,160]. In fact, the
feed spacers or the ﬂow promoters ﬁrst became important for membrane mass transport in electrodialysis plants [14,141]. Most electrodialysis studies are performed in ﬂat ﬂow cells and ﬂat sheet membranes. The working mechanisms and principles of ﬂat ﬂow cells and
ﬂat sheet membranes are the same as for an unrolled SWM module, and
therefore, ﬂat ﬂow cells are commonly used to study the hydraulic
conditions in spacer-ﬁlled channels of SWM modules [19,161]. The
curvature eﬀects of SWM modules on the ﬂow can be neglected because
the heights of feed channels in SWM modules are small enough compared to the channel width [149,162]. Flat ﬂow cells provide a simple
but eﬀective method for studying ﬂux, pressure drop, fouling and ﬂow
pattern visualization in feed channels [15,124,126,129,163,164] in a
shorter time and with lower material expenses compared to a full-scale
module. Usually, ﬂow cells with permeate production ability are used
for studying the ﬂux and concentration polarization, and cells without
permeate production are for studying biofouling because the formation
of biofouling is not aﬀected by the permeate production [165]. Additionally, feed water ranging from low to high concentration of inorganic substances is used to investigate concentration polarization and
(in)organic fouling, and tap water with sodium acetate or a special ratio
of combined sodium acetate, sodium nitrate and sodium phosphate
(C:P:N)
is
used
to
study
the
biofouling
[47,48,69–71,85,86,116,134,166–168].
Visualization is an important method in determining the ﬂuid condition in SWM modules of RO. In previous studies, the velocity proﬁles
utilized were a rough calculation of the actual velocity proﬁle.

Eq. (9) is a simpliﬁed form of Eq. (8) for the feed spacers of SWM
modules of RO in which the top and bottom ﬁlaments have the same
average diameter and mesh length.

π·d
4·lm ·sin(β )

ε = 1−

(9)

Eq. (10) represents the speciﬁc surface of the spacer (Sv,sp), which depends on the ﬁlaments’ geometry.

SV ,SP =

ASP
P ·lm + PCP ·lmCP
= CT CT
VSP
ACT ·lmCT + ACP ·lmCP

(10)

The average inlet velocity in the spacer-ﬁlled channel (Uave) is a
function of average feed ﬂow (Qave) and cross-sectional area of the feed
channel (A), which depends on the spacer porosity.

Uave =

Qave
Qave
=
A
W ·H ·ε

(11)

The actual velocity in the spacer-ﬁlled channel should be measured
at fully developed ﬂow. The ﬂow becomes fully developed after the
entrance length, which is about 2.17 cm for a rectangular empty
channel with a ratio of 1/50 of channel height to width (HCH/W) [147].
In a spacer-ﬁlled channel with ladder spacers, the ﬂow pattern became
periodic typically after three to ﬁve transversal ﬁlaments [148,149].
As previously mentioned, the ﬂow through a spacer-ﬁlled channel
cannot be described easily like the ﬂow through an empty channel, and
therefore Eq. (5) and/or Eq. (12) is used for a better understanding of
the ﬂow regime.
m
dp ∝ K × uave

[141]

Re > 100
Compared strip-type shaped promoter or eddy
promoters with net-type spacer in electrodialysis

ε = 1−

This thesis

(12)

Eq. (12) describes how the pressure drop is correlated with the volumetric ﬂow rate. It was believed [145,150] that the exponent “m” in Eq.
(12) reveals the degree of turbulence in the feed channel. An m-value
equal to one was the indication for the laminar ﬂow, a value of 1.75 was
the sign for a fully developed turbulent ﬂow and all exponents between
these two values were indicators for a transitional regime [145,150].
However, as mentioned in some studies [126,151–154], referring to the
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Table 6
Selected experiments conducted on visualization of the ﬂow around feed spacers.
Researcher

Visualization method

Ref.

Da Costa et al.
In et al.
Kim et al.
Geraldes et al.
Vrouwenvelder et al.
Schulenburg et al.
Creber et al.
Willems et al.

