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Abstract

Water poverty is one of the most critical problems affecting the world’s society
of the 215t century. Therefore, the development and optimization of sustainable
water purification technologies is an essential research objective. A growing field
of interest in achieving current and future challenges regarding water purification
is membrane technology.

Recently, multibore geometries for hollow fiber membranes have promised to
overcome many drawbacks of the single bore geometry, thus finding their way into
many applications such as drinking water production and seawater desalination. In
the past, several studies have focused on optimizing their geometry and material,
and investigated flow distribution inside them. However, their related permeation
properties, such as fundamental understanding of internal pathways and their hy-
drodynamic operation conditions in modules, are still unknown.

This study aims to tackle these challenges by deepening the understanding
of multibore membrane filtration and hydrodynamic effects in membrane mod-
ules. To achieve these goals, the interconnection of magnetic resonance imaging
measurements and computational fluid dynamics simulations allows investigating
multichannel membrane modules at different orders of magnitude: from a highly-
packed membrane module consisting of several multichannel membranes; to a
single membrane with and without a module as a housing; toward a closer look
into the dynamic wetting behavior of the porous structure of each membrane.

This thesis revealed that small deviations from the ideal membrane position in-
side a membrane module highly influence its flow field and filtration behavior. A
bent multichannel membrane introduces secondary flows on the shell side, leading
to drag forces inside each lumen channel which influence particle fouling behav-
ior. Also, a simulation model with heterogeneously distributed material properties
was set up to model a multichannel membrane correctly and, thus, internal flux
pathways. This model unraveled an unequal flow distribution over the lumen’s cir-
cumference, with higher velocities closer to the membrane’s outer skin. Moreover,
the investigation of highly-packed membrane modules showed evolving jet streams
on the shell side, which disturb the equal flow distribution in all lumen channels.
Finally, wetting experiments of highly-packed modules revealed the need for a wet-
ting time of over six hours when wetting membranes that are not pre-wetted.

This study shows that the combination of magnetic resonance imaging and com-
putational fluid dynamics is a powerful tool to unravel the hydrodynamic behavior
of multichannel membranes and modules in full detail. Such information on mem-
brane filtration behavior allows optimizing membranes and membrane modules to
create a highly efficient and sustainable process for water purification.
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Zusammenfassung

Wasserknappheit ist eines der gréBten Probleme des 21. Jahrhunderts. Daher ist
die Entwicklung und Optimierung nachhaltiger Wasseraufbereitungstechnologien
ein wesentlicher Schritt, um dieses Problem zu I6sen. Ein immer wichtig werden-
der Bereich fur die Bewaltigung aktueller und zukinftiger Herausforderungen in
der Wasseraufbereitung ist die Membrantechnologie.

In jlingster Zeit haben Mehrkanalmembran-Geometrien viele Nachteile der Hohl-
faserstruktur Gberwunden und damit ihren Weg in viele Anwendungen wie die
Trinkwassergewinnung gefunden. Studien in der Vergangenheit haben die Op-
timierung der Membrangeometrie und des -materials, sowie die Strémungsver-
teilung in ihnen untersucht. Die damit zusammenhangenden Permeationseigen-
schaften, wie z. B. das grundlegende Verstéandnis der internen Flusswege und die
hydrodynamischen Eigenschaften in den Modulen, blieben jedoch unbekannt.

Ziel der vorliegenden Arbeit ist es, diese unerschlossenen Phanomene durch
die Vertiefung des Verstandnisses der Mehrkanal-Membranfiltration zu erklaren.
Dafur werden Mehrkanal-Membranmodule in verschiedenen GrdéBenordnungen
mit Hilfe von Magnetresonanztomographie und numerischen Strémungssimula-
tionen untersucht: von einem dichtgepackien Membranmodul, das aus mehreren
Mehrkanal-Membranen besteht, Gber eine einzelne Membran mit und ohne Modul
als Gehause, bis hin zu einem detaillierten Blick auf das dynamische Benetzungs-
verhalten der porésen Struktur jeder Membran.

