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The porosity of spacer-filled feed channels influences the hydrodynamics of spiral-wound membrane
systems and impacts the overall performance of the system. Therefore, an exact measurement and a
detailed understanding of the impact of the feed channel porosity is required to understand and improve
the hydrodynamics of spiral-wound membrane systems applied for desalination and wastewater reuse.
The objectives of this study were to assess the accuracy of porosity measurement techniques for feed
spacers differing in geometry and thickness and the consequences of using an inaccurate method on
hydrodynamic predictions, which may affect permeate production. Six techniques were applied to
measure the porosity namely, three volumetric techniques based on spacer strand count together with a
cuboidal (SC), cylindrical (VCC) and ellipsoidal volume calculation (VCE) and three independent tech-
niques based on volume displacement (VD), weight and density (WD) and computed tomography (CT)
scanning. The CT method was introduced as an alternative for the other five already existing and applied
methods in practice.
Six feed spacers used for the porosity measurement differed in filament thickness, angle between the
filaments and mesh-size. The results of the studies showed differences between the porosities, measured
by the six methods. The results of the microscopic techniques SC, VCC and VCE deviated significantly
from measurements by VD, WD and CT, which showed similar porosity values for all spacer types.
Depending on the maximum deviation of the porosity measurement techniques from �6% to þ6%, (i) the
linear velocity deviations were �5.6% and þ6.4% respectively and (ii) the pressure drop deviations
were �31% and þ43% respectively, illustrating the importance of an accurate porosity measurement.
Because of the accuracy and standard deviation, the VD and WD method should be applied for the
porosity determination of spacer-filled channels, while the CT method is recommended for numerical
modelling purposes. The porosity has a linear relationship with the flow velocity and a superlinear effect
on the pressure drop. Accurate porosity data are essential to evaluate feed spacer performance in spiral-
wound membrane systems. Porosity of spacer-filled feed channels has a strong impact on membrane
performance and biofouling impact.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

1.1. General

Biofouling is a serious problem in nanofiltration (NF) and
reserve osmosis (RO) membrane systems, since pre-treatment
cannot completely prevent biomass accumulation
(Vrouwenvelder et al., 2008). Biofouling is the amount of biomass
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Linear velocity and pressure drop calculations for a 34-mil (864 mm) thick
standard spacer at a feed flow rate of 16 L h�1 and a feed channel porosity ranging from
0.75 to 0.95.
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causing an unacceptable decline in membrane performance
(Flemming, 2002). In recent years, many strategies have been
implemented to overcome biofouling (Al Ashhab et al., 2014; Baker
and Dudley, 1998; Ben-Sasson et al., 2014; Habimana et al., 2014;
Ridgway et al., 1983; Ridgway and Flemming,1996; Schneider et al.,
2005; Schwinge et al., 2004; Tasaka et al., 1994; Vrouwenvelder
et al., 2008; Vrouwenvelder and Van der Kooij, 2001; Ying et al.,
2013). Some strategies have focussed on reducing the impact of
biomass accumulation on the performance of spiral-wound mem-
brane systems by modifying the hydraulics of the membrane sys-
tems (Sablani et al., 2001; Valladares Linares et al., 2014).
Hydraulics are controlled by the linear flow velocity of the system,
which in turn is controlled by factors like thickness and porosity of
spacer-filled channel, feed spacer orientation and geometry.

Feed spacers play an important role in spiral-wound membrane
systems, by providing inter-membrane space and enhancing mix-
ing. The presence of feed spacers enhances the impact of biofouling
on membrane performance (Tran et al., 2007; Van Paassen et al.,
1998; Vrouwenvelder et al., 2009a). Research into the modifica-
tion of feed spacer geometry, either experimentally or by numerical
modelling has provided insight into (i) the impact of hydraulics on
the performance of spiral-wound membrane systems (Fimbres-
Weihs and Wiley, 2010; Koutsou et al., 2007; Madireddi, 1999;
Picioreanu et al., 2009; Saeed et al., 2012; Siddiqui et al., 2016;
Wiley and Fletcher, 2002), (ii) possibilities to reduce the impact
of biofouling on membrane performance (Siddiqui et al., 2017), and
(iii) possibilities to enable effective cleaning strategies. Modifying
feed spacer properties such as thickness, orientation or filament
angle affects the porosity of spacer-filled feed channels.

