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Summary

T his study focuses on spiral-wound membrane (SWM) modules, which are the most
common commercially available membrane modules for reverse osmosis (RO) and
nanofiltration (NF).

While RO membranes can remove almost all kinds of substances from the feed water,
they are usually equipped with pretreatment steps for conditioning and modifying the
feed water to prevent clogging and fouling of these modules. Energy consumption, foul-
ing and concentration polarization are considered as the primary challenges in these
types of RO modules. These challenging factors depend on the feed water quality and
they are related directly or indirectly to the design of applied feed spacer in SWM mod-
ules. A feed spacer provides a channel between two envelopes from entrance to outlet of
a module to let the water flows tangentially over the membrane surfaces from the feed
to the concentrate side. Additionally, feed spacers are designed to destabilize the con-
centration polarization layer; and thereby increase the mass transfer in SWM modules
of RO. However, application of feed spacers to efficiently mix the flow comes at the ex-
pense of higher energy consumption and fouling formation. Therefore, it is important
to understand the hydraulic conditions inside the spacer-filled channels such as those
encountered in SWM modules of RO.

Previous RO-studies related to the production of drinking water are primarily performed
with the assumption that RO-elements are used for desalination. In contrast to this as-
sumption, the most commercially available configuration RO elements, SWM modules,
gained more attention to be used for purification of freshwater resources currently. The
main reason of using RO for freshwater purification is that it provides an effective bar-
rier against the continuously emerging micro- and nano-contaminants, which cannot
be (easily) removed by conventional treatment technologies. The energy use, scaling
and retention in RO are influenced by the concentration polarization. When RO is ap-
plied on freshwater, the effects of concentration polarization on the energy use become
significantly smaller because the osmotic pressure difference is negligible.

This thesis is divided into two parts. In the first part, this thesis describes a unique brack-
ish water pilot study, which operates without chemical pretreatment. Such pilot study
is referred to as one step membrane filtration (OSMF) system. An OSMF-system is an
NF/RO-system in which membranes are applied directly to the feed water and operate

Xi
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without chemical pretreatment.

In the second part, this thesis focuses on the hydraulic conditions of spacer-filled chan-
nels and the role of spacer geometry and orientation thereon. The effect of feed spacers
on hydraulic conditions is investigated by studying the actual velocity profiles occurring
in the spacer-filled channel and the relation between energy losses and spacer geometry.

Particle image velocimetry (PIV) technique is used to determine the orientation and con-
figuration effects of spacers on the actual velocity profiles. PIV is a non-invasive and
powerful tool to achieve high-resolution velocity profiles experimentally, which can be
used for verification and validation of numerical studies related to spacer-filled chan-
nels. 2D and 3D numerical studies have contributed significantly to our understanding
of hydraulic conditions in SWM modules of RO. However, these numerical simulations
are usually validated with low-resolution experimental methods. PIV measurements
from this study, thus, can provide high-resolution experimental data (7.4 x 7.4um?) for
validation of these numerical studies.

The first results in PIV technique is a simultaneous velocity profile, which is obtained by
using each two taken frames at a determined time interval. In this thesis, the simultane-
ous velocity profiles are used to investigate the variation of temporal velocity at certain
locations (points) inside a mesh of a spacer. The spatial velocity profiles that are dis-
cussed in this thesis obtained by computing the average of related simultaneous velocity
profiles. Chapter 3 describes a detailed explanation about the experimental methods
used in this thesis. Summary of chapter 3 is repeated in the experimental section of
chapters 5, 6 and 7.

The effect of feed spacers on hydraulic conditions is investigated by comparing an empty
channel with a spacer-filled channel, which was filled with a commercial feed spacer
(chapter 5). The flow in the empty channel was in a straight line from inlet to outlet and
it was steady compared to the flow in the spacer-filled channel. The spatial velocity pro-
files of spacer-filled channels showed a bimodal shape with a peak at low-velocity ranges
and a peak at high-velocity ranges. The low-velocity regimes occurred mostly in regions
close to the filaments and a high-velocity regimes occurred at the narrowed parts of the
channel or directly after the narrowing parts. The difference between low and high veloc-
ity regimes with regard to the velocity magnitude and frequency was higher at a higher
flow. Although the increase in velocity magnitude causes generation of a higher shear,
it is not necessarily beneficial. That is because the optimal flux as the results of destabi-
lization of the concentration polarization layer will be achieved at a specific velocity. A
further increase of the velocity from this optimal velocity will have only a marginal effect
on destabilization of the concentration polarization layer, enhancing the flux and con-
sequently production increase.

The hydraulic conditions inside a spacer-filled channel are influenced by configuration
as well as orientation of the spacer. The pressure drop, which is measured during this
thesis inside the channels with commercial feed spacers was in good agreement with
pressure drop from previous mathematical models. Previous studies reported a lower
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pressure inside the channels with the cavity spacers than the channels with zigzag spac-
ers. The zigzag or net-type configuration is the common configuration used in SWM
of RO. In the zigzag configuration, two layers of filaments with equal average diame-
ter lay on top of each other and make an angle of 45° with each other (hydraulic angle)
and with the flow (flow attack angle). In the cavity configuration, the diameter of trans-
verse filaments is smaller than longitudinal filaments. Cavity spacers in this study had
a flow attack angle of 135°. The biggest ratio of transverse filaments’ diameter to chan-
nel height was about 0.6 with cavity spacers. With cavity spacer used in this thesis, the
flow was mainly in a straight line from inlet to outlet. The flow disturbance in channels
with cavity spacers was at down- and upstream of transverse filaments. The flow accel-
eration over the transverse filaments of examined spacers was greater for cavity spacers
with bigger transverse filaments. In channels with cavity spacers, the velocity was clearly
higher at the channel side without transverse filaments than the channel side with trans-
verse filaments. In channels with zigzag spacers, the flow close to the membrane was in
the direction of filaments attached to the membrane, i.e. the direction of flow at the top
of channel was perpendicular to the direction of flow at the bottom. The flow pattern
at the middle of the channel was a combination of flow patterns at the top and bottom.
The greater friction losses that were found for spacers with bigger relative height and
smaller aspect ratio indicate that the orientation and geometry of transverse filaments
contribute to pressure losses. However, it was not possible to find a reliable correlation
for predicting the pressure losses based on the geometric characteristics of feed spacers
in experimental conditions.

Effect of feed spacer orientation on the flow investigated by using the same commercial
spacer at two different flow attack angles. For this purpose, three feed spacers are used
with different thickness. The thickness of the top and bottom filaments was the same
for each spacer. Pressure drop in the channel with the thinnest spacer was clearly higher
at normal orientation (with a flow attack angle of 45°) than at ladder orientation (with a
flow attack angle of 90°). The difference between two orientations in the channels with
thicker spacers was insignificant. The difference between the lowest and highest the
velocity was greater in ladder orientation than zigzag orientation. Commercial ladder
spacers with the characteristics described in this thesis are more sensitive to fouling than
zigzag spacers because in ladder spacers the velocity becomes virtually zero at the side
of the channel where transverse filaments are attached to the membrane.






Samenvatting

mgekeerde osmose, ofwel reverse osmosis (RO), membranen zijn met een dermate

kleine poriegrootte dat zij in staat zijn om vrijwel alle in het water aanwezige com-
ponenten te verwijderen. De meest voorkomende membraanconfiguratie is de zgn. spi-
raal gewonden configuratie (“spiral-wound membrane” ofwel “SWM”). Bij deze confi-
guratie zitten de RO-membranen gewikkeld rondom een centraal geplaatste afvoerbuis.
Via deze afvoerbuis (de permeaatbuis) wordt het gezuiverde water (het permeaat) afge-
voerd. De in het water aanwezige componenten (verontreinigingen) verlaten via de zgn.
concentraatstroom de membraan module.

Hoewel de RO-membranen een uitstekende barriére tegen opgeloste en niet opgeloste
componenten vormen, wordt een RO-installatie meestal voorafgegaan door een aan-
tal voorbehandelingstappen om verstopping en vervuiling van de RO-membranen te
voorkomen resp. sterk te verminderen. Naast het energieverbruik en het optreden van
concentratiepolarisatie, wordt vervuiling dan ook beschouwd als een van de grootste
uitdagingen bij toepassing van RO SWM-modules in de drink- en afvalwaterbehande-
ling. Deze drie aspecten hebben direct of indirect een relatie met de kwaliteit van het te
behandelen water (voedingswater) en de configuratie van de SWM-module. Met name
de configuratie van de voedingsspacer (feed spacer) speelt hierin een belangrijke rol.
De voedingsspacer is een gaasvormig materiaal, geplaats tussen twee membranen, dat
er voor zorgt dat het voedingswater evenwijdig (tangentieel) aan het membraanopper-
vlakte van de invoer- naar de afvoerzijde van het membraan module kan stromen. Tweede
functie van deze voedingsspacers is het reduceren van de concentratiepolarisatie en
daarmee de stofoverdracht in SWM-modules van RO te verhogen. Echter dit leidt tot
een hoger energieverbruik, door een hogere drukval over het voedingskanaal door de
aanwezigheid van een voedingsspacer. Daarnaast verhoogt het de kans op vervuiling en
verstopping van de module, door dezelfde aanwezigheid van een voedingsspacer in het
voedingskanaal. Het is daarom van groot belang om de hydraulische condities in RO
SWM-modules nader te bestuderen om op die manier tot optimale configuratie (laag
energieverbruik, minimale of geen vervuiling) van een SWM-module te komen.

In het verleden werd met name het gedrag van RO membranen bestudeerd bij het ont-
zouten van zeewater voor de productie van drinkwater. Echter, tegenwoordig worden de
RO-membranen (en dus ook de meest commerciéle configuratie van deze membranen,
d.w.z. de SWM-modules) ook toegepast voor het zuiveren van zoetwater tot drinkwater.
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De toepassing van RO op zoetwater heeft voornamelijk tot doel om de talloze nieuwe
micro- en nano-verontreinigingen, die continu aan onze watervoorraden worden toe-
gevoegd en moeilijk te verwijderen zijn met de conventionele verwerkingstechnieken,

te elimineren. Het energiegebruik, neerzetting en retentie in zeewater RO-membranen
worden beinvloed door het fenomeen concentratiepolarisatie. Wanneer de RO-membranen
op zoetwater worden toegepast is het effect van concentratiepolarisatie op het energie-
gebruik aanzienlijk kleiner omdat het verschil tussen de osmotische druk van feed en
permeaat te verwaarlozen is.

Dit proefschrift bestaat uit twee delen: het eerste deel betreft de beschrijving van een
unieke pilot van RO-brakwater die zonder chemische voorbehandeling functioneert. Dit
soort pilotstudies waarin de NF/RO-systemen direct en zonder chemische voorbehan-
deling worden ingezet voor het zuiveren van het invoerwater is bekend als de “one step
membrane filtration” systemen (OSMF-systemen).

Deel twee van dit proefschrift heeft betrekking op het analyseren van het gedragsmecha-
nisme van smalle kanalen die gevuld zijn met voedingsspacers zoals de voedingskana-
len bij SWM-modules. Het voedingsspacer effect op de hydraulische conditie in het voe-
dingskanaal werd onderzocht door het bestuderen van de relatie tussen energieverliezen
en voedingsspacer geometrie en het bestuderen van de werkelijke snelheidsprofielen in
de voedingskanalen die gevuld zijn met een voedingsspacer.

De werkelijke snelheidsprofielen worden gemeten en gevisualiseerd voor verschillende
configuraties en oriéntaties van voedingsspacers door de particle image velocimetry (PIV)
techniek. De PIV-techniek is een non-invasief experimenteel hulpmiddel waarmee snel-
heidsprofielen met een hoge resolutie worden gemaakt. De PIV staat in de literatuur
vermeld als een gewaardeerde techniek die snelheidsprofielen met een hoge resolutie
kan genereren voor de verificatie en validatie van de numerieke studies in de spacerska-
nalen. De studies die worden uitgevoerd met numerieke modellen (2D en 3D) hebben
aanzienlijk bijgedragen aan ons begrip van de hydraulische omstandigheden in SWM-
modules van RO. Deze simulaties zijn meestal gevalideerd door experimentele metho-
den met een veel lagere resolutie dan de simulaties. De PIV-metingen die worden uitge-
voerd in dit proefschrift kunnen experimentele gegevens met een hoge-resolutie aanle-
veren die meer geschikt zijn voor de validatie van numerieke modellen.

In de PIV-techniek komt een momentaan snelheidsprofielbeeld tot stand door opnamen
van twee opeenvolgende frames. De temporele snelheidsprofielen werden geanalyseerd
door het bestuderen van de snelheidsvariaties in tijd voor een beperkt aantal punten
in een raster. Een ruimtelijk snelheidsprofiel is verkregen door het berekenen van een
gemiddeld snelheidsprofiel uit de momentane snelheidsprofielen. Een gedetailleerde
uitleg over deze benaderingswijze is te vinden in hoofdstuk 3 van dit proefschrift.

Het werkingsmechanisme van voedingsspacers werd in de eerste plaats onderzocht door
het vergelijken van de hydraulische condities in een smal kanaal zonder voedingsspacer
met een die gevuld was met een commercieel verkrijgbare voedingsspacer (hoofdstuk
5). In tegenstelling tot het kanaal met een voedingsspacer, stroomde het water in het
lege kanaal in een rechte lijn van de inlaat naar de uitlaat. De figuren van de ruim-
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telijke snelheidsprofielen hadden in gevulde spacerskanalen een bimodale vorm met
een piek bij de lage snelheden en een piek bij de hoge snelheden. De lage snelheids-
regimes traden voornamelijk in de gebieden dichtbij de fibers van de voedingsspacer en
de hoge snelheidsregimes vond meestal plaats op versmalde delen van het kanaal of di-
rect erna. Het verhogen van stroming veroorzaakte een groter verschil tussen de lage
en hoge snelheidsregimes met betrekking tot de snelheid grootte en frequentie bij een
hogere stroming. D.w.z. dat bij een hogere stroming de waarde en frequenties van de
tweede piek in de bimodale grafieken groter was. Echter de toename in stroomsnelheid
voor het generen van een hogere schuifspanning is niet noodzakelijkerwijs gunstig. Dit
komt omdat de optimale permeaat flux als gevolg van een verminderde opbouw van
de concentratiepolarisatie-laag, bereikt wordt bij een specifieke snelheid. Een verdere
verhoging van de snelheidswaarde heeft dan ook slechts een marginaal effect op de con-
centratiepolarisatie -laag en daarmee dan ook een gering effect op het verder verhogen
van de permeaat flux, respectievelijk permeaat productie.

De configuratie en de oriéntatie van voedingsspacers hebben een significante invloed
op de hydraulische condities van een voedingskanaal. De gemeten drukval bij de in
dit proefschrift gebruikte commercieel verkrijgbare voedingsspacers kwamen zeer goed
overeen met drukvallen berekend op basis van mathematische modellen. Het vergelij-
ken van verschillende commerciéle voedingsspacers liet zien dat de drukverliezen in de
spacerskanalen met cavity-configuratie lager was dan in de spacerskanalen met zigzag-
configuratie. Zigzag of net-type configuratie is de meest toegepaste configuratie van voe-
dingsspacers in SWM van RO. In de zigzag configuratie worden twee series van draden
die een gelijke diameter hebben op elkaar geplaatst. De top- en onder draden maken een
hoek van 90° met elkaar en een hoek van 45° met de richting van hoofdwaterstroom. In
de cavity configuratie hebben de dwarsdraden een kleiner diameter ten opzichte van de
hoofd draden. De cavity-spacers in deze studie hadden een stroominvalshoek, de zgn.
“flow attack angle”, (de hoek tussen de dwarsdraden en hoofdwaterstroom) van 135°.
Van de toegepaste cavity-spacers was er een die draden had met dezelfde diameter in de
dwars- en hoofdrichting van de waterstroom en de andere hadden aanzienlijk smallere
dwarsdraden dan hoofddraden. Uit het stromingsonderzoek bleek dat de doorstroming
in de kanalen met cavity-spacers voornamelijk in een rechte lijn is van de inlaat naar de
uitlaat. In de kanalen met cavity-spacers gebeurde de stromingsverstoring stroomop-
waarts en stroomafwaarts van de dwarsdraden. De versnelling van water over de dwars-
draden was groter bij cavity-spacers met een grotere diameter van dwars draden. De
stroomsnelheden in de kanalen met cavity-spacers waren kennelijk hoger aan de mem-
braanzijde zonder dwarsdraden dan aan de zijde met dwarsdraden.

De stroming in de kanalen met zigzag-spacers is in een rechte lijn van de inlaat naar
de uitlaat van kanaal bij lage Reynoldsgetallen (Re<30). Bij hogere Reynoldsgetallen (Re
> 30) is stroming aan de boven- en onderkant van het kanaal evenwijdig aan de draden
van de zigzag spacers. Dit betekent dat de stroomlijnen aan de bovenkant van het kanaal
loodrecht staan op die van onderkant van kanaal. De stromingsrichting in het midden
van het kanaal is een combinatie van de stromingsrichting aan de bovenkant en aan
de onderkant van de membraan. Er zijn grotere wrijvingsverliezen gevonden voor voe-
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dingsspacers met een grotere “relative height” en kleinere “aspect ratio”. Dit wijst erop
dat drukverliezen langs het kanaal vooral bepaald worden door de vorm en de geometrie
van de dwars draden. Het was echter niet mogelijk om op basis van deze experimentele
condities een betrouwbare relatie te vinden die de drukverliezen langs het kanaal op ba-
sis van de spacergeometrie kan voorspellen.

Het effect van voedingsspacer oriéntatie op de stroming wordt onderzocht door het ge-
bruikmaken van een aantal commerciéle voedingsspacers. In elk scenario blijft de con-
figuratie van een spacer ongewijzigd en wordt de hoek van het raster ten opzichte van de
waterstroom (spacer’s flow attack angle) veranderd. Daartoe worden drie voedingsspa-
cers met verschillende diktes gebruikt. In deze spacers was de dikte van de bovenste dra-
den hetzelfde als van de onderste draden. De dunste spacer met een flow attack angle
van 45° (normale oriéntatie) toonde een groter drukverlies in vergelijking met dezelfde
spacer met een flow attack angle van 90° (ladder oriéntatie). Het drukverliesverschil tus-
sen twee oriéntaties van dikkere spacers was verwaarloosbaar. Het lokale verschil tussen
de laagste en de hoogste snelheid was groter in de ladder configuratie van een spacer.
Met betrekking tot de vervuiling is de normale oriéntatie beter omdat gebieden met la-
gere snelheid gevoeliger voor vervuiling zijn.
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Preface

his dissertation is submitted for the degree of Doctor of Philosophy at the Delft Uni-
T versity of Technology. This thesis aims to provide a new perspective to developers,
researchers and manufacturer of membranes, particularly those who are dealing with
the spiral-wound membrane (SWM) modules of reverse osmosis (RO) and nanofiltra-
tion (NF). In the remainder of this thesis, the term RO refers to both RO and NE The small
footprint and the simplicity of SWM modules of RO make them attractive to be used as
the essential part of water purification systems. Permeate of RO can be engineered to be
used as drinking water, feed water for crops in green houses, ultrapure water to be used
in industry or manufacturing of pharmaceuticals, etc.

It is my hope that this thesis helps with a better understanding of the hydraulic condi-
tions in the spacer-filled channel and serves as a tool for validation of related computa-
tional models.

This thesis has two primary objectives: introducing one step membrane filtration (first
part) and providing a deeper understanding of the hydraulic conditions inside spacer-
filled channel by a high resolution experimental method (second part). The one step
membrane filtration concept aims to reduce the pretreatment of RO to mechanical pro-
cesses and to use the RO membranes as the only purification step for production of
drinking water. In the second part, this thesis provides information about the hydraulic
conditions of the spacer-filled channel. The information is gained experimentally by us-
ing the particle image velocimetry.

Researches described herein were conducted under the supervision of Professor W.G.J
van der Meer in the Department of Sanitary Engineering, Faculty of Civil Engineering
and Geosciences of Delft University of Technology, The Netherlands between November
2011- 2016.

This work is to the best of my knowledge original, except where acknowledgment and
references are made to the previous works. Neither this nor any substantially similar
dissertation has been or is being submitted for any other degree, diploma or qualifica-
tion at any other university.

Amir Hoseen Haidari
Delft, September 2017












It is in the nature of water to become transformed into earth
through a predominating earthy virtue;

it is in the nature of earth to become transformed into water
through a predominating aqueous virtue.

Avicenna



4 1. INTRODUCTION

he rapid growth of the world population has brought several direct and indirect chal-

lenges regarding the safe and clean water supply in many corners of the globe. The
direct challenge is a higher drinking water demand, which intensifies the pressure on
finite fresh water resources. From the limited amount of fresh water (less than 2.5% of
total water on earth) only less than one percent can be used for human needs and has
to be shared by competing users of different political, social and economic powers. This
low amount of water is often threatened by other (indirect) consequences of the rapid
increase of world’s population such as the climate change and new contaminants. These
new contaminants are often harmful at low concentration and a serious challenge for
conventional treatment plants.

Currently, membrane technology is being considered as a cost-effective technique to
confront many challenges regarding the water purification. The required driving force
for membrane separation processes could include pressure, electrical voltage, concen-
tration gradient and temperature. Pressure-driven membranes are commonly used for
water treatment. These membranes use a semi-permeable layer as a barrier to sepa-
rate the feed water into the production stream and concentrate (rejected) stream. The
pressure-driven membranes may be categorized with respect to the chemical compo-
sition of the semi-permeable layer (e.g. cellulose acetate and polyamide), the pore size
of the semi-permeable layer(microfiltration, ultrafiltration, nanofiltration and reverse
osmosis), or packing configuration of commercial modules (plate-and-frame, tubular,
spiral-wound and hollow fiber). The membrane pore size determines the size of re-
jected material by the semi-permeable layer. Microfiltration and ultrafiltration can re-
ject the particles, while reverse osmosis and nanofiltration can reject materials as small
as molecules and ions. Therefore, in line with the classifications used in the book of
"Principles of Water Treatment" [1], in the remainder of this study, the microfiltration
and ultrafiltration are referred to as the membrane filtration and nanofiltration and re-
verse osmosis as reverse osmosis (RO).

RO membranes produce highly purified water to be used in drinking water, dialysis,
power generation, pharmaceuticals and medical devices, semiconductors manufactur-
ing, and the paper, sugar, beverage, and horticulture industries as well as in the concen-
tration and reclamation of wastewater [2-11]. RO modules are produced predominantly
in the spiral-wound configuration because they offer a good balance between the ease of
operation, fouling control, permeation rate and packing density [12-15].The increase of
production at low energy consumption is the essential prerequisite to a wider and more
efficient application of spiral-wound membrane (SWM) modules of RO and may be ob-
tained by further improvements of the treatment plants design as well as modules design
to obtain a higher production at low energy consumption.

Chapter 2 describes a unique design of a pilot plan that uses the available natural hy-
drostatic pressure as a part of required energy for brackish water RO. The final aim of
this pilot study is to examine the feasibility of one step membrane filtration (OSMF). The
key concept of OSMF is to reduce the pretreatment of RO to only mechanical treatment,
which is controversial to the current trend in designing of RO system. The usual trend is



to design the RO with the highest possible recovery, which often demands an intensive
chemical pretreatment and poses challenges with respect to concentrate disposal and
membrane fouling. In OSMF concept, membranes work at a recovery that no chemical
dosage is required to feed water without increase of energy consumption. The type of
feed water, therefore, plays a very important role, e.g. concentration polarization is the
main concern in brackish water, biofouling is the major concern to river water and both
are issues of seawater.

The production rate of a module can be improved by destabilizing the concentration
polarization layer and preventing/controlling of fouling. The concentration polariza-
tion occurs due to the reduction of water content as the consequence of water perme-
ation through the membrane. Permeation of water results in the salt concentration in-
crease close to the active surface of membrane sheets and increase of osmotic pressure
increase. In addition, the concentration polarization accelerates the onset of fouling [4,
16, 17].

Feed spacers are designed to promote the flow instability and give rise to the mixing
of flow close to membrane sheets and destabilization of the concentration polarization
layer in SWM modules. However, application of feed spacers comes at the expense of
higher energy losses and higher possibility of (bio)fouling formation. Therefore, an op-
timal design for feed spacer includes a balance between the competing concerns; the
energy consumption on one hand and the high productivity thus low concentration po-
larization and fouling on the other.

Optimal design of the feed spacer for SWM modules of RO would be possible by hav-
ing a deep understanding of the hydraulic conditions inside the spacer-filled channels.
The second part of this study (chapters 3 - 8) aims to elucidate a part of the complex hy-
draulic behavior of spacer-filled channels at low to moderate Reynolds numbers range
(the operating conditions of SWM modules of RO). While computational fluid dynamics
(CFD) technique is used by many research groups to gain a better understanding of phe-
nomena inside the feed channel of RO, the number of experimental studies to validate
such investigations at a comparable resolution is limited. Particle image velocimetry is
referred to a suitable technique for validation of CFD.

The work reported in second part of this thesis uses the pressure drop measurements
and 2D-PIV technique to produce data for the analysis and visualization of the dynamics
of fluid flow through the narrow spacer-filled channels. The thesis aims to understand
and visualize the variations of temporal and spatial velocity patterns and to determine
the pressure drop:

¢ in a spacer-filled channel and in an empty rectangular feed channel of the same

size
e in several spacer-filled channels with different configurations of feed spacers
e in several spacer-filled channels with different orientations of feed spacers

In agreement with these aims, the structure of this thesis is as follows. Chapter 3 reviews
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previous studies which focused on improvements of SWM modules of RO particularly
those as the consequence of feed spacer design. Special attention is given to studies in-
vestigating the performance of different spacer configuration and orientation and their
effect on the pressure drop, fouling and mass transfer. Chapter 4 describes the method-
ology used throughout this study for generating and analyzing data from PIV and the
differential pressure measured between the feed and concentrate streams. In chapter 5,
effects of using a feed spacer inside an empty rectangular channel of the same size is dis-
cussed. The feed spacer used for this purpose was a commercial one which is commonly
used in seawater RO. The results are compared to previous literature. The relationship
between pressure drop and geometry of feed spacer is investigated, and the temporal
and spatial velocity profiles obtained from PIV are illustrated in different shapes. Chap-
ter 6 covers the effects of feed spacer configuration on the hydraulic conditions inside
several spacer-filled channels. Six spacers are used of which four were net-type spacers
and two other cavity spacers. Chapter 7 deals with the orientations of feed spacers. To
this aim three spacers of different thickness are used, each at two different orientations;
the normal orientation and the ladder orientation. Obtained velocity maps from chapter
6 and chapter 7 are related to the energy consumption and fouling potential of spacers
using previous studies. Chapter 8 presents the conclusions and outlook on the results.
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epletion of fresh groundwater

sources as the result of overdraft,
salinization and pollution becomes a
major problem in parts of the world.
Desalination of brackish groundwater
by membrane technology, e.g. reverse
osmosis (RO), seems to be a promis-
ing solution to water scarcity prob-
lems. However, energy consumption
and concentrate disposal are consid-
ered as the main reasons for avoid-
ing RO application. In order to over-
come these drawbacks, the PURO
concept, which consists of vertically-
configured RO unit in an especially
drilled well is designed, installed and
is going to be tested. The installa-
tion operates without any chemical
pretreatment and therefore, the con-
centrate can be injected into a deeper
confined aquifer that contains water

of similar concentration. To avoid
chemical pretreatment, the system
operates at lower recovery (50%) than
conventional brackish groundwater
reverse osmosis (BWRO). Higher en-
ergy consumption, as the results of
lowering the recovery, is avoided by
using natural hydrostatic pressure at
the depth that RO is installed and by
extracting the permeate water only.
PURO consumes about 39% less en-
ergy when compared to a conven-
tional BWRO installation of the same
capacity. This chapter describes the
PURO concept and addresses its ad-
vantages and disadvantages. It also
provides a rough calculation of wa-
ter cost for PURO and conventional
BWRO with emphasizing on the en-
ergy costs.

7

Parts of this chapter have been published in Journal of Desalination 403, 208-216 (2017) [18].




8 2. PURO: UNDERGROUND RO

2.1. INTRODUCTION

eliable access to freshwater is one of the fundamental pillars on which a society is
built. However, only a tiny fraction of planet’s water is directly readily available as
freshwater [2, 3].

The shortage of potable wa-
ter, as consequence of popula-
tion growth, current consump-
tion patterns and climate chang-
ing, will be a major problem
in the coming decades and will
have the same social impact as
that of increased energy prices
[4, 6, 19, 20]. Groundwater is by
far the most abundant and read-
ily available source of freshwa-
ter followed by lakes, reservoirs,
rivers and wetlands [3]. When
used for drinking water, fresh
groundwater sources are pre-
ferred to other readily freshwater
sources because of the absence
of pathogens. However, regions
with sustainable fresh ground-
water resources are shrinking by
the day, throughout the world.

|
-
2
P
A
S

Salinization of freshwater due
to intrusion of the saline wa-
ter is one of the main problems
of freshwater overdrafts (figure
2.1). In countries such as The

Netherlands, which are laying Figure 2.1: Salt water intrusion as the result of climate changing is

below the sea level, over 100 ©one of thereasons of using brackish water as a new source for pro-
’

ducing drinking water (source of picture: Oasen Water Company)

pumping stations are closed due
to intruded brackish water and it is expected that over 20% of remaining wells suffer
from salinization in coming years [5]. Negative environmental impacts of over-pumping
the freshwater are a worldwide problem (United States, Israel and Spain [21]). Artificial
replenishment of groundwater by infiltration wells and infiltration through a dense net-
work of ditches and canals [22], is used for years in The Netherlands as a solution for
freshwater declination. Although the artificial groundwater recharge is an excellent al-
ternative to natural refilling and is beneficial to environment, it has disadvantages such
as considerable footprint and inapplicability of being used in the arid and semi-arid area
due to high evaporation rate and operational cost.
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2.1.1. APPLICATIONS OF BWRO

Brackish groundwater is referred [23-25] as an appealing alternative to fresh ground-
water for future in The Netherlands due to is low content of suspended fines, organic
pollutants and pathogenic micro-organisms. Brackish groundwater is theoretically free
of xenobiotic substances when compared to fresh groundwater due to its age and the
fact that it is not affected by human activities. This makes the brackish water the perfect
feed water for RO considering the operation and fouling. Using brackish water is espe-
cially interesting for the inland installation, coastal areas with seawater intrusion prob-
lems and landlocked countries. Due to utilization of brackish groundwater, the fresh
groundwater remains intact and the risk of intrusion of brackish water on the freshwater
decreases. The latter becomes more important considering the current trends of climate
change. Increase of seawater level as the consequence of climate changing causes sea-
water intrusion and seepage of brackish water as the final result [26]. However, the brack-
ish groundwater is not directly consumable as drinking water and should be treated.
Treatment of brackish water can be done by desalination technologies such as thermal
and membrane desalination. However compare to thermal desalination, which is be-
coming more expensive because of rising energy prices, the membrane processes are
becoming more attractive through cheaper material and system development. RO and
nanofiltration are commonly used as the main techniques of producing potable water
from the saline water.

