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a b s t r a c t

Spiral-wound membrane modules used in water treatment for water reuse and desalination make use of
spacer meshes for keeping the membrane leaves apart and for enhancing the mass transfer. Computa-
tional fluid dynamics (CFD) has gained importance in the design of new spacers with optimized hy-
drodynamic characteristics, but this requires a precise description of the spacer geometry. This study
developed a method to obtain accurate three-dimensional (3-D) geometry representations for any given
spacer design from X-ray computed tomography (CT) scans. The method revealed that the filaments of
industrial spacers have a highly variable cross-section size and shape, which impact the flow char-
acteristics in the feed channel. The pressure drop and friction factors were calculated from numerical
simulations on five commercially available feed spacers used in practice. Model solutions compared well
to experimental data measured using a flow cell for average velocities up to 0.2 m/s, as used in industrial
reverse osmosis and nanofiltration membrane operations. A newly-proposed spacer geometry with al-
ternating strand thickness was tested, which was found to yield a lower pressure drop while being highly
efficient in converting the pumping power into membrane shear. Numerical model solutions using CFD
with geometries from CT scans were closer to measurements than those obtained using the traditional
circular cross-section strand simplification, indicating that CT scans are very well suitable to approximate
real feed spacer geometries. By providing detailed insight on the spacer filament shape, CT scans allow
better quantification of local distribution of velocity and shear, possibly leading to more accurate esti-
mations of fouling and concentration polarization.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Membrane operations are used increasingly for the removal of
various contaminants from water. For instance, microfiltration
(MF) and ultrafiltration (UF) separate particulate material, while
nanofiltration (NF) and reverse osmosis (RO) retain charged so-
lutes. Industrially, the removal of these contaminants in order to
aaksman),
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,

produce potable water is performed using spiral-wound mem-
brane modules. Optimisation of the performance of spiral-wound
modules has been focussed mainly on the development of mem-
branes [1] and the design of feed channel spacers [2].

Research into feed spacer design concentrates mainly on the
effect of the spacer geometry on the hydrodynamics in the spacer-
filled channel. Hydrodynamics, in turn, influences all other per-
formance indicators. The spacer geometry determines the power
input required to overcome the hydraulic resistance imposed on
the flow, which is dominated by form drag of the spacer filaments
and losses due to the change in direction of flow [3]. The dis-
sipation of momentum and the resulting flow pattern are linked to
the distribution of shear stress on the spacer filaments and
membranes. Disruption of the hydrodynamic boundary layer by
means of liquid recirculation regions influences the transport of
solutes from and of particulate material towards the membranes
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[4], which in turn affects scaling [5], biofouling processes and the
permeate flux [6,7]. Moreover, these processes are coupled to one
another to increasing extent with increasing time of operation [8].
Therefore, all of these phenomena have to be taken into account
when optimising the feed spacer design [9].

Numerical modelling is a powerful tool to assess the impact of
design parameters on the process performance, for a wide range of
operational conditions encountered in spiral-wound modules.
Computational fluid dynamics (CFD) coupled to transport of so-
lutes has been employed in various studies to model flow and
permeation, trying to find the optimal feed spacer design [2,10].
Ranade and Kumar [11] showed that model solutions obtained
using a flat spacer-filled computational domain did not sig-
nificantly differ from those using a curved domain when studying
the hydrodynamics in a spiral-wound module, which had also
been shown experimentally by Schock and Miquel [12]. Flat
spacer-filled computational domains have been thus used ex-
tensively for studying the effect of alignment and shape of spacer
strands in two-dimensional (2-D) as well as three-dimensional (3-
D) models. Most of the work in 2-D has been conducted on a
ladder-type spacer strand configuration, the spacer strands being
aligned transversal and axial to the main flow direction. The effect
of the ratios between the diameter of cylindrical strands, strand
distance and channel height on the (unsteadiness of) fluid flow
[3,13] and solute transport [14–16] has been studied extensively.
Furthermore, the alignment of cylindrical strands along the
channel height has been investigated using various configurations
of the transversal strands, namely zig-zag (alternating on top and
bottom membranes), fully submerged and all aligned with either
top or bottom [13,16,17]. Moreover, these models have been ex-
tended to assess the impact of strand size and alignment on
scaling and (bio)fouling in reverse osmosis for desalination [5,7,9],
and on nutrient removal performance of membrane biofilm re-
actors (MBfR) [18]. Although mostly cylindrical strands have been
considered, other cross-sectional shapes like triangular, squared
[19], saw-tooth [20] and elliptical [21] have also been evaluated.

Simulations in 2-D have allowed for fast computation and
qualitative assessment of design parameters for ladder-type
spacers. However, quantitative evaluations of spacer designs of
which the strand geometries are not symmetrical in the direction
lateral to the main flow cannot be performed in 2-D. The in-
creasing availability of computational resources (i.e., powerful
computers; stable, fast and accurate numerical methods; versatile
and user-friendly CFD software) has allowed the study of various
feed spacer designs using 3-D models without this limitation.
Work in 3-D has been performed for multiple filtration technolo-
gies using spiral-wound membrane modules (NF, MF, FO), al-
though most work has been centred around reverse osmosis and
ultrafiltration [2]. The increasing availability of 3-D modelling also
triggered the design of new, non-conventional feed spacers with
strand cross-sections other than circular [11,22]. Furthermore,
multi-layer spacers with more than two layers of crossing spacer
strands used conventionally [23,24] and spacer designs consisting
of unconnected support structures, varying in shape, have been
evaluated [25]. These efforts aside, the majority of studies on op-
timal spacer design remained focussed on the impact of alignment
of cylindrical spacer filaments (flow attack angle, α, and internal
strand angle, β) and the impact of their dimensions in relation to
their mutual distance and channel height on hydrodynamics and
solute transport [11,26–33]. Mainly, this is due to their presumed
resemblance to designs already used in practice.

While efforts to accurately represent spacer geometries used in
practice in 3-D modelling remained limited to the alignment and
diameter of cylindrical strands, less work was directed towards the
investigation of the shape and tilt of spacer filaments themselves.
However, it has been shown using stereo light microscopy,
scanning electron microscopy (SEM) [34,35] and optical coherence
tomography (OCT) [36] that the filaments from designs used in
practice vary in thickness when looking from the top. These
strands are thus far from cylindrical, most likely due to the poly-
mer extrusion technique used in manufacturing. Geometries
formed by filaments constructed from extruded circles with
varying diameter and truncated cones have been used to better
represent these physical characteristics [35,37]. Furthermore, Pi-
cioreanu et al. [37] reported that, compared to these more realistic
representations, model solutions obtained from geometries with
cylindrical filaments may overestimate the pressure drop over the
computational domain representing the feed channel. Moreover,
this approach has been successfully used to compute axial pres-
sure drop, which was in agreement with measurements using a
flow cell for a new spacer design produced using 3-D printing [38].

More accurate geometry representations, however, remain
crucial when one's goal is to compare results from modelling
studies to experimental measurements on commercially available
spacer designs. Furthermore, insight in the effect of spacer strand
shape may lead to improved spacer designs. A recent study in
which CFD results were compared to experiments using particle
image velocimetry opted for more accurate 3-D spacer geometry
representations [34]. In addition, modelled biofouling on spacer
filaments was shown to be more detrimental to the calculated
pressure drop than fouling on the membrane [6], underlining the
importance of accurate geometry representation for the evaluation
of a spacer design.