Injected air bubbles and dye for visualization of ﬂow
Implemented a camera and used ink in water for visualization of laminar ﬂow around the spacers
Ink is used as the tracer for visualization of the mass transfer in the 3D net-type promoter in electrodialysis
An aqueous solution of bromophenol blue is used for the visualization of streams in a ladder-type spacer
A solution of potassium permanganate (KMnO4) is used for visualization of the ﬂow in a ﬂow cell
Nuclear Magnetic Resonance Imaging (NMRI) is used to show the spatial distribution of the bioﬁlm and mapping of the velocity ﬁeld
NMRI is used to show the eﬀect of diﬀerent chemicals on cleaning of RO and NF
PIV is used to visualize the eﬀects of two-phase ﬂow in spacer-ﬁlled channels

[124]
[171]
[90]
[172]
[47]
[69]
[166]
[117]

[117,125,176] using this technique.
In addition to challenges regarding the veriﬁcation and validation of
numerical studies, it is diﬃcult to match the geometry of feed spacers
used in most CFD studies with the geometry provided by manufacturer,
e.g. intricate characteristics such as the torsion and protrusion between
two nodes are diﬃcult to generate. Also, simulation of fouling is a timeconsuming and challenging job and need its own experts [169].

Additionally, interactions between multiple ionic components in the
feed solution was neglected in those studies [169]. In more recent
studies, the velocity proﬁles and pressure losses in spacer-ﬁlled channels are predicted with numerical models [16,21,135,151,168–177],
for which excellent reviews are available [14,152,170]. Computational
ﬂuid dynamics (CFD) is a common numerical technique in membrane
processes for simulation, visualization and analysis of ﬂuid systems.
The main advantages of CFD models over experimental methods are the
lower material costs and the higher ability to control speciﬁc process
parameters, e.g. the inlet feed velocity, feed concentration and temperature [169]. The primary challenge for such models is that there are
limited direct experimental studies on the detailed velocity proﬁle with
resolution at the range relevant for CFD studies to support them.
Table 6 summarizes some visualization studies of the ﬂow pattern in
spacer-ﬁlled channels.
Experimental methods such as injected dyes and particle depositions
[90,146,172] give good results for mapping the velocity proﬁle albeit at
much lower resolution than numerical studies. Electrochemical
methods [117,173], in which numbers of electrodes are embedded into
the channel wall, are more often used for visualization in membrane
technology. A disadvantage of electrochemical measurements is that
they can only be performed in the absence of the membrane in order to
accommodate the electrodes [117]. Particle image velocimetry (PIV) is
a non-invasive visualization method that oﬀers reasonable spatial and
temporal resolution without the need of limiting electrodes. A detailed
description of the technique can be obtained from Raﬀel [174] and
Adrain [175]. In membrane technology, PIV can be used to determine
the particle deceleration and dead zones as well as for creating ﬂuid
velocity mapping in fouling studies (see Fig. 3). However, despite the
advantages of PIV, this method is not commonly applied in SWM
modules, and there is only a limited number of studies available

4. Geometry of feed spacers
Fig. 4 illustrates diﬀerent feed spacer conﬁgurations that are used in
the membrane ﬁltration process. Spacer A is the most common conﬁguration used in SWM modules of nanoﬁltration and reverse osmosis.
Other conﬁgurations are used in microﬁltration, ultraﬁltration, electrodialysis, membrane bioreactors, etc.
A feed spacer in SWM modules of RO typically has a net-type shape
and is made of polypropylene. The extruded meshes in these spacers
have a two-level structure where the cross ﬁlaments are welded in a
nonwoven way on top of each other and make an inner angle of 90°
with each other (β). The feed spacer in RO (Fig. 5) is oriented at an
angle of 45° with the ﬂow (the ﬂow attack angle). The top and bottom
ﬁlaments have almost an equal average diameter. Along each ﬁlament
in a mesh, the diameter is neither constant nor perfectly round.
In other applications, such as ultraﬁltration, the spacer could consist
of thinner ﬁlaments perpendicular to ﬂow and thicker ﬁlaments parallel
to ﬂow (Fig. 4B) [31]. Table 7 shows some studies done on the eﬀect of
feed spacer conﬁguration in diﬀerent ﬁelds.
4.1. Modiﬁed feed spacer material
Feed spacers are manufactured from variety of materials. Feed
Fig. 3. Fluid velocity mapping measured and created by PIV inside a feed
channel of SWM of RO membrane. A clean spacer (28 mils = 0.7 mm) and a
clean membrane (Tory AMC1) were used for this experiment. The inﬂow
was about 16 L/h. The average particle diameter was 10 µm. Deceleration
of particles occurs close to nodes and spacer ﬁlaments, which are also the
places that show the highest fouling by autopsy. The highest velocity is
found over the ﬁlaments and directly downstream of ﬁlaments.
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Fig. 4. Typical spacer design; rhombus diamond-type (A), ladder-type (B), monolayer helix (C), double layer helix (D) [143], zigzag-type (Corrugated) (E), herringbones spacer (F). Two
possible cross-sections; zigzag-type and cavity-type cross-section (G). The possible geometrical parameters are c/HCH, adaptive height (df/HCH), and aspect ratio (Lf/h). Lf is the distance
between two ﬁlaments, HCH is the channel height, df is the average diameter of the ﬁlaments and c is the gap between the membrane and the cross ﬁlament.