Agriculture, especially at the sites of highly intensive greenhouses, demands large amount
of freshwater with the minimum salt content. Water with minimum salt content is favor-
able to greenhouses because firstly, it doesn’t damage the soil, it doesn’t stunt the plant
growth, and it doesn’t harm the environment and secondly, it is used as the essence of
the production of plant food with determined type and the concentration of nutrient for
a specific type of crop. Precipitation is generally used as a source of water with low salt
content. However, this is not enough to satisfy the water demands and it is only period-
ically available. In addition, it is foreseen that the natural precipitation in warm periods
will decrease and evaporation rate will increase due to global warming leading to greater
drought in warm seasons. On top of all, in some countries such as The Netherlands, the
open reservoirs that are used for capture of precipitation have insufficient capacity to
provide a reliable source during long summers. Therefore, BWRO is intensively used an
attractive way of producing low concentrated water for agricultural section [5, 27]. Agri-
culture of several countries such as Spain (22%) [28], Australia (53%) [29], Israel and The
Netherlands is partly depending on the desalinated brackish water. According to Dutch
Central Bureau for Statistics, The Netherlands with an area of about 9488 ha of green-
houses (590 ha/million capita) was one of the biggest international exporters of green-
houses’ products in 2014. Yet, the actual number of greenhouses that use the BWRO is
not known due to illicit use of BWRO by some companies. A study from 2010 [28] shows
that only 45% of total RO-concentrate was with permissions and the remaining 55% was
illicit.

Despite its popularity, the BWRO is not appealing anymore for European greenhouse-
holders due to legal issues concerning disposal limitations of the concentrate water.
The disposal issue becomes more serious since the announcing of stricter regulations
of European Union due to the presence of xenobiotic substances such as antiscalants
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CF :concentrate filter

Figure 2.2: Treatment of brackish groundwater with reverse osmosis happens with conventional BWRO meth-
ods in The Netherlands (left). However, concentrate disposal into the ground is a problem and hence different
new methods are emerging into the market. Fresh-keeper (middle-left) and PURO (middle-right) are two of
these emerging technologies from which the latter is at studying stage. Fresh-keeper uses partly freshwater
and partly brackish water, while conventional systems and PURO work with brackish water only. Fresh-keeper
and PURO operate with a recovery of about 50% to avoid consumption of chemicals in pretreatment in order to
have environmental-friendly disposal of concentrate. Fresh-keeper uses the fresh well and PURO uses the RO
installation unit in depth to compensate for high energy consumption of BWRO. The hydrogeology at PURO
location in details and in surrounding is respectively shown (right). Information is achieved from Oasen Water
Company.

in the concentrate stream and uncertainty about the effects of disposal of concentrate
into the ground. As the results, investigations for finding solutions for the concentrate
disposal problem have drawn attention of many researchers recently. Most of the stud-
ies done were focused on decreasing of the concentrate volume by increasing the opera-
tional recovery to keep the energy requirements of the RO system at an acceptable range.
However, great numbers of these studies end up developing the Zero-Liquid Discharges
(ZLD) systems such as evaporative crystallization along with evaporative ponds. A re-
view on treatment technologies of RO-concentrate is provided by Gonzales et al. [30]
and Voutchkov [21] mentioned the available alternatives for seawater concentrate dis-
posal. However, the application of ZLD systems is not economically attractive mainly
due to a high energy consumption of these systems, especially for BWRO.

2.1.2. NEW TRENDS FOR BWRO IN THE NETHERLANDS

While it is economically prudent to maximize the recovery of BWRO installations, some
new studies in The Netherlands are focusing on lowering the recovery in order to avoid
the negative effects of presented xenobiotic compounds of concentrate on the target
aquifer. The chemicals added in pretreatment step to enhance the recovery of BWRO are
the origin of the xenobiotic compounds in concentrate. Fresh-keeper and PURO are two
of such studies aiming at no chemical pretreatments of BWRO. The feasibility of Fresh-
keeper, particularly concerning the concentrate disposal to a deeper confined aquifer is
already proven [23] for The Netherlands and it is in its prestudy phase to be applied in
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the state of Florida in US [31, 32]. Albeit, in such studies, to keep the production at the re-
quired level, a higher amount of brackish water has to be extracted, which comes at the
expense of higher energy consumption. For compensation of energy requirements, in
Fresh-keeper concept, the freshwater of the top aquifer blends with permeate of BWRO
(figure 2.2). Fresh-keeper installations are mainly used to prevent salinization of fresh-
water wells and exist of two or three filters at different depth (a filter refers to the casing
and filling of a well at the extraction injection point). Each of these filters is located in
a separate well to prevent mixing of water during extraction or disposal. Water of top
extraction point (freshwater filter) blends with the permeate water of deeper extraction
point, which is produced by BWRO. The top extraction point is used to compensate the
energy requirements of RO installation. The aim of deeper extraction point is to lower
the fresh groundwater extraction. The bottom filter (injection point) is used for disposal
of concentrate stream of RO installation in the deeper layer of the aquifer, under an im-
permeable clay layer to prevent short circuit with top layers. In the new design of Fresh-
keeper, all three filters are located in the same well and separation materials are used to
prevent mixing of different layers at the well.

Table 2.1: Rough comparison of conventional BWRO with Fresh-keeper and PURO on their strong (+), moder-
ate (+) or weak (—) point in issues related to BWRO.

Concept Conventional BWRO  Fresh-keeper PURO
R=80% R=50%

Using freshwater + + - I

Energy consumption + - + +

Concentrate disposal - + + +

Influence of human activities on concentrate dis- B _ N

posal

PURO is another way of producing freshwater from BWRO at low recovery, which treats
the water inside the ground. PURO uses the available hydrostatic pressure at installa-
tion depth to decrease the higher energy requirement, which is needed in low recovery
BWRO installations. In contrary to Fresh-keeper, PURO uses only brackish water, which
leads to preservation of freshwater sources. Table 2.1 summarizes the strong (+) mod-
erate (+) or weak (—) features of different BWRO installations in comparing to each other.

The main part of this manuscript is devoted to compare the PURO with a conventional
BWRO. That is mainly done by comparing the production costs. To reveal the advantages
of PURO, the manuscript describes how PURO conceptis designed and constructed (sec-
tion 2.2). Then it will be explained how the cost calculations are performed and which
parameters are used for calculations (section 2.3). At the end, based on the water cost,
the advantages of PURO will be explained (section 2.4).

2.2. PURO: DESIGN AND SPECIFIC FEATURES

he PURO (Put-RO) concept or in well (Put) installed RO consists of PURO well and
RO unit. After passing through the cartridge filters, the brackish water will be treated
by RO elements with total recovery of 50% and without any pretreatment. The permeate
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12.80 m

Figure 2.3: Schematic view of PURO inside the ground and simplified hydrogeology of site location (right),
actual placing of RO unit inside the PURO well (middle) and a schematic view and positioning of important
component of RO unit (left). Feed and permeate pumps are installed on top of the cartridge filters. Deign
drawing (left) is from Logisticon water-treatments.

of installation is pumped to the surface to be mixed with the drinking water of the lo-
cal pumping station during the pilot study and the concentrate, without any xenobiotic
substances, is disposed to deeper confined aquifers. Figure 2.3 depicts the schematic
view of the PURO (right), shows actual placing of the RO unit inside PURO well middle)
and illustrates the schematic view of RO-unit (left). Suitable hydrogeology conditions for
water extraction and well injection, local regulations and acceptable local costs for pri-
marily study, drilling, material, etc. are important conditions of the application of PURO
concept.

2.2.1. HYDROGEOLOGY AND WELL CONSTRUCTIONS

A simplified hydrogeology at site location, which represents the hydrogeology at most
location in west part of The Netherlands illustrated in figure 2.4 and more detailed in-
formation of PURO site can be found in figure 2.2 (right). The hydrogeology at PURO
site exists of a semi-impermeable layer of clay and peat to a depth of 15 m Below Sur-
face Level (BSL). Underneath is a sandy aquifer, which contains freshwater, to a depth
of 26 mBSL and is separated by a major semi-impermeable layer of clay (26-40 mBSL)
from the second aquifer. At greater depths, down to about 100 mBSL, an alteration of
(fine) sands and poorly developed impermeable clay layers are found. The boundary
between fresh and brackish water is found at the second aquifer (about 60-70 mBSL)
around which the intake of RO unit is located. The injection filter of the concentrate
is located at a depth of 175-200 mBSL. At this depth, the salinity of the groundwater
is about 1000-1500 mg/l. The temperature of groundwater at the PURO site increases
from 12°C at the surface level to 16°C at the depth of 200 mBSL. The groundwater table
lies about 0.8 mBSL.



2.2. PURO: DESIGN AND SPECIFIC FEATURES 13

The PURO well is drilled by the airlifting/reverse circulation method. The diameter of
the well decreases from 900 mm (top part) to 500 mm (lower part) at a depth of 125
mBSL. The casing or borehole of upper part, which contains the well intake filter and
RO unit, is made of a high pressure PVC casing with a diameter of 630 mm. The lower
borehole, which meant to infiltrate the concentrate, has a reduced diameter of 200 mm,
in a well diameter of 500 mm. The annular space between the well wall and borehole
is filled with sieved sandy filter material (0.8-1.25 mm) at the intake and injection point
level. The natural semi-impermeable clay layers are restored with special bentonite clay,
preventing a shortcut of water flow between the high salinity deeper aquifers and the
less salty aquifer at the intake. The constriction at the transition part of the well is used
for positioning of the RO unit.

2.2.2. RO UNIT

The RO unit composed of five spiral-wound cartridge filters, a feed pump, a permeate
pump, seven RO elements inside a pressure vessel and measurement tools (figure 2.3-
left). The unit weighs about 1500 kg at non-operational mode. This will be reduced
during the operation mode according to Archimedes’ principle due to injection of con-
centrate that causes the water pressure to rise about one bar [33]. The counter pressure
will be increased in the case of clogging of the filter at the disposal point. Positioning and
removal of the installation unit in the PVC casing can be done with an 8 cm stainless steel
permeate pipe that works as a hanger at the top and eight wheels mounted around the
pressure vessel for easy sliding of installation. The visual inspection of the RO-unit and

40m 28m

Observatlon Observatlon PURO

* s —
- -

Aquer 0.

\\\\\\\\“ ! Aquitard 03 \\\\Q\\\\\\“\\\\‘\\\\\\\\\_\\\\\\\\\\\\\\\\\\

100m Aquitard 04

150-300 mgCI/I

-150m

300-500 mgCl/I

500-1000 mgCl/I
-200m

>1000 mgCl/I

Figure 2.4: Simplified hydrogeology around the PURO and location of observation wells with respect to PURO.
Data used for making the scheme are achieved from Oasen Water Company.
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eventual cleaning and/or replacement of RO modules and/or cartridge filters will occur
every two years, simultaneously during well rehabilitation to minimize the operational
costs. Since the replacing-frequency of cartridge filters is higher than RO elements, five
parallel cartridge filters are included to prevent frequent hoisting of the unit from the
well.

RO MEMBRANES MODULES

8-in. modules are the current industrial standard and most popular elements of spiral
wound modules of RO [34, 35] The chosen criterion for design of RO elements is that an
element should be as large as possible to obtain maximal production yet small enough
to be handled and installed by a single individual [34]. Recently, large-diameter RO ele-
ments such as 16 in.(406 mm) and 18 in. (457 mm) have started to emerge in the mar-
ket. Laboratory experiment [36] and pilot study [37] showed a reduction of costs by the
increase of module diameter due to a reduction of system footprint, number of hous-
ing, piping interconnection and seals between the modules. Ng and Ong [37] reported
no significant improvement of performance in larger modules, but a reduction of about
20-25% in infrastructure, auxiliary parts and pipes costs. Bartel et al. [36] calculated the
operating costs for different module diameters and three different water sources: seawa-
ter (TDS = 38000 mg/1), brackish groundwater (TDS = 2200 mg/]) and effluent water
(TDS =920 mg/1). Amajor cost reduction was achieved by increasing the diameter from
8-in. to 16-in. in all three types of water. A further diameter increase did not result in
substantial cost reduction. The largest life cycle cost saving in their experiment was de-
termined for the brackish groundwater and lowest for the seawater [36].

In PURO project, well diameter was the decisive parameter for designing the size of RO-
elements (16 in.). Also using of one pressure vessel with big elements instead of smaller
elements and plenty pressure vessels, was cost effective and more practical during con-
struction, installation and maintenance as shown by former studies [36, 37].

FEED AND PERMEATE WATER

Availability of a structurally isolated aquifer with suitable quality and quantity for BWRO
is the main hydrogeology conditions for the application of PURO concept. The compo-
sition of feed water should yield a concentrate with low mineral saturation to avoid legal
discussion of injection of the concentrate into a target aquifer. The feed water should
be also favorable for membrane operation at reduced costs. BWRO systems generally
operate at 2000-14000 mg/1 of total dissolved solids (T'DS) without any problems. The
feed water composition of PURO is summarized in table 2.3 (T DS < 1000 mg/l). The
RO-unit of PURO operates with recovery of 50% and capacity of 600 m3/d. Permeate
is transported to the surface as the only stream coming from the ground. Possibility of
increasing the recovery to evaluate its effects on production, fouling and energy saving
will be assess after analyzing the primary results.

CONCENTRATE DISPOSAL

High hydraulic conductivity and storativity of a confined aquifer for long time and low
tendency of the clay minerals in the aquifer for mobilization by deflocculating are impor-
tant characteristics of an aquifer to be recognized as the target aquifer for injection of the
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concentrate disposal [24]. Study of Wolthek et al. [23] showed that dispose of supersat-
urated concentrate of BWRO (a Fresh-keeper installation) with recovery of 50%-75% to
deeper aquifers (180 mBSL) did not lead to mineral precipitation in the target aquifer.
On the other hand, deep well injection of similar pilot plan in other part of The Nether-
lands, which led to hydrochemical reactions such as cation exchange, precipitation of
calcium carbonate and release of magnesium and strontium by dissolution of dolomite
suggests that the precipitation of minerals is depending on water quality of extraction
and injection point, membrane recovery and texture of the target aquifer [38]. However,
monitoring of the water quality of the target aquifer, for a year, showed no significant
alteration from native water quality of the target aquifer in both cases [23, 38]. Yet, the
clogging of the target aquifer in a long run for a latter study is suggested to be prevented
by lowering the pH, for instance by dosage of carbon dioxide or hydrochloric acid into
feed water of RO [38]. From studying these results and considering the similarity of hy-
drogeology and recovery of these studies with PURQ, it can be concluded that injection
of concentrate into the target aquifer could be without the risk of aquifer clogging by
PURO or can be mitigated by lowering the pH of feed water. The investigation of PURO
site shows that hydrogeology conditions do not preclude the possibility of precipitation
of calcium-related substance at some distance above the injection point (at the depth of
160 mBSL), due to finer texture of sand at this depth compare to injection point. There-
fore, two observation wells are drilled respectively at distance of 28 m and 68 m (figure
2.4) from PURO well in order to meticulously monitor the water quality and obtain de-
tailed information on the effects of brackish water extraction and concentrate disposal
on different aquifers.

2.3. COST COMPARISON OF PURO WITH CONVENTIONAL BWRO

o reveal the advantages of PURO with regard to energy consumption, the unit water
T cost by PURO is compared with a conventional BWRO of similar properties such as
quality of feed water, plant capacity, site conditions, qualified labor and plant life amor-
tization. The unit production cost is a function of process capacity, site characteristics
and design future [39]. The unit cost of the water is estimated by dividing the sum of
the annual capital repayment and annual operation and maintenance by the volume of
water produced during one year. Table 2.2, which is based on the approach of Watson

Table 2.2: Elements of costs analysis for membrane process (based on the method mentioned in desalting
handbook for planner by Watson et al. [35]).

Unit cost of water

Capital costs Annual costs
Depreciating capital nondepreciating capital
Direct capital Indirect capital
Well supply Freight & insurance Land costs Electricity
Brine disposal Overhead Working capital labor
Process equipment Owner’s cost Maintenance & spares
Axillary equipment Contingency Membrane replacement
Building Insurance
Membranes Chemicals

Amortization
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Table 2.3: Some design criteria, which are used for cost estimation of two scenarios.

Design case Unit Conventional BWRO PURO
Feed Flow (Qy m3/h 50 50
Recovery % 50 50
Plant capacity m3/h 25 25
Pass configuration - 1 1
Stages configuration in each pass - 2 1
Number of pressure vessel (Stage 1) - 4 1
Number of pressure vessel (Stage 2) - 2 0
Number of element in pressure vessel — — 6 7
Diameter of each element Inches 8 16
Number of elements used - 36 7
Membrane area m? 1472 1122
Amortization period Years 30 30

2 wells (one extraction & Extraction & injection
Number of wells - s .

one injection) well in one

et al. [35] and Ettouney et al. [39] is used as the method of calculation of water pro-
duction costs. However, it should be mentioned that the low capacity of the treatment
plant cases high sensitivity of the calculation to small changes. The costs and numbers
mentioned in the following parts are only used for clarification of the difference of PURO
with conventional treatment plant by the use of most realistic values from two existing
projects.

2.3.1. DESIGNING CRITERIA

Table 2.3 summarizes the design criteria used for cost calculations and table 2.4 shows
the feed water quality at PURO site. The site conditions, which are associated with avail-
ability of feed water intake, brine disposal and pretreatment facilities, are assumed to be
the same as both projects are newly designed. Also it has been assumed that construc-
tion of specific building is not necessary and will be an available site condition. How-
ever, the foot print of PURO is limited to only a recognition part on the ground, while
the ground installation requires a bigger footprint. The site conditions will work in ad-
vantages of PURO in terms of costs by increasing the capacity. Availability of qualified
operators, engineers and management personnel will results in shorter plant downtime
and therefore, higher plant availability and production capacity. However, for compari-
son that is made in this manuscript these costs are assumed to be the same.

The same feed water composition has been assumed for site location of conventional
BWRO. Considering the feed water quality (TDS = 981 mg/]l) and low operational re-
covery (50%), it can be assumed that no problem with deep well injection is expected.

2.3.2. FACTORS AFFECTING THE COSTS

The annual fixed charges (annual capital charges) composed of annual depreciating
costs and annual non-depreciating costs (table 2.2). The non-depreciating costs con-
sist of the land cost and working capital. The latter is a percentage of annual operation
and maintenance. The depreciating costs are composed of direct capital costs and in-
direct capital costs, which the latter is calculated as a percentage of direct capital costs.
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Table 2.4: Feed water quality at extraction location, Ridderkerk The Netherlands (based on data from Oasen
Water Company)

pH 7.1 -

Qf 50 mé/h

Component Concentration Component Concentration
- mgll - mgll
Ca 169 CO3 0.26
Mg 34.3 HCO3 280
Na 89.1 SO4 1.6

K 0 Cl 380.15
NH4 3.39 F 0

Ba 0.15 NO3 0

Sr 0

Si02 25

TDS 981.35

Indirect capital costs and non-depreciating costs together amount to slightly more than
40% of total fixed costs. Consequently, the direct capital cost is the baseline of calcu-
lation of fixed charges. Sections 2.3.2 and 2.3.2 respectively describe the assumptions,
which are done for calculation of direct capital costs and annual costs. The percentages
that are used for calculation of indirect capital costs are mentioned in sections 2.3.2.

DIRECT CAPITAL COSTS

Direct capital costs include the purchase cost of major and auxiliary equipment and con-
struction cost (table 2.5). It is assumed that the membrane cost is about 17 €/m?. The
PURO is designed with one feed pump for the RO unit and one well pump for transport-
ing the permeate water. The conventional BWRO installation is designed with one well
pump for extraction of feed water and one feed pump for RO. The finished costs of the
well(s), including the casting, were based on the actual projects.

INDIRECT CAPITAL COSTS

Indirect capital costs are generally expressed as percentages of the total direct capital
costs. Freight and insurance, construction overhead, owner’s costs and contingency
costs are considered to be respectively 5%, 15%, 10% and 10% of total direct capital costs
(35, 39].

Table 2.5: Values that are used for calculation of direct capital costs.

Parameters Unit Value in literature Reference Applied Value
Conventional BWRO  PURO
Membrane diameter  Inch 8 16
Membrane costs €/ m? [39] 17 17
Pressure vessel (PV) €/PV  950-2000 [40] 1000 21000

Pumps € differs [41, 42] 16400 16500
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Table 2.6: Parameters that are used to estimate the annual water costs.

Parameters Unit Yalue "™ Reference Applied Value

literature

Conventional BWRO  PURO

Electricity €/kWh Differs - 0.098 0.098
Repairs and spares %totalcapital 1%—-2% [35, 39] 1% 1%
Membrane replacement %/Year 3-20 [35,39,43] 13% 13%
Insurance %totalcapital 0.5% [35, 39] 0.5% 0.5%
Annual interest rate % 5-10% [35, 39] 6.0% 6.0%
Extraction costs €/m? 0.19 - 0 0
Well maintenance € - - 10000 1000
Well rehabilitation € - - 2500 3000

ANNUAL OPERATING COSTS

The expenses incurred after plant commissioning and during actual operation such as
labor, energy, chemicals and spare parts are included in the annual operating costs. Ta-
ble 2.6 shows the assumption used for operational costs. The fourth column of table 2.6
shows the references that some of these values are obtained. Generally, due to automa-
tion, a very small teams of engineer(s) and operator(s) are working in RO treatment plant.
Since the capacity of the two scenarios is too small, it has been assumed that both units
can operate fully automatic. A yearly RO-membrane replacement of 13% is assumed for
both cases because a replacement rate of 20% and 5% is reported for membranes used
respectively with high and low salinities [35]. The cost of repairs and spare parts, which
is mentioned to be less than 2% of total capital costs on annual basis in the literature,
is estimated to be around 1% for our study cases. As discussed earlier, no antiscalant
will be added and it’s assumed that there is no need of chemical cleaning during two
years. As mentioned earlier, for chemical cleaning of RO membranes and replacement
of cartridge filters, the PURO installation has to be lifted from the well. This is done ev-
ery two years simultaneously during the well rehabilitation. The amortizations or fixed
charges are accounts for annual interest payments for direct and indirect costs. It is ob-
tained from multiplication of these costs with the amortization factor (equation 2.1). In
equation 2.1 i and n respectively denotes the annual interest rate and the amortization
period and assumed to be 6.0% and 30 years.

B ix(1+D)"

a= m (2.1)

2.4. RESULTS AND DISCUSSION

he unit production cost of respectively 0.34 €/m3 and 0.35 €/m3 for conventional
BWRO and PURO is estimated. The estimated costs are lower than cost ranges that
are mentioned in the literature [44-48] because no water extraction taxes, no pretreat-
ment and no post-treatment costs are considered in both situations. The post treatment
is assumed not to be necessary because the produced water is not used as potable water
and the distance between treatment plant and end user is not bigger than 200 m. The
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Water cost: comparison of PURO with conventional BGWRO
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Figure 2.5: Cost comparison of PURO with a conventional BWRO installation. The fixed costs for PURO are
higher than conventional BWRO, while the annual operation and maintenance of conventional BWRO is higher
than PURO project.

permeate water of PURO aims in blending water of existing treatment plant and perme-
ate of conventional BWRO is used as the main substance of preparing plant foods. Con-
sidering the quality of feed water, recovery of the system and new European regulations
for concentrate disposal no pretreatment is applied.

The calculations are performed without considering the water extraction taxes due to
spatial and temporal diversity of taxes. Generally, in The Netherlands, the central and
provincial governments impose separated (respectively 0.19 and 0.01-0.03 € [49]) levies
on groundwater extraction. However, since beginning of 2013, only the provincial taxes
have to be paid, and governmental taxes are abolished. Since the level of provincial
taxes, for current situation, is low compared to other cost elements, they are neglected
for water cost calculation. However, for countries that levy charges on groundwater or
for the situation that the groundwater taxes law in The Netherlands become effective
again, PURO has the advantage of extraction only half of water (when recovery is 50%)
to the surface. This means paying half of the water taxes with current regulations.
Figure 2.5 compares the important elements of water cost of PURO with conventional
BWRO on a yearly basis. As figure 2.5 shows, the membrane replacement cost of con-
ventional BWRO is slightly higher than PURO since the membrane area (table 2.2) of
conventional design is slightly higher but the replacement frequency (table 2.6) of both
designs is the same. The expenses incurred after plant commissioning and during actual
operation such as labor, energy, chemicals and spare parts are included in the annual
operating costs.




20 2. PURO: UNDERGROUND RO
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Figure 2.6: Annual operation and maintenance cost comparison (breakdown of annual operation and mainte-
nance block from figure 2.5).

2.4.1. ANNUAL FIXED CHARGES

From the items considered for capital costs only plumbing cost of PURO is lower than
conventional BWRO due to fewer numbers of connections with a bigger size in PURO.
Construction of well(s) is a major factor of direct capital cost in both scenarios. Despite
the construction of two separate wells in BWRO (figure 2.7), the cost of well construction
in PURO is slightly higher than conventional BWRO due to complexity of PURO well and
lake of experience in constructing of such wells. Considering the capital costs, manu-
facturing of a unique pressure vessel for PURO to work properly in the brackish water
environment and endure the weight of RO installation is one of the major investment
costs for PURO when compared to conventional BWRO. The cost of such a pressure ves-
sel was about two times higher than all pressure vessels used for conventional BWRO.

2.4.2. ANNUAL OPERATION AND MAINTENANCE

Comparison of annual operation and maintenance costs shows that the total operation
and maintenance costs are comparable for both cases (figure 2.5). A breakdown of oper-
ation and maintenance block (figure 2.5) is depicted in figure 2.6. The main differences
in annual operation and maintenance costs appear in power utilization and in mainte-
nance. The major cost elements of maintenance costs are hoisting cost of PURO and
rehabilitation costs. Rehabilitation cost of PURO is smaller than conventional BWRO,
but its maintenance costs is much higher than conventional BWRO, which is mainly
caused by hoisting cost of PURO for inspection and maintenance. Figure 2.6 shows that
lower energy consumption is the main advantage of PURO. PURO consumes about 39%
less energy compared to conventional BWRO of the same capacity (figure 2.7), which is
mainly due to more efficient use of available hydrostatic pressure.
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In conventional BWRO, the hydrostatic pressure is mainly spent to transport the feed
water to surface. At the surface, the water pressure is almost zero and has to be pressur-
ized through the RO-unit (in this case with 9.70 bars) to be able to produce permeate
water. From the total feed pressure about 1.5 bar s will be lost due to resistance of differ-
ent instruments and the remaining will be lost through the concentrate, unless Energy
Recovery Devices (ERD) are used at the concentrate end. However, application of ERD
is not common in BWRO because of relatively low feed pressure and low flow rate of
concentrate stream [50, 51] when it compares to seawater RO. Besides, the successful
application of ERDs in brackish water installation is not yet proved and requires more
detailed analysis of the entire RO system.

In contrary to conventional BWRO, the hydrostatic pressure in the PURO will be spent
to drive the RO-unit. The hydrostatic pressure available at the PURO site (88 m H,0)
provides major parts (80%) of the operating pressure (110 m H,O) and the remaining is
provided by the installed feed pump (20%).

The extraction pump in PURO transports only permeate to the surface, but does not ben-
efit from the hydrostatic pressure anymore since permeate is pressureless. The energy
consumption of extraction pump in PURO seems to be higher than BWRO. That is mainly
due to that permeate which has no pressure in PURO and extraction pump in conven-
tional BWRO benefits from the available hydrostatic pressure at the site (50 m H,O).

In The Netherlands, Optiflux [52, 53] is used for treatment of brackish groundwater in-

1
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! Legend:
RO feed pump EEEEEE LT 1 Q=Flow [ m/h]
Q=50m/h H 1 Hs = static head [m]
Hs =98.9 m (20.9 kW) I Hhy = hydrostatic Head [m]
Hhy = 0 m (0.0 kW) H Htot = Total Head [m]
P =18.7 kW —@—= I—* 1 P = Power [KW]
. 1
1 Extraction pump (Permeat pump)
Q=25m/h
1 Hs = 99.5 m (9.4 kW)
Hhy = 0 m (0.0 kW
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Figure 2.7: Energy consumption for PURO (right) and conventional BWRO (left). Energy consumption in PURO
is lower than conventional BWRO and that is the main advantage of PURO when no chemical pretreatment is
desired.
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stead of the conventional BWRO. In Optiflux concept, the pressure vessel is equipped
with a watertight connector in the middle that allows the concentrate to flow back and
leave the pressure vessel from both ends and therefore, the pressure vessel acts as two
separate pressure vessels with half of elements in each section. An Optiflux pressure ves-
sel containing six elements, for instance, functions as two separate pressure vessels of
three elements. In this way the feed pressure required will be reduced due to the reduc-
tion of hydraulic losses without extra investment for more pressure vessels. However,
even with the application of Optiflux instead of conventional BWRO, PURO has about
28% less energy requirement.

2.5. CONCLUSIONS

rackish groundwater is becoming an important source of water for inland RO instal-

lations due to the climate change as well as overdraft and contamination of fresh
groundwater resources. When applying RO for treatment of brackish groundwater, the
disposal of contaminated concentrate stream can be prevented by avoiding of chemi-
cals pretreatment of feed water and direct application of feed water to the RO system.
However, to prevent scaling of membrane modules, the operation recovery should be
reduced. Therefore, more water should be extracted to have the same production capac-
ity. As the consequence of more water extraction, more energy will be required. PURO
is a solution to this higher energy consumption of RO systems operating at low recov-
ery. PURO owes its lower energy consumption mainly to an efficient use of available
hydrostatic pressure. Suitable hydrogeology conditions, local regulations and local costs
for primary study, drilling, material, etc. are important conditions for the application
of projects such as PURO. Availability of an aquifer with large quantity of brackish wa-
ter with a favorable ion concentration for proper feeding of the RO unit and a confined
aquifer with high hydraulic conductivity and storativity are the main hydrogeology con-
ditions required for the application of PURO.