Compared to other available 3-D imaging methods (e.g., con-
focal laser scanning microscopy, CLSM, optical coherence tomo-
graphy, OCT, magnetic resonance imaging, MRI), X-ray computed
tomography (CT) provides a series of advantages: it can be used for
non-transparent samples, requires little to no sample preparation,
has a high spatial resolution, is unaffected by sample surface gloss
often encountered with optical methods, allows the presence of
metals and the scanning equipment is becoming increasingly
available. The CT procedure uses 2-D images acquired at different
angles on the sample to reconstruct the actual 3-D object [39].

The aim of this study was to develop a method to obtain ac-
curate 3-D geometry representations for any given spacer design.
First, a workflow was developed to construct precise 3-D geometry
representations from X-ray computed tomography scans for sev-
eral commercially available feed spacers. The pressure drop cal-
culated from simulations using CFD was compared to experi-
mental data measured using a flow cell for average effective flow
velocities up to 0.2 m/s as used in industrial reverse osmosis
membrane operations [8,10] Moreover, the feed spacers were
compared based on shape-induced friction, efficiency of mem-
brane shear stress generation compared to the power input and
local shear and velocity distributions. Finally, CFD model solutions
were compared to results obtained using conventional re-
presentations using strands with circular cross-section from
literature.
2. Materials and methods

2.1. Spacer types

Five type of spacers, all 34 mil thick (�863 mm), were analysed
in this study (Fig. 1). The first two types are commercially available
from Conwed Plastics (Minneapolis USA) (called here CON-1 and
CON-2). These have a similar filament shape and an internal strand
angle (β) of 90 degrees, but different strand count (i.e., number of
strands per unit of length) and a slight difference in strand
thickness. Typically, the fibres have a quasi-elliptical section, tilted
in respect to the main flow direction (Fig. 1A, B). The third spacer



Fig. 1. 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), LANXESS (LXS-ASD), Hydranautics (HYD) and Dow Chemical (DOW).
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was from Hydranautics, also with 90 degrees internal strand angle
and elliptical in cross-section, but with profound thinner regions
between the strand intersections (called HYD) (Fig. 1D). A spacer
from DOW Chemical with an internal strand angle of 70 degrees
was also evaluated (called here DOW). This spacer presented
strand cross-sections with a small eccentricity (i.e. a small devia-
tion from circular) and almost uniform strand thickness (Fig. 1E).
Finally, a new spacer design from Lanxess AG (LXS-ASD) had al-
ternated strand thickness with the scope of increasing the porosity
of the flow channel and therefore reducing the observed pressure
drop (Fig. 1C). Images of all spacer samples are presented in the
Supplementary material (Fig. S1).
2.2. Spacer geometry acquisition and processing

The workflow used to convert the 3-D density information
from the CT scanning procedure to a solid shape suitable for cal-
culations using computational fluid dynamics (CFD) is summar-
ized in Fig. 2.

2.2.1. X-ray computed tomography procedure and surface
triangulation

Raw CT scans of all selected feed channel spacers were ob-
tained from various sources. For the scan of CON-1, the spacer net
was sandwiched between two pieces of expanded polystyrene
(Styrofoam) to increase the flatness. However, the other spacers



Fig. 2. Overview of the workflow of CT scan processing for CFD modelling for spacer CON-1. (A) Image of an initial three-dimensional surface triangulation containing holes
(non-manifoldness), spikes, intersecting surface triangle faces and other small objects (noise). (B) Image of a cleaned triangulated three-dimensional surface. (C) Solid spacer
geometry created from surface fitting with non-uniform rational B-spline (NURBS) patches. (D) The computational domain (flow channel) and boundary conditions for CFD.
(E) Mesh overview and detail showing boundary layer meshing.
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were glued on a support with the plane of the spacer net in ver-
tical position since the rigidity of the small samples was sufficient
to ensure the flatness. The scanning procedure used for each
spacer design and the properties of the samples that were scanned
are summarized in Table 1. The 3-D density information obtained
from these scans was subsequently processed to extract only the
spacer material by applying a threshold (VGStudio MAX, Volume
Graphics GmbH). The surface of the resulting object was then
triangulated and the obtained mesh was stored in a common
stereolithography file format (STL) [WR1] using the Iso2Mesh
[WR2] toolbox for MATLAB (R2014a, MathWorks Inc.). This format
contains the positions of vertices and the edges forming the
surface triangles, including the normal vector for each triangle. An
example of such a mesh is shown in Fig. 2A.

2.2.2. Processing of triangulated surfaces
The surface triangulation introduces various defects in the 3-D

representation of the spacer geometry resulting in holes, sharp
peaks, intersecting faces and artefacts on the spacer surface caused
by noise in the CT scan (as shown, for example, in Fig. 2B). These
defects were removed using the open source application MeshLab
[WR3], with the goal of creating a manifold (i.e., watertight) geo-
metry. Prior to conversion of the surface mesh to a solid shape,
geometry rotation operations were performed with a MATLAB



Table 1
Overview of properties of CT scanned spacer samples and parameters which were used when the CT scan was performed.

Feed channel spacer CON-1 CON-2 HYD DOW LXS-ASD

Sample properties
Number of strand
intersections

17 24 12 17 18

Number of repeating frames 6 9 5 6 3

CT scan procedure
Voxel size (mm) 15�18 7.5 7.5 7.5 7.5
Image acquisitions per
rotation

1200 1440 1440 1440 1440

Equipment used Carl Zeiss Metrotom
800

Phoenix nanotom m, GE
Life Sciences

Phoenix nanotom m, GE
Life Sciences

Phoenix nanotom m, GE
Life Sciences

Phoenix nanotom m, GE
Life Sciences
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routine in order to align the spacer with the xy plane of the used
system of coordinates.

2.2.3. Surface fitting and conversion to a solid shape
The netfabb Basic application (3D Systems, Inc.) [WR4] was

subsequently used to cut a repeating spacer frame from the
manifold surface mesh. A piece slightly larger than required was
cut in this operation to avoid alterations in the computational
domain due to necessary smoothing of the cutting edges. The re-
sulting piece was imported in GeoMagic Studio (v12.0, 3D Systems,
Inc.) and prepared for surface fitting by using the automatic mesh
repair functionality, which would smooth the sharp angles be-
tween edges introduced upon cutting the surface mesh in the
previous step. Then, a surface was fitted onto the mesh using
several non-uniform rational B-spline (NURBS) patches based on
lines drawn along the important contours of the geometry. The
patches were merged to form a single surface, which was subse-
quently converted to a solid shape (CAD-geometry) for use in the
CFD code. An example of a resulting solid geometry is presented in
Fig. 2C.

2.2.4. Construction of computational domain
Computational domains for modelling hydrodynamics were

constructed from solid shapes described in Section 2.2.3. The
computational domain was created by imposing a block with sizes
in x- and y-directions equal to the dimensions of one (or multiple)
repeating spacer frames and with a height of 863.6 mm (34-mil).
For each geometry the block was moved along the z-direction to
minimize the fluid-filled volume of the channel. Finally, the liquid
domain was constructed as the difference between the volumes of
the block and spacer (Fig. 2D).