successful with use of a copper-coated feed spacer because the coating
agent toxicity became ineﬀective due to extracellular polymeric substances secreted by microorganisms. This occurs when some microbial
strains with a higher resistance to the metal coating ﬁrst colonize on the
coating metal and make the conditions favorable for other microorganisms to accumulate by covering the coated metal with their extracellular polymeric substances. Tsuneda et al. [59] showed that the
extracellular polymeric substances are responsible for bacterial adhesion to the solid surface by measuring the polysaccharides using techniques such as FTRI (Fourier transform infrared) spectrometry. Polysaccharides are known to constitute the largest portion of extracellular
polymeric substances and are related to cell adhesion during initial
stages of bioﬁlm formation [59]. In addition to the ineﬀectiveness of
antimicrobial metals in prevention of biofouling, these antimicrobial
metals can potentially leach into the permeate. Moreover, their function in the presence of binding inorganics when applied in full-scale
operation has not been investigated.
In addition to the coating of spacers with antimicrobial metal, surface-conﬁned macromolecules known as polymer brushes are also being
used to modify the feed spacers. In this technique, the feed spacer
surface becomes hydrophilic. Hydrophilic surfaces are known to be
resistant to the adhesion of bacteria and proteins [178], i.e. polymer

spacers in SWM of RO are made of semi-crystalline thermoplastics such
as polypropylene and, to a lesser extent, polyethylene. Feed spacers
made of the same material could diﬀer from each other based on the
material density, i.e. a polyethylene feed spacer could be low-density
polyethylene, polyethylene, or high-density polyethylene. To the authors’ knowledge, no investigations have been conducted on the eﬀects
that plastic type could have on the pressure drop and fouling of
membranes. For instance, it not yet known how the feed spacer stiﬀness
could aﬀect the fouling and diﬀerent cleaning methods.
Most studies on feed spacer materials used additives to make feed
spacers more resistance to biofouling. [19,71,85,105,134]. Most of
these studies found that the surface modiﬁcation to reduce adhesion of
microorganisms to the spacer and membrane is not adequate to prevent
or limit biofouling [85,105,134]. Additionally, the surface modiﬁcation
did not have a signiﬁcant impact on the feed channel pressure drop
[85,105,134]. Unsuccessful application of modiﬁed spacers in biofouling prevention is due to the ﬁnding that coated surfaces could only
kill microbes under initial conditions, after which a. dead layer of microorganisms will form and cover the antimicrobial coating compounds, preparing the surface for a second layer to be built on top of
exposed or even lysed microorganisms.
Araùjo et al. [85] reported that biofouling prevention was not

Fig. 5. The extruded meshes in spacers of SWM modules of
nanoﬁltration and reverse osmosis are made of two layers,
which are constructed in a nonwoven way.

449

Separation and Purification Technology 192 (2018) 441–456

A.H. Haidari et al.

Table 7
Selected studies comparing diﬀerent conﬁguration of feed spacers.
Field

Studied conﬁguration

Results

Ref.