Since PURO operates inside the well, a good analysis of the location and feed water, a
proper well construction and a good monitoring are essential for PURO. The extra equip-
ment that is required for proper functioning of PURO results in extra investment cost of
PURO. Furthermore, the maintenance of PURO is difficult and costly due to limited ac-
cessibility of PURO. Despite these higher investment and maintenance cost, the water
cost by PURO is comparable with conventional BWRO. Although the production cost of
PURO seems to be the same as conventional BWRO, it is a big step toward more energy
and environmental friendly desalination of groundwater with RO. It is expected that in
the future, the investment and maintenance costs for the PURO installation decrease
due to increased experience in making such installations. Also, the application of PURO
with higher capacity will reduce the maintenance cost of PURO.
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Summary

S piral-wound membrane (SWM)
modules are the most common
configuration in reverse osmosis (RO)
and Nanofiltration. The enhance-
ment of SWM module design, par-
ticularly the geometric design of the
feed spacer, can play a crucial role in
the cost and a wider application of
these modules. In addition to SWM
modules feed spacers are also used
in flat and sheet configuration of RO,
forward osmosis, pressure retarded
osmosis, membrane distillation, elec-
trodialysis, etc. The feed spacer in-
fluences the flux, pressure losses, and
fouling in the membrane process and
consequently the product-water unit
cost. While there has been a great shift
in application of SWM modules of RO
toward low salinity sources and the
fact that the sensitivity performance

of SWM modules of RO is higher at
these waters, the configuration and
orientation of feed spacers are hardly
changed since the first design. A wider
use of SWM modules, therefore, re-
quires the adaptation of geometric
parameters of the feed spacer to the
water source. Improving the feed
spacer’s design according to the feed
water type requires the knowledge of
the studies done until now in spacer-
filled channels and required investiga-
tions in future. This chapter reviews
the role of the feed spacer in SWM
modules and provides an overview of
studies conducted in narrow spacer-
filled channels to determine the effect
of different geometric characteristics
of the feed spacer on hydraulic condi-
tions.

Parts of this chapter have been submitted to Journal of Separation and Purification technology
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3.1. INTRODUCTION

everse osmosis (RO) has been used as a desalination technique for more than six

decades. Historically, RO-membranes were designed for production of drinking wa-
ter by desalination of seawater and brackish water. Currently, RO is a popular technology
for the production of highly purified water used in drinking water, dialysis, power gen-
eration, pharmaceuticals and medical devices, semiconductors manufacturing, and the
paper, sugar, beverage, and horticulture industries as well as in the concentration and
reclamation of wastewater [2-11].

Figure 3.1 outlines

the global NF/RO Global NF/RO capacity by feed water (2015)

capacity by feed wa- -

ter (A) and by re-
gion (B). Although
the use of RO for
seawater desalina-
tion is still dom-
inating the RO-market
(figure 3.1-A), there
has not been a no-
table increase in the
use of RO for sea-
water desalination
compared to RO ap-
plication for other
feed sources since
2002 [55]. In con-
trast, there has been
anincrease of about
40% in use of RO
for purification of
river water compared
to the global in-
stalled capacity from
2002 [55]. Figure
3.1-B indicates that
RO application for
purification of river
water happens pri-
marily in parts of
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strict environmen-
tal policy. Given the environmental trends, the application of RO is projected to increase
globally in the coming years due to forthcoming environmental regulations in these ar-
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eas and the influences that these measures would have on other parts around the world.

The spiral-wound membrane (SWM) configuration is predominately applied in NF and
RO because they offer a good balance between ease of operation, fouling control, perme-
ation rate, and packing density [12-15]. A wider and a more efficient application of this
configuration requires further improvements in different parts of the membrane mod-
ule. The feed spacer, as an essential part of these modules, has an important role in
determining the hydraulic conditions of the feed channel; i.e. pressure drop and cross-
flow velocity. The pressure drop is usually associated with the membrane operational
cost and the cross-flow velocity with the membrane fouling. Despite numerous studies
conducted on the feed spacer in different membrane applications, the modification of
the feed spacer in RO has been limited to only a small increase in the thickness of this
component.

This chapter will review studies conducted to determine the effects that feed spacers
have on hydraulic conditions in the spacer-filled channels such as those that encoun-
tered in SWM modules of RO. First, this review provides a general background about
SWM module configuration and related improvements and geometric characterizations
of the feed spacer in particular. Next, it gives an overview of how feed spacers affect
the efficiency and productivity performance of SWM modules with respect to the mem-
brane production, pressure drop, and fouling. Finally, it discusses effects of the spacer
geometry on hydraulic conditions of the feed channel. The main aim of this chapter is
to provide the reader with an overview about the areas investigated and those that still
need attention for feed spacer design in RO. This overview can also be used for other
spacer-related membrane technologies working with nonwoven spacers.

3.2. BACKGROUND

n a treatment plant equipped with SWM modules of RO, a membrane block con-
I sists of several pressure vessels where each pressure vessel contains 1-8 modules (el-
ements). In cases that there is more than one module in a pressure vessel, the mod-
ules are connected to each other through their permeate tube by means of an intercon-
nector adapter(s) [56]. Each SWM module consists of envelopes, a permeate tube, and
feed spacers. The envelope is formed by gluing two membrane sheets and the perme-
ate spacer to each other from three sides in a way that non-active surface of membrane
sheets face each other and the permeate spacer. Thus, the permeate spacer is inside the
envelope and creates a flow pass for permeate water. Additionally, it supports the mem-
brane sheets mechanically against (high) feed pressure [57], and therefore it is made of
woven spacers with low permeability to have the required stiffness. This low permeabil-
ity can have great impact on the pressure drop. However, the pressure drop in the per-
meate channel of RO is usually neglected by manufactures because SWM modules are
historically designed for application in the seawater desalination. Schock and Miquel
[58] reported that contrary to manufacturers’ claims, the pressure losses in the perme-
ate channel are not negligible. Koutsou et al. [59] confirmed the importance of pressure
drop in permeate channel especially for the membrane modules applied on low salin-
ity water. Additionally, they [59] mentioned that stiff and incompressible construction of
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SWM module
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Figure 3.2: A schematic view of SWM module out of the pressure vessel (A), unwrapped situation with only two
envelopes (B) and side view of the feed channel (C)

permeate spacer is of importance for seawater desalination due to high applied pressure
in these modules.

From its fourth side, the envelope is glued to a perforated tube called the permeate tube.
The active layer of each envelope faces toward a more porous spacer than the permeate
spacer called the feed spacer. The feed spacer works as a supporting net and keeps the
two adjacent envelopes apart [1, 60]; thereby, it provides a passing channel for feed water
to move tangentially over the active layer of the membrane [61]. During the flow of bulk
through the feed channel, a small portion of water permeates through the membrane
and enters the inner part of the envelope, and then the water spirals toward the permeate
collection tube. The permeate tube collects and transports the permeate water from
envelopes of each element towards the permeate pipe of the pressure vessel. However,
a great portion of feed water leaves the feed channel from an outlet, which is positioned
against the feed inlet. The outlet stream is called the concentrate stream.

Cost savings in RO would make this technology widely available for sustainable and af-
fordable water production in every corner of the globe. An effective method to achieve
this target is to improve the SWM modules because the SWM module is the most applied
configuration in RO. These improvements include transformation and consolidation in
membrane sheet chemistry, re-evaluation the module design, and optimization of the
RO-plant configuration and operation [62]. Among the aforementioned improvements,
the impact of module design is most significant. Table 3.1 provides an overview of some
improvements regarding the module design of SWM of RO.
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As mentioned in table 3.1, investigations of the optimal number of envelopes in a mod-
ule [58-60] agree that the optimal SWM module design can be achieved with the highest
number of envelopes when glue-line effect is neglected. It is important to consider the
width of the glue-line in determining the optimal number of envelopes because for a
higher number of envelopes, it reduces the efficient membrane active area at a higher
number of envelopes. The optimal number of envelops in an SWM module of RO in-
cluding the glue-line has only been determined by practical work of Schock and Miquel
[58]. Using a 4-in membrane, Schock and Miquel [58] found that by increasing the width
of glue-line, the optimal module design is at a lower number of envelopes. They [58]
found an optimal of 4 — 6 envelopes for a 4 — in module with a glue-line width of 40 mm
and optimal of 3 —4 envelopes for the same module diameter and a glue line of 80 mm.
Manufactures normally produce 4 — in SWM modules with 6 — 8 envelopes. Koutsou et
al. [59] and van der Meer et al. [60] referred to the importance of the glue-line but they
did not mentioned the optimal number of envelopes including the glue-line.

To the authors’ knowledge, Koutosu et al. [59] conducted the only study of the effect of
membrane width on module performance. They found [59] that given a constant mem-
brane area (37 m? for 8—i n membrane), when the width of membrane decrease to its half,
the number of envelopes increases, which results in module performance enhancement
due to more uniform spatial distribution of the trans membrane pressure. In this study
[59] the effect of the glue-line was neglected, which affects the productivity of the mem-
brane. Additionally, it was not mentioned how the increase in the number of envelopes
would affect the feed and permeate flow, particularly in area adjacent to the permeate
tube. Table 3.1 also shows that a slight increase in the feed spacer thickness causes a
lower fouling tendency, cleaning frequency, and pressure drop in the membrane mod-
ules. However, the extent of the effect of spacer thickness increase on different factors
is not exactly clear from the study because the spacer was chemically enhanced by bio-
cides on top of its thickness enlargement.

3.2.1. MEMBRANE PRODUCTIVITY

Arguably, one of the greatest improvements in the SWM module of RO took place when
cellulose acetate membrane were replaced with polyamide and composite membrane.
This transformation led to an increase in the productivity of and rejection by SWM mod-
ules of RO. For instance, it is reported [62, 65, 66] that compared to 8-in cellulose acetate
membranes, the capacity of 8 — in seawater RO elements made of a polyamide and com-
posite configuration is doubled and the salt passage is decreased about three-fold. The
cost of water produced by RO is calculated using ratio of operational and capital ex-
penses to the production capacity. The product unit cost decreases with the increase
of production volume at a given set of operating parameters. The production capacity
is related to the average permeate flux defined as the flow rate of permeate per unit of
membrane area (Equation 3.1).

Qp

Anpem

=NDP x K, (Depends on the temprature) (3.1

Jave =

The membrane permeability for water (K,,), which is also known as the mass transfer
coefficient of the membrane for water or the specific flux (Jspg) depends on the temper-
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ature (Equation 3.2).
Jave x TCF

Ky =Jspe=—gr5— 3.2)

TCF in Equation 3.2 refers to the temperature correction factor and depends on the
choice of reference temperature. Commonly, a reference temperature of 25°C is used
as the reference to match the current literature on membrane filtration and the standard
test conditions for the membranes as specified by the membrane suppliers. The refer-
ence temperature can be based on the local parameters and conditions. For instance,
a reference temperature of 10°C is used in some countries and for some specific appli-
cations. At a given set of operating parameters, the average permeate flux determines
the size of RO train and number of elements required, therefore influencing the cap-
ital expenses. The average permeate flux at a constant temperature is determined by
using two known parameters: the membrane permeability (K,,) and net driving pres-
sure (NDP). Treatment plants typically work at a constant production rate; i.e. a higher
membrane permeability (mass transfer coefficient) results in a lower NDP and required
feed pressure. In addition to the NDP and temperature, modifying the membrane sheet
or increasing the shear at the boundary layers can improve the membrane permeabil-
ity. The membrane sheet allows the transport of some compounds and prevent or delay
the transportation of others and can have a symmetric or asymmetric configuration [9,
10, 67-74]. The first asymmetric RO membranes produced by Loeb and Sourirajan [75]
were made of cellulose acetate and showed up to 100 times higher flux than any sym-
metric membranes known. The composite configuration of a membrane is made of a
fragile discriminating layer with high selectivity (active layer) affixed to a porous support
layer (non-active layer) [76, 77]. The support layer protects the ripping or breaking of
the membrane sheet, while the active layer is responsible for the mass transport and the
membrane selectivity.

PRODUCTIVITY REDUCTION

At aconstant NDP, the average permeate flux decreases over time because of the degra-
dation of specific permeate flux (membrane permeability) due to fouling formation [4,
16]; i.e. fouling results in decreased production capacity when a system operates at a
constant NDP. The fouling rate is a function of the permeate flux rate relative to the
cross-flow rate. A higher average permeate flux causes a higher concentration of par-
ticles at the membrane surface and a higher fouling formation rate. Therefore, fouling
reduces the average permeate flux and increases the pressure drop of the membrane
[78, 79]. The primary fouling mechanisms in RO are related to deposition of inorganic,
colloidal and organic materials in addition to microorganism [80] in the feed channel
either on the membrane surface or on the feed spacer. The extent and nature of fouling
is related to several factors such as feed solution properties (concentration, pH, ionic
strength, and component interactions), the membrane module configuration, mem-
brane sheet characteristics (hydrophobicity, charge, roughness, pore size, pore size dis-
tribution, and porosity), and operating conditions (temperature, NDP, and cross-flow ve-
locity). In addition to fouling, concentration polarization is another serious concern in
the production capacity reduction of a membrane system. Concentration polarization
is the consequence of water permeation, causing a higher salt concentration directly
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adjacent to the membrane sheets compared to the bulk of fluid. Thus, concentration
polarization is not a fouling type, but it reduces the membrane productivity by lowering
the permeation of water through the membrane and enhancing the fouling formation [4,
16, 17] on the membrane. For instance, scaling is a consequence of the salt concentra-
tion increase as the sparingly soluble salts reach their solubility limit and deposit on the
membrane surface [81, 82]. As with fouling, the degree of concentration polarization de-
pends on the ratio of the permeate flow rate to cross-flow and with greater concentration
polarization resulting from a higher permeate flow. This is the reason that concentration
polarization is worse in the composite membranes, which have a higher permeate flow
at the same pressure compared to cellulose acetate and polyamide membranes. Among
different types of fouling, biofouling is probably the most difficult type to control be-
cause of the complexity of the ecosystems causing it [63, 83—-89]. Biofouling is defined
as a structured community of bacterial cells adhering to an inert or living surface due
to attachment and growth [90-94]. The degree of biofouling is usually determined by
measurement of ATP (adenosine triphosphate) for total living biomass [95] and TOC (to-
tal organic carbon) for total accumulated biomass [96, 97]. Biofouling can occur with
a minimal number of microbial cells that adsorb to a surface and create a conditioning
layer for more biomass accumulation [98, 99].

In SWM modules, spacers are regarded as the starting point for biofouling. The biofilm
growth favors the feed spacer’s junctions close to the module inlet, which leads to a dis-
tortion of the flow field and the creation of regions with low-velocity values close to the
spacers’ intersections [100]. With time, the biofilm accumulates further, eventually clog-
ging a part of the feed channel and spreading the stagnant regions. As a result, the fluid
stream through the flow channels is hindered, preferential channels are formed, and
consequently, the permeate flow decreases [100-102].

PRODUCTIVITY IMPROVEMENT

Effective fouling control to improve the membrane productivity is possible by having
sufficient information about the feed water and a profound understanding of fouling
mechanisms and hydrodynamic conditions inside the feed channel. However, the foul-
ing mechanisms are often complex and become even more complicated knowing that a
remediation method for one type of fouling mechanism could worsen other types. For
instance, increasing the axial flow rate is an effective way of removing the colloidal mat-
ter from the membrane surface and reducing the fluid resistance close to the membrane
surface (reducing the thickness of concentration polarization layer) due to better flow
mixing [103-105], but it is not effective in removal of biofouling. On one hand, the higher
flow rate leads to a higher transport of nutrient into the flow cell and higher biomass for-
mation; on the other, the biofilm formed at a higher rate of axial flow is more compact
and harder to remove compared to the fluffy biofilm formed at lower shear [102, 106—
117]. Consequently, given our current knowledge total fouling prevention seems to be
impossible and using a single curative method to combat all fouling types is not prac-
tical. Operating the system at a higher shear than operational shear is generally consid-
ered an effective way of reducing the fouling and increasing the average permeate flux. A
higher shear can be achieved by increasing the axial flow rate, creating flow instabilities,
applying two-phase flow, and using a feed spacer. Rotation of the membrane [118] and
flow pulsating [119, 120] are possible techniques to make the flow unstable. However,
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Table 3.2: Selected studies conducted on mass transfer enhancement

Technique Specification Field Effect of modification on mass transfer Ref
More turbulence and therefore less fouling and a
. UF . [86]
Multi-layer spacer 3-layer spacer higher mass transfer was observed
ED 20% higher mass transfer was achieved compared to (87]
2-layer
Empty chan- With the increase of the gas to liquid ratio from 0 to
nel 0.9, 70% increase in mass transfer was observed
Two-phase flow Single-layer ED 97
p neftypey With the increase of the gas to liquid ratio from 0 to

0.9, 50% increase in mass transfer was observed
spacer

With the increase of the gas to liquid ratio from 0

to 0.9, no significant increase in mass transfer is ob-

served

A better distribution of bubbles and the size of bub-

Using baffles MBR bles was observed. It could be used to lower the foul- [98]
ing and enhance the mass transfer

Empty feed The mass transfer was the same as single inlet/outlet

Double inlet/outlet cell channel ED channel [97]

Single-layer Improvement was less compared to single in-

Multi-layer
spacer

net-type

P let/outlet channel

spacer

Multi-layer Improvement was insignificant compared to single
spacer inlet/outlet channel

these techniques are (i) expensive and (ii) not always easy to apply in SWM modules of
RO. Application of a higher axial flow rate as the only method to increase the shear is
not economically attractive because the required mixing in the flow, which is needed to
effectively decrease the thickness of boundary layer, causes a high pressure drop. Us-
ing rotational shear and two-phase flow in addition to the increase of normal axial shear
is suggested to be more effective in fouling removal [16, 103]. for example, the rota-
tional shear can be generated by using double inlet/outlet flow cells. Kim et al. [121]
and Balster et al. [122] examined the effect of rotational flow on the average permeate
flux. These studies [121, 122] found that rotational flow has only a marginal effect on the
flux enhancement. The impact of air sparging (two-phase flow) on the improvement of
mass transfer was a function of the air/water ratio, bubble size, air distribution patterns,
and duration of the air sparging [122-127]. Table 3.2 shows some investigation on the
mechanisms of mass transfer enhancement. Periodic membrane cleaning with chemi-
cals and dosing of chemicals in pretreatment are common methods to prevent and con-
trol membrane fouling [83, 128-132]. The chemical cleaning, however, is (i) expensive,
(ii) of environmental concern (discharge regulations), (iii) not always effective, and (iv) a
danger to the membrane lifespan. The price of scale inhibitors and cleaning chemicals
alone is reported to be around 5 — 25% of operational costs [82]. Biofouling control is of
particular importance in SWM modules of RO is the biofouling control, especially when
wastewater, seawater, and fresh surface water are used as the feed.
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Table 3.3 provides a short overview of biofouling control studies. Presently, chemical
cleaning is one of the most widely employed techniques for inactivating and removing
biomass from RO and NF [130]. This method normally involves dosing biocidal chemi-
cals in the feed water of a membrane system in order to destroy the biofilms [128, 129].
Several biocidal chemical agents have been documented for this use, ranging from acidic
cleaning to caustic cleaning and enzymatic cleaning techniques [130, 131]. Multiple
studies have shown that a very low dosage of copper [116, 144] and other metals such as
silver and gold could be efficient in disinfecting water against microbial biofilms. How-
ever, chemical agents are known to reduce the lifespan of the membranes [128]. Ad-
ditionally, biofilms have a high degree of resistance to many disinfectant, even against
antimicrobial compounds such as metal ions [132]. Finally, chemical cleaning could be
ineffective due to the effect that it has on other non-targeted fouling types or due to
the effect that traces of chemical cleaning has on other locations in the treatment plant.
For instance, ineffectiveness of chemical cleaning could be due to residues leakage of
chemicals from pretreatment to membrane unit. In this context, it has been shown that
systems with continuous chlorination have a higher rate of membrane biofouling [145,
146]. This is most likely due to the formation of assimilable organic carbon (AOC), which
serves as indicator of the biological stability of the water, with high levels leading to the
biological (re)growth during subsequent return to normal water production through the
particulate fouling [92, 101, 147].

3.2.2. ENERGY AND PRESSURE DROP

Studies have shown that energy is a major contributor to the operational costs of RO
systems. The required energy for an RO system includes the energy for pumping the feed
water, running equipment during pre- and post-treatment, and operating the transfer
pumps and high-pressure pumps, among which feed pressure pumps require the most
energy to operate [148-150]. The power consumption of a feed pump is a function of
feed pressure, recovery and equipment efficiency. At a determined feed pressure, the
average flux (J,,.) over a module decreases because NDP (Equation 3.3) decreases as a
result of the increase in flow friction losses and osmotic pressure of the feed [148].

Pr+ Pc Tr+TC

=Prmp—7nTmp = (Pf—Pp)— (g —mp) = (T —Pp) - (T —7p)

(3.3)
NDP is a measure of available driving pressure to force the water through the mem-
brane from the feed side to the permeate side and is related to the average permeate
flux of the system (J,,.) and membrane permeability (K,,) [148, 151]. The (available)
net driving pressure (NDP) is the difference of the transmembrane pressure and trans-
membrane osmotic pressure. The pressure losses could be expressed in terms of total
pressure drop (AP), which is the sum of the pressure drop at successive pressure vessels,
interconnections of membrane elements, the permeate channel and the feed channel.
The pressure drop in the sequential pressure vessels and successive modules in a pres-
sure vessel can be minimized with an optimal design of the pipes and interconnectors.
In an SWM module, usually only the pressure drop in the feed channel (Ap) accounts
for the pressure drop calculation. Permeate pressure drop has shown [58] to have poten-
tially more than minor effects on the total pressure losses. Effects of permeate pressure
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losses on the feed pressure become particularly important in low salinity water sources,
but there is a limited number of investigations in this area. The feed channel pressure
drop includes frictions as a consequence of the (clean) channel geometry and frictions
as a consequence of fouling. The clean feed channel pressure drop is a function of fric-
tions at the walls and the feed spacer as well as changes in flow directions and flow pat-
terns. Generally, the presence of the feed spacer has greater effects on the pressure drop
than the channel walls [152, 153].

3.3. OPTIMAL FEED SPACERS

n optimal membrane module is one with highest production rate at the lowest en-
Aergy consumption and expense possible. One approach towards the design of such
an SWM module is to optimize the feed spacer geometry. Theoretically, an ideal feed
spacer is defined as a spacer with the perfect hydrodynamic design [154], i.e. a spacer
that neither causes stagnant regions nor blocks the membrane surface area [155]. Stag-
nant areas cause solids and/or microorganisms to accumulate and/or rejected salts to
build up [154, 155] and the resulting smaller membrane surface results in a reduced pro-
duction rate. In practice, an optimal feed spacer is defined as a design that achieves a
balance between competing concerns: the mass transfer on one hand and the pressure
drop and fouling on the other. For instance, using a feed spacer in an empty channel
causes a mass transfer enhancement [8, 12, 14, 58, 61, 152-159] but at the expense of
increased pressure losses along the feed channel [8, 13, 14, 58, 61, 152, 154, 156, 157,
160, 161]. Additionally, the use of a feed spacer in an empty channel reduces effects
of concentration polarization but at the expense of the formation of stagnant regions,
which are favorable for particle deposition and biomass formation, either downstream
[117] or upstream [142] of a spacer. It is reported that feed spacers have a higher im-
pact on the pressure drop (2.5 — 160 times compared to an empty channel) than flux
enhancement (2 — 5 times) [157, 162]. Therefore, the optimal feed spacer is the one that
results in a the flux improvement without a (significant) increase in pressure losses. It
is typically more economically attractive to operate membrane systems with a spacer
than without because the benefits of mass transfer often outweigh the disadvantages
caused by increased energy losses. Therefore, the main reason for using a feed spacer
in SWM modules of RO is to enhance the mass transfer, which is often described by
the diffusion model. According to this model, average water flux (J4,e) through the
membrane is a function of applied pressure over the membrane sheet (NDP), the mem-
brane mass transfer coefficient (K;,) or specific permeate flux (Jspr), and temperature
(TCF)(Equation 3.2: Ky, = (Jgpe x TCF)/ NDP). The Sherwood number (Equation 3.4),
which incorporates the effect of the Reynolds number (Re) and Schmidt number (Sc) is
commonly used to predict the membrane mass transfer coefficient (K,,).

Zxd
Sh=K x Re® x Sc” x (%)C (3.4)

The Sherwood number depends on several constants. Table 3.4 shows the common val-
ues used for the constants of Sherwood numbers for the empty and spacer-filled chan-
nels. Spacer-filled channels with zigzag spacers (diamond shape) are considered to be
channels in which the flow direction is changed. Channels with ladder type or cavity
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Table 3.4: Constants for the calculation of Sherwood number for empty rectangular-shaped channels and
spacer-filled channels

K a b c Z Error Ref
Empty feed channel 0.66 -1/2 -2/3 0 0 -
Spacer filled channel without changes in flow direction  0.664 1/2 1/3 1/2 1 30% [152]
Spacer filled channel with changes in flow direction 0.664kg.1/2  1/3  1/2 2 10% [152]

type spacers are usually considered to be channels without changes in flow direction,
containing one set of filaments parallel to flow and other set perpendicular to flow direc-
tion. The last term of the Sherwood number can be neglected in the empty rectangular
channels because the constant Z is equal to zero in the empty feed channel. The con-
stant a for the spacer-filled channel is reported to be around 0.5. Da Costa et al. [157]
found values range from 0.49 — 0.66, Kurada et al. [163] mentioned a value of 0.5, and
Schwager et al. [164] reported 0.62. Da Costa et al. [152] investigated the mass trans-
fer coefficient achieved for spacer-filled channels using Equation 3.4 and the constants
mentioned in Table 3.4. They [152] found that the mass transfer coefficient differs 30%
from the practical value for spacers that do not change the flow direction and 10% for
spacers that change the flow direction. In zigzag spacers, which are commonly used in
SWM modules, the constant K is related to factor k., which is a function of geometrical
characteristics of the spacer such as the ratio of filament thickness to the channel height
(d! Hcp), porosity (€), and hydrodynamic angle («) (Figure 3.5) [152, 165]. The relation-
ship between the pressure losses and the flow through the channel can be described by
determining flow characteristics. However, because the flow characteristics of a spacer-
filled channel are too complicated, the friction factor and the pressure drop dependency
on the velocity are used to elucidate this relation. The friction factor (C;4 in Equation
3.5) is defined in terms of three components: the kinetic energy per unit volume of feed,
pressure drop per unit length of the flow path and characteristic dimensions of the chan-

nel.
2 Ap A
Cia=—7—X o
poxus,, Lxd, Re"

(3.5)

Equation 3.5 is a semi-empirical equation, which means that the pressure drop over the
membrane has to be measured in order to determine the friction factor. The friction
factor in equation 3.5 is typically expressed as a function of the Reynolds number to
a specific power (Re") and channel geometry (A’). In the case of an empty rectangular
channel, a value of 24 can be assigned to A’ [152, 172] .The Reynolds number is a function
of inertial and viscous force.

Rey, = tgye x dj, E 3.6)

The viscous forces are often kept constant in membrane filtration experiments and the

inertial forces are a function of the hydraulic diameter, flow density and viscosity. The

initial increase of the Reynolds number during steady flow causes slight oscillation, which
are superimposed on the steady flow pattern, and flow instabilities appear as a result. A

further increase of the Reynolds number causes an increase in the amplitude of the os-

cillations, which gives rise to flow with considerable mixing [166].

Table 3.5 outlines studies that investigate the effect of the Reynolds number on the hy-




38 3. LITERATURE REVIEW

Table 3.5: The effect of Reynolds number on different parameters

Spacer/process Re Effect Ref
Net-type spacers 50 The velocity was on average in flow direction [166]
Numerical study shows that transition to unsteady flow
35-45 occurs at relatively low Reynolds numbers; i.e. Re = [167]
35-45
The experimental studies with particle image velocime-
30 try (PIV) shows that unsteady flow for common feed [168]
spacer start at low Reynolds numbers (Re = 30)
180 —280 Most geometries started to exhibit oscillations [166]
250-300 Flow became unsteady and wavy [166]
> 300 Flow showed a very unsteady behavior [166]
10 < Re < 100 Flow §eparation and boundary layer development play (169, 170]
roles in mass transfer enhancement
Longitudinal and transverse swirling causes mass trans-
Re>100 .. [169]
fer enhancement due to mixing
Compared to the strip-type promoters, the net-type
Comparing strip-type promoters were more efficient at the lower Reynolds [171]
shaped promoter or eddy numbers
promoters with net-type Sherwood number of net-type mesh became equal to
spacer in electrodialysis Re > 400 or slightly smaller than that of the strip-type promoters 071]

likely because the eddy generation mechanism in the
net-type spacer is affected by the flow attack angle

draulic conditions of the feed channel. The hydraulic diameter (d;) is used to correlated
the flow through non-circular or complex channels with constant a cross-sectional area,
i.e. hydraulic diameter serves as the characteristic channel dimension [58, 127, 152, 173,
174]. Attempts to relate the hydraulic diameter to the flow behavior by a single equation
in the spacer-filled channel had only limited success [173].

4xe

dy = 3.7
% +(1—€)xSysp

The hydraulic diameter depends on the channel height (Hcyy), spacer porosity (€), and
specific surface of the spacer (S, sp). Equation 3.8 provides a formula for estimation of
the spacer porosity (€). In this formula, the porosity is estimated with the channel height
or spacer thickness, orientation of longitudinal and transverse filaments with respect to
each other and the filaments’ geometry.

Vsp__ | _ (Act x lmcr) + (Acp x Lnce)
Vinesh Imer * Lmcp x sinfB x Hopg

e=1- 3.8)
Equation 3.9 is a simplified form of equation 3.8 for the feed spacers of SWM modules
of RO in which the top and bottom filaments have the same average diameter and mesh

length.

Txd
e=1 (3.9

CAx 1y, xsi np
Equation 3.10 represents the specific surface of the spacer (S,,sp), which depends on the
filaments’ geometry.