2.2.5. Spacer geometry measurements
Distance measurements (i.e. strand intersection thickness,

parallel strand distance, strand thickness, etc.) were conducted on
the processed triangulated surface mesh. The matrix representa-
tion of the spatial position of vertices allowed for faster processing
in MATLAB compared to the solid shape of the spacer geometry.
Volume measurements were performed on the solid spacer geo-
metries using COMSOL Multiphysics (v5.1, COMSOL Inc., Burling-
ton, MA) and MATLAB through the LiveLink

s

interface. Thickness
measurements were performed using digital callipers. Volumes of
physical spacer nets for porosity were calculated from weight
measurements based on the material density. The average thick-
ness and porosity of designs with alternating strands were calcu-
lated based on the nodes of two strands of the thickest type, as-
suming that these nodes support the membranes the most and
thus determine the feed channel height in spiral-wound mem-
brane modules.
2.2.6. Construction of simplified spacer geometry
Simplified spacer geometries were constructed to mimic the

conventional approach of spacer geometry construction for CFD
modelling in 2-D as well as 3-D. Measurements on the spacer di-
mensions have been obtained by light microscopy or scanning
electron microscopy [35], always using views from the top of the
spacer mesh. Assuming that spacer strands are rotationally sym-
metric along a central axis, a cylindrical strand with varying dia-
meter could be constructed. The same procedure was applied here,
but using instead the top view of the CT scan. A set of Bèzier curves
was used to approximate the surface curvature based on these
measurements. The simplified solid strand shape was finally cre-
ated by revolving the Bèzier curves around a central axis, followed
by the construction of the channel geometry by multiplying such
obtained strand geometry units. All the simplified geometries
obtained for spacers HYD, DOW and LXS-ASD are presented in Fig.
S2 from the Supplementary material.

2.3. Numerical model

The computational domains constructed from the CT scans
were used for three-dimensional CFD calculations. Stationary, la-
minar flow of an incompressible fluid was assumed (Navier-Stokes
with continuity equations):

( )ρ η⋅∇ + ∇ = ∇⋅( ∇ ) ∇⋅ = ( )pu u u u, 0 1

where ( )= u u uu , ,x y z denotes the vector of local fluid velocity, p is
the pressure, η is the dynamic viscosity of water and ρ is the
density of water (30 °C). No-slip boundary conditions were spe-
cified for the spacer surface and for top and bottom walls, thus
performing calculations without permeate production.

To reduce the computational requirements, while still having a
representative computational volume, periodic boundary condi-
tions were applied on one typical spacer frame. The periodic flow
conditions were set between the opposite boundaries lateral and
axial to main flow direction. Considering that the CT scans contain
small deviations in geometry from one repeating spacer frame to
the next, the geometry of the opposite faces of the computational
domain does not match exactly. To allow the use of periodic
boundaries, the computational domain was slightly altered by
adding very thin blocks (50 mm thick) on all four faces. Conse-
quently, the periodic boundaries were actually applied on the
perfectly matching rectangular faces of opposite blocks. The va-
lidity of this approach was tested by additional calculations using a
simplified spacer geometry containing identical periodic faces
with and without the blocks. Differences in the calculated pressure
drop and velocity fields were negligible (less than 0.1%), thereby
justifying this approach. A pressure difference between the axial
pair of periodic boundaries was driving the flow. The needed
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pressure drop to obtain the desired average velocity (ūset) resulted
from an additional constraint:

∫ ∫¯ = ¯ = ( )Ω Ω
u u u dV dV/ 2set x x

where ūx is the velocity in the main flow direction, averaged over
the whole computational domain Ω.

2.3.1. Model solution and mesh convergence studies
COMSOL Multiphysics 5.1 was used to solve the stationary flow

equations by finite element methods. A schematic overview of a
computational domain in depicted in Fig. 2D. For quantitative
comparison with experimental data, it is essential the numerical
results are accurately obtained on converged grids (or meshes). A
triangular mesh was generated on one face of a pair of periodic
boundaries and subsequently copied to the other face of the pair.
Tetrahedral elements were then used to mesh the liquid volume of
the computational domain with a maximum element size varying
per spacer geometry (CON-1: 70 mm, CON-2: 75 mm, HYD: 78 mm,
DOW: 66 mm, LXS-ASD: 108 mm). From this tetrahedral mesh, a
number of prism shaped boundary layer elements were generated
near the no-slip walls (membranes and spacer). The solution was
calculated on successively refined meshes until a converged grid
was obtained. The degree of convergence was assessed using the
Grid Convergence Index (GCI) proposed by Roache [40]. The fric-
tion factor f was used as the quantity to assess the convergence.
This is equivalent with using the pressure drop as mesh con-
vergence criterion. In the simulated conditions, the GCI was below
10% for all spacers when ten boundary layer mesh elements were
generated on the no-slip boundaries. This is considered as suffi-
cient mesh accuracy in CFD [2]. Further refinement of the tetra-
hedral mesh did not result in an increase in accuracy. Details on
the grid refinement and mesh convergence studies can be found in
Supplementary Material, Fig. S3.

2.4. Experimental methods

Experimental pressure drop measurements on the spacers
under evaluation were performed at cross flow velocities re-
presentative for membrane modules in practice [41], using mem-
brane fouling simulators [42] and sensitive differential pressure
transmitters [43]. The complete experimental set-up has been
described in recent work [38,44]. Feed spacers (thickness of
34 mil) were selected based on earlier studies (e.g., [45]).

Measurements on each spacer type were conducted using the
same flow cell with a fixed channel height of 34 mil (863 mm) and
inner width and length of 4.0 cm and 20.0 cm, respectively. A
mould was used to cut small sheets of spacer to the aforemen-
tioned size. Filtered (10 mm pore size) tap water was used for this
study with a controlled temperature of 30 °C. Pressure drop
measurements were performed in duplicate for a range liquid flow
rates between 2 kg/h and 20 kg/h. Flow rates were converted to
average velocities ūeff using the flow channel porosities de-
termined from CT-scans.

2.5. Measures for evaluation of different spacer geometries

2.5.1. Pressure drop
Objective comparison of pressure drop resulted from different

spacer designs is crucial for the evaluation of their performance.
Experimental measurements and flow simulations on different
spacer geometries must be compared based on the same average
liquid velocity in the main flow direction ū corrected for the
porosity of the spacer-filled feed channel, ε, such that ε¯ = ¯u u/eff .
The channel porosity (i.e., the volume fraction available for fluid
flow) is calculated from ε = − V V1 /sp tot , where Vsp and Vtot are the
volume of the spacer and the total volume of the channel in-
cluding the spacer and the liquid, respectively.

2.5.2. Friction factor
When comparing the drag characteristics of different spacers

resulting from the shape of the spacer strands and the orientation
towards the liquid flow, the Reynolds number, ρ η= ¯Re u d /eff h , and

the Darcy friction factor, ( )ρ= Δ ¯f p d l u2 /h eff
2 , were used as pro-

posed by Schock and Miquel [12]. The pressure drop Δp is related
to a unit length of flow channel, l. Various definitions for the
characteristic length scale of the flow in spacer-filled channels and
3-D simulations have been proposed, which either use only the
channel height, h, [4] or the strand diameter dS [29], thus as-
suming on average cylindrical strands. However, the wetted area
Aw (spacer and all other walls) and the shape of the spacer strands
would also influence the friction factor. Therefore, the definition of
a hydraulic diameter dh proposed by Schock and Miquel [12] is the
most widely used [2] and allows for analysis of spacer designs
without a priori assumptions on the strand shape.