Es wird gezeigt, dass kleine Positionsabweichungen von der idealen Membran-
position das Strémungsfeld und Filtrationsverhalten stark beeinflussen. So flihrt ei-
ne Biegung in der Mehrkanalmembran zu Sekundarstrémungen auf der Mantelsei-
te, die das Foulingverhalten von Partikeln negativ beeinflussen. Simulationen von
Membranen mit heterogen verteilten Materialeigenschaften liefern mit den experi-
mentellen Messungen vergleichbare Strdmungswege. Dieses Modell enthdillt eine
ungleiche Strdmungsverteilung Gber den Lumenumfang. Darlber hinaus zeigt die
Untersuchung von dichtgepackien Membranmodulen, dass sich auf der Mantel-
seite Jetstrome entwickeln, die die Strémungsverteilung in allen Lumenkanélen
beeinflusst. Zuletzt ergeben Benetzungsexperimente an dichtgepackten Modulen,
dass eine Benetzungszeit von Uber sechs Stunden erforderlich ist, um alle Mem-
branen vollstéandig zu benetzen, wenn die Membranen nicht vorbenetzt werden.

Diese Arbeit verdeutlicht, dass die Kombination von Magnetresonanztomogra-
phie und rechnergestitzter Fluiddynamik ein leistungsstarkes Werkzeug darstellt,
um das hydrodynamische Verhalten in Mehrkanalmembranen und -modulen in al-
len Einzelheiten zu entschlisseln und hilft diese zu optimieren, um ein hocheffizi-
entes und nachhaltiges Verfahren zur Wasseraufbereitung zu entwickeln.

Xiii






Introduction

Without water, we cannot survive. A human being has to consume around
3.2 liters of water a day to stay healthy [Inst2005]. Overall, we use more
than 120 liters of water daily, including washing clothes, cooking, and us-
ing bathroom facilities [UNIC2018]. However, access to clean water is
not granted to billions of people [UNIC2021]. Especially in high water-
stressed countries, water reserves are little. Thus, water poverty is one
of the most important problems affecting the world’s society of the 21st
century [Bigg2015j;[Park2017]. That is why the United Nations declared the
‘ensure[d] access to water and sanitation for all’ as one of their 17 Sustain-
able Development Goals [Unit2021].

The availability of clean water benefits the health of people and the econ-
omy [Geis2010]. Even though about two-thirds of the Earth’s surface is
covered with water, 97 % of the available water resources on our 'Blue
Planet’ are saltwater in the oceans. Therefore, developing and optimiz-
ing sustainable water purification technologies, such as desalination pro-
cesses, is an essential research objective to provide fresh water [Diop2002;
'Shan2008]. One possible solution for desalinating water is membrane fil-
tration [Geis2010].

A growing field of interest to achieve the current and future challenges
regarding water purification is membrane technology with a wide variety of
tasks ranging from medical applications such as dialysis, blood oxygena-
tors or controlled drug delivery to fuel cells, water purification, and other
industrial applications [Li2008|;, Bake2012; [Scot2013]. To be more precise
on membrane processes, in desalination plants, e.g., the combination of ul-
trafiltration with reverse osmosis is commonly used [Muld2000}|, (Geis2010];
Sing2015|; Werb2016].




Chapter 1. Introduction

Ultrafiltration is a key technology for pre-treatment in water purifica-
tion or desalination plants [Shan2008; Geis2010; [Sing2015; Werb2016].
Thereby, a typical geometry of membranes is hollow fiber membranes.

These membranes can be described as thin tubes made of polymers or
ceramics [Bake2012]. Polymeric hollow fiber membranes have been widely
used in membrane processes due to their high surface area, excellent flex-
ibility and simple module fabrication [Drio2007; [Peng2012]. However, the
single bore geometry of hollow fiber membranes leads to increasing con-

cerns about manufactured modules’ long-term stability and potting durabil-
ty (Wang2014b].