Asp _ (Pcr x ImcT) + (Pcp x Imcp)
Sysp=——= (3.10)
Vsp  (Acr x Imcr) + (Acp x Imcp)
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The average velocity in the spacer-filled channel (#4,,) is a function of average feed flow
(Qave) and cross-sectional area of the feed channel (A4), which depends on the spacer
porosity.
_ Qaue _ Qave _ Qaue
Ugve = = =
Aeff Axe WxHcpgxe

(3.11)

The actual velocity in the spacer-filled channel should be measured at fully developed
flow. The flow becomes fully developed after the entrance length, which is about 2.17 cm
for a rectangular empty channel with a ratio of 1/50 of channel height to width (Hcg /W)
[175]. In a spacer-filled channel with ladder spacers, the flow pattern became periodic
typically after three to five transversal filaments [176, 177]. As previously mentioned,
the flow through a spacer-filled channel cannot be described easily like the flow through
an empty channel and therefore equation 3.5 and/or equation 3.12 is used for a better
understanding of the flow regime.

dpo Kxu, 3.12)

Equation 3.12 describes how the pressure drop is correlated with the volumetric flow
rate. It was believed [173, 178] that the exponent m in equation 3.12 reveals the de-
gree of turbulence in the feed channel. An m-value equal to one was the indication for
the laminar flow, a value of 1.75 was the sign for a fully developed turbulent flow and
all exponents between these two values were indicators for a transitional regime [173,
178]. However, as mentioned in some studies [142, 154, 179-181], referring to the flow
regimes encountered in SWM modules as turbulent is a common misunderstanding
because turbulent flow is defined for Re > 4000 at which turbulence can be assumed to
be isotropic and fully developed while the Re in SWM of RO remains in the laminar flow
regimes (Re < 300).

3.3.1. ENERGY AND PRESSURE DROP

The desire to enhance the performance of RO together with the development history
of these membranes encouraged a vast amount of study related to the role of the feed
spacer in determining the hydraulic conditions inside the feed channel of SWM mod-
ules. Early studies led to a good understanding of the mechanisms that give rise to con-
centration polarization, and the recent studies have led to a partial understanding of
biofouling mechanisms. The role of the feed spacer in SWM modules of RO has been de-
rived from the function of feed spacers in other fields such as in electrodialysis [121, 154,
182, 183], tubular reverse osmosis [184], electrochemical cells [121, 122, 155, 162, 169,
184-186], and micro- and ultrafiltration processes [14, 152, 156, 157, 160, 184, 187]. In
fact, the feed spacers or the flow promoters first became important for membrane mass
transport in electrodialysis plants [13, 166]. Most electrodialysis studies are performed in
flat flow cells and flat sheet membranes. The working mechanisms and principles of flat
flow cells and flat sheet membranes are the same as for an unrolled SWM module, and
therefore, flat flow cells are commonly used to study the hydraulic conditions in spacer-
filled channels of SWM modules [58, 188]. The curvature effects of SWM modules on
the flow can be neglected because the height of feed channels in SWM modules is small
enough compared to the channel width [177, 189]. Flat flow cells provide a simple but
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Table 3.6: Selected experiments conducted with the visualization techniques for demonstration of the flow
around feed spacers

Researcher Visualization method Ref

Da Costa et al. They used injected air bubbles and dye for visualization of flow [152]
They implemented a camera and used ink in water for visualization of laminar

Inetal. [196]
flow around the spacers

Kim et al. They used.lnk asthe t.race.r for visualization of the mass transfer in the 3D net-type (121]
promoter in electrodialysis

Geraldes et al. z.%n aqueous solution of bromophenol blue is used for the visualization of streams (197]
in a ladder-type spacer

Viouwenvelder et al. A sol.utlon of potassium permanganate (KMnO,) is used for visualization of the (79]
flow in a flow cell

Schulenburg et al. They used nuclear magnetic resonance imaging (NMRI) to show the distribution (100]

of the spatial distribution of biofilm and mapping of the velocity field
Creber et al. UNMRI is used to show the effect of different chemicals on cleaning of RO and NF  [193]
They used particle image velocimetry (PIV) to visualize the effects of two phase

Willems et al. flow in spacer-filled channels

[141]

effective method for studying flux, pressure drop, fouling and flow pattern visualization
in feed channels [14, 152, 154, 157, 190, 191] in a shorter time and with lower material
expenses compared to a full-scale module. Usually, flow cells with permeate production
ability are used for studying the flux and concentration polarization and cells without
permeate production are for studying biofouling because the formation of biofouling is
not affected by the permeate production [192]. Additionally, feed water ranging from
low to high concentration of inorganic substances is used to investigate the concentra-
tion polarization and (in)organic fouling and tap water with sodium acetate or a special
ratio of combined sodium acetate, sodium nitrate and sodium phosphate (C: P : N) is
used to study the biofouling [79, 80, 100-102, 116, 117, 140, 161, 193-195]. Visualization
is an important method in determining the fluid condition in SWM modules of RO. In
previous studies, the velocity profiles utilized were a rough calculation of the actual ve-
locity profile. Additionally, interactions between multiple ionic components in the feed
solution was neglected in those studies [198]. In more recent studies, the velocity profiles
and pressure losses in spacer-filled channels are predicted with numerical models [15,
60, 142, 179, 195-204] for which excellent reviews are available [13, 180, 199]. Computa-
tional fluid dynamics (CFD) is a common numerical technique in membrane processes
for simulation, visualization and analysis of fluid systems. The main advantages of CFD
models over experimental methods are lower material costs and the higher ability to
control specific process parameters e.g. the inlet feed velocity, feed concentration, and
temperature [198]. The primary challenge for such models is that there are limited direct
experimental studies on the detailed velocity profile with resolution at the range relevant
for CFD studies to support them. Table 3.6 summarizes some visualization studies of the
flow pattern in spacer-filled channels. Experimental methods such as injected dyes and
particle depositions [121, 174, 197] give good results for mapping the velocity profile al-
beit at much lower resolution than numerical studies. Electrochemical methods [141,
200], in which numbers of electrodes are embedded into the channel wall, are more of-
ten used for visualization in membrane technology. A disadvantage of electrochemical
measurements is that they can only be performed in the absence of the membrane in
order to accommodate the electrodes [141].
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Particle image velocimetry (PIV) (fig-
ure 3.3) is a non-invasive visualiza-
tion method that offers reasonable
spatial and temporal resolution with-
out the need of limiting electrodes. A
detailed description of the technique
can be obtained from Raffel [201] and
Adrain [202]. In membrane technol-
ogy, PIV can be used to determine the
particle deceleration and dead zones
as well as for creating fluid velocity
mapping in fouling studies. However,
despite the advantages of PIV, this
method is not commonly applied in  Figure 3.3: Fluid velocity mapping measured and created
SWM modules and there is only a by PIV inside a feed channel of SWM of RO membrane. A

limited number of studies available clean spacer (28 mils = 0.7 mm) and a clean membrane
coupon were used for this experiment. The inflow was about

(141, 153, 203] using this technique. 16}/ and the average cross-flow velocity around 0.16 m/s.
In addition to challenges regarding The average particle diameter was 10 um. Deceleration of

the verification and validation of nu- Particles occurs close to nodes and spacer filaments, which

. s el 1. are also the places that show the highest fouling by autopsy.
merical studies, itis difficult to mat(.:h The highest velocity is found over the filaments and directly
the geometry of feed spacers used in  qownstream of filaments.

most CFD studies with the geometry

provided by manufacturer, e.g. intri-

cate properties such as the torsion and protrusion between two nodes are difficult to
generate. Also, simulation of fouling is a time-consuming and challenging job and need
its own experts [198].
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3.4. GEOMETRY OF FEED SPACERS

Figure 3.4 illustrates different feed spacer configurations that are used in the membrane
filtration process. Spacer A is the most common configuration used in SWM modules
of nanofiltration and reverse osmosis. Other configurations are used in microfiltration,
ultrafiltration, electrodialysis, membrane bioreactors, etc. A feed spacer in SWM mod-
ules of RO typically has a net-type shape and is made of polypropylene. The extruded
meshes in these spacers have a two-level structure where the cross filaments are welded
in a nonwoven way on top of each other and make an inner angle of 90° with each other
(B). The feed spacer in RO (figure 3.5) is oriented in at an angle of 45° with the flow (the
flow attack angle). The top and bottom filaments have almost an equal average diameter.
Along each filament in a mesh, the diameter is neither constant nor perfectly round. In
other applications, such as ultrafiltration, the spacer could consist of thinner filaments
perpendicular to flow and thicker filaments parallel to flow (figure 3.4-B) [64]. Table 3.7
shows some studies done on the effect of feed spacer configuration in different fields.
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Figure 3.4: Typical spacer design: rhombus diamond-type (A), ladder-type (B), mono-layer helix (C), double-
layer helix (D) [205], zigzag-type (Corrugated) (E), herringbone spacer (F). The ladder-type spacer (B) with
two possible cross-sections; zigzag-type (left) and cavity-type (right) cross-section. The possible geometrical
parameters are ¢/ Hcpy, adaptive height (d¢/Hcp), and aspect ratio (Ly/Hcp). Ly is the distance between
two filaments, Hcp is the channel height, d ¢ is the average diameter of the filaments and c is the gap between
the membrane and the cross filament

Top Filaments
-7

— Bottom Filaments
| >

Bulk Flow "<

Figure 3.5: : The extruded meshes in spacers of SWM modules of nanofiltration and reverse osmosis are made
of two layers, which are constructed in a nonwoven way.
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3.4.1. MODIFIED FEED SPACER MATERIAL

Feed spacers are manufactured from a variety of materials. Feed spacers in SWM of
RO are made of semi-crystalline thermoplastics such as polypropylene and, to a lesser
extent, polyethylene. Feed spacers made of the same material could differ from each
other based on the material density, i.e. a polyethylene feed spacer could be low-density
polyethylene, polyethylene, or high-density polyethylene. To the authors’ knowledge,
no investigations have been conducted on the effects that plastic type could have on the
pressure drop and fouling of membranes. For instance, it not yet known how the feed
spacer stiffness could affect the fouling and different cleaning methods.

Most studies on feed spacer materials used additives to make feed spacers more resis-
tance to biofouling [58, 102, 116, 144, 161]. Most of these studies found that the surface
modification to reduce adhesion of microorganisms to the spacer and membrane is not
adequate to prevent or limit biofouling [116, 144, 161]. Additionally, the surface modi-
fication did not have a significant impact on the feed channel pressure drop [116, 144,
161]. Unsuccessful application of modified spacers in biofouling prevention is due to
the finding that coated surfaces could only kill microbes under initial conditions, after
which the dead layer of the microorganisms will form and cover the antimicrobial coat-
ing compounds, preparing the surface for a second layer to be built on top of exposed or
even lysed microorganisms.

Aratjjo et al. [116] reported that biofouling prevention was not successful with use of a
copper-coated feed spacer because the coating agent toxicity became ineffective due to
extracellular polymeric substances secreted by microorganisms. This occurs when some
microbial strains with a higher resistance to the metal coating first colonize on the coat-
ing metal and make the conditions favorable for other microorganisms to accumulate
by covering the coated metal with their extracellular polymeric substances. Tsuneda et
al. [90] showed that the extracellular polymeric substances are responsible for bacterial
adhesion to the solid surface by measuring the polysaccharides using techniques such
as FTRI (Fourier transform infrared) spectrometry. Polysaccharides are known to con-
stitute the largest portion of extracellular polymeric substances and are related to cell
adhesion during initial stages of biofilm formation [90]. In addition to the ineffective-
ness of antimicrobial metals in prevention of biofouling, these antimicrobial metals can
potentially leach into the permeate. Moreover, their function in presence of binding in-
organics when applied in full-scale operation has not been investigated.

In addition to the coating of spacers with antimicrobial metal, surface-confined macro-
molecules known as polymer brushes are also being used to modify the feed spacers.
In this technique, the feed spacer surface becomes hydrophilic. Hydrophilic surfaces
are known to be resistant tot the adhesion of bacteria and proteins [206], i.e. polymer
brushes reduce the friction between the modified feed spacer and microorganisms and
consequently the microbial adhesions [207-209]. Araujo et al. [116] compared a system
containing a biostatic modified feed spacer and membrane with an unmodified system
under the same operational conditions. The modified feed spacer was infused with of
0.5 wt% triclosan, an anti-biofouling compound. The results showed the same pressure
drop and accumulated biomass in the hydrophilic-modified and unmodified systems
[116]. The malfunctioning of the biostatic hydrophilic system was related to rapid leach-
ing of the active compound due to high shear forces, which disrupted the structure of
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absorbed polymer brush layers and destroyed the complex coacervate-brush structure
[210].

3.4.2. FILAMENT CROSS-SECTION

Feed spacers are usually composed of filaments with rounded cross-sections. This is the
case in spite of results that have shown [211, 212] rounded cross-sections are less effec-
tive in destabilization of the concentration polarization layer and enhancement of mass
transfer compared to other cross-sectional shapes such as a rectangle or triangle. Ah-
mad et al. [211] found in a CFD-study that spacers with triangular or rectangular cross-
sections more effectively destabilize the concentration polarization than those with a
rounded cross-section. They found that spacers with triangular cross-sections were the
most effective spacers for destabilization of the concentration polarization layer. Icoz
et al. [212] determined that spacers with hexagonal and square cross-sections enhance
heat transfer better than spacers with rounded cross-sections. Amokrane et al. [213]
compared the oval and elliptic shaped filaments with rounded filament and found a
higher pressure drop in the system with rounded filaments. Additionally, oval and ellip-
tic cross-sections resulted in a thicker concentration polarization layer and lower mass
transfer. Filaments with rounded cross-section are typically preferred because in con-
trast to the mass transfer, the pressure drop caused by rounded cross-section filaments is
lower than other cross-section shapes [212, 214]. The lower pressure drop can be trans-
lated into a lower pumping energy, which is one of the primary design considerations
for membrane systems. However, due to manufacturing difficulties, the cross-section
in an SWM module of RO is not uniform over the whole length. It is thinner between
two nodes than at the nodes themselves, bulges out and has slightly twisted shape. The
non-uniform shape of the filaments could result in particle deposition [12, 215]. It is
proposed [12] that the main region of deposition would be around the point where the
attached filaments bulge outward.

3.4.3. FILAMENT TORSION

As mentioned in the previous section, spacers in SWM modules of RO usually have tor-
sion in filaments between two nodes of a mesh, which can result in the formation of
longitudinal and transverse vortices, a more powerful destabilization of the concentra-

Figure 3.6: Three standard spacers used in SWM modules of RO with a thickness of 0.71, 0.76 and 0.86 mm
respectively from left to right. A turning-liked filament can be observed on the most left spacer but not on the
other ones.
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tion polarization layer and consequently a higher mass transfer. The torsion region of
filaments is more obvious in thinner spacers than thicker ones (figure 3.6).

In heat transfer studies, modifying spacers by winding helical bars around cylindrical
filaments or by using twisted tapes thought to enhance the mixing efficiencies of vor-
tices close to the membrane walls [170]. However, these types of vortices occur mainly
in the bulk of the flow, while the resistance against the mass transfer is greatest at the
membrane walls [170]. Based on this, Li et al. [170] and Balster et al. [169] examined the
torsion efficiency of spacers.

Surprisingly, Li et al. [170] found that spacers with modified filaments caused lower mass
transfer than nonwoven net spacers. Balster et al. [169] found that spacers with twisted
filaments have a higher mass transfer than unmodified spacers. However, in the study by
Balster et al. [169] the geometric configuration of the spacers was not identical. There-
fore, it seems that further investigation is required to elucidate the actual effect of torsion
on not only the mass transfer but also on the pressure drop and fouling.

3.4.4. LOCATION OF TRANSVERSE FILAMENTS

The position of transverse filaments in ladder and cavity spacers with respect to the
channel height appears to be important for the mass transfer, energy usage, and foul-
ing formation.

Geraldes et al. [197] investigated the formation of a concentration polarization layer
on the membrane with respect to the position of transverse filaments in the channel
height. Two scenarios were investigated: (i) in the first system, the transverse filaments
were adjacent to the membrane and (ii) in the second system, the transverse filaments
were placed on the impermeable layer on the opposite side of the membrane. The study
assumed that the permeate flux along the membrane was uniform because both the
osmotic pressure of the feed solution and the apparent rejection coefficient were low.
A lower degree of concentration polarization was observed in the first scenario, where
the same concentration polarization pattern was observed for each transverse filament,
showing two maxima that appear in the base of each transverse filament. The first max-
imum, which was much higher, appears at the base of the filament positioned at the
upstream of the inter-filament distance [197]. A PIV study showed that these are the lo-
cations with the lowest cross-section velocity [153].

However, the authors were unable to identify any experiment studies showing the effect
positioning the transverse filaments at the middle of the channel with some distance
from the top and bottom membrane (submerged spacer) on parameters such as con-
centration polarization, pressure drop and fouling. Cao et al. [191] discussed the effect
of a ladder type submerged spacer through modeling. Using spacers with a transverse
filament diameter 1/3 of the channel height (d¢r/Hcy =1/3) at a Reynolds number be-
tween 120—480, the study [191] found that in contrast to zigzag spacers and ladder spac-
ers, the flow in submerged spacers is symmetrical towards both membrane sheets, i.e.
the mass transfer on both membrane sheets could have a similar magnitude.

3.4.5. HYDRODYNAMIC ANGLE (f)
The hydrodynamic angle is defined as the inner angle between two adjacent filaments
facing the feed flow. The hydrodynamic angle ensures the generation of swirling in the
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feed channel albeit at the expense of an increase in the pressure drop [152, 216]. The
maximum cost [157] and a maximum flux [152] are achieved by applying a spacer with
a hydrodynamic angle of 90° because a spacer with the hydrodynamic angle of 90° gen-
erates dominantly transverse vortices with an axis perpendicular to the flow direction
[216]. Spacers with a hydrodynamic angle of 45° cause a degree of channeling either
along the membrane surface or along the channel roof, which causes a flux reduction of
16-25% [157].

3.4.6. SPACER ORIENTATION

The spacer orientation is defined as the manner in which the flow attack angle faces
the feed flow. Da Costa et al. [157] studied the effect of spacer orientation on the pres-
sure drop and found that spacers with filaments parallel to the axis of the flow channel
have a lower pressure drop and are therefore more economically attractive. Fimbbres-
Weihs and Wiley [217] conducted a numerical study to show that the 45° orientation
promotes mass transfer to a greater extent than that of the 90° orientation due to the ab-
sence of a fully formed recirculation region and an increase of wall shear by increase of
the Reynolds number. Neal et al. [12] showed in an experimental study that flux in mi-
crofiltration membranes increases by increasing the flow attack angle concluding that
spacers with a flow attack angle of 45° have the best performance. That is attributed to
two factors: (i) the tested spacer was made of two layers of nonwoven filaments with an
hydrodynamic angle of 90°, and positioning of the spacer for the highest possible angle
(90°), and (ii) on one membrane wall means the lowest possible angle of attack (0°) on
the opposite membrane wall.

Neal et al. [12] studied the effects of spacer orientation on fouling for three scenarios:
(i) when the transverse filaments were attached to the membrane and perpendicular to
the flow (the 90° orientation), (ii) when the transverse filaments were attached to the
membrane and parallel to the flow (0° orientation) and (iii) when the attached filaments
were arranged at 45° of flow deposition (normal orientation). At 90° orientation, parti-
cles were deposited in a transverse band across the entire spacer cell, and the deposition
region was displaced from the transverse filament by a zone of no deposition. The clear
space between the edge of the filament and the deposition zone was attributed to the
presence of recirculation eddies behind the transverse filaments. In the 0° orientation,
particles were deposited by applying a higher flux, and deposition was concentrated
around the attached filaments, which were parallel to the flow. In the normal orienta-
tion, deposition occurred mainly in the center of the cell. The location of the deposition
was related to the shape of the filaments which were not uniform cylinders but instead
wider at the center and edges.

3.4.7. SPACER THICKNESS (CHANNEL HEIGHT)

The height of a spacer-filled channel is determined by the thickness of the feed spacer.
The channel height filled with nonwoven spacers is equal to the spacer’s height at nodes
where the transverse and longitudinal filaments cross each other. Theoretically, the
spacer’s height at each node is summation of a transverse and a longitudinal filament.
Such estimation for channel height is used in most computational studies related to the
nonwoven spacers. In practice, however, the spacer height at nodes is slightly smaller
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than the summation of transverse and longitudinal filaments because filaments at nodes
are embedded within each other.

The increase of spacer thickness at a constant filament length results in a reduction of
the porosity, the specific surface area of the feed spacer and average velocity but an in-
crease of the hydraulic diameter of the spacer. However, it is difficult to determine the
effects of feed spacer thickness increase on the pressure drop by using theoretical for-
mulas only.

The channel height determines the fouling formation at the membrane surface. At a
constant flow rate, the cross-flow velocity in channels with thicker spacers is lower than
channels with thinner spacers. A lower velocity means a thicker concentration polariza-
tion layer, a higher chance of particle deposition and a higher chance of scaling but a
decreased chance of biofouling. The lower cross-flow velocity results in a lower nutri-
ent load and consequently a lower biomass accumulation, a lower initial feed channel
pressure drop and a lower increase of the feed channel pressure drop. The results of lab-
oratory work [161], a pilot plan study [218] and a full-scale study [36] reveal that initial
pressure drop decreases with the increase of feed spacer thickness. However, it should be
noted that at a constant feed flow rate, the amount of biomass accumulation in channels
with thinner spacers is the same as channels with thicker spacers because the amount of
nutrient is constant [36, 161, 218]. In addition to the cross-flow velocity, the fouling will
also be affected by the flow distribution pattern, which is a function of spacers’ geome-
try, configuration, and orientation.

Additionally, the membrane specific area is primarily determined by the feed spacer
thickness. Membranes with larger specific area produce larger quantity of water. There-
fore, the spacer should be as thin as possible to have the largest possible membrane
specific area and production rate but as thick as possible to cause the lowest possible
pressure drop and fouling rate.

3.4.8. NUMBER OF FILAMENT LAYERS

Standard nonwoven spacers are made of two layers of filaments on top of each other.
One study argued that spacers with three filament layers are capable of increasing the
flux without covering additional membrane area, which led to lower capital and pro-
cessing costs [219]. A comparison of 2-layer and 3-layer spacers of identical mesh length
and hydraulic diameter showed that the 3-layer spacer operated at a higher flow insta-
bility range than the 2-layer spacer (lower Reynolds number power, n in equation 3.5:
C:q o< A'/Re™) but at the expense of higher pressure losses [219]. Li et al. [170] used
multi-layer net-type spacers to investigate the effects of these type of spacers on the
formation of the concentration polarization layer, process performance and cross-flow
power consumption. They [170] concluded that the performance of multi-layer spacers
was better than that of standard nonwoven spacers. One particular design of multi-layer
spacers with standard nonwoven spacers in the outer layers and twisted tapes in the
middle-layer showed an increase of 30% in Sherwood number compared to standard
nonwoven spacers for the same cross-flow power consumption [170]. The same design
showed 40% less power consumption at a constant Sherwood number compared to the
standard nonwoven spacer.

The multi-layer spacer designed by Balster et al. [169] was made of a standard net-type
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spacer in the middle and two thin net-type spacers on the outside. This designed ob-
tained 20% higher mass transfer compared to a standard nonwoven spacer at the same
power consumption.

The selected studies did not investigate the effect of the multi-layer spacer on the par-
ticulate fouling and biofouling.

3.4.9. INTER-FILAMENT DISTANCE AND FILAMENT THICKNESS

Da Costa et al. [14] reported that the mass transfer in the presence of spacers is a func-
tion of two mechanisms: (i) the friction generated by the mixing of fluid streams crossing
each other at an angle, which is determined by the hydrodynamic angle of spacers and
(i) the friction created by wakes of fluid formed past transverse filaments. Under simi-
lar conditions, the second mechanism appears to be dominant and depends mainly on
the filament shape and thickness [14], specifically demonstrating that thicker filaments
had a higher impact on the mass transfer of the surface to which they are attached and
are more likely to promote mass transfer on the opposite wall compared to thinner fil-
aments. In a CFD study, Karode and Kumar [220] showed that spacers with unequal
filament diameters caused a lower pressure drop and induced an unequal shear rate on
the top and bottom faces of the flow channel. Such unequal shear rates at the top and
bottom faces would be expected to have an adverse impact on the membrane module
performance because of different mass transfer characteristics and fouling for adjacent
membrane leaves. The study also found that a higher overall bulk instabilities flow would
not necessarily result in higher shear rates at the top and bottom faces.

Shrivastava et al. [4] used ladder type spacers with a square cross-section in electro-
chemical flow cells to measure the current. The study reported that by decreasing the
inter-filament spaces, the current transfer increased at the detached membrane and de-
creased at the attached membrane. The increase at the detached membrane is due to
an increase in the number of filaments, an increase of the velocity above these filaments
and an enhanced mass transfer. The decrease at the attached membrane is caused by
reduction of the effective membrane area, which was occupied by the filaments.

It is common in the literature to use dimensionless values instead of filament diameter
and inter-filament length. Relative height (dcp/ Hcy) and aspect ratio (Icp/ Hepy) are di-
mensionless terms that describe the ratio of filament height and inter-filament distance
of transverse filaments to the channel height, respectively.

RELATIVE HEIGHT (dcp/Hcp)

The flow instabilities, are among others parameters, also a function of relative height and
aspect ratio. Most nonwoven spacers are made with a relative height of 0.5. Geraldes et
al. [177] showed that flow instabilities occur at 150 < Re < 300 in a rectangular channel
filled with a ladder-spacer that had a relative height of 0.5. Another finding of the study
was that for a constant Reynolds number and aspect ratio (Ic7/Hcy), the decrease of
relative height from 0.5 to 0.25 resulted in lower friction losses while the increase of rel-
ative height from 0.5 to 0.75 resulted in generation of a secondary recirculation region
of significant dimension. This secondary recirculation region constituted a third type of
flow structure, which was not observed for relative height of 0.25 and 0.5. The third type
of flow structure mentioned by Geraldes et al. [177] is likely a reason for mass transfer
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increase at thicker filaments mentioned by Da Costa et al. [14].

ASPECT RATIO

Cao et al. [191] suggested that reducing the transverse filament distance will reduce the
distance between shear stress peaks. This was beneficial for the membrane mass trans-
fer because the reduced distance between shear stress peaks introduced a larger shear
stress near the membrane wall and increased the number of eddies. Geraldes et al. [177]
used ladder spacers with three aspect ratios, specifically 1.9, 3.8 and 5.7, to investigate
the effect of mass transfer and friction losses. The friction number is decreased by de-
creasing the number of transverse filaments per unit length because of the decline of
total drag of the fluid flow. In fact, all three contributors to the pressure drop in the cell
(friction at the wall, friction at the surface of the filaments and friction due to the drag of
the filaments) decrease with a reduction in the number of transverse filaments.

A higher flow instability close to the membrane wall indicates a higher mass transfer.
Karode and Kumar [220] and Geraldes et al. [177] showed that an increase in aspect ratio
(lcT!/Hcp) caused higher flow instabilities. Geraldes et al. [177] found that flow insta-
bilities occur at lower Reynolds numbers for spacers with a constant relative height and
greater aspect ratio. For instance, it was shown that the Reynolds numbers at which the
instabilities start were 250 < Re < 300, 175 < Re < 200 and 150 < Re < 175 for aspect ra-
tios 0f 1.9, 3.8 and 5.7, respectively. In and Ho [196] reported that flow instabilities begin
at a Reynolds number of 250 — 300 for zigzag type spacers and the cavity spacer with an
aspect ratio of 5.

A high aspect ratio (Icr/Hcp) led to the condition that the region of the recirculation
zone, which occurs downstream of transverse filaments, did not reach the subsequent
filament. Geraldes et al. [177] reported that for a constant relative height, the recircula-
tion zone did not reach the subsequent transverse filament at aspect ratios 3.8 and 5.7.
Amokrane et al. [163] examined the effect of aspect ratio (dcr/Hcy) for zigzag, cavity
and submerged spacers with a constant relative height of 0.5 (d¢r/Hcy = 0.5). The study
found that for aspect ratios (dc7/ Hcp) of 2 and 4, the flow remained stable in zigzag and
cavity spacers but became unstable in submerged spacers. An addition finding was that
the mass transfer through the membrane decreased in all three types of spacers by in-
creasing the aspect ratio (dcr/HcH)-

3.4.10. SPACER POROSITY

In SWM modules of RO where the top and bottom filaments are the same, the porosity
is determined by knowing the aspect ratio (Icr/Hcpg) and hydrodynamic angle. Numer-
ical methods showed a decreased pressure drop due to an increased aspect ratio and
increased hydrodynamic angle [167]. Equation 3.8 indicates that both an increase in the
rate of Icr/ Hcy and a decrease in the hydrodynamic angle can translate into increased
porosity. Therefore, an increase in the porosity results in a decrease of the pressure drop
on one hand and an increase of flux due to greater active membrane area on the other.
Da Costa et al. [157] reported that an increase of 70% in the porosity of a spacer led to a
minor flux drop of 2 — 10% and minor pressure drop enhancement.
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3.5. CONCLUSION

n this chapter, we reviewed the effect of geometric design on the performance of SWM

modules, generally, and the effect of feed spacer design on the hydraulic conditions of
narrow feed channels and performance of SWM modules of RO in particular. Several re-
searchers demonstrated the noteworthy effect of velocity on the fouling, the permeate
production and pressure losses. The velocity in a spacer-filled channel is mostly affected
by the feed spacer geometry. Therefore, it is crucial to understand how each parameter
in spacer geometry affects the hydraulic conditions of the feed channel in order to be
able to enhance the performance of the feed spacer and consequently the SWM mod-
ules.
This review shows that using a single type of spacer in SWM modules of RO for different
applications is not beneficial and instead, it would be more advantageous to use a spe-
cific feed spacer for a particular type of feed water. For instance, the net-type spacer em-
ployed in the current SWM modules of RO is suitable for water with high salinity rather
than water with low salinity at a determined recovery. This is because the net-type spacer
can destabilize the concentration polarization layer to a reasonable extent by means of
proper flow mixing, which also results in high pressure losses. However, the ratio of pres-
sure losses to required feed pressure is almost negligible when applied to water with high
salinity (high osmotic pressure). In contrast, the ratio of pressure losses to feed pressure
becomes significantly higher in water with low salinity (low osmotic pressure) for which
concentration polarization is not the main problem. In contrast, the ladder-type spacers
are more suitable for use with low salinity water such as river water because they have
lower mixing ability and lower pressure losses compared to net-type spacers. The lower
resistance of the ladder-type also spacers makes them more suitable to be cleaned with
air-flow, by which the higher shear forces remove the particles and biofilms.
The detailed design of an optimal spacer for a specific type of feed water is possible by
numerical studies and valued experimental studies with resolution in the range of nu-
merical studies to validate them. There is a limited number of experimental techniques
that can be used for validation of numerical studies in SWM modules of RO because the
experimental studies often have a much lower resolution than numerical studies. Par-
ticle image velocimetry (PIV) is one of the techniques that can be used for validation of
numerical studies.
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Studies in the following chapters
(chapters chapter 5-7) involve the
flow and pressure drop measure-
ments, respectively, for the friction
losses calculation and velocity visual-
ization. The flow is measured by a
mass flow meter, pressure drop with
a differential pressure meter, and ve-
locity with the planar particle im-
age velocimetry (PIV). PIV is a non-
intrusive optical measurement tech-
nique used for diagnostics of the flow.
In planar PIV, two velocity compo-
nents are measured simultaneously
because only a single camera was
used. In this thesis, the two mea-
sured velocity components were the
velocity parallel to flow (Ux) and ve-
locity perpendicular to flow (Uy). The
third component of velocity; i.e. the
velocity component in the direction
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of channel height (Uz), was not mea-
sured in this thesis. The velocity
is measured asynchronously at three
heights inside the channel. The field
in front of the channel (Z3), relative to
the camera position, called also “close
to the observation window”. That is
because the front part of the flow cell
was made of Plexiglas, which made
it possible for the camera to detect
the flow pattern. The field at the rear
part of the channel (Z1), relative to
the camera position, called also “close
to membrane” because in contrary to
the actual feed channel that has two
membrane sheets, the flow cell had
only one membrane sheet. This mem-
brane sheet was located at the rear
part of the flow cell to make it possi-
ble for camera to capture pictures.