ε
=

( − )
=

+ ( )
d

V V

A
V

A A

4 4

3
h

tot sp

w

tot

m sp

This hydraulic diameter takes into account the porosity of the
spacer-filled channel, ε, the spacer surface area, Asp and the
membrane surface area, Am. The advantage of CT scans is that it
allows an accurate calculation of the spacer surface area and vo-
lume without assuming a particular shape of the strands.

2.5.3. Membrane shear stress generated per power input
Besides the pressure drop, the solute (e.g., salt) transport and

(bio)fouling are important in the operation of industrial reverse
osmosis modules and these are impacted by shear [26,32,35].
Therefore, feed spacer performance was also assessed in terms of
the energy loss resulting from the form drag through flow around
the spacer strands in a feed channel and shear stress on the
membrane surface. The influence of the strand shape (i.e. re-
gardless of the dimensions) was assessed by getting a modified
friction factor (fmod) proposed by Santos et al. [22] as a function of
the Power number, which allowed comparison of different spacer
designs for the same power input. The Power number, Pn, was
defined as =Pn Re f3 . The modified friction factor is a function of
shear at the membrane, ( )τ ρ μ=f d /mod m h

2 2 , where τm is the shear
averaged over the whole membrane area. The fmod should ideally
be maximized for a given power input.

2.5.4. Membrane shear stress efficiency for a constant flow rate
Another operational mode of spiral-wound membrane modules

is operation using a constant feed flow rate. Therefore, the shear
stress on the membrane per unit of pressure difference for a
spacer design as a whole was analysed for a fixed average velocity
ūeff to assess the level of hydrodynamic boundary layer disruption
on the membrane per amount of momentum dissipated. To be able
to compare correctly different spacer designs, the dimensionless
quantity ( )( )τ= Δf p A A/ /p m m axial was used.

Aaxial is the cross-sectional area of the computational domain
perpendicular to the main flow direction.

2.5.5. Strand eccentricity
The strand eccentricity for a spacer of a certain cross-section

was calculated by = −e b a1 /2 2 , where e is the eccentricity, b the
shortest semi-axis and a the longest semi-axis. A circular cross-
section yields an eccentricity of 0, while e increases asymptotically
towards 1 for increasing eccentricity. Lengths a and b define the
ellipse circumscribing a cross-section of spacer strand with the
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smallest circumference. Average eccentricity of the strand was
determined by averaging the eccentricities of 20 cross-sections.
3. Results

3.1. Geometric characteristics of feed channel spacers from CT scans

Visual inspection of the CT scans of the spacers under study
reveals a variety of geometric features, hardly observable by pre-
viously used microscopic methods. Ridges, valleys and varying
strand thickness in all three dimensions are apparent for all five
feed channel spacer designs, features sometimes generated by
twisted strands between fibres intersections. The CT scans clearly
revealed that the cross sections of the fibres are not rotationally
symmetric (see Fig. 1). This means that the spacer strand or-
ientation against the flow becomes important, unlike in previous
spacer representations where the cross-sections were circular
[34,35,37].

Quantitative geometry measures were extracted from the CT
scans for each spacer design. In the following, we annotate with an
asterisk (*) the measured quantities that were changed in the
model due to the fixed height of the experimental flow channel
(h¼863 mm). The average thickness of strand nodes, h*, and the
average parallel strand distance, Lsp, were measured to validate the
dimensions of the CT scan. The volumes, *Vsp, and surface areas, *Asp,
of several repeating elements in each spacer geometry were cal-
culated from the CT scans. From these, the porosity of the flow
channel corresponding to each spacer, ε*, and the specific surface
area, * *A V/sp sp, could be calculated. Calculated and physically mea-
sured values are listed in Table 2 for comparison.
Table 2
Overview of geometric characteristics of spacer designs.

Spacer characteristics CON-1 CO

Measurements
Spacer thickness, h*

– From CT scan (mm) 852711 822
– From calliper measurement (mm) 847724 825

Average parallel strand distance, Lsp
– From CT scan (mm) 2.28 2.6
– From calliper measurements (mm) 2.26 2.6
Average strand thickness, dsp (mm) 50 59
– Maximum (mm) 56 67
– Minimum (mm) 42 47
Average strand eccentricityc 0.45 0.6
– Maximum 0.63 0.7
– Minimum 0.20 0.4
Inner strand angle, β (°) 90 90
Specific spacer surface area, * *A V/sp sp(m

2/m3) 8828787 841

Flow channel porosity, ε*d

– From CT scan 0.85670.002 0.8
– From density based calculation 0.86170.012 0.8

Numerical model

Dimensions
– Flow channel height, h (mm) 863 863
– Spacer frame axial length, Lx (mm) 3.90 4.4
– Spacer frame lateral length, Ly (mm) 3.90 4.5
Mesh length over channel height, Lm/h 4.5 5.2
Specific surface area Asp/Vsp (m2/m3) 8811 842
Flow channel porosity, εd 0.855 0.8
Hydraulic diameter, dh (mm) 0.97 1.0

a Thickness calculated based on top view of a spacer. For spacer DOW, the pair of n
b For spacer LXS-ASD, the pair of numbers represents the values for the respective
c Average eccentricity was calculated by maximizing the difference between two or
d Estimated feed channel porosity using a certain spacer in spiral-wound modules di

up due to the imposed channel height of 863 mm in the latter case.
The deviation of the average spacer thickness calculated based
on the CT scans from the thickness measured using digital callipers
varied per spacer design. The differences may occur either due to
the small force exerted by callipers on the spacer net (which may
slightly deform, e.g., LXS-ASD). Additional sources of inaccuracy
could be the variation in spacer sheet thickness between different
production batches and that different sheets had been used for CT
scanning than for the physical measurements. Despite these pos-
sible sources of error, the calculated average spacer thickness was
in good agreement with the measured thickness for spacers CON-
1, CON-2, HYD and DOW. Moreover, parallel strand distance cal-
culations based on the CT scan matched well the measured values
for each spacer geometry (Table 2). Based on these findings, the
dimensions of the CT scans were concluded to be valid.

Flow channel porosities calculated using the CT scan compare
well to those based on weight measurements. Because of higher
accuracy, the CT scan porosities were further used in this study.
CON-1, CON-2 and DOW have the lowest porosity (0.856, 0.859
and 0.862), while HYD and LXS-ASD have the largest (0.893 and
0.897). Accurate channel porosity determination is important for
calculating the average liquid velocity and, subsequently, for
comparing hydraulic characteristics (e.g. pressure drop) of differ-
ent spacer designs.