Recently, multibore geometries for hollow fiber membranes have
promised to overcome the drawbacks of the single bore geometry.
They have been realized as polymeric membranes made of polyether-

sulfone (PES) [Gill2005]; [Bu-R2007|; [Spru2013|, Wang2014bj, [Luel2018]
and polyvinylidene fluoride (PVDF) [Teoh2011; Wang2012; Wang2013;

Wang2014a];[Lu2016|;[Back2019] with high water permeability and high pH
tolerances, and as ceramic membranes that are used for harsher environ-

ments [Zhu2015a); [Zhu2015b]; [Zhu2017]; [Chi2017; |Atec2019]. Figure

shows an example of a polymeric PES multibore membrane.

Figure 1.1: Image of a SevenBore multibore membrane from SUEZ Water Tech-
nologies & Solutions.



Multibore membranes contain various lumen channels combined in one
porous structure resulting in significant robustness improvement [Gill2005;
Heij2012; Wang2014b|; Wan2017]. Due to their superior tensile properties,
multibore membranes have found their way into many applications such as
drinking water production and seawater desalination [Gill2005; Bu-R2007;
Heij2012], as well as wastewater and surface water filtration (direct con-
tact membrane distillation [Teoh2011]; Wang2012; Wang2014b] and vac-
uum membrane distillation [Wang2013; Wang2014al;|Lu2016]).

This wide variety of applications led to several studies regarding opti-
mized geometry [Teoh2011];[Peng201 1} [Heij2012; Bony2012; Wang2014b;
Luel2018|; [Luel2018]), membrane material [Luo2014}; [Luo2015|; [Lu2016],
experimental flow distribution studies [Heib2003; [Gill2005; Bu-R2007;
[Teoh201 1};[Heij2012;Wan2017};Zhu2017}; [Zhu2017} |Le H2018;[Wypy2019;
'Schu2019; [Simk2020], and simulated flow distribution investigations based
on computational fluid dynamics (CFD) [Kagr2001}, [Fred2018; Wypy2019].
However, multibore membranes possess micro- and macro-voids and
porosity gradients. Also, multiple channels that influence each other are
incorporated in one porous monolithic structure. Consequently, quantifying
their porous structures, their related permeation properties such as funda-

mental understanding of internal pathways, and their hydrodynamic opera-
tion conditions in modules is challenging [Zhu2017;Wypy2019];[Schu2019].

An innovative approach to extending the measurement capability for
evaluating porous multibore membranes is combining magnetic resonance
imaging (MRI) with computational fluid dynamics simulations. MRI and
flow-MRI are experimental, noninvasive tools to monitor fluid velocities and

particle depositions online and in-situ (see [Chapter 3: Literature Review).

By combining experimental imaging techniques and numerical simulations,
the occurring phenomena inside membrane modules can be understood
entirely to create the most efficient process for water purification and con-
tribute to the solution of providing unlimited access to clean water some
time hopefully.
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1.1 Open research questions and thesis goals

Even though polymeric multichannel membranes were the focus of many
research studies, the findings in the publications mentioned above raise
several research questions and provoke to keep investigating these kinds
of membranes.

« First, regarding the flow distribution inside multibore membrane
modules: Do axial and radial flow distribution exist in such modules,
and what are their particular characteristics? How do minor geomet-
ric deviations from the ideal membrane position influence the hydro-
dynamic conditions inside the lumen and outside of multibore mem-
branes? Does such uneven flow distribution affect the membranes’
filtration performance?

» Backwashing is a crucial step in each membrane filtration process.
Yet, little is known about the backwashing efficiency in multibore
membrane modules. Does the backwashing flow reach every lumen
channel, even in the case of heterogeneous fouling? And what is
the case for modules containing more than one multibore mem-
brane? Again, does the fluid reach every membrane and even every
lumen channel?