Parts of this chapter have been published in Journal of Water Research 106, 232-241 (2016) [153].
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. SWM module

Support layer
of membrane

Active layer of membrane
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Shematic view of unraveled Z N Spacers
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X Detail A: a small part of the feed channel

Figure 4.1: A shows the schematic view of unraveled Spiral Wound Membrane (SWM) module and B shows the
bottom part of the flow cell in top view (B1) and side view (B2). Detail A is a part of the flow channel and shown
in B3. The field Z3 is close to camera and the observation window, Z2 at the middle of the channel and Z3
far from the camera and at the rear part of the feed channel. Small gullies at the inflow and outflow provide
homogeneity of the flow through the channel.

4.1. INTRODUCTION

he experimental setup is shown in figure 4.2. A solution with fluorescent particles
(02) flows through a pump (03) and a mass flow meter (04) to a flow cells (05). A
magnetic stirrer (01) ensures that particles remain in suspension. The pressure drop

(07)
Legend

01) Magnetic stirrer

02) Fluorescent particles

03) Pump

04) Mass flow meter

05) Flow cell

06) Differential Pressure Transducer
07) PC

08) Nd:Yag duble pulse laser
09) High speed camera

10) PIV Processor

11) PC

~— Solution

— Electricity / data

(11)

Figure 4.2: Experimental setup. The setup can be divided into two parts. One part is used for measurement of
the flow, density and temperature, which are used for calculation of average velocity and friction losses. The
other part is used for visualization of the flow and velocity inside the feed channel.
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over the flow cell is measured by means of a differential pressure transducer (06). Si-
multaneously, the laser (08) emits two lights with a short time interval and a high-speed
camera (09) takes two images (11). The friction losses are calculated by obtained values
from mass flow meter. The captured images are used to determine the temporal and
spatial velocity maps (13) inside the channel by using a special algorithm (Davis 7.2).

4.2, TRACERS

he solution contains suspended fluorescent particles (Dantec, Ulm, Germany) to
T provide velocity information in the fluid. The velocity measurement in PIV tech-
nique is a function of two fundamental dimensions of the velocity; the shifting distance
and the time. The measurement technique is indirect in a sense that camera detects
the movements of particles instead of the fluid. Therefore, the tracers (seed or parti-
cles) properties should be in a range that significant discrepancy between the fluid and
particle motion is avoided and particles represent the dynamical flow characteristics.
The Stokes number (equation 4.1) is a dimensionless number used to determine the de-
gree to which particles follow the flow. In other Words, the Stokes number determines
particles’ repose time to the flow response time. A Stokes Number much greater than
1 (S;x > 1) describes particles that remain unaffected by the fluid velocity change and
continue their original trajectory. For Stokes values much smaller than one (S;; <« 1) the
particles response time is less than the time characteristic associated with the flow, i.e.
that particles have ample time to respond to changes in flow velocity [221] and simply
follow the flow.
Sup = T ae 4.1
df
The relaxation time (equation 4.2), or particle response time, is the required time for
particles to respond to a change of the fluid’s velocity when the surrounding fluid veloc-
ity changes. For instance, when encountering an object, the fluid velocity, around the
object, changes and particles follow the fluid and flows around the object.

2
T= M 4.2)
18xu
Relaxation time is calculated from the diameter of the particle (d},), particle density (o)
and dynamic viscosity of the surrounding fluid (¢). The fluorescent particles in this study
had a mean volume-distribution size of 10 um and a density of 1.19 g/cm?. A simple esti-
mation shows that the response time of these particles at 20°C is estimated to be around
6.5 x 107 seconds. Such a response time is much smaller than the time scales of any
realistic liquid. For the same response time, the Stokes number was around 5 x 1073 for
the thinnest spacer used in these studies (28 mil spacer: 0.71 mm spacer). Flow with
a Stokes number much less than 0.1 (S;; <« 0.1) has a tracing accuracy error below 1%
[221], indicating that the tracing accuracy in studies done is less than 1%.

In addition, to the fluid-mechanical requirement, the particles have to scatter enough
light in order to be visible to the camera. The particle image intensity can be improved by
increasing the scatter light power or choosing the proper seeding particles. It is usually
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more effective and economical to choose the proper seeding particles than increasing
the laser power. In general, the scattering light is a function of the ratio of the refractive
index of the seed particles to that of the surrounding medium, the particles size, their
shape and orientation. Moreover, light polarization and observation angles play impor-
tant roles in scattering the power of particles. Therefore, a compromise is required be-
tween reducing the particle size to improve the flow tracking and increasing the particle
size to improve the light scattering. Typical particle dimensions are in the order of tens
of micrometers for fluids [221].

Particles used here were coated with Rhodamine-B to absorb the incident light and re-
emit it at a higher wavelength. In combination with the Nd : Yag laser, the coated par-
ticles not only scattered the laser light but also emitted orange-red light (550 — 680 nm).
This technique made it possible to separate the tracer particles from other scattering
objects, such the observation window, membrane and feed spacer. This is done using
a cutoff filter (Lavision, Grove, UK), which is centered around the emission wavelength
of the particles (1 = 545 nm). The cutoff filter passes only the emitted fluorescent light
from the tracer particles and accordingly blocks the high background light level, as the
consequence of application of the spacer and membrane (the wavelength of the incident
light) and in this way improves the quality of the final result (vector maps).

4.3. FLOW RATE

xperiments were performed with the same set of flow rate in all configurations and
E orientations of feed spacers. This means that a different average velocity (equation
3.10) has been generated for each spacer at a particular flow rate. A range of flow rates
made it possible to choose the same average inlet velocity during comparison of scenar-
ios. The average velocity, which also known as the effective velocity in some literature
[180, 217], is calculated by dividing the velocity of the empty channel (superficial veloc-
ity) to the porosity of the feed spacer (equation 3.10). The flow rate of the main liquid is
controlled and measured by using a mass flow meter (Bronkhorst Instruments, Ruurlo,
The Netherlands) of which the specifications are mentioned in table 4.1.

Table 4.1: Specifications of M14 mini-Cori-Flow (Bronkhorst), which is used to control the mass flow toward
the flow cell.

Flow Accuracy
Minimum Nominal Maximum  Flow Density Temperature
glh g/h glh +%offlow  +kg/m® °C
1000 10000 30000 0.2 5 0.5

4.4. FLOW CELL

It is common to use flat flow cells in studies related to hydraulic conditions of thin
spacer-filled channels such as those of SWM modules of RO. A flat flow cell provides

a simple but effective method of studying concentration polarization, biofouling, flux,
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and pressure losses of SWM modules under various operating conditions such as dif-
ferent feed pressure, feed velocity and feed concentration [14, 152, 154, 157, 190, 191].
Reducing material expenses and investigation times as well as the ability to visualize the
flow are the main advantages of using flat flow cell over a SWM module. The effect of
curvature on the flow in SWM modules is insignificant and can be neglected when simu-
lating these modules with flat flow cell because the feed channel height in SWM modules
is very small [189, 197].

Flat flow cells are often used in studies related to hydraulic conditions in spacer-filled
channel. For instance, the test cell used by Shen et al. [160, 187] and Light et al. [156]
was composed of two separate plates with an overall dimension of 61 cm long and 19 cm
wide. The top plate was made of Plexiglas (2.5¢m thick) to facilitate viewing of the flow
pattern and the bottom plate was made of polyvinyl chloride (5.1 cm thick). Two inlet
ports were at the front end, and a similar pair of outlet ports was at the rear. The pressure
gauges (the pressure tap holes) were located at the beginning, middle and end of the test
section. The pressure tap holes were positioned in the middle of the channel width. The
permeate outlet of the cell was designed at the bottom of the cell. A small O-ring was
used to prevent mixing of permeate and concentrate. A large O-ring was used to seal the
top and bottom test cell plates. The channel width was 10.2 ¢m and the channel length
was 52.1 cm [156]. Flat Sheet Monitor (FSM) is another example of the flat flow cell,
which is developed by the Vitens water company in collaboration with Kiwa, the Dutch
water research institute. The body of FSM is made of stainless steel and its cover lid from
Perspex. Membrane Fouling Simulator (MFS) is a downscaled version of the FSM, which
is more suitable for transport, positioning and consequently use in the laboratory.

In this study, MFS-like flow cells

are used to measure the ve- 2 & .
locity and the pressure drop.
The flow cell (Demo, Delft, The
Netherlands) was operated with-
out permeation because the per-
meate flow in RO is small com-
pared to cross-flow velocity. Ad-
ditionally, previous studies have
shown that effects of perme-
ate production on pressure drop gosciane
are insignificant [98, 192]. The
membrane coupon and the spacer
are located within the flow chan-
nel (L = 200 mm, W = 40 mm
and H = 0.7 mm). The flow

channel is embedded in the bot-  Figure 4.3: The flow cell used in this study. The feed channel is em-
tom part of the flow cell (L = bedded in the bottom plate. The top plate is made of transparent

260 mm. W = 85 mm. H = material for visualization purposes.
55 mm). In contrary to the

spacer-filled channel experiments in which the total height of the flow channel was filled
with the membrane and spacer, the empty channel experiments (Chapter 4) were car-

4 Bottom plate i

Inlet Chamber

7 ) T
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ried out with only the membrane coupon (Trisep-AMC1) inside the feed channel. Each
experiment was carried out at different flow rates and a constant temperature.

4.5. PRESSURE METER

ifferential pressure transmitter (Deltabar S PDM75 Endress & Hauser, The Nether-

lands) is used to measure the pressure drop between inlet and outlet of the flow cell.
The transmitter uses a metallic measuring diaphragm. The separating diaphragms are
deflected on both sides by the acting pressure. The filled oil transfers the pressure to are-
sistant circuit bridge (semiconductor technology). The deferential-pressure-dependent
change of bridge output voltage is measured and further processed.

4.6. MEMBRANE COUPON

everal membranes (figure 4.4) are used at the beginning of this PhD-study to investi-
S gate effects of membrane roughness on the velocity patterns without any feed spac-
ers. The results of these studies are not being shown in this thesis. Trisep-ACM1 is used
in all the performed experiments, i.e, in the empty and spacer-filled channel because it
has the lowest average roughness among the tested polyamide membranes.

By by

]
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Koch - TFC - XR Osmonics—TF Toray - UTC - 80LB
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Trisep — SB50 Trisep — X201 Osmonics — CA Trisep - ACMI
Roughness (average) Root Mean Square (RMS)
Dow Filmtec-XLE 38.637 nm 49.547 nm
Koch - TFC - XR 21933 nm 33.178 nm
Osmonics - TF 19.073 nm 23596 nm
Toray - UTC - 80LB 59.465 nm 74.901 nm
Osmonics -CA 5.425 nm 7.251 nm
Trisep-X201 34.708 nm 46.003 nm
Trisep-SB50 10.440 nm 13.782 nm
Trisep - ACMI 16.451 nm 21.012 nm

Figure 4.4: SEM images for determining membrane coupons roughness. In the remainder of this thesis, the
membrane coupon refers to Trisep-ACM1. The latter has the lowest average roughness among polyamide
membranes.
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«,

Figure 4.5: The typical commercial feed spacer, nonwoven and 31 mil (0.76 mm) thick. Image “a” shows
dimensions of a filament. Image “b” shows the position of the spacer with respect to the membrane surface.
The figure shows an uneven filaments’ cross-section over their length. Moreover, a slight torsion is visible in
each filament. These types of geometrical details are normally not incorporated in the computational models.

4.7. FEED SPACERS

T he studied spacers were commercial nonwoven polypropylene (PP) spacers. The ge-
ometric data of these spacers are mentioned in related chapters. For each spacer
the porosity (equation 3.7) and the hydraulic diameter (equation 3.6) are calculated. For
calculation of average velocity (equation 3.10), it was assumed that the thickness of a fil-
ament is the same over its length in a mesh while, in reality, the thickness of a manufac-
tured filament varies over its length. In contrary to general assumption that the channel
height is twice the filament diameter, we measured the filament thickness and channel
height in laboratory because the channel height is slightly smaller than the twice the fil-
ament diameter. The channel height is determined by the thickest part of the spacer,
which is at spacer nodes. The thickness of spacer nodes is smaller than twice the fila-
ments thickness because the top and bottom filaments are slightly embedded in each
other (figure 4.5).

4.8. LASER

xperiments are done by using a laser light because the laser is able to emit monochromic

light with high-energy density, which can easily be bundled into a thin light sheet.
Laser sheet made it possible to illuminate and record the tracers without chromatic
aberration. Diode laser Nd : Yag (neodymium-doped yttrium aluminum garnet) from
Litron-Optical (table 4.2) is the semiconductor laser that is used for the PIV measure-
ments in this thesis because semiconductor lasers have usually a compact size. Addi-
tionally, this type of laser can supply a very good beam quality because the heating is
considerably reduced in this type of laser. The mentioned laser is classified into class
four lasers.
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Table 4.2: Specifications of laser (Nano S 65 — 15 PIV) used in PIV setup.

Energy at Repetition Pulse length

Beam diameter Divergence Pulse stability  Jitter

532nm Rate at 1064nm
mJ Hz mm ns mrad +% +ns
65 0-15 4 6-8 2.5 2 <0.5

4.9. CAMERA

mager Pro X 2M (Lavision, UK) is used in these experiments for taking images. The
I camera is equipped with an interline transfer chip with progressive scan readout. A
minimum inter-frame time of 110 ns makes this camera suitable for PIV installation.
The interline transfer chip makes the camera more sensitive in the blue-green region of
the light spectrum. General specifications of the camera are mentioned in table 4.3.

Imager pro X 2M is a CCD-based camera. A CCD-camera is equipped with a CCD elec-
tronic sensor, which can convert light (i.e. photons) into electric charge (i.e. electrons).
A CCD sensor is composed of an array of many individual CCDs, either in the form of a
line (e.g. in a line scan camera), or a rectangular or other specialized form. A distinctive
CCD element in the sensor is called a pixel.

Table 4.3: Specifications of Imager Pro X 2M

Description Specifications Description Specifications
Double shutter Two ir.nages W'iﬂ’.l the‘ mini- Maximum Quantum Effi-  typ. 55% at
mum inter-framing time ciency 500 nm
Inter-frame 110 nS Full Well capacity 40000 e~
Dynamic range A/D 14 bit Blooming Suppression >300x
Interface Camera link Readout rate 40MHz
Number of pixels 1600 x 1200 Frame rate 29 frames/s
Pixel size 7.4 x 7.4 pm? Binning
Sensor format 12.2 x 9 mm? - horizontal 1,2
Spectral range 290-1100 nm - vertical 1,2,4,8
Operating temperature 5-40°C Cooling Peltier to 10°C

4.10. PIV DATA ACQUISITION SYSTEM

uring the PIV-measurements, the fluorescent particles inside the channel are illu-

minated by a laser (Nano S, Nd : Yag laser, Litron laser, UK) with two light pulses
of a short interval. A high-speed camera (Lavision, Grove, UK) is recorded two frames
exposed by the laser light pulses. The time interval between two pulses (two frames) was
adjusted to the particles-displacement in order to reduce the number of pairing losses.
The time interval was varied from 150 — 2500 1S depending on the flow rate inside the
channel and presence of the spacer. Each of the captured frames is divided into small
interrogation areas. An embedded algorithm in the software determines the shift of in-
tensity pattern in each of these small areas. The logarithm uses the information from
every two captured sequenced frames and a mathematical method such as Fast Fourier
Transfer (FFT) to determine the quantity and direction of tracers in the solution. The
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Observation Window

Feed channel
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A

a flow attack angle ‘
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X

Figure 4.6: The flow cell (L = 260 mm, W = 85 mm, H = 55 mm) is made of a Plexiglas at the top, which
serves as an observation window. The flow channel (L = 200mm, W = 40mm, H = 0.7 mm) is embedded in
the bottom part of the flow cell (A). A membrane coupon and the feed spacer are placed in the feed channel
under the observation window (B). Definition of the spacer nomenclature used in this study (C). Definition of
the focusing depth of the camera (D).

controlled time interval and calculated displacement are used for calculation of the ve-
locity vectors. In order to limit the effects of boundaries (entrance, edges and exit) on the
flow and to ensure a fully developed flow, the frames are taken at about 100 mm from the
inlet and 15mm from each edge of the cell.

PIV-images captured at three different heights inside the feed channel: close to the cam-
era (Z3), middle of the channel (Z2) and far from the camera or close to membrane sheet
at the bottom of the feed channel (Z1) (figure 4.6). Since the thickness of the laser sheet
light (2 mm) is greater than the thickness of feed channel, the entire channel height is
illuminated. That is a common situation in uPIV [141] which is solved by fixing the cam-
era focus at a specific distance from the lens and moving the object [141, 222]. In this
study, the camera focus was fixed at a specific distance from the lens and the camera
moved on the translation stage because moving the object was not possible. The trans-
lation stage made it possible to move the camera 50 um in each step. The camera was
initially placed such that particles in the middle of the channel and close to membrane
were barely in focus (Z3). Then the camera is moved to the next positions (Z1, Z2) with
translating stage. The setup’s depth of field was about 0.14 mm. For each specific flow
rate and depth, 50 pairs of images (100 frames) were taken (figure 4.7a) with the time
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interval of about 30 mS. An instantaneous (momentary) velocity map is calculated for
each pair of frames, which results in 50 instantaneous velocity maps (figure 4.7b). These
50 images are used to compare the temporal variation of velocity inside the feed chan-
nels. An average of these 50 pictures (figure 4.7c) is used to study the spatial variation of
velocity inside the feed channel.
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Figure 4.7: PIV measurement and data analysis: 50 pairs of images are taken, with a time interval of 120 uS
between two frames of each pair of pictures and time interval of 0.06 s between each pair (a). Using each pair
picture, the instantaneous velocity of the respective pair is calculated (b). Average of all 50 velocity maps is
presented as the average velocity(c).



Summary

I t is widely accepted that our under-
standing about the membrane pro-
cess increases by investigation of the
hydraulic conditions of membranes.
While numerical studies have been
broadly used for this purpose, the ex-
perimental studies of a comparable
resolution are scarce. In this study, we
compared the pressure drop, the tem-
poral and the spatial velocity maps of
a spacer-filled channel and an empty
channel of the same size to deter-
mine the effect of presence of the
feeds spacer on hydraulic conditions.
The velocity maps are obtained exper-
imentally by using of the particle im-
age velocimetry (PIV) technique. Ap-
plication of the feed spacer caused 2 —

8.5 higher pressure drop increase in
the experimental conditions in this re-
search. The flow had a spatial distri-
bution in the form of a unimodal sym-
metric curve of normal distribution
in the empty channel and a bimodal
asymmetric curve in the spacer-filled
channel. The bimodal curve indicates
the presence of high- and low-velocity
zones. Additionally, the low-velocity
zones showed also a lower variation
of velocity in time, which indicates
the high fouling potential of these lo-
cations. The results from this study
may be uses for validation of numer-
ical studies.

Parts of this chapter have been published in Journal of Water Research 106, 232-241 (2016) [153].
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5.1. INTRODUCTION

pplication of reverse osmosis (RO) for purification of water increases continuously.

Spiral Wound Membrane(SWM) modules of RO (RO) are the most applied config-
uration in drinking and wastewater. The feed spacer as one of the main parts of the
SWM modules of RO plays an important role in hydrodynamic inside these modules.
In addition to SWM modules feed spacers are also used in flat and sheet configuration
of RO, forward osmosis, pressure retarded osmosis, membrane distillation, electrodial-
ysis, etc. The feed spacer acts as a stabilizer by separating the membranes’ leaves and
forming of the feed channel. Alternatively, it disrupts the flow and enhances the flow
mixing between the bulk of the fluid and the fluid adjacent to the membrane surface.
The latter improves the mass transfer, albeit at the expense of increases in energy losses
[14, 61]. The benefits of mass transfer enhancement often outweigh the disadvantages
caused by increased energy losses such that it becomes more economically attractive to
operate membrane systems with spacer than without [155, 157, 180]. The former stud-
ies have shown that current feed spacer could themselves become a source of fouling,
particularly biofouling [63, 79, 98, 101, 102, 116, 117, 192, 223]. The biofouling becomes
more highlighted in surface freshwater or municipal wastewater than the saline water
resources because of the lower potential of freshwater for creation of the concentration
polarization. Therefore, design of feed spacers to promote the flow instabilities simul-
taneously with minimizing of energy losses and fouling will contribute enormously to
improvement of a membrane’s configuration. The design of an optimal feed spacer re-
quires a deep understanding of the flow conditions through studying the flow velocity
map, deceleration locations and flow distributions in the feed channel. This can be done
experimentally or by using of computational simulation.

Computational techniques provide high-resolution velocity maps in the range of mi-
crometers (um?)and have relatively lower costs and risks compare to experimental meth-
ods. However, application of these numerical techniques may be associated with diffi-
culties such as matching of exact geometry of the modeled-spacer with reality, simu-
lation of fouling and accurate verification and validation of these models. Many nu-
merical studies are done with simplified spacer geometry, while geometrical details of
the filaments in the feed spacer have remarkable effects on the hydrodynamics of chan-
nel and the fouling. For instance, Neal et al. [12] showed experimentally that particle
deposition occurs around the point where the attached filaments to membrane bulge
outward. While advances in the technology such as the 3D-printing provide a promis-
ing solution to this difficulty, the fouling process, as one of the main phenomena taking
place in membrane systems, remains as a complicated and time consuming part to be
incorporated into numerical models [180]. According to Fimbres and Wiley [180], and
Schausberger et al. [224], the fouling models that are developed before them [224-226]
could not be used as a reliable predictive design tool. As mentioned by former studies
[180, 227], the verification deals with mathematics of the model, while validation deals
with its physics. Oberkampf and Trucano referred in their study [227] to the five most
common sources of the numerical errors that could be present within a model. These
numerical errors result is defining a different set of equations than the system of par-
tial differential equations, that the transport equations defined, and consequently, not
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accurate verification of the model [180]. Validation is one of the main difficulties that
most computational studies within the field of membrane science face. Therefore, some
researchers [141, 180] recommended applying of direct, non-invasive, high resolution
experimental methods such as the particle image velocimetry (PIV).

To the authors’ knowledge, PIV is used only by Gimmelshtein and Semiat [203], and
Willems et al. [141] for flow investigation inside the SWM modules of RO. Gimmelstein
and Semiat [203] studied the liquid flow in spacer-filled cells in the velocity ranges from
0.06 — 1.3 m/s. Willems et al. [141] investigated the liquid velocity profiles of water and
water-air mixture in spacer-filled channels. Gimmelstein en Semiat [203] showed that
the bulk of fluid flows in a straight line from inlet to outlet with only small deviations
near the filaments. Willems et al. [141] found that liquid flows mainly parallel to the
spacers’ filaments and therefore, the direction of flow changed 90° over the height of the
channel. Willems et al. [141] related the disagreement of their findings with those of
Gimmelshtein and Semiat [203] to that in their setup the spacer filled the whole height
of channel whereas in the study of Gimmelshtein and Semiat 20% of the height of the
feed channel was empty. Willems et al. [141] found that the liquid velocity was unsteady
in one phase and two phase flow, which was in agreement with different studies [167,
205, 228, 229] done with computational fluid dynamics (CFD).

Because of the limited availability of PIV-studies in the spacer-filled of RO and the empty
channel (slit) of the same size, we studied the flow of water through the empty and
spacer-filled channel at Reynolds’ numbers (Re) below 250 to provide a visual aid for a
better understanding of the flow inside SWM modules of RO. To this end, first the terms
that are used throughout this chapter are explained and then the setup and measure-
ment methods are described. After that, the effects of introducing of a typical feed spacer
of RO to an empty feed channel on the pressure drop are investigated. In the next sec-
tion, the temporal velocity acquired from the PIV measurement is studied as these types
ofinformation are scarce in literature. After that, the spatial velocity is measured, and the
results are compared to the available experimental data and the CFD studies. Finally, the
effect of increase of Reynolds number on velocity pattern inside the spacer-filled chan-
nel is studied.

5.2. MATERIAL

I n this chapter, we compared the effect of using a feed spacer inside an empty channel
of the same size. The specification of the empty and spacer feed channel are men-
tioned in table 5.1.

Table 5.1: List of some studies done on mass transfer enhancement

Id Channel height Filament Spacer Porosity Hydrauhc Material
length angle diameter
Unit (mm) (mm) (®) (%) (mm) ()
Empty channel (Slit) ~ 0.76mm NA NA 100 1.50 Without
spacer

Spacer-filled channel  0.76mm 2.33 89.5 87 0.88 polypropylene
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5.3. RESULTS

5.3.1. PRESSURE DROP

T he driving force in SWM modules of RO is strongly influenced by feed channel pres-
sure losses, which increase due to application of feed spacers [58, 61, 152] and for-
mation of fouling. The pressure drop of a spacer-filled channel depends on the viscous
drag on the spacer, the form drag, the kinetic losses or eddies due to directional flow
changes and the viscous drag on the channel walls [152]. All of these components are
related directly or indirectly to the average velocity in direction of the flow (U,) albeit
with different magnitude. The flow condition (if a flow is laminar or not) is determined
by defining the relation between the pressure drop and the power of average velocity
m (equation 3.12). Da Costa et al. [157] suggested that for laminar flow m should be
around one and for turbulent around 1.75. However, in turbulent flow the Reynold’s
number (Re) is far above the Re in the SWM modules of RO. Therefore, as it has been
suggested [179, 180], it is better to talk about the disturbance inside the flow as eddies
rather than turbulence. Figure 5.1 shows the effects of the increase in the flow rate (A)
and the average velocity (B) on the pressure drop per unit length of channel. The pres-
sure drop measured here is the total pressure drop, which consists of the pressure drop as
the consequence of connecting the tubes to the pressure transducer, pressure drop at the
boundary layers and pressure drop due to the presence of the feed spacer. The pressure
drop in the spacer-filled channel was (0.27 bars/m for an average velocity of 0.16 m/s)
in the expected practical range of a single SWM module of RO (0.2 - 0.3 bars/m for an
average velocity of 0.16 m/s). The effect of only the feed spacer on the pressure drop is
calculated by subtracting the pressure drop of the empty channel from the spacer-filled
channel. This difference was respectively 0.008 and 0.31 bar/m for the lowest and high-
est flow rate applied. The power m was increased from 1.63 to 1.74 by considering only
the spacer.

5.3.2. PIV MEASUREMENTS

SPATIAL VELOCITY PATTERN

Figure 5.2 illustrates the spatial average velocity of the spacer-filled channel at different
levels; close to the membrane (Z1), at the boundary of the top and bottom filaments
(Z2) and close to the observation window of the flow channel (Z3). The measurements
of each level were performed at a different momentum but with the same inlet velocity.
The flow was aligned with the direction of the filaments at Z1 (close to the membrane)
and Z3 (close to window). The flow at Z2 (middle of the channel) had a pattern such
as the mixed image of the flow at Z1 and Z3. These results were in accordance with the
results achieved by the Willems et al. [141] for a single-phase flow in the spacer-filled
channel. The flow pattern at the middle of the channel was the same as the flow pattern
observed by Lau et al. [229] when they used a spacer of 1.0 mm thick with a flow attack
angle of 45° and a Re of 600 (fig. 07 in their work). However, the length of filament
is not mentioned in the provided literature. While, the presented results in figure 5.2
correspond to the highest average velocity only, the flow patterns remained the same by
decreasing of the average velocity to 0.06 m/s (figure 5.3). However, by further decrease
of the velocity, the flow pattern deviated more from the flow pattern shown in figure 5.2
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Figure 5.1: Effects of the increase of average velocity on the pressure drop (A) and increase of Reynolds number
on friction losses (B) in the empty and spacer-filled channel of the same height 0.762 mm (30 mils). The slope
of empty channel is -1, which indicates a totally laminar flow. The slope of spacer-filled channel is slightly
different. In the spacer-filled channel, the flow is not turbulent because the Reynolds number is much lower
than the Reynolds number in turbulent regime.
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Figure 5.2: spatial variations of the velocity averaged over time for the spacer-filled channel at different levels;
close to the membrane (Z1), at the middle of the channel (Z2) and close to the observation window (Z3). The
inlet velocity used here was 0.17 m/s.
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Figure 5.3: Development of velocity inside the empty channel and the spacer-filled channel. The vertical line
indicates the median of the data. The measured velocity is shown on the x-axis and the number of corre-
sponded particles on the y-axis. By the increase of flow, the average velocity increases but the velocity patterns
remain the same.

particularly at Z1 and Z3 planes. In these low flow conditions, the flow pattern was not
aligned in the direction of the filaments anymore but in the direction of the flow from
the inlet to outlet in a straight line albeit with some deviations close to the filaments.
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Figure 5.4: The pictures on the left show total field of view for three levels (Z1, Z2 and Z3) and the pictures on
the right-side illustrate the zooming panel for one mesh. The velocity patterns shown here are for an average
velocity of 0.1 m/s (Re = +£100). The velocity profiles along lines a— b and C — D are shown in figure 5.5.
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As expected, the flow in the empty channel was in the straight line from the inlet to the
outlet (the results are not shown here). In the conditions with an average velocity lower
than 0.04 m/s, however, the flow was slightly deviated from the straight line patterns es-
pecially at the Z1 and Z3 planes. The average velocity in empty and spacer-filled channel
was deviated from the measured velocity. This difference is the results of measuring the
fully developed flow velocity at the middle of the channel, while introducing the inlet
velocity as the average velocity by the Equation 3.10. The fully developed velocity has a
parabolic shape in the Z direction with the lowest velocity at Z1 and Z3 and the highest
velocity at Z2. The entrance length, which is defined as the length of the channel that the
flow becomes fully developed, is about 2.17 c¢m for a rectangular channel with an aspect
ratio of 1/50 (H/W) [175].