3.1.1. Impact of resolution on geometry characteristics
The effect of the resolution at which a CT scan was acquired on

the geometry characteristics of the 3-D representations was in-
vestigated by comparing the results of different resolutions.
Characteristics for spacers CON-2 and DOW extracted from CT
scans acquired with a resolution of 7.5 mm and 60–80 mm, re-
spectively, are listed in Table 3. Comparison with measurements
N-2 HYD DOWa LXS-ASDb

76 81676 80379 90377
79 820722 806714 830715

5 2.91 2.34 3.11/2.47
7 2.85 2.43 2.95/2.63

50 43/48 65/50
62 48/52 74/53
35 38/42 58/46

2 0.59 0.52/0.43 0.67/0.68
9 0.75 0.64/0.45 0.76/0.74
7 0.42 0.20/0.41 0.46/0.57

90 70 90
3744 892772 9083727 9490

5970.001 0.89370.001 0.86270.002 0.89770.001
6370.007 0.89270.005 0.87870.009 0.87970.002

863 863 863
7 4.93 4.70 9.63
6 4.73 3.42 9.53

5.6 5.4 5.6
2 8973 9052 9537
66 0.893 0.873 0.893
1 1.09 1.01 1.07

umbers represents the values for the respective top and bottom filaments.
alternating strands.
thogonal thicknesses.
ffers from the porosity of the channel in the numerical model and experimental set-



Fig. 3. Comparison of measured and calculated pressure drop per metre, for all
spacer designs, at ūeff ¼0.163 m/s. Grey bars: experimental measurements; error
bars represent the standard deviation between determinations (n¼3). Hatched
bars: model results with spacer geometry from CT scans; errors bars represent
standard deviation between calculations using different spacer frames from the CT
scan (n¼5). Dotted bars: model results for simplified spacer geometries.
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conducted using digital callipers clearly show that a scanning re-
solution of 60–80 mm results in a too coarse geometry re-
presentation, while the scan acquired with a resolution of 7.5 mm
was in close agreement with the measurements. The specific
spacer surface area ( * *A V/sp sp) was found to be smaller using a
higher resolution of 7.5 mm compared to 60–80 mm, indicating that
the spacer volume is underestimated using the coarse CT scan. The
intersection thickness was considered to be the most useful
quality measure for CT scans of feed spacers, since too coarse CT
scans yielded geometries with significantly smaller thickness
compared to the measured data. Therefore, the resolution of
7.5 mm was preferred for obtaining digital geometry representa-
tions of feed channel spacers.

3.2. Hydraulic characterization

3.2.1. Pressure drop measurements compared to model solutions
using CT scans

Measured pressure drop data at a velocity commonly used in
practice, ūeff ¼0.163 m/s [8], are shown in Fig. 3. A similar pressure
drop was measured for spacer designs HYD (15979 mbar/m),
DOW (14477 mbar/m) and LXS-ASD (17379 mbar/m), perform-
ing the best of the evaluated spacers, while higher pressure drop
was measured for CON-1 (260714 mbar/m) and CON-2
(270715 mbar/m). These differences may be attributed to several
factors. First, spacers CON-1 and CON-2 both have a lower channel
porosity compared to HYD, DOW and LXS-ASD. Second, the quasi-
elliptical strand section of CON-1 and CON-2 (see average eccen-
tricity of spacer strands in Table 2) has a flow attack angle of 20°
due to the strand tilt, leading to more drag, compared with the
elliptical section of HYD, which is aligned with the flow (Fig. 1).
Although strands of DOW are relatively circular in cross-sections,
Table 3
Geometry characteristics of spacer CON-2 and DOW extracted from CT scans acquired w

Spacer CON-2

Method Measured CT scan (7.5 mm) CT sc

Intersection thickness (mm) 82579 82276 7767
Parallel strand distance (mm) 2.67 2.65 2.71
Porosity 0.86370.007 0.85970.001 0.869
Strand thickness (mm) – 59 49
Specific spacer surface area (m2/m3) – 8413744 9117

a The CT scan with a resolution of 7.5 mm revealed a slight difference in thickness b
this spacer design has a smaller angle between strands in flow
direction (β¼70°), which lowers the hydraulic resistance and re-
sults in a lower pressure drop, comparable to that from spacers
with more eccentric strands like HYD and LXS-ASD (β¼90°). Even
though both strands of LXS-ASD are on average thicker those of
HYD, the alternating strand configuration and the more eccentric
strand shape of LXS-ASD yields a similar pressure drop compared
to HYD. The non-rotationally symmetric strand sections and
strand tilt with respect to the flow are thus important character-
istics influencing the pressure drop (Table 3).

Numerical calculations using CFD were performed on spacer-
filled channels with a fixed channel height of 34 mil
(h¼863.6 mm). A representative repeating frame from the CT scan
of each spacer design was used to construct the computational
domain. For statistical treatment, the calculations were performed
on several single frames from the same spacer scan. The pressure
drop calculated for spacers CON-2, HYD and LXS-ASD at
ūeff ¼0.163 m/s was in agreement with the physical measure-
ments (average differences of �7%,þ10% and þ6% respectively),
while the pressure drop for spacers CON-1 and DOW were over-
estimated with respectively 17% and 16% (Fig. 3).

Pressure drop measurements were performed for average ef-
fective velocities up to ūeff ¼0.2 m/s (Fig. 4). Quadratic de-
pendencies of the measured pressure drop on the average effective
velocity were found, following Bernoulli's law. The level of
agreement between the model solutions and the experimental
measurements differs per spacer. The model solutions of the CT
scanned spacer geometries yielded a slight over- (CON-1 and
DOW) or underestimation in the upper region of the velocity range
(CON-2) of the pressure drop compared to the experimental
measurements, while a good agreement or a slight under-
estimation was obtained for spacers (HYD and LXS-ASD).

The observed differences between measured and calculated
pressure drop can be attributed to different reasons. Deviations in
slope between experimental and model results in the upper region
of effective velocity range (up to 0.2 m/s), most evident in the
graph representing spacer CON-2 in Fig. 4, could indicate the
transition from steady to unsteady flow, which would invalidate
the assumption of steady laminar flow for these velocities. Fur-
thermore, the average thickness measured for spacers CON-1 and
LXS-ASD (h*) was very close to the channel height of the flow cell
and filaments of all spacers are irregularly shaped. Therefore, part
of the spacer exceeding the imposed channel height (h) was cut off
when constructing the computational domain. If the spacer sheet
is too thick at some locations, when used in a flow cell, it would
deform instead, resulting in a mismatch between the scanned
geometry and the actual geometry in the flow cell and thereby
different flow patterns.

3.2.2. Friction from strand shape and orientation
The friction factor f was used to assess the impact of the strand

shape and orientation on the hydraulic performance of a particular
spacer design. For comparison of different spacers, the friction factor
ith different resolutions compared to measurements using digital callipers.

DOWa

an (60�80 mm) Measured CT scan (7.5 mm) CT scan (60�80 mm)

13 806714 80379 749716
2.43 2.34 2.31

70.002 0.87870.009 0.86270.002 0.87770.001
– 43 / 48 46

7118 – 9083727 9897751

etween the bottom and top strand of the sheet of spacer DOW (or vice-versa).



Fig. 4. Pressure drop per metre at different average effective velocities ūeff up to 0.2 m/s, for all spacer designs. Symbols: experimental measurements; lines: average model
data computed using CT scans. Error bars for experimental data represent standard deviation of triplicate measurements for each spacer. Error bars in model results originate
from model solutions for different frames of each spacer design (n¼5).