* For all membrane filtration modules in general: what is the role of the
permeate outlet position? Do hydrodynamic conditions change after
the location of the outlet?

« Lastly, technical membranes are usually pre-wetted with a pore sta-
bilizer during delivery and before use and must be pre-treated before
reaching a steady state. How does displacement of this initial wetting
of multibore membranes progress during the first phase of perme-
ation until the porous structure of the membranes is thoroughly wet-
ted? Can these wetting times be decreased for starting the filtration
task in steady-state quicker?

All these questions lead to the following scope of this thesis.



1.2. Scope of the thesis

1.2 Scope of the thesis

This thesis intends to answer the raised questions by deepening the un-
derstanding of multibore membrane filtration and hydrodynamic effects in
membrane modules. This aim is achieved by looking at multibore mem-
brane modules at different orders of magnitude, as shown in Figure[1.2] In
detail, the thesis is structured as follows:

 In(Chapter 2: Fundamentals, Methodology, and Materials, a brief
introduction of membranes and membrane processes is given, includ-

ing performance-decreasing phenomena and countermeasures. Ad-
ditionally, the theoretical background on NMR and MRl is summarized,
and the experimental methods used in this thesis are explained.

« [Chapter 3: Literature Review|gives a comprehensive overview of the
milestones in NMR history and the successful utilization of MRI and
velocimetry in membrane filtration processes in the past decades.

 |Chapter 4: Single Multibore Membrane Module Performance| fo-
cuses on the module design using CFD simulations. It answers the
questions on the influence of small geometric deviations from the ideal

membrane position on the hydrodynamic conditions inside a mem-
brane module with one multibore membrane.

» Multibore membranes possess a separation layer inside each lumen
channel, a porous support structure, and a layer on the outer mem-
brane wall. These layers have different properties and must be consid-
ered when simulating multibore membranes. Therefore, in[Chapter 5]
[Single Multibore Membrane with Porosity Gradients| simulations

of a single multibore membrane with gradients in porosity and perme-
ability are conducted, revealing the flow distribution in the membrane
structure and each channel’s contribution to the overall filtration per-
formance.

« After the hydrodynamic behavior of a single membrane is under-

stood, in|Chapter 6: Hydrodynamics in Multi-Multibore Membrane|




| Chapter 1. Introduction|

[Modules| the influence of the membrane module’s packing density
on the flow field is investigated. Thereby, a closer look is taken at
forward permeation and backwashing phenomena in multibore mem-
brane modules and the influence of the permeate outlet position.

 All results above were obtained after the membranes reached a
steady state. However, membranes in the delivery state are filled with
a pre-wetting agent that first has to be removed. In[Chapter 7: Initiall
[Wetting Patterns in Multibore Membrane Modules| this early-stage
removal of various pre-wetting agents in multibore membrane mod-

ules with different packing densities is analyzed.

 Finally, in[Chapter 8: Conclusion and Future Perspectives, a brief
evaluation of the thesis at hand is given.
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1.3 Publication information
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Fundamentals, Methodology, and
Materials

Parts of this chapter have been published as:

Denis Wypysek, Matthias Wessling, "MRI in membrane filtration processes" in "Magnetic
Resonance Microscopy: Instrumentation and Applications in Engineering, Life Science
and Energy Research", John Wiley & Sons, Ltd (2022). ISBN: 978-3-527-82725-1

2.1 Introduction to membranes and membrane
processes

Membranes Membranes have emerged as a key technology for molec-
ular separations. They act as a semipermeable or permeable barrier be-
tween two phases and are impermeable for at least one component. Mem-
branes can be classified based on their fabrication and material, such as
synthetic (under those liquid, solid, organic, inorganic, and others) or bi-
ological membranes. Depending on the application, some kinds of mem-
branes are more advantageous than others. In the case of water treatment,
e.g., solid synthetic membranes dominate the market as they are, for ex-
ample, easier to fabricate in a vast amount. These membranes may differ
in their inner structure and can be porous, dense, or a dense-porous com-
posite depending on the substances that are to be separated.