Figure 5.4 illustrates the velocity pattern with an average inlet velocity of 0.1 m/s for the
field of view (left) and a magnification of a mesh (right). The results show that when the
camera is focused on Z1-plane, the highest velocity occurs when the fluid passes over a
filament, enter the mesh and passes under the filament at shortest distance to exit the
mesh. When the camera is focused on the Z3-plane, the highest velocity occurs when the
fluid passes under a filament, enter the mesh and passes over a filament at the shortest
distance to exit the mesh. The lowest velocity can be observed at the upstream corner
of each mesh (figure 5.4). The pattern described here is in agreement with the velocity
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Figure 5.5: Normalized velocity variation along a line in direction of the flow (line a-b) and perpendicular to the
direction of the flow (line C-D) between two nodes of a spacer for planes Z1-Z3. Ugpe =0.1 m/s (Re = +100)




70 5. EMPTY AND SPACER-FILLED CHANNEL

map shown by Bucs et al. [230] (fig. 03C; in their work). The velocity pattern can be
directly related to the fouling. For instance, the places with highest fouling potential can
be identified by knowing the lowest velocity regions. An example of such relation can be
observed by comparing of the velocity patterns showed in figure 5.4 with the deposition
patterns of the particles which are observed by Radu et al. [215]. The locations of lowest
velocity pattern in our study were in agreement with the deposition locations of micro-
sphere particles when Radu et al. [215] used the same orientation as in our study. Figure
5.5 shows the normalized velocity profile (U/Ug;;) over the section a-b (parallel to flow)
and C-D (perpendicular to flow) at the three different levels. The velocity pattern at Z1
mirrors the pattern of Z3 along the line C-D. The velocity pattern along the C-D line at
72 (middle of the channel) is such as the mixed pattern of Z1 and Z3.

The velocity along the line a-b has the same patterns in all three levels indicating that
the flow patterns between two nodes along the flow remain the same irrespective to the
height of the measurement. It is obvious that a slight shifting of these lines results in
another velocity pattern. For instance at a distance of about 25% from each node toward
the middle of a mesh, the velocity pattern along a-b in Z1 mirrors the velocity pattern
of Z3 while the velocity pattern along C-D remains the same as the patterns of figure 5.5
(graphs are not shown here).

TEMPORAL VELOCITY PATTERN

The results from former section consider the effect of average inlet velocity on pressure
drop and the variation of the velocity in place. In this section, we study the effect of time
on the velocity in some specific points. Generally, a high velocity variation is preferred
at a point, specifically a variation with a value above the specific average velocity. A
high variation of velocity implies a local pulsation at a point and generation of unsteady
flow. This unsteadiness contributes to fouling reduction, because the amplitude shear
oscillation is better than shear alone in minimization of fouling specially concentration
polarization [231]. Figure 5.6 provides an overview of the temporal velocity variation for
five points inside a mesh at three different heights (21, Z2 and Z3). The time interval
between each measurement was in the range of milliseconds (figure 4.6). The results
shown here correspond to the average velocity values of 0.17 m/s (equation 3.10). Each
box represents 50 measurements. The median, average and outliers are shown respec-
tively with a straight line, empty circle inside the box and filled circles. Figure 5.6 shows
an unsteady characteristic of the flow in which the velocity varies over time at a partic-
ular point. The highest unsteadiness is observed in the middle of the mesh (E) and the
lowest at downstream angle of the mesh (A) in all three levels. Also, the temporal velocity
of where the water enters a mesh under a filament (point D) is higher compare to other
points. In most cases, the unsteadiness at the membrane sides (Z1 and Z3) is slightly
higher than the middle of the channel.

5.4. DISCUSSION

any computation models are validated with experimental methods of much lower
M resolutions than the computational calculations itself. As shown in this work, PIV
can provide detailed velocity profiles in empty and spacer-filled channels. Hence, such
experimental information can be used as the input values for validation of computa-
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Figure 5.6: Variation of temporal velocity for five points inside the spacer-filled channel for an verge velocity of
0.17 m/s (Re = £265).

tional models. Relating of the velocity pattern with the fouling can be used as a tool for
a better understanding of the fouling phenomena and improvement in the feed spacer
design in the future. For instance, the temporal and spatial velocity patterns in this study
show that downstream of nodes (location such as point A in figure 5.6) have high fouling
potentials compare to the other places. The practical results show that such locations
are places that particulate fouling occurs more intensively [215] than other places and
the biofouling starts at such points. The initiation and development of biofouling at the
nodes of the spacers is shown by different researchers [142, 232].

This study has also illustrated the difference between the flow patterns in the empty and
spacer-filled channel. The velocity has a shape of a unimodal and a bimodal normal
distribution statistically respectively in the empty and the spacer-filled channel (figure
5.3). By the increase of the inlet velocity as the results of increasing of the flow, the stan-
dard deviation of the velocity increases, which indicates a better mixing of the flow in
xy-plane. A higher velocity at XY-plane is desirable for postponing of the fouling. How-
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ever, this will be achieved by application of higher flow and consequently higher energy
consumption. In this case, the pressure drop increases linearly in the empty channel and
with a velocity power of about 1.74 for a spacer with the same geometry as described in
this chapter.

5.5. CONCLUSIONS

he temporal and the spatial velocity are investigated in the flat empty and the spacer-

filled channel with the height of 0.76 mm, which is a very common channel height
in Spiral Wound Membrane (SWM) modules of reverse osmosis (RO). The particle im-
age velocimetry technique is used to obtain high-resolution velocity maps and coated
particles were used in combination with a cutoff filter to improve the quality of these
vector maps. This chapter gives information on the velocity pattern in the XY-plane and
pressure drop over the length of the channel. The results achieved in this study showed
agreement with previous numerical and experimental studies. Measurement of the ve-
locity showed that there are low- and high-velocity zones inside each mesh. Some of
these low-velocity zones, which also have low temporal velocity variations, are the places
that deceleration of the particles happens and (bio)fouling initiates. The results from this
study can provide information to validate computational studies. The PIV-measurement
for other configurations of the feed spacers reveals the effect of the spacers’ geometry
on the velocity pattern and the fouling potential of the feed spacers. Combining such
measurement with the measurement of pressure drop and the results from the compu-
tational studies will lead to a better understanding of the hydraulic conditions in the
spacer-filled channel and consequently, the design of the perfect spacer.
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Summary

M aking improvements to the feed
spacer of spiral-wound mem-
brane (SWM) modules of reverse os-
mosis (RO) systems is a necessary
step towards a wider application of
these modules. This study sets out
to evaluate the performance of six
commercial feed spacers by compar-
ing their actual velocity profiles and
their pressure drop. Velocity pro-
files are obtained from particle image
velocimetry (PIV). Comparing images
from PIV with the corresponding fric-
tion losses revealed that the transition
from steady to unsteady flow occurs at
the moment when the incline of the
friction factor changes from steep to
slight. From the two types of spac-
ers used, the zigzag spacers showed

a better distribution of flow than the
cavity spacers did, but at the cost of
higher pressure drop. The flow was in
a straight line from inlet to outlet with
zigzag spacers only at low Reynolds
numbers and with cavity spacers for
the entire studied range of Reynolds
numbers. Additionally, results showed
that hydraulic conditions in channels
with cavity spacers are mainly affected
by geometric characteristics of trans-
verse filaments. The results from this
chapter can be used to understand
the effects of spacer geometry on the
hydraulic conditions inside the feed
channel and as a validation tool for
computational modeling.
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6.1. INTRODUCTION

afe and clean water is in short supply in many corners of the globe. Reverse osmo-
S sis (RO) is a popular desalination technique, which has been employed to satisfy the
ever-growing demand for water for municipal and industrial consumption. Aside from
desalination, there is likely to be a growing trend towards the use of RO for purifica-
tion of fresh water from rivers, canals, and faucets, because RO can provide an excel-
lent barrier against micro- and nano-contaminants. Dealing with emerging micro- and
nano-pollutants remains a continuing challenge for treatment plants, because these pol-
lutants are often dangerous even at low concentrations and cannot (easily) be removed
from the feed water with conventional techniques [233]. For instance, Wong et al. [234]
have reported that certain species are in danger of extinction in almost half of European
and North American rivers and lakes because of the pollution of these ecosystems [233].

A wider application of RO is possible by bringing down the unit costs of water production
in these membranes. Considering the worldwide water production by RO (74.4 million
m? in 2015) [54], high energy costs, and the fact that spiral-wound membrane (SWM)
modules are the most popular commercial configuration of RO [235], the costs of RO sys-
tems can be significantly reduced even by small improvements in the efficiency of these
modules. Improvements in SWM modules can be achieved by modification of important
pieces of a membrane module such as the number and size of envelopes [58, 236], the
physical and chemical properties of membrane material and adapting the spacers’ con-
figuration. Spacers are inexpensive parts in an SWM module, which are used to prevent
membrane surfaces from touching each other; they thereby provide permeate and feed
flow paths (channels). The feed spacer also facilitates mixing between the bulk of fluid
and the fluid adjacent to the membrane surface [14]; it thereby minimizes the effects of
concentration polarization. The latter has been considered to be the primary function
of feed spacers, since feed spacers in RO were historically designed to prevent concen-
tration polarization in seawater modules.

A slight increase in feed spacer thickness (from 28 to 34 mils) is one of the few changes
that feed spacers of RO have undergone. A proper design of a feed spacer for new ap-
plications would be possible through the investigation of hydraulic conditions in SWM
modules. The hydraulic conditions of SWM modules can be investigated through per-
forming numerical and experimental studies on the pressure drop and velocity develop-
ment inside spacer-filled channels. For instance, effects of the ratio of filament length
to channel height (I,,/ Hcy), flow attack angle a, and hydrodynamic angle § have been
subjects of many numerical and experimental studies related to spacer performance [15,
61, 167, 170, 189, 197, 205, 228, 237, 238].

Numerical studies have made a great contribution to a better understanding of spacer
performance. In this context, Schwinge et al. [13] and Fimbres and Wiley [180] con-
tributed comprehensive overviews. While in many numerical calculations spacers with
asimplified filament cross-section are used, the experimental data with commercial feed
spacers [12, 58, 152, 157] have shown that detailed characteristics of filaments are essen-
tial for determining flow conditions in spacer-filled channels. For instance, Neal et al.
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[12] showed that the precipitation of particles is influenced by the shape of filaments in
commercial spacers. They [12] observed that particle deposition mostly occurs around
the point where the attached filaments bulge outward. In this light, some researchers
[215, 239] have started to use spacers with closer geometrical similarities to those of
commercial spacers for the numerical studies. Additionally, while numerical studies are
able to provide detailed information on velocity profiles, they are usually validated with
low-resolution experimental studies because of a limited number of direct experimental
studies on the detailed velocity profiles [141, 180].

Particle image velocimetry (PIV) is a non-invasive technique for measurement and vi-
sualization of the flow with high resolution. Results of PIV are instantaneous velocity
maps, which can be averaged over time. The velocity maps can be used to determine
the state of flow, identify the low and high velocity areas and dead zones, determine the
flow distribution, etc. However, to the authors’ knowledge, there are only limited studies
done with PIV in the field of membrane technology. Gaucher et al. [200] made use of
PIV for visualization of the flow in ultrafiltration flow cells without a spacer. The flow
in their experiment [200] was from inlet to outlet in a straight line with small deviations
around the inlet and outlet. They [200] found a lower average velocity with PIV than
the expected average velocity. Gimmelshtein and Semiat [203] and Willems et al. [141]
used the PIV technique to visualize the flow inside spacer-filled channels. Gimmelshtein
and Semiat [203] reported that the flow was from the inlet to the outlet in a straight line
while Willems et al. [141] indicated that flow was along the attached filaments at the
corresponding channel heights. The difference between the results of these two studies
was the consequence of using different setups. Gimmelshtein and Semiat [203] used a
spacer thinner than the channel height [141] and due to this, a space was created above
the spacer in which the flow was in a straight line. Willems et al. [141] used spacers with
thicknesses the same as channel heights. In a previous study [28], we compared the flow
inside an empty channel with that of a spacer-filled channel by using the PIV technique.
The results showed that the flow was in a straight line from inlet to outlet in the empty
channel, thus in agreement with the results of Gaucher et al. [200], and it was along
the filament at the corresponding height in the spacer-filled channel, thus in agreement
with the results of Willems et al. [141]. This indicates that the camera in the study done
by Gimmelshtein and Semiat [203] was probably focused on the empty part of the feed
channel.

The purpose of this chapter is to compare commercial spacers of different configuration
by using PIV and measuring the pressure drop along their flow channel. In this con-
text, velocity profiles with high resolution will be provided without any simplification to
geometric characteristics of spacers. First, the setup and the measurement method are
explained. Then, pressure losses and friction factors are illustrated for examined spac-
ers. Next, variations in simultaneous velocity profiles are revealed for particular points
from the field of view. After that, the averaged spatial velocity map is discussed for a spe-
cific flow and then for the entire range of flows. Finally, PIV results at which the friction
factor shows extreme changes are illustrated for one of the spacers.
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Figure 6.1: The experimental setup that was used for measurement of the pressure losses over the flow cell and
for visualization of the temporal and spatial velocity inside the spacer-filled channel [153]

6.2. EXPERIMENTAL

F igure 6.1 illustrates a schematic view of the experimental setup used in this study. A
solution (02) containing fluorescent particles is circulated through a mass flow meter
(04) and then a flow cell (05) by means of a pump (03) to the feed tank. The pressure drop
over the flow cell is measured by means of a differential pressure transducer (06). Values
from the pressure transmitter are used to calculate the friction losses. Simultaneously,
velocities are measured when a laser (08) emits two light pulses and a high-speed camera

Z1GZAG SPACERS CAVITY SPACERS

Figure 6.2: The feed spacers are categorized into two configurations: zigzag spacers and cavity spacers.
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(09) takes two images (11) within a short time interval. The captured images are used to
determine the temporal and spatial velocity maps using a commercial software applica-
tion called Davis 7.2. A detailed description of instruments and the setup can be found
in chapter 4. Measurements were taken inside the flow channel (L = 200 mm and W = 40
mm) embedded in a flat flow cell (L =260 mm, W =85 mm, H =55 mm). The flat flow
cell may be used in these types of experiments because feed channels in SWM mod-
ules are small enough to ignore the curvature effects of these modules on the flow [61,
189].Together with spacers, a membrane coupon (Trisep-AMC1) was placed inside the
embedded flow channel. Plastic shims were used to adjust the channel height according
to the spacer thickness in such a way that the channel’s height was equal to the spacer’s
thickness. The experiments were conducted without the permeate production, because
the ratio of permeate is small compared to the cross-flow velocity in RO. The non-woven
commercial feed spacers (DelStar Technologies, INC.) were made of polypropylene with-
out any further modifications. The studied spacers are shown in figure 6.2, and their ge-
ometric specifications are given in table 6.1.

Table 6.1 shows that the ratio of filament thickness to the channel height (relative height)
is higher than 0.5 in all cases of zigzag spacers. That is in contradictory with most nu-
merical studies that assume a relative height of 0.5. Each filament thickness mentioned
in table 6.1 is an average of 10 measurement points over the length of a filament in a
mesh. The two required frames for determining a velocity field are captured at a known
distance (100 mm) from inlet and from channel edges (15 mm) to limit effects of bound-
aries (entrance, edges and exit) on the flow and to ensure a fully developed flow. The
time interval between the two frames was adjusted to the particle displacement in or-
der to reduce the number of pairing losses [153]. The fluorescent particles (tracers) had
a mean diameter of 10 um and a density of 1.19 g/cm®. The Stokes number for these
particles was around 5 x 1073 for the thinnest spacer used (spacer A), and thus trac-
ing accuracy errors were below 1% [240] in all experiments. The quality of vector maps
was improved by using a combination of coated particles with Rhodamine-B, green light
laser (wavelength = 545 nm) and an optical filter. PIV measurements are taken at three
different heights in the feed channel separately: close to the camera (Z3), at the middle
of the channel (Z2) and far from the camera or close to the membrane sheet at the bot-

Table 6.1: Structure properties of feed spacers used in this study. The spacers are categorized into the zigzag
spacers (A-D) and the cavity spacers (G and H).

Description Nomenclature Unit Zigzag Spacers Cavity Spacers

A B C D G H
Spacer/Channel height hsp=Hcy 103m 071 076 086 122 1.15 1.25
Filament diameter parallel to flow df, =dn 10°%m 039 045 049 080 0.65x0.92 1.01x0.58
Filament diameter perpendicular to flow  df.. =dy, 10%m 039 045 049 0.80 0.50x0.81 0.24 x 0.33
Filament length parallel to flow Imcp 1073m 285 245 320 4.41 4.87 3.08
Filament length perpendicular to flow Imcr 1073%m 285 245 320 4.41 4.87 6.36
Hydrodynamic angle B o 895 89.0 892 898 45.0 45.0
Flow attack angle a ° 45,5 46.0 458 452 135.0 135.0
Aspect Ratio Imcp!Hchg - 4.01 321 372 362 4.23 2.47
Ratio of filament’s distance to thickness Imcpldy.; - 733 544 653 551 6.0-75 9.3-12.3
Relative height dfcr!Hen - 0.55 0.59 0.56 0.66 0.44-0.70 0.19-0.26
Porosity € % 88 83 88 81 80 82

Hydraulic diameter dh 103m 0.88 0.8 1.08 126 1.1 1.21
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tom of the feed channel (Z1) (figure 6.3). The thickness of laser sheet light (2 mm) was
greater than the feed channel height (0.71 — 1.62 mm), and therefore, the entire depth
of the channel was illuminated. That is a common situation in pyPIV [141] and can be
solved by fixing the focus of the camera at a specific distance from the lens and moving
the flow cell [141, 222]. In this study, the camera was displaced using a translation stage
because moving the flow cell was not possible. The camera was initially arranged in such
a way that only particles in the plane close to the camera (Z3 in figure 6.3) were in focus
and particles at the middle of the channel (Z2 in figure 6.3) and close to the membrane
(Z1 in figure 6.3) were barely in focus. The camera was then moved in steps of 50 um
to the subsequent positions (Z1 and Z2) using the translation stage. The camera’s depth
of field was about 0.14 mm. At each depth, 50 pairs of images (100 frames) were taken
for a specific flow rate. An instantaneous (momentary) velocity map is calculated from
each pair of successive frames. These 50 instantaneous velocity maps are used to ana-
lyze variations of velocity in time (temporal velocity). An average velocity map (averaged
spatial velocity profile) is calculated from the 50 momentary velocity profiles and is used
to study the spatial velocity inside the feed channel [153].
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Figure 6.3: Each envelope in SWM modules is formed by gluing two flat sheets along their three edges at the
non-active side (support layer). In this way, the active layers (skins) of the membrane’s sheets face the feed
spacer and the support parts of the sheets face the permeate spacer (A). The feed spacer is relatively thicker
and more porous than the permeate spacer (A). The schematic view of the flow cell, location of the feed chan-
nel, and position of the camera is shown (B). The top and side views of a zigzag spacer (C) and a cavity spacer
(D) are shown. The camera is focused at three heights: Z1 (rear part of the channel and close to the mem-
brane coupon), Z2 (middle part of the channel) and Z3 (front part of the channel and close to the observation
window) (C, D).
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6.3. RESULTS

6.3.1. PRESSURE DROP AND FRICTION FACTOR
F igure 6.4 illustrates variations of pressure drop against the increasing flow rate (A)
and the variation of friction losses against Reynolds number in the normal (B) and
logarithmic (C) view. Each line in figure 6.4 demonstrates a spacer wherein each point is
the average of at least 450 measurements, which are performed parallel to the PIV mea-
surements. Pressure drop and friction losses are important in the design of a spacer be-
cause they are related to the additional energy cost in SWM modules. Figure 6.4-A shows
that the pressure drop increases by increasing the flow rate in each spacer and by the
decrease in the channel height for a particular flow. Additionally, figure 6.4-A shows that
discrepancies in the pressure drop of different spacers are greater at a higher flow rate.
The pressure drop in zigzag spacers (spacers A, B, C and D with an approximate = 90°)
was higher than the cavity spacers (spacer G and H with an approximate f = 45°) even
when the channel height of the zigzag spacer (spacer D) was approximately the same as
with cavity spacers. That is due to the size of transverse filaments, their distance from
each other and the specific orientation of these filaments in cavity spacers. Da Costa et
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Figure 6.4: Development of pressure drop against increasing flow rate (A) and variation of friction factor for
increasing hydraulic Reynolds number in a normal view (B) in logarithmic view (C).
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al. [152] showed that there is a relation between the pressure drop and the aspect ratio
(ImcT!Hen). The result from this chapter indicates that the pressure drop increase was
consistent with the decrease of the aspect ratio (I,,.7/Hcg) in cavity spacers but not in
the zigzag spacers. Spacer C is the exception in our experiment, which has a smaller ra-
tio of I, 7/ Hcg than spacer D but also a lower pressure drop.

Figure 6.4-B shows that the friction factor is remarkably lower in the cavity spacers than
in the zigzag spacers. In a numerical simulation, Koutsou et al. [167] investigated the ef-
fects of spacer geometry on the pressure drop. They used dimensionless pressure drop,
which was related to a friction coefficient. They [167] found that the pressure drop in
zigzag spacers increased at a smaller ratio of the filament’s distance to the filament’s
diameter (I;,/dy) independently of the hydrodynamic angle. Their result was in agree-
ment with similar previous studies [58, 61, 157, 170, 219, 220]. The results from our study
showed that decrease of the friction factor was inconsistent in spacer C with respect to
the increase of the [,/ dy ratio. This inconsistency arose because commercial spacers
are different in more characteristics than just the I,,,/d ¢ ratio. For instance, Koutsou et
al. [167] mentioned that there were exceptions when the ratio of /,,/dy is combined
with the hydrodynamic angle of spacer (), which is also the case in our experiment (ta-
ble 6.1). In addition, filaments in commercial spacers are not perfectly circular in shape,
and their diameters are not uniform and equal over the filaments’ length, as is usually as-
sumed in numerical studies. Therefore, it is difficult to draw a general conclusion based
only on the presented data.

Figure 6.4-B shows that friction factor curves against the Reynolds number have the
shape of a decreasing power equation, as was expected according to equation 3.5: C;4 =
A'/Re"™. Former studies [157, 167, 220] have illustrated decreasing linear lines, which are
in agreement with the tail part of the curves in this study (Rey, > 100). The changing pat-
tern of the friction factor from descent with steep incline to descent with slight incline in
these curves (30 < Rey, < 90) is the moment that mixing of flow was extremely enhanced
and might be the moment that flow conditions change from steady to unsteady flow.
This issue will be discussed in more detail and with consideration of the PIV images in
section section 6.3.2 using PIV images. Figure 6.4-C represents the logarithmic view of
figure 6.4-B. Except spacer H, other spacers have a breakpoint in the friction factor lines
at a Reynolds number close to 90, i.e. the lines at Rej, > 90, except spacer H, become less
steep indicating a higher unsteadiness with these spacers. These results are based only
on the friction factor calculation and measurement of the pressure drop. More visual
evidence will be provided by the PIV images at section 6.3.2.

6.3.2. ACTUAL VELOCITY MEASUREMENTS WITH PIV

This section includes velocity maps obtained from PIV. The camera’s field of view (ap-
proximately H = 7.5 mmx W = 9.5 mm) is the same in all velocity maps presented in the
next sections.

TEMPORAL VELOCITY PROFILES

In PIV, a momentary velocity map is shaped by determining the shifting distance of par-
ticles between two frames at a particular time interval (figure 6.5). Fifty momentary ve-
locity profiles are made for a particular flow of a spacer at each channel height. Figure 6.6
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Figure 6.5: Two momentary velocity profiles of spacer B at the middle of the channel (Z2 in figure 6.3) for an
average velocity of about 0.1 m/s (Re =95).

illustrates variations of normalized velocity (Ueqaured—in—g! Uave) along the 50 instan-
taneous velocity profiles for point E, which is located in the middle of one of the meshes
in the field of view; i.e., point E has the same XY-coordinates but different Z-coordinates
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Figure 6.6: Variations of normalized velocity (U,,equred—in—E! Uave) in time inside the feed channels at three
levels: middle of the channel (Z2), next to the window of the flow cell (Z1) and close to the membrane (Z3).
Circles inside the box represent the average of data and continuous horizontal lines the median. The filled
circles outside the box represent the outliers.
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(Z1, 72 and Z3 in figure 6.3). The circles and horizontal lines inside each box denote the
mean and median of the data respectively and the filled circles outside the boxes repre-
sent the outliers. A normalized velocity is used because the magnitude of velocity was
not the same in all spacers. The position of the mean and the median with respect to
each other describes the behavior of flow at the studied point. For instance, when the
mean is smaller than the median, the data symbolize a left-skewed normal distribution
in which momentary velocities with a higher magnitude occur more frequently at the
studied point, and therefore, a higher shear applied more frequently at point E for a spe-
cific spacer. According to this, higher shear occurs more frequently in the middle of the
meshes of spacer C and H at all three channel heights (figure 6.6). However, spacer H
has a considerably lower velocity than expected at the membrane side where transverse
filaments touch the membrane coupon. In most studied spacers (figure 6.6), the nor-
malized velocity shows a value around one or higher. This indicates that the measured
average velocity is about the same as or higher than the average velocity at point E. Spac-
ers B, C and G show a normalized velocity greater than one in all three channel heights
at point E. figure 6.6 shows that there is probably a relation between the spacer thick-
ness (channel height) and velocity variations in a channel. A greater channel height will
probably result in a stronger vortex shedding at point E. Velocity variation in time could
be related to the fouling and concentration polarization. In zigzag spacers, the velocity
variation increases by the increase of the channel height at the observation window and
the membrane side. At the middle of the channel, however, it decreases with increase
of channel height until spacer C and then increases in spacer D. The velocity variation
in cavity spacers is almost the same in both spacers because they have approximately
the same channel heights. The latter indicates that the velocity variation depends on the
channel height rather than the transverse filaments’ thickness. Spacer C has the highest
relative discrepancy between the variation of velocity at the middle of the channel (Z2)
and membrane sides (Z1 and Z3). It is desirable to have velocity with low variations in
the middle of the channel and velocity with high variations at the membrane sides when
designing a feed spacer, because this situation can reduce the chance of fouling forma-
tion with the lowest possible energy losses. In cavity spacers, the average velocity is lower
on the channel side that the transverse filaments are attached to (Z1) than the side with-
out transverse filaments (Z3). The average velocity of spacer H at Z1 is notably lower
than other spacers. The transverse filaments in spacer H are thinner than longitudinal
filaments, and the ratio of Imcp/ Hcy is smaller in this spacer than in other spacers.

AVERAGED SPATIAL VELOCITY PROFILES AT Uygye = 0.1 m/s

The results from the previous section discussed only one point of velocity maps. To in-
vestigate how velocity changes spatially, the 50 momentary velocity fields were averaged
into one velocity map at each channel height and for a particular flow (figure 6.7).

In the zigzag spacers, the flow direction at Z1 is perpendicular to Z3 and along the fila-
ments at the corresponding heights. The velocity profiles at the middle of the channel
(Z2) are the mix of the velocity profiles at Z1 and Z3. These results are in agreement with
results obtained by Willems et al. [141].

As shown in figure 6.7, the location of the highest and lowest velocity differs in each
spacer at the specific channel height. In the zigzag spacers, the highest velocity occurs
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near the mesh entrance where water passes over or under a filament, i.e. the areas with
high-velocity values at Z1 and Z3. More specifically, the highest velocity occurs when
water passes over a filament at the entrance of a mesh and under the adjacent outlet fil-
ament (shortest route). The lowest velocity in a mesh occurs close to the inner angle of
the downstream node.

Figure 6.7 also illustrates that the flow is in an almost straight line from the inlet to the
outlet and parallel to longitudinal filaments in the cavity spacers. In addition, the ve-
locity magnitude is much lower at the side of a mesh where transverse filaments are
attached to the membrane. The flow disruption is greater in spacer G than spacer H,
because transverse filaments are larger in spacer G. Additionally, figure 6.7 shows that
the highest velocity occurs over the transverse filaments with spacer G and at a short
distance behind transverse filaments, with a low-velocity zone in between with spacer
H.

AVERAGED SPATIAL VELOCITY AT INCREASING FLOW RATE

Figure 6.8 shows the development of averaged spatial velocity for the entire range of flow
rates at the middle of the channel. Each plotted box corresponds to a particular flow
rate in a spacer. As expected, the variation and the averaged value of measured velocity
(figure 6.8) increased by increasing of the flow rate with each spacer. Additionally, the
average velocity and the velocity variation decrease with an increase in channel height
at a particular flow in both types of spacers. Notably, in all spacers there are velocities
very close to zero for the whole range of flow rate, indicating the existence of dead zones
in all spacers and for all applied flows. In all cases, the lower whisker is smaller than the
upper whisker, indicating a greater variation in higher velocity ranges. In most cases,
except for spacer B at Q = 16 [/ h, the position of first quartile becomes higher with the
increase of flow, indicating the shift of main flow to higher velocity values. The exception
in spacer B might be due to the low ratio of Imcp/ Hcy in this spacer and the creation of
more dead zones at higher flow rates. The latter indicates that there is an optimal flow
rate for each spacer. However, more experiments are required to confirm this. In zigzag
spacers, interestingly, the greatest difference between boxes occurs at the flow transition
from Q =6 1/h to 9 I/h. This is the area in which the incline in friction factor curves
changes from descent steep to descent slight (30 < Rej, < 95 in figure 6.8-B). Figure 6.9
visualizes the development of the flow pattern for spacer B at 30 < Rey, < 95 at the three
heights of the channel when the incline of the friction factor curve changes suddenly in
this spacer. At Rey, = 30, the velocity is in a straight line from the inlet to the outlet at all
three heights. By increasing the Rey, to 60, the flow direction at the top and the bottom
of the channel changes along the filament’s direction, but the flow in the middle of the
channel remains in a straight line from inlet to outlet. By further increasing the Rej, to
95, the flow at the middle of the channel starts to show the mixing pattern as discussed
in the previous studies [141] and in the previous sections of this study (figure 6.7).