The porosity of a material is a measure for void spaces in a
material expressed as the ratio of the volume of voids over the total
volume. In the case of spiral-wound membrane systems, the
porosity of the feed channel is expressed as the ratio of the volume
of the voids over the total spacer volume, varying in value between
0 and 1. For example, a feed spacer porosity of 0.85 means that the
spacer volume consists of 15% material and of 85% voids. Tradi-
tionally, the porosity of materials is measured using a device,
known as the pycnometer, which measures the density of the
material based on the displacement of a liquid such as water or
mercury. Measurement of weight and density is another method
used for porosity determination in spiral-wound membrane sys-
tems (Schock and Miquel, 1987). Recently, numerical modelling has
also been applied to determine the porosity of spacer-filled chan-
nels. The feed spacer dimensions are measured in a simplified
approach or in detail using microscopy and the porosity of the feed
channels is calculated by numerical simulations. A computed to-
mography (CT) scan is a potential tool to determine the dimensions
of feed spacers and in combination with numerical modelling, to
determine the porosity of spacer-filled feed channels accurately.

In general, research papers describing experimental studies on
feed spacers do not mention the method used for determining the
spacer channel porosity and its accuracy. Membrane module
manufacturers do not always include the spacer porosity and/or do
not mention the applied method for assessing the spacer porosity
in membrane module specification sheets. So, (i) porosity data is
often not provided and (ii) different methods, other than the pyc-
nometer measurement may have been applied but are not
mentioned in papers and specification sheets.

1.2. Relationship between porosity, linear flow velocity and pressure
drop

In this paragraph the equations for porosity (Ø), linear flow
velocity (v) and pressure drop (Dp) are given and the dependency of
the linear velocity and pressure drop on the porosity is described
and presented in Fig. 1.
The porosity (Ø) of a spacer-filled feed channel is given by eq. (1)

ð∅Þ ¼ 1� Vspacer

Vchannel
¼ 1� Vspacer

wch � hch � lch
(1)

where Vspacer is the volume of feed spacer; Vchannel is the volume of
the feed channel which is a product of the height (hch) of the
channel equal to the height of the spacer (e.g. ~863 mm), the length
(lch) and width (wch) of the feed channel.

The linear flow velocity (n) is described by eq. (2)

v ¼ Q
A
¼ Q

wch � hch �∅
(2)

where n is the linear flow velocity inm$s�1, Q is the feed flow rate in
L$h�1, A is the area of the feed channel cross section, which is the
product of the channel width (wch), height (hch) and the porosity of
the flow channel:

Eq. (2) shows that the linear flow velocity is inversely propor-
tional to the porosity.

The pressure drop (Dp) can be derived by eq. (3)

Dp ¼ l$r$
y2

2
$
L
dh

(3)

where l is the friction coefficient, r the specific density, n is the
linear velocity; L is the length of the membrane and dh is the hy-
draulic diameter. The friction coefficient l is a function of the
Reynolds number (Supplementary material).

Eq. (3) shows that the pressure drop is quadratic dependent on
the linear flow velocity. The dependency of the linear velocity and
pressure drop on the porosity are presented in Fig. 1. Fig. S1 shows
the dependency of the linear flow velocity (A) and pressure drop (B)
on the porosity for three spacer thickness of 28, 31 and 34 mil. The
same trend is observed for different spacer thicknesses, with the
lowest starting value for the spacer with a thickness of 34 mil
(Supplementary Fig. S1). The figures underline the relevance of an
accurate determination and reporting of spacer-filled flow channel
porosity data.
1.3. Objectives of this study

The first objective of this study was to assess and evaluate six
methods for the porosity measurement applying a pycnometer
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(VD), three visually based methods commonly applied for numer-
ical modelling of spacer-filled channels, (simplified (SC) and
detailed microscopic methods (VCC and VCE)), weight and density
(WD) and X-ray computed tomography (CT) scanning (Table 1). The
second objective of this studywas to assess and evaluate the impact
of the flow channel porosity on the linear flow velocity and pres-
sure drop for the six feed spacers. The six spacers (five of 34mil and
one reference of 31 mil thickness) were placed in membrane
fouling simulators (MFSs) to determine the relationship between
feed flow and pressure drop. The impact of a deviation in the
porosity determination on the actual value of linear velocity and
pressure drop was elucidated. To the authors' knowledge, this is the
first study addressing the accuracy and relevance of accurate flow-
channel porosity measurements for developing spiral-wound
membrane modules with improved performance.