Another possibility to classify membranes is their geometry used in mod-
ules for filtration processes. Two main membrane geometries are distin-
guished: flat sheet membranes and hollow fiber or tubular membranes. Flat
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sheet membranes are comparable to a flat and thin permeable, semiper-
meable, or dense surface. In contrast to flat sheet membranes, hollow fiber
membranes have a tubular shape. Further development of hollow fiber
membranes has resulted in multibore membranes. In these, one support
structure contains several lumen channels.

Membrane module and membrane processes While membrane ma-
terials are improving, the housing and thus the hydrodynamic conditions
inside membrane modules are emerging as a bottleneck. Figure (a)
depicts a schematic drawing of a membrane separation unit. In membrane
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Figure 2.1: (a) Scheme of a basic membrane module, including membrane, feed
inlet, permeate outlet, and retentate outlet. (b) Dead-end arrangement. (c) Cross-
flow flow arrangement.

processes, the membrane module combines the membrane and the hous-
ing with all connections for inlet and outlet streams. The inlet or feed stream
is the educt that the process shall treat. The membrane, which acts as a
barrier, separates the feed into two fractions: the permeate passes the
membrane and the retentate is held back. The product of a membrane
process can either be the retentate or the permeate. Hence, processes
where only the permeate is required can be conducted without a retentate
volume flow. This flow arrangement is called dead-end and is visualized
in Figure [2.1] (b). If permeate and retentate outlets are open, the flow ar-
rangement is called cross-flow (Figure [2.1] (c)

Inside membrane modules, the necessary drlvmg force for the process
can be applied in different ways. In general, these driving forces are either
a gradient of pressure (e.g. reverse osmosis, micro-/ultrafiltration), concen-
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tration (e.g. dialysis), temperature (e.g. membrane distillation), or electrical
potential (e.g. electrodialysis). The performance of membrane processes
is determined by the transport phenomena inside and around the mem-
brane. One important parameter is the membrane flux. The flux is defined
as the permeate flow rate per membrane unit area. It can be calculated for
each feed component individually or the entire mixture. The flux decreases
with increasing transport resistances and decreasing driving forces. Equa-

tion [2.1] states this general relationship.

- Driving Force
~ Transport Resistance’

Flux (2.1)
The reciprocal value of the membrane transport resistance is defined as
the membrane’s permeability. For water and wastewater treatment applica-
tions, pressure-driven filtration processes dominate the market. The driving
force for pressure-driven processes is the pressure difference between the
feed/retentate side and the permeate side, the so-called transmembrane
pressure (TMP). It can be calculated from the pressures p of feed, reten-
tate, and permeate using Equation 2.2}

Ap—=TMP — PFeed T gRetentate — PPermeate. (2.2)

Pressure-driven filtration processes can be further classified depending on
the separated particle sizes and applied pressure gradients.

Performance-decreasing phenomena in membrane processes and
countermeasures All membrane processes suffer from a decrease in
performance (namely the flux) during operation. Besides the unavoidable
resistance of the membrane itself and pressure losses on the feed and
the permeate side, as well as in the porous structure, several resistances
decrease the performance of a membrane filtration over time, namely (a)
concentration polarization on the feed and permeate side, (b) fouling, scal-
ing and pore blocking, and (c) temperature polarization on the feed and
permeate side. According to Song the total resistance can be
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calculated using the resistance-in-series model, Equation [2.3]:

Rtotal = Rvembrane + RAdsorption + Rpore + RLayer: (2-3)

where Rpqe is the resistance of blocked pores and Ry, the resistance
of fouling and/or scaling layers (e.g. Figure (b)). In pressure-driven
membrane processes, concentration polarization and layer formation are
the main reasons for a decline in performance [Culf2011].