The phenomenon described above was also observed in other studied zigzag spacers
(figure 6.10). This indicates that a notable flow mixing in zigzag spacers occurs at Reynolds
numbers around 60 — 100. Figure 6.10 illustrates the variation of velocity in time with an
increasing Reynolds number for point E, the middle of the mesh. The low variation of
velocity at low Reynolds numbers (Rej, < 30) indicates the existence of steady flow in
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Figure 6.8: Development of averaged spatial velocity for the whole field of view at the middle of channel. Each

plotted box corresponds to the measured velocity at a specific flow rate.
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these conditions and starting the unsteadiness at Rey, > 30. The obtained for the zigzag
spacers are in agreement with the common belief that spacers induce flow instabilities
at low Reynolds number and with results from previous studies [167]. Koutsou et al.
[167] found that a transition to unsteady flow occurs at relatively low Reynolds numbers
(Re = 35—45). Additionally, there is a significant variation of velocity at Rej, > 90, which
indicates a significant improvement of flow instabilities in the channels. This is agree-
ment with practical situations in which the reverse osmosis membranes are operated at
100 < Re}, < 300.

Variation of velocities from the mean becomes significant at Reynolds numbers around
90. The difference between the velocity at the membrane side (Z1) with the velocity at
the middle of the channel (Z2) and the observation window (Z3) at 30 < Rej, < 65 might
be due to the existence of preferential flow at one side of the membrane at this range of
Reynolds number in the zigzag spacers.

In cavity spacers, the difference in velocity between two measured sequential Reynolds
numbers can be noticed more easily by considering the velocity at the membrane side
(Z1), on which transverse filaments are placed. This difference starts at Re;, = 60.

In conclusion, the flow with spacers and conditions used in this study can be charac-
terized as a laminar-steady flow for Rej < 30 and laminar-unsteady for Rej, > 90. The
flow is laminar because Reynolds numbers are much lower than the values for turbu-
lent flow conditions (Rej, > 4000) and even transition conditions (2000 < Rej, < 4000).
The flow becomes unsteady at Rej, > 90 because the velocity variation in time become
significantly higher than the temporal velocity variation at Rej, < 90.
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6.4. CONCLUSION

n this chapter, we experimentally evaluated the performance of spacers with different
I configurations by determining their pressure drop, flow conditions and local velocity
profiles. The pressure drop increased by increasing the Reynolds number for a constant
geometry of spacer and feed channel. The pressure drop increased by decreasing the
channel height in zigzag spacers and by increasing the thickness of transverse filaments
in cavity spacers. The results from particle image velocimetry (PIV) showed that the vari-
ation of velocity increases by the increase in the channel height in the zigzag spacers and
the increase of the transverse filament’s thickness in the cavity spacers.
As expected, the averaged value of measured velocity, the variation of velocity and the
pressure drop increased by increasing the flow rate with each spacer.
Curves of the friction factor against the Reynolds number had the shape of a decreasing
power function. The transition region from steady to unsteady flow was the moment
that the incline of friction factor changed from steep to slight, i.e. at Reynolds number
greater than 30. The flow in zigzag spacers was in a straight line from inlet to outlet
at Rey, < 30, but it was along filaments at each depth at higher Reynolds numbers. At
30 < Rey, <90, the flow in zigzag spacers was along the spacers’ filaments at the mem-
brane sides (Z1, Z3) but in a straight line from the inlet to outlet in the middle of the
channel. At Rej, > 90, the flow pattern in the middle of the channel (Z2) was the same as
it is described by Willems et al. [141], i.e. the flow was a mixture of flow patterns at the
top part of flow channel (Z3) and the rear part of the flow channel (Z1).
The velocity variation over time, which indicates the degree of unsteadiness, was very
subtle at Rej, < 30 and considerable at Rej, > 90. These values are in agreement with re-
spectively the common belief that spacers induce flow instability and the practical oper-
ation of reverse osmosis membrane. It must be emphasized that such a clear demonstra-
tion of flow instability was not found in previous studies related to spacer-filled channel.
These results can be used to evaluate configurations and geometries of feed spacers. The
high-resolution velocity profiles in our study could be exploited as a testing tool for nu-
merical studies. While our results provide a reasonable estimation of the velocity maps
at the X- and Y-direction of the flow asynchronously at three different heights (Z1, Z2 and
Z3) of a channel, further experimental investigations would be required to quantify the
effect of velocity in the Z-direction simultaneously with that of the XY-plane.






Summary
F eed spacer orientation affects the
velocity pattern and pressure drop
of spacer-filled channels such as those
encountered in Spiral-wound Mem-
brane (SWM) modules of reverse os-
mosis (RO). However, there are only
limited numbers of experimental
studies on this topic. This study sets
out to reveal more detailed informa-
tion on the pressure drop and veloc-
ity patterns of spacer-filled channels.
Particle image velocimetry (PIV) is
used to provide high-resolution ve-
locity maps for three commercial feed
spacers of different thicknesses at
a flow attack angle of 45° and 90°.

The pressure drop is measured for
the applied operational conditions
(Re < 250). Results showed higher
pressure losses, a better mixing of
flow, a lower variation of temporal ve-
locity, and a smaller variation of ve-
locity over the channel height in the
orientation with a flow attack angle
of 45° compared to 90°. The results
presented here can be used to vali-
date numerical studies, determine the
fouling-sensitive regions in a spacer-
filled channel and consequently, de-
sign the optimal spacer with respect
to its orientation and thickness.
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7.1. INTRODUCTION

everse osmosis (RO) has become a popular technology around the world for pro-

duction of highly purified water. The coming decades are likely to witness an even
greater use of RO for purification of fresh surface water as a consequence of the emer-
gence of new types of micropollutants such as drug residues in fresh water, which cannot
be removed with conventional treatment plants. For instance, Wong et al. [234] reported
that certain species are in danger of extinction in almost half of European and North
American rivers and lakes because of the pollution of these ecosystems [241].
The Spiral-Wound Membrane (SWM) configuration is the most common configuration
applied in Nanofiltration (NF) and RO because it offers a good balance between ease
of operation, fouling control, permeation rate and packing density [12-15]. However,
a wider and more efficient application of SWM configuration requires further improve-
ments of the module’s components such as the feed spacer [62, 148]. The feed spacer
works as a supporting net and keeps two adjacent envelopes apart [1, 60]; it thereby
provides a passing channel for feed water to move tangentially over the active layer of
membrane sheets [61]. In addition, the feed spacer determines the hydraulic conditions
of the feed channel such as the pressure drop and the time and location of initiation
of the fouling. Thus, any alteration in geometrical characteristics of the feed spacer re-
sults in the changing of hydraulic conditions of the SWM module. A slight increase in
the thickness of the feed spacer (from 28 to 34 mils) is one of the few changes that feed
spacers have undergone since the first design of SWM modules of RO. This improvement
led to the manufacturing of low-pressure RO modules. At a constant production rate,
low-pressure modules have a lower fouling tendency and pressure drop [64] and con-
sequently consume less energy compared to modules composed of 28 mils (0.7 mm)
spacers. Such improvements are particularly attractive when fresh water is used as the
feed for SWM modules of RO because of a higher ratio of pressure losses to applied pres-
sure in fresh water. This higher ratio can be explained by the fact that the applied pres-
sure in fresh water is lower than brackish water and seawater due to its lower osmotic
pressure, but the pressure drop along a (clean) SWM module is the same for all types of
water due to constant geometrical characteristics of the feed spacer and feed channel in
commercial modules.
Considering the amount of water produced by RO plants worldwide and high energy
costs, even a small improvement in the efficiency of the feed spacer can be translated
into large savings or increased water output [235]. Therefore, it is crucial to understand
the effects of geometric modification of the feed spacer on hydraulic conditions of the
feed channel, such as the pressure drop and the velocity pattern. While many studies
have investigated the effect of feed spacer geometry on the energy losses and the hydro-
dynamics inside the feed channel, only a few have addressed the effects of orientation.
The orientation of a feed spacer is determined by the flow attack angle &, which is de-
fined as the angle between the flow and hydrodynamic angle g of the spacer (figure 7.1).
The hydrodynamic angle is the interior angle, relative to feed flow, at the intersection
of longitudinal and transverse filaments. Zimmere and Kottke [61] studied effects of the
flow attack angle (a) and the ratio of filaments length to channel height (Im/Hcg) on
the pressure drop, mass transfer and mixing behavior of flow by physiochemical princi-
ples using ammonia. In addition, they used a tracer of ammonia for visualization of the
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Figure 7.1: Schematic view of spacers with flow attack angle of 45° (normal orientation) and 90° (ladder ori-
entation). The flow attack angle is denoted with @ and the hydrodynamic angle with §. The relative distance
between axes of two consecutive spacer filaments is defined as the ratio of filament length (I;;; = [;1 = I;5;2) to
the channel height (Hcp). Spacers used in this chapter have the same filament mesh in flow direction (1)
and perpendicular to the flow (I;;;2). The XY-plane is defined as the 2D space that represents the direction of
flow in X- and Y-direction. X denotes the main direction of the flow (x-component of flow) and Y denotes the
flow direction perpendicular to the main flow and perpendicular to the channel height (Z).

flow and of the mass transfer inhomogeneity in the feed channel. They concluded that
a proper choice of the Im/Hcy ratio and the flow attack angle (orientation) of the feed
spacer results in overlapping of two basic flow types (channel flow and corkscrew flow)
and creation of mixing by which a homogeneous mass transfer combined with a good
residence time behavior at acceptable energy costs could be achieved. Geraldes et al.
[177] investigated the effect of /m/ Hcy ratio in a ladder type feed spacer and found that
the value of the Reynolds number at which the flow becomes unstable decreases due
to the increase of inter-filament distance between two transverse filaments. Santos et
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al. [189] used experimental and numerical studies to determine the shear stress and the
mass transfer at the membrane wall for ladder-oriented spacers. They [189] introduced
a modified friction factor and found that it is linearly related to the Sherwood number.
Based on this linear relation, they [189] suggested that the modified friction factor may
be used for selecting the best spacers in terms of mass transfer efficiency. Additionally,
they showed that the flow structure is mainly affected by transverse filaments and that
effects of longitudinal filaments are marginal. Li et al. [228] used a computational fluid
dynamics (CFD) simulation to calculate the mass transfer and power consumption of
non-woven spacers at different [m/ Hcp ratio, flow attack angle and hydrodynamic an-
gle. They concluded that there should be an optimum value for the Im/Hc¢y ratio, the
hydrodynamic angle and the flow attack angle. Koutsou et al. [242] performed experi-
mental and numerical simulation at a typical Reynolds number for RO (50 < Re < 200).
They investigated the effect of both Reynolds (Re) and Schmidt (Sc) numbers on the
Sherwood (Sh) number in spacer-filled channels by changing the /m/ H¢y ratio, the flow
attack angle and the hydrodynamic angle of spacers. They demonstrated that the local
mass transfer was lower in sparser spacer geometries, but increased by increasing the
hydrodynamic angle. Additionally, they showed that the distribution of average mass
transfer was similar to the corresponding distribution of shear stress at the channel walls.
While the previously mentioned researchers used spacers with a simplified cross-section
for numerical simulations, more recent numerical studies, e.g. studies done by Bucs et
al. [230] and Radu et al. [215], have started to use spacers with closer geometrical similar-
ities to those of commercial ones. However, it remains a challenge in numerical meth-
ods to use spacers with a geometry that exactly matches the geometry of commercial
spacers, and therefore, the use of feed spacers with detailed geometry, such as the com-
mercial feed spacers, remains limited to experimental methods. Schock and Miquel [58]
used various commercial spacers to measure the mass transfer and pressure drop. They
showed that spacer-filled channels have higher mass transfer compared to empty chan-
nels over the same range of Reynolds numbers, albeit at the increased pressure drop. Da
Costa et al. [157] studied the effect of spacer filament orientation on the flux enhance-
ment in ultrafiltration membranes. They found a maximum flux for a flow attack angle
of 40 —45°. In another study [152], they used dye injection and microbubbles to visual-
ize the effects of the spacer’s configuration on the flow pattern of spacer-filled channels.
They showed that in spacers with a smaller flow attack angle, the flow is more widely
spread in the XY-plane (figure 7.1). Neal et al. [12] investigated the orientation effects
of commercial feed spacers on particle deposition. They used a spacer with a geometry
similar to the standard 28 mil feed spacer used in most SWM modules of RO, albeit in
combination with a microfiltration membrane. They [12] linked the deposition patterns
of particles to the orientation of feed spacer and the non-uniform shape of the filaments
in commercial spacers.

While numerical studies enhance our understanding of hydraulic conditions of spacer-
filled channels at relatively low costs and risks compared to experimental methods, they
may be associated with challenges such as matching the geometry of the modeled feed
spacer with commercial ones and an accurate verification and validation of numerical
modules. As a result, it is recommended [141, 180] to use direct, non-invasive, high-
resolution experimental methods such as particle image velocimetry (PIV). Gimmelshtein
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and Semiat [203] used PIV for investigation of the liquid flow in the spacer-filled channel
in the velocity ranges from 0.06 to 1.3 m/s. They showed that the bulk of fluid flows in a
straight line from inlet to outlet with only small deviations near the filaments. Willems et
al. [141] investigated the fluid velocity profiles of water and water-air mixture in spacer-
filled channels. They found that liquid flows mainly parallel to the spacers’ filaments
and therefore, the direction of flow changed 90° over the height of the channel. The dis-
agreement of their results with results of Gimmelshtein and Semiat [203] was due to the
fact that the latter researchers used a spacer which was 20% thinner than the channel
height and thus created an empty space in the channel height. Additionally, the PIV re-
sults obtained by Gimmelshtein and Semiat [203] indicate that they may have measured
the velocity only in the empty part of the channel. Haidari et al. [153] compared the
flow pattern of an empty channel with a spacer filled-channel using PIV. They showed
that the flow in the empty channel was in a straight line from inlet to outlet and in the
spacer-filled channel, which was in agreement with the results of Willems et al. [141]. In
addition, they showed that the low-velocity regions were in agreement with the fouling
sites detected by other researchers.

The purpose of experiments in this chapter is to determine the effects of orientation of
commercial feed spacers on the fluid flow and the pressure drop. Three different spacers
were considered, each at two orientations: normal orientation and ladder orientation
(figure 7.1). The effect of orientation on the pressure drop of the same spacers was in-
vestigated. A short description of the PIV technique is given in the experimental part of
this chapter. The detailed description of the technique is provided by Adrian et al. [202].
The effect of the spacers’ orientation on the spatial and temporal velocity was studied at
three heights of the feed channel. Finally, the flow patterns were compared with fouling
sites mentioned by previous studies with the objective of linking the flow pattern with
the fouling.
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Figure 7.2: The experimental setup that was used for measurement of the pressure losses over the flow cell and
for visualization of the temporal and spatial velocity inside the spacer-filled channel [153].
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7.2. EXPERIMENTAL

he experimental setup is shown in figure 7.2. A suspension with fluorescent par-

ticles (02) flows through a pump (03) and a mass flow meter (04) to the flow cells
(05). The pressure drop over the flow cell is measured by means of a differential pres-
sure transducer (06). The values from the pressure transmitter and from the mass flow
meter are used to determine the friction factor. Simultaneously, velocities are measured
as the laser (08) emits two light pulses that illuminate a well-defined plane and have a
short time interval, synchronized with a high-speed camera (09) that takes two images
(11). The captured frames are used to determine the temporal and spatial velocity maps
inside the channel using commercial software (Davis 7.2). A detailed description of the
setup can be found in a previous chapters. The curvature effects of SWM modules on the
flow can be neglected because of the small channel height in these modules [177, 189]
in comparison with the radius. Therefore, it is a common practice to use flat flow cells to
study hydraulic conditions of thin spacer-filled channels such as those of SWM modules
of RO. The flow cell used in this study (L = 260mm, W = 85mm, H = 55mm) included an
embedded flow channel (L =200 mm and W =40 mm) for the membrane coupon and
a spacer. The height of the flow channel is changed according to the spacer thickness by
using plastic shims.
The experiments were conducted without the permeate production as the ratio of per-
meate in RO is small compared to the cross-flow velocity. The nonwoven commercial
feed spacers (DelStarTechnologies, INC.) in this chapter were made of polypropy-
lene without any further modifications. The geometric specifications of these spacers
are given in table 7.1. The same spacer is used at two different orientations: the orien-
tation with the flow attack angle of 45°, which is common in SWM modules of RO and
here referred to as the normal orientation and the orientation with the flow attack angle
of 90°, which is not usual in SWM modules of RO and will be referred to as the ladder
orientation.

Experiments are done at constant temperature (< 1% errors from the average temper-
ature (°C)) and different flow rates. Different flow rates were required to determine
the dependency of friction factor (C;4) to hydraulic Reynolds number (equation 3.5:
C:;q = A'/Re™). The dependency of the friction factor on the Reynolds number can
be used to determine the flow conditions of the channel. Determining the power n

Table 7.1: Geometric characterizations of the commercial spacers used in this study. Each spacer was used
in two orientations: normal orientation with a flow attack angle 45° and ladder orientation with a flow attack
angle of 90°.

- Nomenclature Ladder orientation Normal orientation
Description
Symbol Unit Al Bl C1 A2 B2 C2
Spacer/Channel Height hsp = Hcpy 103m 0.71 1.22 1.63 0.71 1.22 1.63
Filament diameter parallel/perpendicular to flow dp=dp =dp, 10°m 0.39 0.72 0.84 0.39 0.72 0.84
Mesh length parallel/perpendicular to flow Im=lm =Im2 107%m 2.85 3.8 3.63 2.85 3.8 3.63
Hydrodynamic angel Jil ° 90 90 90 90 90 90
Flow attack angle a ° 45 45 45 90 90 90
Aspect ratio In/Hey - 4.01 3.11 2.23 4.01 3.11 2.23
Relative height df/HCH - 0.55 0.59 0.52 0.55 0.59 0.52
Porosity € % 88 82 81 88 82 81

Hydraulic diameter dp 1073m 0.88 1.26 1.53 0.88 1.26 1.53
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of the Reynolds number in the definition of the friction factor, in equation 3.5, gives
a better understanding of the flow conditions in the feed channel. A lower value of
n indicates a higher state of flow disturbance in the channel. Da Costa et al. [152]
achieved n-values between 0.16 — 0.34 for different spacers at velocities that varied be-
tween 0.27 —2.91 m/s. A’ is a constant which is determined by geometry of the spacer
and the channel. The definition used for the Reynolds number here is equivalent to the
one used by Schock and Miquel [58] and Fimbres-Weihs and Wiley [180, 217] (equation
3.6: Rey, = Ugye x dp x pl ). Other typical definitions for the Reynolds number used in
the literature are the channel Reynolds number [96] and the cylinder Reynolds number
[15]. The channel and cylinder Reynolds number make use of the average velocity in
the empty channel (Usyp in equation 3.11: Ugye = Ugyp/€) respectively in combination
with channel height and filament diameter. The calculation of average velocity (equa-
tion 3.11) is done with a single average filament thickness value, while the thickness
of a manufactured filament in commercial spacers varies over its length. The velocity
in the PIV experiments is determined by capturing two frames that are taken at about
100 mm from the inlet and 15 mm from each edge of the cell in order to limit the effects
of boundaries (entrance, edges and exit) on the flow and to ensure a fully developed flow.
The flow along the channel is traced by using fluorescent particles with a mean diame-
ter of 10 um and a density of 1.19 g/cm®. The calculated Stokes number of particles
was around 5 x 1073 for the thinnest spacer used (28 mil spacer: 0.71 mm spacer), and
thus tracing accuracy errors were below 1% [240]. Fluorescence was used in combina-
tion with an optical filter to improve the quality of images. The time interval between
two pulses (two frames) was adjusted to the particles displacement in order to reduce
loss of particle images within the interrogation window from the first frame to the sec-
ond frame [153]. An interrogation window or a sub-window is an area smaller than the
area of a captured frame, here 7.4 x 7.4 ymz, from which information is obtained related
to the most probable displacement of the particle pattern in a short time interval.

The PIV measurements were performed at three different heights in the feed channel
separately: close to the camera (Z3), in the middle of the channel (Z2) and far from the
camera or close to the membrane sheet at the bottom of the feed channel (Z1). The
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Figure 7.3: The flow cell used in this study (A) and the cross-section of the flow channel (B) with locations at
which PIV measurements are done: Z1 (far from the camera and close to the membrane coupon), Z2 (middle
of the channel) and Z3 (close to the camera and observation window).
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whole depth of the channel was illuminated because the thickness of the laser sheet light
(2 mm) was greater than the thickness of the feed channel (0.7 mm). That is a common
situation in pPIV [141] and can be solved by fixing the focus of the camera at a spe-
cific distance from the lens and moving the object [141, 222]. In this study, moving the
flow cell was not an option and therefore, the camera was moved on a translation stage
(50 um in each step). The camera was initially placed such that particles in the middle of
the channel and close to the membrane were barely in focus (Z3 in figure 7.3). Then the
camera was moved to the subsequent positions (Z1, Z2 in figure 7.3) with a translating
stage. The camera’s depth of field in this setup was about 0.14 mm. At each depth, 50
pairs of images (100 frames) were taken for a specific flow. A momentary velocity map is
calculated for each pair of frames. These 50 momentary velocity maps are used to com-
pare the velocities inside the feed channels over time (temporal velocity). An average
is calculated from these 50 momentary velocity maps (averaged spatial velocity profile)
and is used to study the spatial variation of the velocity inside the feed channel [153].
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7.3. RESULTS AND DISCUSSION

7.3.1. PRESSURE DROP AND FRICTION LOSSES
F igure 7.4 illustrates the dependency of pressure drop (Ap) on average velocity (U, ye)
and dependency of friction factor (equation 3.5: C;; = A’/ Rey,) on hydraulic Reynolds
number (Reyp,). In parallel to PIV measurements, each point in figure 7.4 represents an
average of at least 450 measurements. The same feed flow range (1.4 — 16.0 [/ h) was ap-
plied to the spacers, and therefore, each feed spacer is operated at a slightly different
average velocity range. The range of average velocity in spacers C was slightly lower than
values commonly used in experimental studies for RO. However, these values are inter-
esting for low salinity water purification in which water permeation could be relatively
significant.
Figure 7.4-A shows that for these experimental conditions, the pressure drop differs no-
tably only in two orientations of the spacer A and, as expected, the pressure drop is lower
with the ladder orientation. Additionally, figure 7.4-A shows that apparently the pressure
drop decreases with increasing spacer thickness. However, it is difficult to draw such a
conclusion based only on the presented data because the spacers do not change merely
in thickness but also in geometric characterizations such as mesh length, hydraulic di-
ameter and porosity. The best fitted values for dependency of the velocity on pressure
drop are illustrated in table 7.2.

Table 7.2: Constants in the total drag dependency on Re-number (A’ and n), and the exponent in pressure
drop dependency on velocity (K and m) for the feed spacers used in this study.

. Nomenclature Ladder orientation Normal orientation
Description
Symbol Unit Al Bl C1 A2 B2 Cc2
Numerator power equation A’ . 63 68 73 82 71 52
Re power in denominator power equation n - 0.64 0.65 0.78 0.64 0.68 0.71
Constant pressure drop dependency on velocity K depends 6.1 3.6 0.76 6.0 3.7 0.70
Exponent pressure drop dependency on velocity  depends - 1.51 1.49 1.25 1.56 1.53 1.29

Considering only the m-values, the flow is more similar to a Stokes flow in the ladder
orientation than in the normal orientation. In addition, the flow with spacer C is more
similar to a Stokes flow than other spacers. The n-values, which are obtained from the
best fitted data of figure 7.4-B, do not match the flow conditions between the two orien-
tations as mentioned earlier. However, the n-values confirm the fact that the flow with
spacer C appears more Stokesian than with the two other spacers.

7.3.2. THE ACTUAL VELOCITY FIELDS DETERMINED BY PIV

his section presents the spatial and temporal velocity maps obtained by PIV. In con-

trast to the average velocity (equation 3.11: Ugye = Qque/ W x Hcpg % €), which is nor-
mally expressed as a single value, the PIV results are shown in the form of velocity fields
or velocity maps. PIV provides information about the velocity development at a partic-
ular point in time (temporal velocity). A momentary spatial velocity profile is created by
measuring the velocity of all the points in the camera’s field of view at a particular time
step. Averaging all momentary spatial velocity profiles results in the averaged spatial ve-
locity profile. Following the line of former studies, the term “average velocity” refers to
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the theoretically inferred velocity at the feed channel inlet (equation 3.11) and without
considering whether the value is fully developed. The flow becomes fully developed at
some distance downstream of the inlet, which is called the entrance length. The en-
trance length in empty rectangular channels depends on the aspect ratio, defined as the
ratio of the channel height to the channel width [175] and is rather small for the setup
used in this study (about 2.17 mm). It is, however, challenging to calculate the entrance
length in spacer-filled channels. PIV measurements are performed at some distance
from the inlet to avoid effects of the entrance length. Figures 7.5, 7.6 and 7.7 illustrate
averaged spatial velocity patterns of the ladder and normal orientation in the middle of
the channel for an average velocity of 0.1 m/s with spacers A and B and 0.08 m/s with
spacer C. Figure 7.8 illustrates momentary variations of the velocity at a particular point
inside a mesh.

SPATIAL VELOCITY PATTERNS

Velocity at the middle of channel height: Figure 7.5 shows averaged spatial velocity
profiles for two examined orientations of each spacer at the middle of the channel (Z2
in Figure 3). The zones with velocity close to zero above the filaments can be used as an
indication that the images are taken at the middle part of the channel. However, there
is a slightly different scenario in C1 and C2 (respectively the ladder orientation and nor-
mal orientation of spacer C). Long arrows, which indicate high velocity regions, appear
on top of the filaments mainly close to the nodes of the spacer on the right side of the
meshes. This is the result of the non-uniform shape of filaments over their length in
the commercial feed spacer, which is slightly thinner at the places with higher velocity
than other parts. At the thinner part, the filament is slightly out of the camera’s focus and
therefore does not measure the velocity exactly on the filament’s surface. This shows that
the enhanced geometric characterizations introduced to the numerical studies done by
Bucs et al. [230] and Radu et al. [215] is very close to the actual flow behavior as it occurs
in a feed channel filled with commercial feed spacers.

Additionally, figure 7.5 shows that the flow in the ladder orientation (type 1) is in a straight
line from the inlet to the outlet, while in the normal orientation the bulk flows along the
filaments close to it. Local averaged spatial velocities change from very low values up to
more than two times the average velocity in some areas. The difference between the low-
and high-velocity regions is greater in the ladder orientation than in the normal orien-
tation, comparing different spacers. Velocity values with spacer B1 are highest, reaching
almost 0.26 m/s in some places.

In the ladder orientation, a low velocity region is formed downstream of the filaments.
This region differs slightly from the particle deposition area, interpreted as a region with
low velocity, described by Neal et al. [12], but it was in close agreement with the results
of particle deposition achieved by Radu et al. [215] (Fig. 08 in their work). Neal et al.
[12] used a spacer with the same geometric characteristics as spacer A, and observed
that particles were deposited on the microfiltration membrane at some distance from
the filaments and not directly at the downstream area. This no-deposition area directly
downstream of the filaments is explained by the work of Cao et al. [191] who showed
that relatively strong eddy currents are present in this area. The difference regarding the
presence of the no-deposition zone directly behind the transverse filament between the
results from this chapter and the study done by Neal et al. [12] could be explained by the
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Figure 7.5: The averaged spatial velocity patterns at the middle of the feed channel (Z2) for the ladder orienta-
tion (1) and for the normal orientation (2). The average velocity in spacer C (Ugype = 0.085 m/s) is lower than
the velocity in spacers A and B (Ugye = 0.1 m/s)

fact that they used higher flow rates (Re < 400) than in this study (Re < 200).
Notably, the velocity magnitude downstream of filaments with the ladder orientation is
not uniform along the entire filament’s length, which is probably the consequence of the
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filament’s cross-sectional shape. The highest velocity downstream of a filament is ob-
served at locations where filaments bulge toward the flow. The acceleration effect was
more apparent over the swelled part of transverse filaments in thicker spacers than thin-
ner spacers.

In the normal orientation, water passes over the filaments attached to the membrane
and under the filaments attached to the observation window and is mixed in the fol-
lowing mesh; this is repeated for every mesh. This complex mixing behavior of the flow
together with the particular geometry of each spacer (thickness and porosity) and fila-
ments makes it difficult to give a general prediction of the lowest and highest velocity
areas. For instance, in the channel with spacer A, the lowest velocity region is observed
in that half of the mesh where the water passes over a filament to enter the mesh and un-
der the adjacent filament to leave the mesh (right half of the meshes in figure 7.5), and
the highest velocity is at the other half of the mesh where water passes under a filament
to enter the mesh and over a filament to leave the mesh. With spacer B, the highest ve-
locity occurs directly downstream of the filaments at the entering parts of the mesh and
the lowest at the confluence of these streams. With spacer C, the lowest velocity occurs
in the diagonal part of the mesh. The upstream node of the mesh, where both flows exit
the mesh, is the only point in all spacers with a similar low-velocity region.

Velocity pattern at different channel heights: The velocity patterns as described in
the previous section (figure 7.5) are only valid for the situation in which the camera is
focused on the middle part of the channel (Z2 in figure 7.3). Figure 7.6 shows averaged
spatial velocity patterns at the membrane side (Z1 in figure 7.3) on which the transverse
filaments are placed. The operational conditions were the same as the operational con-
ditions at the middle of the channel. Velocity magnitudes of the ladder orientation are
significantly lower over the membrane side than the middle part of the channel. In ad-
dition, the velocity decrease in ladder orientation over the membrane compared to the
middle of the channel is greater with thicker spacers. In the normal orientation, the ve-
locity close to the membrane is approximately the same as in the middle of the channel.
The flow direction, on the other hand, differs clearly from the flow direction at the mid-
dle of the channel in both orientations. In the normal orientation, the flow is along the
direction of attached filaments. In the ladder orientation, the flow direction close to the
membrane side is a function of the spacer thickness. For instance, the flow direction
with spacer A is approximately the same as in the middle of the channel from the inlet
to the outlet with the largest deviation downstream of the filaments. These areas are re-
ferred to as the particle deposition area by Neal et al. [12]. The magnitude of the velocity
is respectively 44% and 57% lower for spacer B and C compared to spacer A. Figure
7.7 includes the statistical representation of figure 7.5, figure 7.6 and averaged spatial ve-
locity profile at the front part of the channel (Z1 in figure 7.3), i.e., each box shows the
velocity variations over the total field of view at a specific height (Z1, Z2 and Z3 from fig-
ure 7.3). The median, average, and outliers are shown respectively with a straight line,
empty circle inside the box and filled circles. Figure 7.7 shows that the averaged spatial
velocity is higher at the side of the channel without the transverse filaments (Z3) than in
the middle of the channel (Z2) in the ladder orientation for the same conditions.