Fig. 5. (A and B) Darcy friction factor function of Reynolds number, calculated from pressure drop measurements and model solutions, for all spacer designs. Symbols:
experimental measurements; Solid lines: average model data computed using CT scans; Dashed lines: correlation proposed by Schock and Miquel (1987) for
100oReo1000, = ⋅ −f Re6.23 0.3; Dash-dot lines: numerical data from Fimbres-Weihs and Wiley (2007) for geometry with cylindrical strands (Lm/h¼4, dsp/h¼0.5, α¼45°,
β¼90°).
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was expressed as a function of the Reynolds number for an average
effective velocity up to 0.2 m/s (50oReo200). Results for both ex-
perimental measurements and model solutions are shown in Fig. 5,
where they are also compared with the correlation f¼6.23 �Re �0.3

(100oReo1000) proposed by Schock and Miquel [12].
Both pressure drop and friction factor are providing the same

quantitative basis for comparing the model with experiments by
using the same dh and ε based on the CT scans (see Table 2).
However, the friction factor, being a dimensionless measure, does
provide insight on the drag due to the shape of a certain spacer
design regardless of its physical dimensions. A more detailed
comparison of experimental and model results seems to indicate
that the decrease in f with Re in the interval 125oReo200 levels
off to a larger extent for the experimental data than for the nu-
merical results obtained with steady laminar flow (this is parti-
cularly visible for spacer CON-2 in Fig. 5A). The onset of unsteady
flow phenomena could provide an explanation for this systematic
observation, which has been reported in other modelling studies
for the Reynolds numbers studied here [2].

The shapes of spacers CON-1 and CON-2 generate more drag
compared with the spacers HYD and LXS-ASD (all having the same
inner strand angle). In spite of having similar excentricity, the
higher f for CON-1 and CON-2 can be attributed to smaller
hydraulic diameters and, moreover, the strands are tilted with
respect to the direction of the flow (the largest ellipse semiaxis is
at an angle of approximately 20° with the main flow direction).
The DOW spacer has the lowest friction factor of all spacer designs.
Although the strands of DOW are close to cylindrical and the hy-
draulic diameter is smaller compared to HYD and LXS-ASD, the
smaller friction factor results from the smaller inner strand angle
(70° compared to 90°). LXS-ASD, even though it has the largest
specific surface area of all spacers under study, it also increases the
feed channel porosity due to the relatively thin alternating strand
leading to a relatively low pressure drop and friction factor.

3.2.3. Shear at the membrane and power input
Although pressure drop is important to evaluate the perfor-

mance of a particular spacer design, the mass transfer and the
fouling potential are also critical characteristics, both depending
on shear. Contour maps of the bottom membrane shear stress
from model solutions for an average effective velocity of 0.163 m/s
are presented in Fig. 6. Comparison of the shear distribution of
spacers CON-1 (Fig. 6A) and CON-2 (Fig. 6B) both yielded a max-
imum shear stress of 8.3 N/m2 and a similar pattern consisting of
high shear stress in the regions below the top filaments. CON-1
presents a curved region of relatively high shear along the middle



Fig. 6. Contours of shear stress on membranes for all spacers at an average effective velocity of 0.163 m/s (A: CON-1, B: CON-2, C: HYD, D: DOW, E: LXS-ASD. The grey scale is
relative to the maximummembrane shear stress of each spacer (A: 8.3 N/m2, B: 8.3 N/m2, C: 8.6 N/m2, D: 6.9 N/m2, E: 6.3 N/m2). Overlaid black lines represent the outlines of
the spacer geometry.

Fig. 7. (A) Modified friction factor (incorporating the average shear stress on both membranes) function of the Power number (Re3f) in CFD simulations for all spacer designs.
(B) The Power number as function of the Reynolds number for all spacers compared to results obtained using cylindrical strands in previous work (figure adapted from
Fimbres-Weihs and Wiley [2]. (C) Calculated average shear rate on the membrane surfaces (top and bottom) per unit of pressure drop for an average effective velocity of
0.163 m/s. The average membrane shear rates were 3556, 2919, 2579, 2745 and 2664 1/s from left to right.
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Fig. 8. Flow fields calculated using spacer geometries from CT scan for LXS-ASD at
average effective velocity 0.163 m/s. (A–C) Three top views (xy planes) for each
spacer at different heights in the channel (distance from bottom): z¼216, 432 and
648 mm. (D,E) Two cross-sections (xz planes) are shown for each spacer, at positions
indicated by lines on (C). Filled and open red circles in (C) indicate the position at
which the average ratios |ux|2/|u|2 were calculated along the channel height for
spacer LXS-ASD. Flow fields calculated using spacer geometries from CT scans for
DOW and CON-1 at average effective velocity 0.163 m/s. (F-H, K-M) Three top views
(xy planes) for each spacer at different heights in the channel (distance from
bottom): z¼216, 432 and 648 mm. (I,J,N,O) Two cross-sections (xz planes) are
shown for each spacer, at positions indicated by lines on (H) and (M).
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of the mesh frame, while this pattern is less pronounced for CON-2
probably due to its larger mesh length. The maximum shear stress
for spacer HYD (Fig. 6C) was similar, 8.6 N/m2, but the highest
shear stress was localized below the thinnest part of the bottom
filament. A distinct region of low shear was located on a line
through the middle of the frame. The same high shear regions
below the bottom filaments were observed for spacer DOW
(Fig. 6D), although the maximum shear stress was lower (6.7 N/
m2). Spacers CON-2, HYD and DOW all present a region of low
shear downstream of strand intersections, while for CON-1 this is
less pronounced. Finally, the model solution for LXS-ASD (Fig. 6E)
yielded a maximum shear stress of 6.3 N/m2.

Spacer designs can be optimized on their ability to disrupt
(with a minimum power input) the hydrodynamic boundary layer
and increase the shear on the membrane, which would be bene-
ficial for the mass transfer. To this aim, dimensionless relations
were used, which correlate the Power number (Re3 f) to a modified
friction factor incorporating the average shear on the membrane
(fmod) introduced by Santos et al. [22]. The CFD calculations re-
vealed that the spread in performance between the spacers is
small over the whole range of Reynolds numbers evaluated
(Fig. 7A). A similar analysis was performed for the industrially-
relevant average effective velocity of 0.16 m/s to estimate the shear
generated on the membrane per unit of pressure drop, fp (Fig. 7C).
The simulations revealed in more detail that the best performance
in terms of shear obtained per pressure drop at this average ef-
fective velocity is delivered by spacer DOW, followed by LXS-ASD
and HYD. Therefore, they exhibited the highest efficiency in con-
verting the pumping power into membrane shear.

3.2.4. Spatial velocity distribution
Velocity fields computed for spacers CON-1, DOW and LXS-ASD

at three heights in the flow channel are depicted in Fig. 8, showing
one full repeating frame for all designs for an average effective
velocity of 0.163 m/s. The flow pattern near the membranes (at
z¼216 and 648 mm) for spacers CON-1 and DOW is mostly guided
by the spacer strand orientation in the bottom and top slice, and
aligns with the main flow direction in the middle of the channel
(z¼432 mm). The change in flow direction occurs when the liquid
passes above or below spacer strands, which can be concluded
from the two axial slices shown in Fig. 8. Noticeably, spacer CON-1
leads to vortex formation and higher velocities, probably due to
the tilted strands, which may also explain the larger pressure drop
obtained in this case. Qualitatively similar flow patterns were
observed for spacers CON-2 and HYD, as shown in Fig. S4.