Figure [2.2] (a) illustrates the phenomenon of concentration polarization.
Due to the semipermeable character of the membrane, one substance
passes through the membrane preferentially. Therefore, the concentration
of the separated substance increases above the bulk concentration at the
membrane, causing a concentration gradient. The concentration gradient
results in a diffusive back-flow from the membrane toward the bulk phase.
Since the diffusive flow away from the membrane is significantly slower than
the opposing convective flow, the separated substance accumulates at the
membrane surface. The increased chemical potential counteracts the pres-
sure difference. The result is a lower permeate flux with a decreasing pu-
rity [Scot2013]. Concentration polarization is the main reason for a buildup
of fouling or scaling layers. While fouling describes a layer of undesirably
accumulated retained particles in and at the membrane, scaling describes
the formation of a crystalline layer on the membrane surface.
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Figure 2.2: (a) lllustration of concentration polarization. (b) Membrane module
side view. (c) Cross-sectional view of an arbitrary membrane module in cross-
flow, inside-out mode.
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To increase the process performance, concentration polarization has
to be reduced [Bake2012]. The reduction of concentration polarization
and fouling can be achieved by changing the hydrodynamic conditions
inside the membrane module. One measure is the use of cross-flow fil-
tration instead of dead-end filtration, as shown in Figures (b) and
(c) [Bake2012]. Other measures focus on increasing the vorticity within
a membrane module, such as the generation of secondary flows, vibrating
or rotating membranes that induce higher shear rates, inserts like spacers,
or geometrical changes inside the membrane to distract the flow [Jaff2012].
These measures are often accompanied by a higher energy demand due
to more pumping capacity required, which shows that a compromise be-
tween higher energy consumption and better process performance has to
be found. Another aspect of this trade-off is the need for cleaning or replac-
ing the membrane if the cake layer becomes too thick, and a critical TMP
is reached. In industrial applications, membranes are cleaned by permeate
backwashing. This means the flow over the membrane is reversed by in-
creasing the pressure on the permeate side, and the cake layer is released
from the membrane. Subsequent washing in cross-flow mode removes the
loosened particles from the membrane module.
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2.2 Nuclear magnetic resonance and magnetic
resonance imaging

The overall performance of membrane processes is easily monitored by
measuring volume flows or pressures of feed, retentate, and permeate
streams. These parameters do not leave much room for improvement.
However, to understand the phenomena occurring during filtration, it is
necessary to reveal the hydrodynamics inside the membrane module. A
powerful technique for visualizing internal structures and flow dynamics
noninvasively and in-situ during operation is Magnetic resonance imag-
ing (MRI). MRI utilizes the phenomenon of nuclear magnetic resonance
(NMR) and enables, e.g., the observation of flow profiles and polarization
layers [Yao1995a], the observation of layer built-up and particle deposi-
tion [Wypy2019], or the analysis of systems that prevent concentration po-
larization and fouling [Wies2019]. When all these phenomena mentioned
above are entirely understood, membrane processes, especially mem-
brane modules, can be improved to counteract fluid resistances efficiently.
These parameters obtained from experimental data also help to develop,
validate, or improve numerical models.

This section gives a brief overview of NMR and MRI, explaining the el-
ementary physics of nuclei and spins, followed by an overview on the cor-
relation of spins and magnetism, spin precession, and the stimulation and
relaxation of spins. At last, the fundamental building blocks of MRI are
explained, and the methodology of flow imaging is elucidated.