The velocity magnitude at the observation window (Z3) was on average higher, from
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Figure 7.6: The averaged velocity pattern close to the membrane side over which the transverse filaments are
placed (Z3) for the ladder orientation (1) and for the normal orientation (2). The average velocity in spacerC
(Ugpe = 0.085 m/s) is lower than the inlet velocity in spacer A and B (Ugye =0.1 m/s)

3.6% in spacer A to 54% in spacer B, in ladder orientation than in normal orientation.
The velocity magnitude at the membrane side (Z1) was lower, from 28% in spacer A to
68% in spacer C, in ladder orientation compared to normal orientation. At the middle
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of the channel (Z2), the velocity magnitude was lower, from 5% in spacer A to 27% in
spacer C, in ladder orientation than in the normal orientation.

The lower velocity at the membrane side of the ladder orientation can be explained by
considering the role of transverse filaments. Transverse filaments accelerate the flow
at the opposite half of the channel as they are narrowing the flow path. In the normal
orientation, both filament layers contribute to flow acceleration, i.e. there are acceler-
ated flows at the top and bottom of the membrane. Because the flow attack angle is 45°,
top and bottom flows cross each other and a proper mixing of flow occurs in the feed
channel. In the ladder orientation, where the flow attack angle is 90°, only transverse
filaments contribute to flow acceleration, i.e. there is no acceleration due to filaments
parallel to the flow on the side that transverse filaments are attached to; therefore, the
flow becomes more isolated between two successive filaments, and low-velocity areas
are formed.

TEMPORAL VELOCITY VARIATION

Figure 7.8 shows variations of the velocity in time for the point E in the center of a mesh
for three channel heights. The median, average, and outliers are shown respectively with
a straight line, empty circle inside the box and filled circles. In general, the velocity vari-
ations for the normal orientation are less than with the ladder orientation, which resem-
bles the averaged spatial profiles as shown in figure 7.7. As expected, the variation in
time is greater than in space since the spatial variations are based on time-averaged ve-
locities.

Figure 7.8 illustrates that the magnitude and variation of the temporal velocity is clearly
lower in ladder orientation compared to the normal orientation, particularly in spac-
ers B and C. Remarkably, with the ladder orientation, the variation of velocity is higher
(particularly with spacer B and C) in the middle of the channel (Z2), compared to the
observation window (Z3) and at the membrane side (Z1). This is probably the result of a
clear separation in the flow magnitude at the top (high velocity) and bottom (low veloc-
ity) parts of the flow channel. The high-velocity variations could be the result of vortex
shedding in the lee side of filaments or due to the existence of unsteadiness as the con-
sequence of acceleration and deceleration of flow when moving from one mesh to the
other one. In either case, high-velocity variation in time is considered beneficial with re-
spect to fouling prevention and concentration polarization destabilization. However, the
high-velocity variations observed with the ladder orientation occur in the middle of the
channel, while fouling and concentration polarization tend to happen on the membrane
sides; the benefit could therefore be minimal in this case. In the normal orientation, the
velocity has the same magnitude at the top and bottom parts of the channel because
both layers of filaments contribute to the flow acceleration in the channel.

7.4. CONCLUSION
n this chapter, the impacts of two orientations of three spacers with different thick-
nesses are experimentally assessed with regards to the pressure drop and velocity pat-
terns at three heights in the channel: close to the membrane (Z1 in figure 7.3), close to
the observation window (Z3 in figure 7.3) and in the middle of the channel (Z2 in figure
7.3).
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The results reveal higher benefits for the ladder orientation compared to the normal ori-
entation only for the case of the thinner spacer. The pressure drop with the ladder orien-
tation was 10% and 17% lower compared to the normal orientation respectively for the
thickest (C) and thinnest (A) spacer. The velocity maps in this chapter, obtained using
particle image velocimetry (PIV), were in agreement with the particle deposition pat-
terns described by Neal et al. [12] and Radu et al. [215].

In general, there was a distinct difference in velocity magnitude for the ladder orienta-
tion at three heights in the feed channel, but minor differences with the normal orien-
tation. Moreover, the difference was less evident with the ladder orientation of spacer
A than spacers B and C. In addition, the velocity magnitude was enhanced for spacer A
in the ladder orientation over the channel height compared to the normal orientation.
The same is reported by Neal et al. [12], which is likely because they used a spacer with
a similar geometry as spacer A.

In the ladder orientation of spacer B and C, the lowest velocity was observed at the mem-
brane side with attached transverse filaments and the highest at the membrane side
without transverse filaments. In addition, the velocity magnitude at the membrane side
is decreased with the increase in spacer thickness. Low-velocity regions created at the
membrane side with transverse filaments could have a high fouling potential because of
low shear stresses in these areas. On the other hand, the high velocity at the membrane
side without transverse filaments might not be beneficial, because there is an optimal
shear required to prevent fouling, and values above this value will cause increased pres-
sure drop without a significant effect on the fouling remediation. In conclusion, the ad-
vantage of ladder orientation is obtained when applied with thinner feed spacers rather
than thicker ones.

While our results provide a reasonable estimation of the velocity maps, asynchronously
at three different heights (Z1, Z2 and Z3) inside the feed channel, further experimental
investigations would be required to quantify the effect of velocity in the Z-direction and
associated shear stresses simultaneously with velocity in the X- and Y-direction. It would
probably be possible to reconstruct 3D maps of mean velocities from the measured 2D
values in this chapter. However, the reconstructed images would not always be relevant,
as they have been captured at different time steps. The findings from this study can be
exploited as a validation tool for numerical studies, because of their high resolution. In
addition, they can be used to design an optimum feed spacer for SWM modules of RO.
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he work presented in this thesis investigated the friction losses and variation of ac-

tual fluid velocity in time and place for narrow spacer-filled channels. The spatial
and temporal velocity profiles are determined with particle image velocimetry (PIV) and
the friction losses are determined by measuring the pressure drop. Analyzing relation-
ships between fluid flow, pressure drop and actual velocity profiles in the feed channels
provided insights into the hydraulic conditions occurring inside spiral-wound mem-
brane (SWM) modules. These knowledge can be used to develop strategies to improve
the design of filaments and meshes in feed spacers for a specific type of water, and it can
thereby reduce the operational cost of SWM modules. In additions, the obtained velocity
profiles can be used to validate computational fluid dynamics (CFD) models.

PIV provides a flexible and practical way for measuring and visualizing the velocity vari-
ation in flow channels representing the SWM modules at different flow rates and differ-
ent geometric characteristics. Flow data from PIV can be represented in any position
inside the field of view and at any moment during the measurement. In PIV, the real
conditions inside the feed channel is determined instead of simulated situations. For
instance, with PIV, commercial feed spacers or printed ones could be used and fouling
could be take into considerations. These make the PIV a more attractive technique com-
pared to mathematical models because reproducing feed spacers with all their details,
to be used in mathematical models, is a difficult and time-consuming job. Additionally,
the CFD models becomes more challenging when fouling is involved in an investigation.
Ultimately, because the numerical models are just simpler copies of reality and use the
known theories (equations), several assumptions are made when solving them. PIV, on
the other hand, enables us to measure velocities in an actual way (real time) without any
assumption.

The PIV technique is an indirect method in a sense that it does not measure the velocity
in SWM modules but in flat test-cells and that it measures the movements of the tracers
rather than the fluid. Therefore, the tracers used in PIV should be as small as possible
to follow the motion of the fluid. However, the accuracy of the measurement also de-
pends on the scattered light from the seeds, which is a function of particles size. Bigger
particles have a higher scattering cross-section, defined as the ratio of the total scattered
power to the laser intensity incident on the particle.

Unlike CFD studies, PIV is hardly ever used to determine the hydraulic conditions of
spacer-filled channels. There are not any investigations related to the hydraulic condi-
tions of spacer-filled channels with 3D-PIV. To the authors’ knowledge, also, the 2D-PIV
is rarely used for this purpose. The only two known 2D-PIV investigations [141, 203]
could elucidate a part of the complex flow mechanism of the spacer-filled channel. This
thesis made an attempt to provide additional insight into hydraulic conditions of the
spacer-filled channel by using 2D-PIV.

One of the objectives of this thesis was to compare the hydraulic conditions inside an
empty channel with those inside a spacer-filled channel. To this aim, a common com-
mercial feed spacer (30 mil) is inserted into the feed channel and the pressure drop and
velocity profile of the spacer-filled channel is compared to those of the empty channel.
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Figure 8.1: The velocity profiles in the empty (A) and spacer-filled channel (B). The profiles are made using a
numerical method. The flow is applied in the x-direction in a way that the theoretically average velocity was
about 0.1 m/s. The velocity is not limited to one value, neither in spacer-filled nor in the empty channel. At
the entrance length in the empty channel, the velocity is lower than the part that flow is fully developed. At
the first part of the entrance length, the velocity is almost the same over the channel height. That is the value
called the average velocity in literature.

The achieved relation between the pressure drop and the velocity along the flow direc-
tion (equation 3.12 :dp < K x U]} ) showed that in contrast to the empty channel, the
flow in the spacer-filled channel could be considered as transitional. This conclusion
was based on the obtained value for m, the exponent in the equation of velocity de-
pendency on the pressure drop, the logarithmic view of friction losses against Reynolds
number and definitions from former studies. In previous studies [152, 173], the laminar
flow has been defined by an m-value equal to 1, the fully developed turbulent flow by an
m-value equal to 1.75 and higher and the transitional flow would be all the m—exponents
in between. In contrast to this conclusion, it was also found [154, 179-181, 243] that
referring to the flow, which encounters in SWM modules of RO, as turbulent is a com-
mon misunderstanding. That is because the turbulent flow should assign only to flows
with high Reynolds numbers (i.e. Re >4000) at which turbulence can be assumed to be
isotropic and fully developed [179-181, 243], while SWM modules of RO usually operate
at much lower Reynolds numbers (i.e. Re < 500) and the flow conditions in these mod-
ules are laminar in nature [162, 244]. Finally, to be consistent with the most literature,
this thesis concluded that the flow conditions encountered in SWM modules of RO are
laminar.

The velocity used to determine the m-exponent was the applied inlet velocity or the av-
erage velocity, which was determined theoretically. The experimental velocity values
were obtained by using PIV. The average velocity is normally expressed as one value in
the literature while it changed over the channel height as well as channel length (figure
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Figure 8.2: Flow in the empty (A) and spacer-filled channel (B). The velocity fields are determined with PIV at
the middle of the channel.

8.1). The calculated average velocity in literature is the value at the channel inlet and
not when the flow is fully developed. The flow becomes fully developed in some dis-
tance downstream of channel inlet; called the entrance length. The entrance length in
empty rectangular channels depends on the ratio of the channel height to the channel
width [175]. However, it is difficult to calculate the entrance length in spacer-filled chan-
nels. Numerical and experimental studies are able to illustrate variations of the velocity
in an empty or in a spacer-filled channel (figure 8.1 and figure 8.2) at locations that flow
is fully developed or not. While numerical studies enhance our understanding of hy-
draulic conditions of spacer-filled channels at relatively lower costs and risks compared
to experimental methods, they may be associated with challenges such as matching the
geometry of modeled feed spacers with commercial ones and an accurate verification
and validation. As the results, it is recommended [141, 180] to use direct, non-invasive,
high-resolution experimental methods such as PIV. Therefore, after determining friction
losses with average velocity, the actual velocity profiles are determined experimentally
by using PIV. With the PIV setup used in this study, images with a resolution as high as
7.4 x 7.4um? were captured.

PIV-results showed that when compared to the average velocity, the local velocity was
higher at the middle of the empty channel and lower close to the membrane side and
observation window. In fact, the flow in the empty channel had a semi-parabolic shape
as it is known from literature and the flow direction was in a straight line from inlet to
outlet (figure 8.2 A). The flow was steady compared to the spacer-filled channel (figure
8.2 B) and the steadiness decreased by the increase of the flow rate.

Introducing a spacer into the empty channel caused an increase in the unsteadiness of
the flow. The velocity variation in the spacer-filled channel, at the maintained inlet ve-
locity of 0.1 m/s, was about —100% to +75% of the empty channel depending on loca-
tions that measurements are done.
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Figure 8.3: Water at each height of the channel flows along the attached filaments at that height.

The averaged spatial velocity profiles of spacer-filled channel showed a bimodal shape
for flow pattens. The bimodal shape indicates the presence of low and high flow regimes.
The low-velocity regimes occurred at regions close to the filaments and high-velocity
regimes occurred at narrowed parts of the channel or directly after these narrowed parts.
The increase in flow generates a greater distance between two distinct local maxima of
the bimodal curve indicating generation of higher velocity at some locations, which is
consistent with results from previous studies. The flow increase causes the increase in
velocity magnitude and generation of a higher shear. However, this higher shear is not
necessarily beneficial for the spacer-filled channel because the optimal flux as the results
of destabilization of the concentration polarization layer is limited to a specific velocity
and further increase of the velocity magnitude has an only marginal effect on the per-
meate flow increase.

The flow in the spacer-filled channels was along filaments of the spacer at a particular
height (figure 8.3). For instance, the flow was in the direction of filaments from right to
the left in front part of the channel (figure 8.3 A) and from left to the right at the rear part
(figure 8.3 B) of the channel. Because the filaments at the top and bottom of channel
make a 90° angle, the flow at the top was perpendicular to the flow at the bottom (figure
8.3). The flow at the middle of the channel had a pattern such as the mixture of the flow
at the front (Z3) and rear part (Z1) of the channel.

Understanding the effect of spacer’s geometry on flow and consequently on mass trans-
fer, was another objective of this study, which was achieved by comparing several com-
mercial feed spacers of different configurations. Six spacers with two different configu-
rations, zigzag and cavity (figure 8.4), were used. In the zigzag spacers, top and bottom
filaments had the same thickness and thus the channel height was twice the filament’s
thickness. In the cavity spacers, the filaments parallel to flow were thicker than trans-
verse filaments. The channel height was respectively about 0.71, 0.76, 0.86, 1.22, 1.14,
1.24 mm in spacer A, B, C, D, G and H.
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Figure 8.4: The top and the side view of zigzag (A) and cavity (B) spacers.

In general, the flow was more distributed toward both membranes in channels with
zigzag spacers than cavity spacers. In channels with cavity spacers, the velocity was
higher along the membrane side without transverse filaments (Z3) and the flow was in
a straight line from inlet to outlet (figure 8.5 A). The flow at the membrane side with at-
tached transverse filaments (Z1) was much lower in magnitude and variation because of
the order of sequential transverse filaments (figure 8.5 B). In spacers, the flow accelerates
due to the presence of transverse filaments. In channels with cavity spacers, transverse
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Figure 8.5: The velocity profile at the membrane side without transverse filaments (A) and with transverse
filaments (B)
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filaments are attached to one side of the channel and therefore, the acceleration hap-
pens without changing in the flow direction at the side without transverse filaments,
which results in a major flow difference at the channel side with and without the trans-
verse filaments. Less variation of the flow direction resulted in a lower flow mixing and
a lower pressure drop in the channels with cavity spacers than zigzag spacers. Among
the cavity spacers, the one with smaller transverse filaments and smaller inter-filament
distance had lower velocity.

The exponent in the power or friction losses equation (equation 3.5: C;4 = Rie’n) was
clearly higher in the cavity spacers than zigzag spacers indicating lower mixing condi-
tions with these spacers. The mixing condition is related to the relative height of a spacer
defined as the ratio of transverse filament height to the channel height. The increase of
relative height is directly related to the increase of friction losses, i.e. the increase of A’-
value and decrease of n-value. A lower n-value occurs mainly at a higher relative height,
which means greater mixing and consequently, a higher friction factor. For instance,
among the cavity spacers, the one with the smallest relative height and the largest n-
value has a lower mixing ability than other spacers. The thin transverse filaments of this
spacer cause small wakes and small friction losses around these filaments, which are not
big enough to generate large flow disturbances and eddies. Flow patterns at the chan-
nel side without transverse filaments and at middle, which were straight lines from inlet
to outlet without disturbances, were indication of not big enough mixing in this channel.
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Figure 8.6: Temporal velocity at of examined spacers at three channel heights; in from of channel (Z3), in the
middle of the channel (Z2) and at the rate part of the channel (Z3). The flow arranged in a way to generate an
average velocity of 0.1m/s in feed channels.
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Figure 8.7: The orientation in which transverse filaments make an angle of 90° with flow called ladder orienta-
tion and the orientation where transverse filaments make an angle of 45° is called normal orientation.

The velocity in a specific grid (point) changed over time (unsteady flow). Only at lim-
ited locations inside a mesh, the averaged value of temporal velocity was in the range
of the average velocity known from theoretical calculations, i.e. that only limited loca-
tions inside a mesh have a model behavior according to our expectation with regard to
fouling and energy losses. The range of velocity variation was greater in spacers with big-
ger transverse filaments in both types (cavity and zigzag) of spacers (figure 8.6). A higher
variation of the instantaneous velocity results in higher flow unsteadiness and lower par-
ticle deposition potential.

The orientation of feed spacers is determined by the way that hydrodynamic angle faces
the flow. This study considered two orientations for each feed spacer, the 45° orienta-
tion (normal orientation) and the 90° orientation (ladder type orientation) (figure 8.7).
Hydraulic conditions of three spacers of different thickness are examined at these two
orientations. The filaments’ thickness at the top and bottom layers was on average the
same for each spacer.

In general, the pressure drop was lower in ladder orientation than normal orientation. In
the applied conditions (Re < 200), the effect of the pressure drop was only significant for
the thinnest spacer. It was also found that the mixing ability of the normal orientation
is better than ladder orientation because zigzag spacers had a higher m-value (equation
312:dpx KxUJL,).

The flow was in a straight line from inlet to outlet in channels with spacers at ladder ori-
entation and it was along the filaments in channels with spacers at normal orientation
(figure 8.8). The flow in channels with spacers at normal orientation was more com-
plex than ladder orientation. In channels with spacers at the normal orientation, water
passes over the filaments attached to the membrane and under the filaments attached to
the observation window and mixed in the following mesh. This pattern repeats in every
mesh. This complex mixing behavior of the flow together with the particular geometry of
each spacer (thickness and porosity) make it difficult to give a general prediction about
the areas with lowest and heights velocity.
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Figure 8.8: The velocity profile for ladder orientation (A) and normal orientation (B). The conditions are ad-
justed in a way to achieve an average velocity of 0.1m/s. These profiles are measured at the front part of the
channel (Z3).

When points with a different channel height were compared, a greater difference in spa-
tial velocity was obtained in channels with spacer at the ladder orientation. Considering
only the middle part of a channel, a low-velocity region was formed directly at down-
stream of transverse filaments. The non-uniform shape of filament’s cross-sectional
caused a non-uniform velocity pattern at downstream of filament in channels with spac-
ers at ladder orientation. The highest downstream velocity was observed at locations
where the filaments bulge toward the flow. The acceleration effect along a filament was
more apparent over the swelled part of the transverse filaments in thicker spacers than
thinner spacers.

In channels with spacers at normal orientation, the lowest velocity region was the inner
angle at the upstream node of meshes, where both flows exit the mesh. Compared to
the velocity at the middle of the channel, the velocity in channels with the ladder ori-
entation was significantly lower over the membrane side with transverse filaments but
higher over the membrane side without transverse filaments.

As mentioned earlier, transverse filaments accelerate the flow in the opposite half of the
channel they are placed on by narrowing the flow path. In channel with spacers at the
normal orientation, both filament layers contribute to flow acceleration and because the
flow attack angle is 45°, top and bottom flow cross each other and a proper mixing of flow
occurs in the feed channel. In the ladder orientation where the flow attack angle 90° is,
only one side of channel contributes to flow acceleration, i.e. there is no acceleration
at the side of channel where transverse filaments are attached, and therefore, the flow
becomes isolated between two successive filaments and low-velocity areas are formed.

It was found that temporal velocity variations in channels with spacer at normal orienta-
tion were less than ladder-orientation. Additionally, temporal velocity variations at the
middle of the channel were higher in the channels with spacers at ladder orientation
compared to the normal orientation, which is probably the result of an interface in the
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flow magnitude at the top (high velocity) and bottom (low velocity) of the channel.

Knowledge about friction losses and the regions with low and high velocity are important
when designing a new spacer. Therefore, chapters 5, 6 and 7 of this thesis investiagted
the pressure drop and variation of velocity pattern in narrowed feed channels. Higher ve-
locity results in increased wall shear, which is of particular importance for high Schmidt
number. An enhanced mass transfer is the consequence of a thinner boundary layer and
lower membrane fouling and can be obtained by an effective increase of the shear at the
membrane surface and thus an effective increase of velocity. However, due to energy
losses, there is an optimum velocity for controlling the fouling and concentration po-
larization. The increase of velocity above this optimum could be translated into a higher
ratio of energy losses to the production rate, i.e. applying velocities higher than optimum
velocity results in the increase of energy consumption without having additional effect
in minimizing the concentration polarization layer and reducing of fouling. A proper
design of a feed spacer also incorporates the ability of the spacer to generate velocity
variations in time because high variations could be the indication of vortex shedding in
the lee side of filaments or the existence of pulsating flow, which is beneficial for fouling
prevention and destabilizing of concentration polarization layer.

The benefits of higher velocity magnitude and frequency depend on the channel height.
It is desirable to have higher velocity values close to the membrane walls rather than
middle of the channel because increasing the velocity in the middle of the channel re-
sults in the increase of friction losses without significant effect on the fouling. The high-
velocity variation in channels with spacers at ladder orientation occurs at the middle
of the channel, while fouling and concentration polarization happen on the membrane
sides and therefore, it is not beneficial for fouling prevention. In channels with spacer at
normal orientation, the velocity has the same magnitude at top and bottom parts of the
channel because both layers of filaments contribute to flow acceleration in the channel.

Because experiments in this thesis are preformed at a low range of Reynolds numbers
(Re < 200), there is no guarantee that the geometries and orientations which resulted in
the lowest dynamic power losses under these circumstances will also act in a similar way
with a different set of conditions, such as a complex matrix of water or when permeate
is produced. However, according to the presented data, in general, the hydrodynamic
power losses are lower in channels with cavity spacers and at ladder orientation than
in channels with zigzag spacers and at normal orientation. Economic analysis is not
performed because the experiments were carried out without the permeate production.
However, the effects of capital costs are considered by a short discussion.

The cost of produced permeate by membrane is the sum of capital and operational costs.
For a determined operation time and flux, the capital cost depends on the materials
costs, feed water characteristics and amortization factor. The membrane cost is usu-
ally a major part of material costs in RO. For a determined feed water quality and at a
constant pump efficiency and energy cost, the operational cost depends on the channel
height and the pressure drop per unit length of the membrane.
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Figure 8.9: The ratio of hydraulic losses to feed pressure increases by decreasing of the water salinity.

Current trends indicate that capital membrane costs are decreasing and energy costs
are increasing. This emphasizes the need to reduce membrane operations costs by im-
proving the design of treatment plants and membrane modules to reduce the energy
losses and to control the fouling efficiently. In this context, the feed spacer has major ef-
fects on the membrane material usage, by determining the channel height and hydraulic
conditions. The impact of spacers on the packing density of SWM modules wanes due
to the gradual shifting toward automated manufacturing techniques for enlargement of
the membrane active area such as the use of robotics for precise placement of glue lines.
In addition, production costs of current feed spacers are significantly lower than those
of the membrane sheets. Therefore, it is of great interest to find an optimal spacer design
that reduces the membrane operating costs.

Itis beneficial to define the optimal design of a feed spacer for the specific circumstances
wherein a membrane module operates. Thus, it is improbable that single spacer geom-
etry is suitable for all types of feed water. As mentioned, the optimal design of a feed
spacer is a function of several factors such the production costs of the feed spacer, type
of feed water and the operating conditions. Design of a totally new type of spacer, e.g. a
spacer with three or more layers of filaments, would require a major adaption of manu-
facturing facilities, which is costly and time-consuming and will result in an increase of
the membrane element capital costs. Therefore, it would be more advantageous to adapt
the current configuration of feed spacers to the type of water and operating conditions.
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The fresh groundwater is the most common source for drinking water production in
most parts around the world. However, the use of other sources such as the fresh surface
water, brackish groundwater and seawater as an alternative to fresh groundwater is in-
creasing by the day due to the increasing rise in shortage of fresh groundwater as the re-
sult of overdraft, salinization and fouling of this resource. Consequently, the application
of techniques such RO, to purify the saline water and to provide a barrier against a rapid
and continuous increase of new contaminants in water resources, increases. The men-
tioned emerging contaminates could be dangerous even in very low concentrations and
usually they could not be removed with conventional water treatment processes. De-
spite this and the important role of feed spacers in determining hydraulic conditions of
SWM modules, the configuration of feed spacers is hardly changed since its first design.
Feed spacers of RO were, historically, designed to minimize the effect of concentration
polarization in brackish water and seawater desalination. Therefore, the modification of
a feed spacer according to the type of feed water is a critical step to a wider application
of SWM modules of RO.

In light of the data presented in this thesis, it can be expected that ladder spacers with
some modifications could be a more proper choice for purification of fresh surface wa-
ter because ladder spacers cause a lower pressure drop increase in the feed channel.
Additionally, ladder spacers could be cleaned more effectively with mechanical cleaning
methods such as air-water cleaning.

The necessity of generation of extreme mixing to reduce the concentration polarization
is not essential in freshwater because of low salt concentration, when these systems op-
erate at the same flux range as systems with saline feed water. However, the formation
of stagnant zones should be avoided because of a high biofouling potential of fresh sur-
face water. Therefore, required modifications should consider changing the location of
transverse filaments in the channel height in order to enhance the flow distribution to-
ward both membrane sides (figure 8.10). This will probably cause a slight increase in the
pressure drop inside the feed channel compared to unmodified spacers.
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Figure 8.10: A simple numerical demonstration of effects of changing the place of transverse filaments in cavity
spacers on the velocity profiles. A higher flow is directed to membrane sides in situation A instead of the middle
of the channel situation B.
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It has been shown that the pretreatment
cost is a major cost element in seawa-
ter desalination and fresh surface wa-
ter purification by RO. Although, the RO
can reject almost all kinds of contami-
nates, pretreatment is applied to elongate
the lifespan of RO. Limiting the pretreat-
ment to only mechanical processes will
reduce the membrane operation costs,
the load of chemical discharges to the en-
vironment and the increase of membrane
lifespan. However, limiting the chemi-
cal cleaning in the pretreatment requires
more effective and more frequent appli-
cation of the mechanical cleaning meth-
ods, such as application of higher flow
or air-water cleaning. In air-water clean-
ing method, modified ladder spacers, e.g.
ladder spacers with transverse filaments
at the middle of parallel filaments, may
be preferred over zigzag spacers because
they create fewer stagnant areas. How-
ever, this is not proven in this thesis.
PURO and fresh keeper are examples of Figure 8.11: The PURO concept. The vertically lo-
the application of RO without any chemi- cated membrane use the brackish groundwater as feed
cal pretreatment on the brackish water, in and disp(?se the cqncentrate into the lower pfll‘t of
. . ground with approximately the same concentration as
which the effect of concentration polar- the concentrate stream. The installation makes use
ization is more pronounced than biofoul-  of the available hydrostatic pressure and requires 40%
ing. Chapter 2 described the PURO con- less energy compared a conventional installation of the
cept (figure 8.11), which make use of the ~S2me capacity and recovery.
available free energy in nature for driving the RO without any chemical pretreatment.
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Additionally, the obtained results from this study can be used to validate numerical stud-
ies. Validation with experimental studies of proper resolution is one of the main chal-
lenges that most numerical studies within the field of membrane science face. Although
no numerical studies were conducted in this thesis, the obtained results were success-
fully compared with the previous studies and a good agreement was found with pub-
lished data.

In conclusion, PIV has proven to be a valuable tool for the performance analysis of feed
spacers and can provide detailed information for validation of numerical studies. The
novelty of PIV is that it measures directly the actual velocity without having problems
with the geometric complexity of commercial spacers or the presence of fouling inside
the feed channel. Once the setup is made, various experiments with spacers of differ-
ent configuration and orientation could be performed. With PIV, the actual temporal
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and spatial velocity can be determined by changing the important geometric character-
izations of feed spacers such as filament’s thickness, spacer orientation and transverse
filaments distance, which play primary roles in mixing the flow, distribution of the flow
toward the membrane side, varying of flow in a particular point and determining the
pressure losses.

The method used in this study can provide starting points for experimental validation of
mathematical models related to spacers and a new way for designing the optimal spacer
for each type of feed water. Future studies following the line of work presented in this
thesis should mainly focus on the use of artificial feed spacers, in which the relative
height and relative length can be changed systematically. This should be done paral-
lel with the numerical studies to get a better insight into the processes occur inside the
feed channel.

The experiments described in this thesis were performed with a clean membrane and
clean feed spacer and without permeate production. Therefore, permeation and fouling
phenomena should be incorporated in future studies to get a better understanding of
the performance of each spacer. The method can be used in parallel to the mass transfer
coefficient of the membrane and the variation of electrical conductivity of the feed and
concentrate to determine the initiation of preferential paths.

The thesis also includes measurements of the spatial and temporal velocity at three dif-
ferent levels to get a better insight into hydraulic conditions at these three levels. That
is done asynchronously, i.e. that the focus of the camera is changed for each height.
More advanced methods that provide a better understanding of the hydraulic conditions
inside a spacer-filled channel are 2D2C-PIV, volumetric PIV, or shake the box method
wherein more than one camera is used. The main difference between the volumetric
PIV and shake the box method with 2D2C camera is that using of the former methods
will results in a 3D illustration of the flow. By 2D2C, the Z-velocity component (the ve-
locity in the direction of the channel height) can be measured.

Designing a proper feed spacer for each type of feed water and eliminating the chemi-
cal pretreatment of RO possibly opens a whole new world for designing of the RO-based
treatment plant. For instance, there could be a shift toward designing of decentralize
treatment plants to overcome the two main challenges regarding the future drinking wa-
ter production; the increasing number of emerging pollutants in water resources and
a sustainable distribution network. The current centralized water distribution network
requires significant investments for maintenance to deliver an acceptable water quality.
Decentralized treatment plants reduce the construction costs of water pipes and reduce
the risk of the outbreak of (particular) contaminant. In additions, each particular plant
can use locally available resources to alleviate the environmental load on a specific water
resource and to deliver the water according to the requirements of individual consumers.
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