2. Materials and methods

2.1. Feed spacers

Six feed spacers with standard and modified geometries were
used for this study (Fig. 2). Three spacers coded CON-1, CON-2 and
CON-3 (Fig. 2 AeC) were commercially available from Conwed
Plastics (Conwed Plastics, Minneapolis, USA). Three modified
spacers were produced using a conventional method of spacer
manufacturing: a feed spacer from DOW (Fig. 2 D), from Hydra-
nautics coded HYD (Fig. 2 E), and from Lanxess (LANXESS, Bitter-
feld, Germany, Fig. 2 F). All spacers consisted of polypropylene
material. The thickness of the spacers was 34 mil (863 mm) except
for CON-3 with 31 mil (787 mm) thickness.

2.2. Techniques for porosity measurement of spacer-filled feed
channels

To determine the porosity of spacer-filled feed channels in
membrane based water filtration systems, six different techniques
were applied (Table 1).

2.2.1. Microscopic volume measurement methods
The porosity of the spacer-filled channels using microscopic

volume methods was determined by measuring the filament
thickness or fibre width of the spacer, with the help of stereomi-
croscopic images (Supplementary Fig. S2) and the number of fila-
ment strands (strand count) per meter. Since the feed spacer strand
shape is not well defined, the strand volume was calculated
assuming cuboidal, cylindrical and ellipsoidal strand shapes as
described in the following sections A, B and C:

A. Strand count and fibre volume measurement assuming a
cuboidal strand shape (SC): Four samples of each spacer type were
taken and five to six measurements were carried out for each
sample. The porosity of the spacers was calculated (Supplementary
Table S1) assuming a cuboidal strand shape, using eqs. (1) and
(4)e(6):
Table 1
Techniques for measuring porosity of spacer filled feed channels.

no. approach abbreviation equipment used

1 strand count and fibre thickness SC microscope, calliper
2 microscopic volume measurements cylindrical VCC microscope
3 microscopic volume measurements ellipsoidal VCE microscope
4 3D CT scan CT CT-scan
5 volume displacement VD pycnometer
6 weight and density WD scale
Vstrand ¼ hf �wf � lf (4)

where Vstrand is the volume of the spacer strand. hf is the height of
the spacer filament, wf is the width of the spacer filament and lf is
the fibre length of 1 m (eq. (4)).

The spacer sheet volume (Vspacer) was calculated by multiplying
the volume of one strand with the strand count (SC) along the fibre
length of 1 m (eq. (5)). The volume of the feed channel (Vchannel) is
the product of the channel height (hch) equal to spacer filament
height hf (e.g. ~863 mm), the length (lch) and the width (wch) of the
channel (1 m each in this case) (eq. (6)).

Vspacer ¼ Vstrand � SC (5)

Vchannel ¼ hch � lch �wch (6)

The porosity was calculated using eq. (1).

B. Strand count and fibre volume measurement assuming a
cylindrical shape (VCC): Four samples of each spacer type were
taken and five to six measurements were carried out for each
sample. The volume of one strand was determined by eq. (7)
assuming cylindrical strands (Supplementary Table S2).

Vstrand ¼ p� r2 � lf (7)

where r is half of the fibre diameter and lf is the fibre length (1 m).
The volume of the entire spacer sheet (Vspacer) was calculated by
multiplying the volume of one strand (Vstrand) with the strand count
(SC) along the length of the fibre (eq. (4)). The volume of the feed
channel (Vchannel) is the product of the channel height (hch) equal to
spacer filament height hf (e.g.e863 mm), the length (lch) and the
width (wch) of the channel (1 m each in this case) (eq. (6)). The
porosity was calculated using eq. (1).

C. Strand count and fibre volume measurement assuming an
ellipsoidal strand shape (VCE): In this method, the porosity of
spacer-filled feed channels was calculated using the same micro-
scopic volume measurement technique. However, in this method
the spacer strand volume was calculated assuming an ellipsoidal
instead of a cylindrical structure (Supplementary Table S3) (eq. (8)).