2.2.1 Basics of nuclear magnetic resonance
Elementary physics of nuclei and spins

Atoms consist of a nucleus of protons and neutrons with surrounding elec-
trons. Whereas important physical properties of an atomic nucleus like
mass, electric charge, and magnetism are easy to catch, the (nuclear) spin
is an unfamiliar measure. However, it represents the most important prop-

erty in NMR. [Levi2009]
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In quantum mechanics, a spin can be considered a rotation of the nu-
cleus around its center of gravity. Analogue to a rotating object the spin
results in a total rotational angular momentum L;; which is expressed by

Equation [2.4] [Binn2013]:

Liot = [J(J+1)]Y? -5 (2.4)

Here, J is a set of stable rotation states with integer values (J = 0,1,2...)
that leads to only discrete values of the total angular momentum, and A
is Planck’s constant. The resulting rotational energy of a rigid molecule is

defined by Equation [2.5][Levi2009]:

E) = BJ(J+1), (2.5)

where parameter B is known as the molecule’s rotational constant, with in-
creasing values for decreasing molecule weights. Although the spin is a
form of angular momentum, it is not generated by a rotation of the parti-
cle. Still, it can be understood as an intrinsic property of the particle itself.
Nevertheless, Equations [2.4]and [2.5| stay valid for the determination of the
angular momentum and rotational energy of a spin. To differentiate be-
tween spin angular momentum and rotational angular momentum, the spin
number / is used instead of J.

Each elementary particle possesses a particular value for the spin num-
ber 1, which is independent of external influences [Levi2009]. One relevant
difference to the parameter J is that / can also take on half-integer values.
Except for the "H-nucleus, every nucleus consists of more than one ele-
mentary particle. Therefore, the total spin angular momentum Si;; needs to
be calculated, which is expressed by Equation [2.6] where /3 describes the
overall spin number. /5 can be derived from the combination rule with
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the individual spin numbers /4 and /5.

St = [B(l+ 1)]Y? - A (2.6)
(|l — b
h—bh|+1
po{ H @7)
L |/1+/2|

The principles in this section focus on the 'H nucleus as it is contained in
all organic matter, has the highest natural abundance and has the largest
gyromagnetic ratio v. The spin numbers /; and £, for hydrogen reduces to
—1 and 1, and thus, to 2 possible (energy) states.

Nuclei and magnetism

'H possesses a spin as the number of elementary particles in its nuclei is
uneven. A simple model of a magnet can be taken into account to describe
the magnetic characteristics of a spin. Analogously to conventional mag-
nets, spins have a north and a south pole and posses a certain direction as

shown in Figure [2.3][Siem2003]. *

5 _a

Figure 2.3: Schematic illustration of spins with its north pole N, south pole S, and
its direction. Addition of spins inside a nucleus according to [Siem2003].

The effect of spins in different directions adds up like vectors in math-

ematics. An important rule in quantum mechanics prescribes that two
identical particles inside one nucleus cannot be in the same state; their
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orientations have to be antiparallel. Therefore, nuclei with even numbers
of elementary particles cannot possess spins since the vectors add up to
zero. This rule is known as the Pauli principle and is graphically explained
in Figure [2.3]. [Stap2006]; |[Levi2009]

If the necessary condition for spin possessing nuclei is fulfilled, the vec-
tors of all nuclei inside one spatial element add up in the same manner
as spins inside one single nucleus. Spin vectors inside a volume element
are completely disorientated when no magnetic field is applied to them.

Therefore, their overall effect adds up to zero, and the ensemble seems
non-magnetic. By applying an external magnetic field, the spins inside the
volume element orientate themselves on the magnetic field lines. Thereby,
the spin-directions are either parallel or antiparallel to the magnetic field
lines, as shown in Figure [2.4]

(@) (b) Magnetic field lines
Volume element \ / |
Yoo ¢ =
A_;,J ¢ Bl dotlen 2
D e av, Al o v
SYSesgr AN
: (d~ > ‘.-".‘A all =™
: = | I
ST O gt P i
o X S A

Figure 2.4: Spins inside a volume element: (a) without a magnetic field (b) with a

magnetic field adapted from [Siem2003].