ED

Eddy promoter is compared with net-type spacer

[144]

Ladder-type spacers with the staggered herringbones

The eﬀectiveness of the eddy promoters was only achieved at a high Reynolds number while the eﬃciency
of the net-type promoters was achieved for the whole range of Reynolds numbers
The staggered herringbones were better spacers for enhancing mass transfer
The conﬁguration with one herringbone ﬁlament provided better enhancement than a group of
herringbone ﬁlaments because of the complete rotation of the ﬂow

–

Cavity conﬁguration is compared with zigzag
conﬁguration (aspect ratio = 5)

The unsteady ﬂows in the channel begin at a Reynolds number of 250–300 for both spacers used in this
study

[171]

UF

Zigzag spacer (Corrugated) is compared with nettype spacer

The pressure drop was lower in the zigzag spacer than the net-type spacer
Flux enhancement was a function of feed water properties
Zigzag spacers had a better ﬂux enhancement compared to net-type spacer for feed water without fouling
The pressure loss and the permeation rate were constant over time for the zigzag spacer, but the net-type
spacer showed an increase in the pressure loss over time due to blockage of the spacer mesh

[131]

[3]

[177]

Fig. 6. Three standard spacers used in SWMs of RO with a thickness of 0.71, 0.76 and 0.86 mm respectively from left to right. A turning-liked ﬁlament can be observed on the most left
spacer but not on the other ones.

[184,186]. The lower pressure drop can be translated into a lower
pumping energy, which is one of the primary design considerations for
membrane systems. However, due to manufacturing diﬃculties, the
cross-section in an SWM module of RO is not uniform over the whole
length. It is thinner between two nodes than at the nodes themselves,
bulges out and has a slightly twisted shape. The non-uniform shape of
the ﬁlaments could result in particle deposition [13,187]. It is proposed
[13] that the main region of deposition would be around the point
where the attached ﬁlaments bulge outward.

brushes reduce the friction between the modiﬁed feed spacer and microorganisms and consequently the microbial adhesions [179–181].
Araùjo et al. [85] compared a system containing a biostatic modiﬁed
feed spacer and membrane with an unmodiﬁed system under the same
operational conditions. The modiﬁed spacer was infused with 0.5 wt%
triclosan, an anti-biofouling compound. The results showed the same
pressure drop and accumulated biomass in the hydrophilic-modiﬁed
and unmodiﬁed systems [85]. The malfunctioning of the biostatic hydrophilic system was related to rapid leaching of the active compound
due to high shear forces, which disrupted the structure of absorbed
polymer brush layers and destroyed the complex coacervate-brush
structure [182].

4.3. Filament torsion
As mentioned in the previous section, spacers in SWM modules of
RO usually have torsion in ﬁlaments between two nodes of a mesh,
which can result in the formation of longitudinal and transverse vortices, a more powerful destabilization of the concentration polarization
layer and consequently a higher mass transfer. The torsion region of
ﬁlaments is more obvious in thinner spacers than thicker ones (Fig. 6).
In heat transfer studies, modifying spacers by winding helical bars
around cylindrical ﬁlaments or by using twisted tapes thought to enhance the mixing eﬃciencies of vortices close to the membrane walls
[143]. However, these types of vortices occur mainly in the bulk of the
ﬂow, while the resistance against the mass transfer is greatest at the
membrane walls [143]. Based on this, Li et al. [143] and Balster et al.
[99] examined the torsion eﬃciency of spacers.
Surprisingly, Li et al. [143] found that spacers with modiﬁed ﬁlaments caused lower mass transfer than nonwoven net spacers. Balster
et al. [99] found that spacers with twisted ﬁlaments have a higher mass
transfer than unmodiﬁed spacers. However, in the study by Balster et al.
[99], the geometric conﬁguration of the spacers was not identical.
Therefore, it seems that further investigation is required to elucidate
the actual eﬀect of torsion on not only the mass transfer but also on the
pressure drop and fouling.

4.2. Filament cross-section
Feed spacers are usually composed of ﬁlaments with rounded crosssections. This is the case in spite of results that have shown [183,184]
rounded cross-sections are less eﬀective in destabilization of the concentration polarization layer and enhancement of mass transfer compared to other cross-sectional shapes such as a rectangle or triangle.
Ahmad et al. [183] found in a CFD-study that spacers with triangular or
rectangular cross-sections more eﬀectively destabilize the concentration polarization layer than those with a rounded cross-section. They
found that spacers with triangular cross-sections were the most eﬀective spacers for destabilization of the concentration polarization layer.
Icoz et al. [184] determined that spacers with hexagonal and square
cross-sections enhance heat transfer better than spacers with rounded
cross-sections. Amokrane et al. [185] compared the oval and elliptic
shaped ﬁlaments with rounded ﬁlaments and found a higher pressure
drop in systems with rounded ﬁlaments. Additionally, oval and elliptic
cross-sections resulted in a thicker concentration polarization layer and
lower mass transfer.
Filaments with rounded cross-section are typically preferred because in contrast to the mass transfer, the pressure drop caused by
rounded cross-section ﬁlaments is lower than other cross-section shapes
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4.4. Location of transverse ﬁlaments