Vstrand ¼ p� r �
�
hf
.
4
�
� lf (8)

where r is half of the fibre thickness, lf is the fibre length (1 m) and
hf the height of the spacer (e.g. ~863 mm). Eqs. (1), (5), (6) and (8)
were used to calculate the porosity of spacer-filled channels.
2.2.2. Computed tomographic scan and numerical modelling (CT)
Feed spacer geometries were scanned in small sheets containing

six to thirty mesh elements. All feed spacers (coded CON-1, CON-2,
CON-3, HYD, DOW and LXS-ASD) were CT scanned with a resolu-
tion of 10 mm. The point clouds obtained from the CT scanning
materials and methods section Table (supplementary) Figures (supplementary)

2.2.1 A 1 2
2.2.1 B 2
2.2.1 C 3
2.2.2 4 3, 5
2.2.3 5
2.2.4 6



Fig. 2. Microscopic images of six feed spacer types (A) CON-1, (B) CON-2, (C) CON-3 (31 mil), (D) DOW, (E) HYD and (F) LXS-ASD made with a digital camera. Arrow indicates the
flow direction.
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process were obtained in the STL format (Stereolithography). Prior
to using the point cloud for thickness calculations, the feed spacer
sheet was trimmed to the desired size using the free version of
netfabb, small clusters of vertices resulting from scatter were
removed using the open-source tool MeshLab and the resulting
point cloud was subsequently exported to a JSON format. Calcula-
tions were performed using MATLAB (MathWorks Inc.). Solid ge-
ometries (three-dimensional (3D) spacer volume representation)
were received in SLDPRT format (SolidWorks Part) created from the
point clouds using freeform surface modelling were obtained from
CONWED and processed using the interface between MATLAB and
COMSOL (COMSOL Inc.) (Supplementary Fig. S3). The porosity
measurements for each spacer are provided in Supplementary
Table S4.

2.2.3. Volume displacement measurement (VD)
A 500 mL flask was used as a pycnometer and was weighed

empty (mfl) and filled with demi water ðmflþH2OÞ at T ¼ 22 �C
ðmH2O ¼ mflþH2OemflÞ. A spacer coupon was weighed (mSP), placed
into the 500 mL flask after which the flask was filled with water
until all specimenwere covered with water. Attached air bubbles, if
any, were removed by air suction for 3 times during 5 min each and
by ultrasonification during 30 min. The flask was filled with water
to the 500 mL mark and weighed (mfl þ H2Oþ SP, T ¼ 22 �C) (eq.
(9)).

mH2OþSP ¼ mflþH2OþSPe mfl (9)

The volume of the channel (Vchannel) was calculated by eq. (6).
The spacer volume (Vspacer) is the volume of water displaced

from the flask by adding the spacer. In other words, Vspacer is the
difference in the water volume before (VH2O) and after adding the
spacer coupon ðVH2OþSPÞwhich can be written as follows (eqs. (10)
and (11)):

Vspacer ¼ VH2O � VH2OþSP (10)

Vspacer ¼ mH2O

rH2O
�
�
mH2OþSP e mSP

�
rH2O

(11)

where mH2O and mH2OþSP are the weight of the water before and
after adding the spacer, msp is the weight of the spacer and rH2O is
the water density.

From the calculated volumes (Vspacer, Vchannel) the porosity was
calculated by eq. (1) (Supplementary Table S5).

2.2.4. Weight and density measurement (WD)
The porosity was calculated by determining the weight (mSP) of

spacer by weighing five 40 mm � 200 mm spacer coupons. The
density of the spacer material (rspacer) was taken as 0.91 g cm�3

(polypropylene from practice).
Vchannel was calculated by eq. (6).
The density of the channel (rchannel) was calculated by eq. (12).

rchannel ¼
msp

Vchannel
(12)

The porosity was calculated by eq. (13):

Porosityð∅Þ ¼ 1� rchannel
rspacer

(13)

The calculated porosities for the six spacers are provided in
Supplementary Table S6.

2.3. Experimental setup

The experimental set up (Supplementary Fig. S4) consisted of
cartridge filters (pore size of 10 mm) to remove particulate matter, a
temperature controller, pressure dampener, digital manometers,
pressure reducers, flow controller (mini CORI-FLOW Bronkhorst),
differential pressure sensor (Deltabar, Endress þ Hauser PMD75,
Germany) (Vrouwenvelder et al., 2009b), back pressure valve
(Hydra cell, Wanner Engineering Inc., USA), and membrane fouling
simulator (MFS).