The extent to which the direction of flow is determined by the
strand orientations differs for the spacer with alternating strand
thickness (LXS-ASD, Fig. 8A–E). The thickest strands – supporting
and thereby also imprinting the membranes – occupy a larger
fraction of the available channel height and direct the flow to the
largest extent. The thinnest strands and their intersections are
mostly submerged in the channel, thus imposing less obstruction
to liquid flow and channelling the flow to a smaller extent. Fur-
thermore, the magnitude of the velocity component in the main
flow direction |ux|

2 and the total velocity vector magnitude |u|2

were averaged along the channel height in the middle of two
consecutive frames (Fig. 8 shows with red circles the positions
where velocities were averaged). The ratio |ux|

2/|u|2 was 0.80 when
preceding a thick-strand intersection (open red circle in Fig. 8C)
and 0.96 when preceding a thin strand intersection (filled red
circle in Fig. 8C). This difference demonstrates that the thickest
strands guide the flow to the largest extent.



Fig. 8. (continued)
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3.2.5. Analysis of simplified model geometries
In order to assess the importance of using for CFD an accurate

geometry obtained from the CT scans, calculations were compared
for spacers HYD, DOW and LXS-ASD with those obtained using
simplified spacer geometries (see Fig. S2). The simplified geome-
tries were constructed using data from the CT scans, but only
viewed from the top (xy plane) as if obtained by microscopy.
Strands with circular cross-sections but varying diameter were in
this way created, with geometric characteristics based on data in
Table 2.

The pressure drop for simplified spacer geometries calculated
at 0.163 m/s average effective velocity is shown in Fig. 3. When
comparing this simplification strategy with cylindrical strands to
calculations using accurate CT scans, the difference in the calcu-
lated pressure drop depends on the amount of eccentricity of the
spacer strands. For the DOW spacer the error is relatively small
(14%) since the spacer strand cross-sections are rather circular,
while for HYD and LXS-ASD the deviations are much larger (43%
and 61%, respectively) due to the greater strand eccentricities.
Based on these results, it is clear that assuming circular strand
cross-sections (even of variable diameter) results in a too large
simplification. The CT scan thus allows for a more accurate quan-
titative match to experimental data in terms of pressure drop,
while decreasing the additional human bias introduced upon
spacer geometry simplification.
4. Discussion

4.1. Feed channel spacer geometry

The aim of this study was too find a methodology for obtaining
an accurate three-dimensional representation of feed channel
spacer geometries and to evaluate its effects on the numerical
modelling of a spacer's hydraulic performance. Various spacer
designs have been proposed and evaluated numerically in 3-D CFD
simulations [11,20,22,23,32,46,47]. However, the most studied
spacer designs in silico were constructed from cylindrical strands
[2] or strands with a circular cross-section with varying diameter
[34,37,48] as resulted from SEM images [35]. X-ray computed to-
mography used in the present study revealed much more detailed
feed spacer geometries than the simplified ones frequently used to
model hydrodynamics and mass transfer. In general, feed spacer
strands assessed in this study turned out to be rather irregularly
shaped, with cross-sections more or less elliptical and also dif-
fering in orientation with respect to the main flow direction. Since
the X-ray imaging is nowadays a well-established procedure, fu-
ture 3-D modelling studies should be performed using geometries
obtained from CT scans, or from other 3-D imaging modalities able
to capture the required spatial detail.

4.2. Pressure drop measurements compared to model solutions using
CT scans

The calculated values for the pressure drop using the CT scan
spacer geometries were in agreement with the values measured
using a flow cell to a varying extent depending on the spacer. Er-
rors in the geometry representation yielded a systematic over-
estimation of the pressure drop for spacers CON-1 and DOW, while
the same holds for spacers HYD and LXS-ASD to a lesser extent
(Fig. 4). Comparison of experimental and model results for spacer
CON-2 revealed an increasing deviation for an increasing effective
velocity above 0.14 m/s. Moreover, differences in slopes between
the graphs of experimental and model results depicting the fric-
tion factor as a function of the Reynolds number (Fig. 5) could
indicate the onset of unsteady flow phenomena for all spacers.
Santos et al. [22] reported the transition of steady to unsteady flow
using ladder shaped spacers using a flow attack angle of 90° for
100oReo300. Furthermore, Shakaib et al. [33] calculated that
onset of unsteady flow takes place between 150oReo175 for a
flow attack angle of 45° and an Lm/h ratio of 4.25 using cylindrical
filaments. The latter is comparable to the spacers evaluated in this
study (ranging from 4.5 to 5.6, see Table 2). A recent experimental
study by Bucs et al. [34] employing particle image velocimetry
measured a deviation of 10% from the mean pressure drop for a
spacer geometry similar to HYD for Re¼160, confirming these
modelling results. Based on these studies, the onset of unsteady
flow most likely caused the observed differences in experimental
and model results for 125oReo200 reported in this study.

4.3. Friction due to strand shape and orientation

Schock and Miquel [12] derived an empirical correlation for the
Darcy friction factor f as a function of Reynolds number, from
experiments performed on several spacer types used in industrial
spiral-wound membrane elements for reverse osmosis. We com-
pared the experimental and numerical results from the present
study with the correlation of Schock and Miquel, f¼6.23 �Re�0.3

(Fig. 5). All the spacers tested in this study provided a friction
factor equal or higher than the one from this correlation. Notably,
spacers CON-1 and CON-2 do not line up with the Schock and
Miquel correlation, yielding friction factors as high as double (for
Re4100). A likely explanation for the observed differences is that
the proposed relation was based on friction factor calculations
using cylindrical spacer strand approximation and less accurate
geometry dimensions than those obtained from the CT scans.
Furthermore, solutions obtained from a 3-D model using a sim-
plified geometry with cylindrical strands (Lm/h¼4, dsp/h¼0.5,
α¼45°, β¼90°) for 10oReo200 (Fig. 5) showed good agreement
with the trend of the model solutions obtained in this work, al-
though the actual f-Re relation differs for each spacer geometry.
One can therefore conclude that the established f-Re correlation
from Schock and Miquel [12] cannot describe all mesh-type feed
spacer geometries, which is in line with conclusions from [49]
based on strand angle. Therefore, new spacer designs should be
assessed individually based on accurate geometry measurements,
which is in agreement with Picioreanu et al. [37].

4.4. Local membrane shear distribution

Shear stress has been studied using 3-D models utilizing CFD
for the investigation of solute transport and deposition of parti-
culate and bacterial fouling in spacer-filled channels. It has been
reported that local membrane shear stress distribution and local
velocity vectors are important factors determining the pattern of
initial particle deposition on membranes [26,50]. Radu et al. [35]
reported that the alignment of spacer strands with slightly varying
thickness with respect to the flow has a large influence on the
local shear stress and the resulting deposition pattern on the
membrane, based on particle deposition experiments and nu-
merical modelling. X-ray computed tomography, as shown in this
work, provides the opportunity to investigate numerically the
fouling patterns in a more accurate way.