opposite membrane wall.
Neal et al. [13] studied the eﬀects of spacer orientation on fouling
for three scenarios: (i) when the transverse ﬁlaments were attached to
the membrane and perpendicular to the ﬂow (the 90° orientation), (ii)
when the transverse ﬁlaments were attached to the membrane and
parallel to the ﬂow (0° orientation) and (iii) when the attached ﬁlaments were arranged at 45° of ﬂow deposition (normal orientation). At
90° orientation, particles were deposited in a transverse band across the
entire spacer cell, and the deposition region was displaced from the
transverse ﬁlament by a zone of no deposition. The clear space between
the edge of the ﬁlament and the deposition zone was attributed to the
presence of recirculation eddies behind the transverse ﬁlaments. In the
0° orientation, orientation, particles were deposited by applying a
higher ﬂux, and deposition was concentrated around the attached ﬁlaments, which were parallel to the ﬂow. In the normal orientation,
deposition occurred mainly in the center of the cell. The location of the
deposition was related to the shape of the ﬁlaments which were not
uniform cylinders but instead wider at the center and edges.

The position of transverse ﬁlaments in ladder and cavity spacers
with respect to the channel height appears to be important for the mass
transfer, energy usage, and fouling formation.
Geraldes et al. [172] investigated the formation of a concentration
polarization layer on the membrane with respect to the position of
transverse ﬁlaments in the channel height. Two scenarios were investigated: (i) in the ﬁrst system, the transverse ﬁlaments were adjacent
to the membrane and (ii) in the second system, the transverse ﬁlaments
were placed on the impermeable layer on the opposite side of the
membrane. The study assumed that the permeate ﬂux along the
membrane was uniform because both the osmotic pressure of the feed
solution and the apparent rejection coeﬃcient were low. A lower degree of concentration polarization was observed in the ﬁrst scenario,
where the same concentration polarization pattern was observed for
each transverse ﬁlament, showing two maxima that appear in the base
of each transverse ﬁlament. The ﬁrst maximum, which was much
higher, appears at the base of the ﬁlament positioned at the upstream of
the inter-ﬁlament distance [172]. A PIV study showed that these are the
locations with the lowest cross-section velocity [125].
However, the authors were unable to identify any experiment studies showing the eﬀect positioning the transverse ﬁlaments at the
middle of the channel with some distance from the top and bottom
membrane (submerged spacers) on parameters such as concentration
polarization, pressure drop and fouling. Cao et al. [164] discussed the
eﬀect of a ladder type submerged spacer through modeling. Using
spacers with a transverse ﬁlament diameter 1/3 of the channel height
(dCT/HCH = 1/3) at a Reynolds number between 120 and 480, the study
[164] found that in contrast to zigzag spacers and ladder spacers, the
ﬂow in submerged spacers is symmetrical towards both membrane
sheets, i.e. the mass transfer on both membrane sheets could have a
similar magnitude.

4.7. Spacer thickness (channel height)
The height of a spacer-ﬁlled channel is determined by the thickness
of the feed spacer. The channel height ﬁlled with nonwoven spacers is
equal to the spacer’s height at nodes where the transverse and longitudinal ﬁlaments cross each other. Theoretically, the spacer’s height at
each node is summation of a transverse and a longitudinal ﬁlament.
Such estimation for channel height is used in most computational studies related to the nonwoven spacers. In practice, however, the spacer
height at nodes is slightly smaller than the summation of transverse and
longitudinal ﬁlaments because ﬁlaments at nodes are embedded within
each other.
The increase of spacer thickness at a constant ﬁlament length results
in a reduction of the porosity, speciﬁc surface area of the feed spacer
and average velocity but an increase of the hydraulic diameter of the
spacer. However, it is diﬃcult to determine the eﬀects of feed spacer
thickness increase on the pressure drop by using theoretical formulas
only.
The channel height determines the fouling formation at the membrane surface. At a constant ﬂow rate, the cross-ﬂow velocity in channels with thicker spacers is lower than channels with thinner spacers. A
lower velocity means a thicker concentration polarization layer, a
higher chance of particle deposition and a higher chance of scaling but
a decreased chance of biofouling. The lower cross-ﬂow velocity results
in a lower nutrient load and consequently a lower biomass accumulation, a lower initial feed channel pressure drop and a lower increase of
the feed channel pressure drop. The results of laboratory work [134], a
pilot plan study [190] and a full-scale study [28] reveal that initial
pressure drop decreases with the increase of feed spacer thickness.
However, it should be noted that at a constant feed ﬂow rate, the
amount of biomass accumulation in channels with thinner spacers is the
same as channels with thicker spacers because the amount of nutrient is
constant [28,134,190]. In addition to the cross-ﬂow velocity, the
fouling will also be aﬀected by the ﬂow distribution pattern, which is a
function of spacers’ geometry, conﬁguration and orientation.
Additionally, the membrane speciﬁc area is primarily determined by
the feed spacer thickness. Membranes with larger speciﬁc area produce
a larger quantity of water. Therefore, the spacer should be as thin as
possible to have the largest possible membrane speciﬁc area and production rate but as thick as possible to cause the lowest possible pressure drop and fouling rate.