The MFS has shown to be representative for the hydrodynamics,
spatial dimensions and biofouling development of spiral-wound
membrane modules (Vrouwenvelder et al., 2007, 2006). The MFS
with external dimensions of 0.07 m � 0.30 m � 0.04 mwas used in
a laboratory set-up under controlled stable conditions to study
hydrodynamics, spatial dimensions, and biofouling development
(Bucs et al., 2015). Coupons of a virgin membrane and feed spacer of
0.04 m � 0.20 m were placed in the simulator in the same
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orientation as in spiral-wound membrane modules in practice. The
RO membranes were provided by Trisep Corporation, USA. Exper-
iments were performed with tap water without residual
disinfectant.

The hydraulic characterization of the feed spacers was carried
out in MFSs by measuring the pressure drop at flow rates, ranging
from 0 L h�1 to 20 L h�1: equivalent to linear flow velocities of
0.0 m s�1 to 0.18 m s�1.
3. Results

Six techniques for porosity measurement were evaluated for
three feed spacers with standard and three feed spacers with
modified geometries. The feed spacers were first compared with
respect to geometry (Section 3.1). Then the results of the various
techniques for porosity measurement of spacer-filled feed channels
were compared for the six feed spacers (Section 3.2). Finally, the
impact of the porosity of the spacer-filled feed channel on the hy-
draulic behaviour was elucidated (Section 3.3).
3.1. Feed spacer characterization

A visual comparison of the six feed spacers (Fig. 2) was made
using a digital microscope (Dino-lite). The feed spacers were
characterized based onmesh-size, angle between the filaments and
filament thickness of the spacers (section 2.1). Three spacers coded
CON-1, CON-2 and CON-3 (Fig. 2 AeC) were commercially available
from Conwed Plastics (Conwed Plastics, Minneapolis, USA). Three
modified spacers were produced using a conventional method of
spacer manufacturing, with slight variations in filament angle,
mesh-size and filament thickness: (i) a feed spacer from DOWwith
Fig. 3. CT scans of the evaluated feed spacer designs. The top views show the spacers
in the xy-plane. Two cross-sections normal to the strand axis (90�), at positions along
the strands indicated by dashed red lines, are shown below each top view. All images
are presented at the same scale (scale bar for top views, 5 mm; for cross-sections,
0.5 mm). The acronyms refer to the spacer manufacturer: Conwed (CON-1, CON-2,
CON-3), DOW (DOW), Hydranautics (HYD) and LANXESS (LXS-ASD). Based on
Haaksman et al., 2017. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
an internal strand angle of 70� (Fig. 2 D), (ii) a feed spacer from
Hydranautics coded HYD, consisting of 90� internal strand angle
and elliptical in cross-section, but with thinner regions between
strand intersections and a larger mesh size (Fig. 2 E), (iii) a feed
spacer LSX-ASD from Lanxess (LANXESS, Bitterfeld, Germany) with
alternating thick and thin strands (Fig. 2 F). CT scan images show
the feed spacer top view and cross sections (Fig. 3) and the spacers
under a 45� angle (Fig. S5).

3.2. Comparison of measurement techniques for porosity of spacer-
filled channels

Fig. 4 and Table S7 show the porosity of spacer-filled feed
channels in spiral-wound membrane systems for the six spacers
measured by the various techniques. The weight and density (WD)
and CT scan (CT) methods showed similar results as the traditional
volume displacement (VD) method with a pycnometer, while
microscopic measurement techniques: strand count and volu-
metric calculation (SC, VCC, VCE) showed deviating values with a
larger standard deviation. VCE measurements were closer to VD
measurements than SC and VCC, whichmay be due to an ellipsoidal
instead of a cuboidal or cylindrical strand shape. The microscopic
volume calculation methods had larger standard deviations
(Supplementary Table S8). To summarize, compared to the tradi-
tional VD method, the microscopic methods SC, VCC and VCE
showed strongly deviating values and a larger standard deviation
than the WD and CT methods for measuring the porosity of spacer-
filled feed channels in spiral-wound membrane systems. Depend-
ing on the applied technique the porosity varied between 0.793 and
0.906 with standard variations varying between 0.2% and 6.4% (see
Supplementary Tables S7 and S8).

3.3. Impact of the deviation of the porosity on linear flow velocity
and pressure drop of spacer-filled feed channels

In section 1.2 the relationship between porosity, linear flow
velocity and pressure drop has been discussed. The flow velocity is
linear dependent on the porosity while the pressure drop is
superlinear dependent on the porosity.
Fig. 4. Comparison of porosities of spacer filled feed channels in MFS for six feed
spacers based on porosity methods: volumetric calculations: strand count (SC), cy-
lindrical (VCC) and ellipsoidal (VCE), CT-scan (CT), volume displacement (VD) and
weight and density (WD).