4.5. Power input with respect to friction

Numerical modelling results on the hydraulic performance
using simplified spacer geometries with cylindrical strands were
compiled by Fimbres-Weihs and Wiley [2]. The power input in the
form of Pn function of Re (such that Pn¼C �Ren) was compared
with results from the current study (Fig. 7B). All the spacers with
an internal strand angle of 90° and a flow attack angle of 45°
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evaluated by CT scans presented, for the same Re, a Pn well in
agreement for Re up to 200 [26] or less than one order of mag-
nitude larger for 100oReo200 [32] to that obtained with sim-
plified cylindrical geometries (CON-1, CON-2, HYD and LXS-ASD).
Furthermore, spacer DOW (β¼70°) showed an almost identical
Pn-Re relation. However, the dimensionless ratio of the mesh
length over the channel height, Lm/h, was 4 for the simplified cy-
lindrical filaments while geometry characteristics extracted from
CT scans in this work yielded ratios larger for all spacers (ranging
from 4.5 to 5.6, see Table 2), resulting in a larger void space in a
feed channel. Despite these differences in strand alignment, the
comparison shows that the use of cylindrical strands yields a Pn-Re
relation that is in good agreement with the results obtained in this
work using accurate geometries. Still, the geometry representa-
tions obtained from CT scans allows one to study the local hy-
drodynamic effects as well without the bias introduced when
constructing simplified geometries.

Additionally, the variation in exponent n of the Re number in
the power relation is, although in similar range) less for the CT
scanned spacer geometries (2.3–2.43) compared to the one re-
ported for the simplified geometries (2.25–2.83), indicating a
smaller increase in average velocity encountered upon increasing
power input. The differences in n found for the five CT scanned
spacer geometries further underline the conclusion by Fimbres-
Weihs and Wiley [2] that the choice of a spacer depends on the
flow conditions expected to be encountered and no spacer design
is optimal for all possible operating conditions.

4.6. Spatial velocity distribution

The zig-zag flow pattern calculated for spacers HYD, CON-1,
CON-2 and DOW at ūeff ¼0.163 m/s (shown in Fig. 8 and Fig. S4)
has been experimentally observed by Da Costa et al. [3] and in
earlier numerical work [26,27,37,51]. Recently, this was also ex-
perimentally measured using particle image velocimetry [34]. In
other work it was found that, as the parallel strand distance Lsp
decreases for the same channel height, flow increasingly aligns
with the strands until there is very little transition between the
top and bottom layers [33]. When all spacers with an internal
strand angle of 90° are ranked based on their average parallel
strand distance (see Table 2), the obtained ranking matches the
order obtained when ranking the same spacers based on the
average of the ratio |ux|

2/|u|2 (ASD¼0.80, HYD¼0.76, CON-2¼0.70,
CON-1¼0.53) for the whole computational domain. Moreover, this
tendency was shown to decrease for a smaller inner strand angle,
such as for spacer DOW (inner strand angle of 70°), were |ux|

2/|u|2

was 0.82 in the middle of a spacer frame element. In conclusion,
flow pattern characteristics found in modelling studies using
simplified spacer geometries are in good agreement with the
model solutions reported in this work for commercially available
feed spacers used in practice.

4.7. Mechanical deformation and membrane imprinting

Matching the modelling parameters to the exact physical
properties of the object under study is crucial when model solu-
tions are translated into strategies for improving the design of that
object (here, the industrial feed channel spacers). It is clear that
using CT scanned spacer geometries greatly improves the quality
of CFD model solutions when striving towards more quantitatively
accurate results. Although it was shown in earlier work that a flat
flow cell could be used to study the hydrodynamics of feed
channels in spiral-wound membrane modules [12], it is difficult to
reproduce the physical force exerted on spacer sheets in such a
module, the subsequent deformation of the spacer and the level of
membrane imprint. Furthermore, it is not yet established how to
model the spacer deformation when constructing the computa-
tional domain for CFD. The area surrounding the place where the
spacer is pressed into the membrane influences the flow pattern
and thus affects the concentration polarization and permeation
[7]. These, in turn, influence scaling and (bio)fouling processes [9].
Thus, we believe that further studies should evaluate the effect of
mechanical deformations and spacer-membrane imprints on the
accuracy of model predictions.

4.8. Further studies

CFD modelling was successful in matching experimental pres-
sure drop measurements using CT scans without the bias in-
troduced when using simplified geometries constructed from 2-D
measurements. In addition, the micro-velocimetry measurements
(Bucs et al., 2015) could be better matched with the velocity field
calculated with CT scanned geometries. Based on the calculated
flow pattern, modelling particle deposition in conjunction with
experimental work (as described by Radu et al. [35], would har-
ness the potential of using CT scanning to model (bio)fouling in-
itiation for a given spacer design. This could improve the particle
deposition model predictions presented in Radu et al. [35]. The
spacer not only determines the flow pattern but also serves as a
surface for initiation and subsequent fouling development. Since
the position of foulant deposits affects the local rate of solute
transport, this would allow a better estimation of the decline in
process performance due to fouling. Therefore, simulations using
the 3-D representation of a spacer geometry obtained from a CT
scan should be used for accurate modelling of the solute mass
transport in spacer filled channels [52].

Finally, more attention should be paid to the statistical treat-
ment of the scanned geometries. In this work we extracted several
(at least 5) spacer frames from each scanned spacer, performed
CFD simulations for all these frames and then reported the average
results with corresponding deviations. However, other possible
approaches can be taken. A statistically adequate number of 3-D
scans could be obtained (eventually from different fabrication
batches), from which a “representative average shape” could be
created. Even better, with an increased computational power, si-
mulations over larger spacer patches should be performed, leading
in principle to more representative results.
5. Conclusions

This study developed a method to obtain accurate three-di-
mensional (3-D) geometry representations for any given spacer
design from X-ray computed tomography (CT) scans. Model solu-
tions obtained using these geometries and experimental mea-
surements led to the following conclusions:

� The CT scanning revealed that the filaments of several industrial
spacers have a highly variable cross-section size and shape,
which has not been addressed in fluid dynamics models until
now.

� The advantage of using CT scanned spacer geometries in hy-
drodynamic calculations is that less bias is introduced com-
pared to the use of conventional circular cross-section strand
representations.

� Computational fluid dynamics (CFD) on four commercially
available feed spacers and one new spacer with geometries
from CT scans were in close agreement with experimental
pressure drop measurements, for flow velocities up to 0.2 m/s
as used in industrial reverse osmosis membrane operations.

� The simple cylindrical description of spacer filaments is still a
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good approximation for overall hydrodynamic design of spiral-
wound membrane modules. However, by providing detailed
insight on the spacer filament shape, CT scans allow better
quantification of local distribution of velocity and shear, possi-
bly leading to more accurate estimations of fouling and con-
centration polarization.

� A newly-proposed spacer geometry with alternating strand
thickness was tested (LXS-ASD), which led to lower pressure
drop while being highly efficient in converting the pumping
power into membrane shear. This shows that although the form
drag is inevitable, the design of spacers should focus on di-
recting flow toward the membrane while minimizing drag and
generating high shear at the membrane surface.
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