4.5. Hydrodynamic angle (β)
The hydrodynamic angle is deﬁned as the inner angle between two
adjacent ﬁlaments facing the feed ﬂow. The hydrodynamic angle ensures the generation of swirling in the feed channel albeit at the expense
of an increase in the pressure drop [124,188]. The maximum cost [129]
and a maximum ﬂux are achieved by applying a spacer with a hydrodynamic angle of 90° [124] because a spacer with the hydrodynamic
angle of 90° generates dominantly transverse vortices with an axis
perpendicular to the ﬂow direction [188]. Spacers with a hydrodynamic angle of 45° cause a degree of channeling either along the
membrane surface or along the channel roof, which causes a ﬂux reduction of 16–25% [129].
4.6. Spacer orientation
The spacer orientation is deﬁned as the manner in which the ﬂow
attack angle faces the feed ﬂow. Da Costa et al. [129] studied the eﬀect
of spacer orientation on the pressure drop and found that spacers with
ﬁlaments parallel to the axis of the ﬂow channel have a lower pressure
drop and are therefore more economically attractive. Fimbbres-Weihs
and Wiley [189] conducted a numerical study to show that the 45°
orientation promotes mass transfer to a greater extent than that of the
90° orientation due to the absence of a fully formed recirculation region
and an increase of wall shear by increase of the Reynolds number. Neal
et al. [13] showed in an experimental study that ﬂux in microﬁltration
membranes increases by increasing the ﬂow attack angle, concluding
that spacers with a ﬂow attack angle of 45° have the best performance.
This is attributed to two factors: (i) the tested spacer was made of two
layers of nonwoven ﬁlaments with an hydrodynamic angle of 90° and
(ii) positioning of the spacer for the highest possible angle (90°) on one
membrane wall means the lowest possible angle of attack (0°) on the

4.8. Number of ﬁlament layers
Standard nonwoven spacers are made of two layers of ﬁlaments on
top of each other. One study argued that spacers with three ﬁlament
layers are capable of increasing the ﬂux without covering additional
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(lCT/HCH), the decrease of relative height from 0.5 to 0.25 resulted in
lower friction losses while the increase of relative height from 0.5 to
0.75 resulted in generation of a secondary recirculation region of signiﬁcant dimension. This secondary recirculation region constituted a
third type of ﬂow structure, which was not observed for relative heights
of 0.25 and 0.5. The third type of ﬂow structure mentioned by Geraldes
et al. [149] is likely a reason for mass transfer increase at thicker ﬁlaments mentioned by Da Costa et al. [15].

membrane area, which led to lower capital and processing costs [98]. A
comparison of 2-layer and 3-layer spacers of identical mesh length and
hydraulic diameter showed that the 3-layer spacer operated at a higher
ﬂow instability range than the 2-layer spacer (lower Reynolds number
power, n in Eq. (5)) but at the expense of higher pressure losses [98]. Li
et al. [143] used multi-layer net-type spacers to investigate the eﬀects
of these type of spacers on the formation of the concentration polarization layer, process performance and cross-ﬂow power consumption.
They [143] concluded that the performance of multi-layer spacers was
better than that of standard nonwoven spacers. One particular design of
multi-layer spacers with standard nonwoven spacers in the outer layers
and twisted tapes in the middle-layer showed an increase of 30% in
Sherwood number compared to standard nonwoven spacers for the
same cross-ﬂow power consumption [143]. The same design showed
40% less power consumption at a constant Sherwood number compared
to the standard nonwoven spacer.
The multilayer spacer designed by Balster et al. [99] was made of a
standard net-type spacer in the middle and two thin net-type spacers on
the outside. This design obtained 20% higher mass transfer compared to
a standard nonwoven spacer at the same power consumption.
These selected studies did not investigate the eﬀect of the multilayer
spacer on the particulate fouling and biofouling.