Fig. 6. Feed channel pressure drop (mbar) as a function of feed water flow (L$h�1) in
MFSs for six different feed spacers: CON-1, CON-2, CON-3, DOW, HYD and LXS-ASD.
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In section 3.2 the porosity measurements by six different tech-
niques have been described. For an average porosity value of 0.8 the
deviation was about 6%.

Fig. 5 shows the effect of the channel porosity measurement
deviation in percent (%) on the linear flow velocity and pressure
drop for a 34-mil thick standard spacer at the same feed flow rate.

Fig. 5 shows a significant impact of the deviation of the
measured porosity on the linear velocity and especially the pres-
sure drop. For the maximum porosity deviation of �6% to þ6%, the
deviation of the linear velocity was �5.6% and þ6.4% respectively.
For the pressure drop the deviations were �31% and þ43%
respectively, illustrating the importance of an accurate porosity
measurement.

3.4. Impact of the porosity on the hydraulic behaviour of spacer-
filled feed channels

The hydraulic behaviour of each feed spacer was characterized
in MFS research by determining the pressure drop at different flow
rates. For each feed spacer, a different relationship between pres-
sure drop and flow rate was observed due to the difference in ge-
ometries (Fig. 6).

Once again, deviations in porosity had a strong impact on the
relationship between pressure drop and flow rate. Taken the VD
measurement as a reference, the deviations in porosity were used
to calculate a percentage deviation in pressure drop (see Fig. 7).

The pressure drop deviation varied between �3% for the CT
method and þ10% for the SC method, once again illustrating the
importance of an accurate porosity measurement. Despite the in-
accuracy, the impact of the porosity on the hydraulic behaviour of
spacer-filled channels has been clearly illustrated.

4. Discussion

The objective of this study was to evaluate the accuracy of six
different techniques formeasuring the porosity of spacer-filled feed
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channels in spiral-wound membrane systems and the consequence
of an inaccurate porosity method on the performance parameters
of spiral-wound membrane systems.

4.1. Importance of reporting the porosity of spacer-filled feed
channels

Bartels et al. compared spiral-wound membrane modules
differing in spacer thickness (26, 28, 31 and 34mil thick) and design
(Bartels et al., 2008). Irrespective of the feed spacer thickness, the
membrane modules had the same total membrane surface area
(400 sq.ft.) due to a more effective control of glue line placement as
well as some other element design changes (Bartels et al., 2008).
1 2 3 4 5 6 7

Devia on in porosity (%)

Devia on in linear flow
velocity (%)
Devia on in pressure
drop (%)

velocity and pressure drop for a 34-mil thick standard spacer at a feed flow rate of



Fig. 7. Effect of different spacer porosity measurements on hydrodynamics for spacer
HYD: The percentage differences in porosities can be translated into percentage de-
viation in pressure drop, with VD as reference method.
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The modules containing various feed spacers were tested (i) for the
relationship between feed flow rate and pressure drop and (ii) in a
pilot study applying the same feed flow rate for the membrane
modules while monitoring the pressure drop development. Bartels
et al. reported the development of a thicker feed spacer with a
unique geometry, a lower pressure drop and a reduced chemical
cleaning frequency when treating water of poor feed quality
(Bartels et al., 2008). The flow channel porosity was not reported in
the study, although the lower pressure drop and the lower pressure
drop increase could very well predominantly be caused by the flow
channel porosity, instead of the modified spacer design. 55 journal
papers were published in the last three years dealing with feed
spacers in spiral-wound NF and RO membrane systems. Only eight
papers reported the porosity of spacer-filled channels, while only
one article mentioned the method used to measure the spacer
porosity. To effectively determine the hydrodynamics of the
membrane modules, applying a modified feed spacer design,
porosity data and method should be reported.