4.9.2. Aspect ratio
Cao et al. [164] suggested that reducing the transverse ﬁlament
distance will reduce the distance between shear stress peaks. This was
beneﬁcial for the membrane mass transfer because the reduced distance
between shear stress peaks introduced a larger shear stress near the
membrane wall and increased the number of eddies.
Geraldes et al. [149] used ladder spacers with three aspect ratios,
speciﬁcally 1.9, 3.8 and 5.7, to investigate the eﬀect of mass transfer
and friction losses. The friction number is decreased by decreasing the
number of transverse ﬁlaments per unit length because of the decline of
total drag of the ﬂuid ﬂow. In fact, all three contributors to the pressure
drop in the cell (friction at the wall, friction at the surface of the ﬁlaments and friction due to the drag of the ﬁlaments) decrease with a
reduction in the number of transverse ﬁlaments.
A higher ﬂow instability close to the membrane wall indicates a
higher mass transfer. Karode and Kumar [191] and Geraldes et al. [149]
showed that an increase in aspect ratio (lCT/HCH) caused higher ﬂow
instabilities. Geraldes et al. [149] found that ﬂow instabilities occur at
lower Reynolds numbers for spacers with a constant relative height and
greater aspect ratio. For instance, it was shown that the Reynolds
numbers at which the instabilities start were 250 < Re < 300,
175 < Re < 200 and 150 < Re < 175 for aspect ratios of 1.9, 3.8
and 5.7, respectively. In and Ho [171] reported that ﬂow instabilities
begin at a Reynolds number of 250–300 for zigzag type spacers and the
cavity spacer with an aspect ratio of 5.
A high aspect ratio (lCT/HCH) led to the condition that the region of
the recirculation zone, which occurs downstream of transverse ﬁlaments, did not reach the subsequent ﬁlament. Geraldes et al. [149]
reported that for a constant relative height, the recirculation zone did
not reach the subsequent transverse ﬁlament at aspect ratios 3.8 and
5.7.
Amokrane et al. [192] examined the eﬀect of aspect ratio (dCT/HCH)
for zigzag, cavity and submerged spacers with a constant relative height
of 0.5 (dCT/HCH = 0.5). The study found that for aspect ratios (dCT/
HCH) of 2 and 4, the ﬂow remained stable in zigzag and cavity spacers
but became unstable in submerged spacers. An additional ﬁnding was
that the mass transfer through the membrane decreased in all three
types of spacers by increasing the aspect ratio (dCT/HCH).

4.9. Inter-ﬁlament distance and ﬁlament thickness
Da Costa et al. [15] reported that the mass transfer in the presence
of spacers is a function of two mechanisms: (i) the friction generated by
the mixing of ﬂuid streams crossing each other at an angle, which is
determined by the hydrodynamic angle of spacers and (ii) the friction
created by wakes of ﬂuid formed past transverse ﬁlaments. Under similar conditions, the second mechanism appears to be dominant and
depends mainly on the ﬁlament shape and thickness [15], speciﬁcally
demonstrating that thicker ﬁlaments had a higher impact on the mass
transfer of the surface to which they are attached and are more likely to
promote mass transfer on the opposite wall compared to thinner ﬁlaments. In a CFD study, Karode and Kumar [191] showed that spacers
with unequal ﬁlament diameters caused a lower pressure drop and induced an unequal shear rate on the top and bottom faces of the ﬂow
channel. Such unequal shear rates at the top and bottom faces would be
expected to have an adverse impact on the membrane module performance because of diﬀerent mass transfer characteristics and fouling for
adjacent membrane leaves. The study also found that a higher overall
bulk instabilities ﬂow would not necessarily result in higher shear rates
at the top and bottom faces.
Shrivastava et al. [3] used ladder type spacers with a square crosssection in electrochemical ﬂow cells to measure the current. The study
reported that by decreasing the inter-ﬁlament spaces, the current
transfer increased at the detached membrane and decreased at the attached membrane. The increase at the detached membrane is due to an
increase in the number of ﬁlaments, an increase of the velocity above
these ﬁlaments and an enhanced mass transfer. The decrease at the
attached membrane is caused by reduction of the eﬀective membrane
area, which was occupied by the ﬁlaments.
It is common in the literature to use dimensionless values instead of
ﬁlament diameter and inter-ﬁlament length. Relative height (dCP/HCH)
and aspect ratio (lCP/HCH) are dimensionless terms that describe the
ratio of ﬁlament height and inter-ﬁlament distance of transverse ﬁlaments to the channel height, respectively.