4.2. Applicable methods to measure feed channel porosity

In this study six techniques were applied to measure the
porosity of spacer-filled channels as described in section 2.2. The
porosity values measured by VD, WD and CT methods were in
agreement. The VD method is a simple and accurate method that
uses a pycnometer for volume measurements; the only limitations
are air bubbles that might distort the volumemeasurement causing
a standard deviation of approximately 1% for all spacer types
(Supplementary Table S8). WD is one of the earliest (Schock and
Miquel, 1987) and most precise methods with a standard error of
<1% (Supplementary Table S8), but accurate density data of the feed
spacer are required which may not always be available. The CT
method, introduced as an alternative to compare the accuracy of
existing methods in practice, proved to be accurate for all spacer
types with a percent standard deviation of around 1.0e1.7%. The
only limitation of CT is that its accuracy depends heavily on the
resolution of the scans.

In the three microscopic techniques, the number of strands per
unit area and width of the strands were measured, while assuming
the shape of the spacer strand as cuboidal, cylindrical and
ellipsoidal for SC, VCC and VCE respectively. The SC and VCC
method deviated significantly from the VD method, while the VCE
method gave more accurate results, most probably caused by the
applied ellipsoidal strand shape.

For spacer coded CON-2 (Supplementary Table S8), the calcu-
lated percent standard deviations for SC, VCC and VCE were 3.3%,
6.4% and 2.5% respectively, while for CT, VD and WD the calculated
percent standard deviations were 1.7%, 0.8% and 0.2% respectively.
In conclusion, VD, WD and CT methods are feasible for measuring
the spacer-filled feed channel porosity, while the microscopic
methods are shown to be inaccurate and should not be used.

4.3. Effect of porosity measurements on the hydraulics of spiral-
wound membrane options and the impact of accumulated biomass

The porosities of the six feed spacers determined by different
methods were compared in detail in section 3.2 (see Fig. 4).
Following that, the impact of the deviation of the porosity on the
linear flow velocity and pressure drop was described in section 3.3.
The deviation of the porosity had a strong impact on the linear flow
velocity and especially the pressure drop (see Fig. 5). Finally, the
impact of the porosity on the hydraulic behaviour of spacer-filled
feed channels was explored in section 3.4. Deviations in porosity
had a strong impact on the relationship between pressure drop and
flow rate. The DOW feed spacer showed the lowest pressure drop
flow rate ratio, which may be due to the reduced internal strand
angle (b) of 70� (see Fig. 6). CON-2 and DOW had almost the same
porosity as indicated by CT data (Fig. 4), but were very different in
pressure drop/flow rate ratio (Fig. 6), indicating that the spacer
geometry had an influence on hydraulics in addition to porosity.
Finally, the effect of the accumulated biomass on the hydraulic
behaviour of spacer-filled channels was also strongly impacted by
the porosity (Bucs et al., 2014).

The deviation in pressure drop caused by the application of the
six different porosity methods was evaluated for spacer coded HYD.
Compared to the VD method, the pressure drop variation was as
high as 10% for the SC method and as low as 3% for the CT method
(see Fig. 7). Therefore, small variations in the porosity led to a
significant error in the linear flow velocity and a much larger error
in the pressure drop.

4.4. Recommendation

The porosity of spacer-filled channels is important in deter-
mining the hydraulics of spiral-wound membrane systems. In
literature, the most commonly applied method to determine per-
formance decline is measuring the pressure drop increase over the
feed channel. By increasing the porosity of spacers, the pressure
drop increase can be reduced significantly, regardless of the
amount of fouling present. Some modified membrane modules
display an overall reduction in pressure drop due to the higher
porosity and not because of a better geometry (Bartels et al., 2008).
As shown in this study, both spacer geometry and porosity influ-
ence the hydraulic behaviour in spacer-filled channels. To specify
the cause of the observed pressure drop reduction, (i) the porosity,
(ii) the geometry of the spacer-filled channels should be specified
for the spacers used and also (iii) the technique used for calculating
the porosity of the spacer-filled feed channels should be
mentioned.

5. Conclusions

Comparison of different techniques for porositymeasurement of
spacer-filled channels using modified feed spacers led to the
following conclusions:
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� (i) Volume displacement, (ii) CT, and (iii) weight and density
based methods have shown to be accurately measuring the
porosity of feed spacers.

� Microscopic measurement based methods provide an incorrect
porosity of spacer-filled feed channels.

� The porosity of spacer-filled feed channels has a strong impact
on linear velocity and pressure drop.

� The linear velocity is proportional and the pressure drop is
superlinear (more than proportional) dependent on the
porosity.

� Accurate porosity data are essential for the evaluation of feed
spacer performance in spiral-wound membrane systems.
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