4.10. Spacer porosity
In SWM modules of RO where the top and bottom ﬁlaments are the
same, the porosity is determined by knowing the aspect ratio (lCT/HCH)
and hydrodynamic angle. Numerical methods showed a decreased
pressure drop due to an increased aspect ratio and increased hydrodynamic angle [142]. Eq. (8) indicates that both an increase in the rate
of lCT/HCH and a decrease in the hydrodynamic angle can translate into
increased porosity. Therefore, an increase in the porosity results in a
decrease of the pressure drop on one hand and an increase of ﬂux due to
greater active membrane area on the other. Da Costa et al. [129] reported that an increase of 70% in the porosity of a spacer led to a minor
ﬂux drop of 2–10% and minor pressure drop enhancement (see
Table 8).

4.9.1. Relative height (dCP/HCH)
The ﬂow instabilities are, among other parameters, also a function
of relative height and aspect ratio. Most nonwoven spacers are made
with a relative height of 0.5. Geraldes et al. [149] showed that ﬂow
instabilities occur at 150 < Re < 300 in a rectangular channel ﬁlled
with a ladder-spacer that had a relative height of 0.5. Another ﬁnding of
the study was that for a constant Reynolds number and aspect ratio

5. Conclusions
This work reviewed the eﬀect of geometric design on the
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performance of SWM modules, generally, and the eﬀect of feed spacer
design on the hydraulic conditions of narrow feed channels and performance of SWM modules of RO in particular. Several researchers
demonstrated the noteworthy eﬀect of velocity on the fouling, the
permeate production and pressure losses. The velocity in a spacer-ﬁlled
channel is mostly aﬀected by the feed spacer geometry. Therefore, it is
crucial to understand how each parameter in spacer geometry aﬀects
the hydraulic conditions of the feed channel in order to be able to enhance the performance of the feed spacer and consequently the SWM
modules.
This review shows that using of current feed spacers in SWM
modules is beneﬁcial for enhancing mass transfer and prevention of
concentration polarization and scaling but it causes a more rapid particulate fouling and biofouling. Therefore, using a single type of spacer
in SWM modules of RO for diﬀerent applications is not beneﬁcial and
instead, it would be more advantageous to use a speciﬁc feed spacer for
a particular type of feed water. For instance, the net-type spacer employed in the current SWM modules of RO is suitable for water with
high salinity rather than water with low salinity at a determined recovery. This is because the net-type spacer can destabilize the concentration polarization layer to a reasonable extent by means of proper
ﬂow mixing, which also results in high pressure losses. However, the
ratio of pressure losses to required feed pressure is almost negligible
when applied to water with high salinity (high osmotic pressure). In
contrast, the ratio of pressure losses to feed pressure becomes signiﬁcantly higher in water with low salinity (low osmotic pressure), for
which the concentration polarization is not the main problem. In contrast, the ladder-type spacers are more suitable for use with low salinity
water such as river water because they have lower mixing ability and
lower pressure losses compared to net-type spacers. The lower resistance of the ladder-type spacers also makes them more suitable to be
cleaned with air-ﬂow, by which the higher shear forces remove the
particles and bioﬁlms.
The detailed design of an optimal spacer for a speciﬁc type of feed
water is possible by numerical studies and valued experimental studies
with resolution in the range of numerical studies to validate them.
There is a limited number of experimental techniques that can be used
for validation of numerical studies in SWM modules of RO because the
experimental studies often have a much lower resolution than numerical studies. Particle image velocimetry (PIV) is one of the techniques
that can be used for validation of numerical studies.
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