The quantity of parallel and antiparallel spins is not equal. If so, the spins
would add up to zero, and the matter inside the volume element would be
non-magnetic. In reality, a small surplus of parallel aligned spins exists.
These parallel spins populate a lower energy level which is thermodynamic
more favorable. The ratio of lower-energy-level and higher-energy-level
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spins can be described by the Boltzmann distribution in Equation [2.8]

n_1/2 _ eXp(_"yBoﬁ

: 2.8
T T (2.8)

with By as the magnetic field strength, kg as the Boltzmann coefficient, and
To as the temperature. The Boltzmann distributions show that more protons
populate the lower energy level with a decreasing temperature or increasing
magnetic field strength. Also, the higher the magnetic field strength, the
higher the magnetic energy En., stated in Equation 2.9,

Emag = ”)/Bofl, (29)

which leads to a larger gap between high and low energy levels. The above-
mentioned higher amount of parallel spins result in a slight magnetization
of the considered volume element [Hore2015]. The magnetization points
in the direction of the magnetic field (longitudinal magnetization) and de-
scribes the strength of the obtained NMR signal. The relation between
the equilibrium magnetization My and the magnetic field strength By is de-

scribed by the Curie law [Nish1996]; |[Stap2006] in Equation [2.10}

2R21(1 + 1)

aY
My = NI == Bo (2.10)

with N as the number of nuclei per volume element.

Spin precession

The direction of the spin angular momentum can be defined as spin polar-
ization axis. As soon as a magnetic field is applied, the spin polarization
axis of individual nuclei starts to precess around the vector of the mag-
netic field strength as illustrated in Figure [2.5] Thereby, the angle between
the spin polarization axis and magnetic field strength stays constant and
depends on initial spin polarization. The frequency w, of the described pre-
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Figure 2.5: Larmor precession of the spin polarization axis adapted from

[Dale2015].

cession is known as Larmor frequency. It can be expressed by the product
of the gyromagnetic ratio v and the magnetic field strength B, as shown in
the Larmor equation (Equation 2.11).

wo = vBo (2.11)

A negative Larmor frequency accounts for a clockwise precession around

the magnetic field lines [Levi2009; [Dale2015; [McRo2017].

Stimulation and relaxation of spins

By applying a magnetic field B, to an ensemble of spins, they orientate
along the magnetic field lines. Thereby, the magnetic moment 1 = ~S;s
of the nuclei is built up. In the absence of the exciting magnetic field, the
overall magnetic moment approximates to zero due to overlapping effects
of individual magnetic moments of the nuclei. This approximation to a total
magnetic moment of zero is known as T4- and T,-relaxation.
Here, T1- and T,-relaxation describe different directions of relaxation in a
Cartesian coordinate system. With the direction of the magnetic field de-
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fined as z-axis (see Figure [2.5), T-relaxation, or longitudinal relaxation,
describes the orientation of spins in z-direction (see Figure (a)). With
a magnetic field acting on the spins, the spins start to move around the
magnetic field lines with Larmor precession. Two equilibrium states can
be observed concerning the magnetization of a sample - after turning on
and after turning off the magnetic field. The magnetization after the mag-
netic field was turned on or off is calculated with Equation [2.12] or [2.13],

respectively. [Levi2009; Hore2015].

Ma(t) = Mo - (1 exp( - t_Tlt)) (2.12)

t—t,
M,(t) = Mo - exp(_ - ff) (2.13)

In Equations2.12]and[2.13], M,(t) is the magnetization in z-direction at time
t. The differences of time express the duration of a switched on or switched
off magnetic field.

The relaxation behavior for the magnetization perpendicular (in x-y-
plane) to the magnetic field, so-called transversal magnetization, is known
as T»-relaxation (see Figures [2.6| (c) and (d)). Due to the rotational move-
ment of the Larmor precession, the magnetization in the x-y-plane shows
an oscillating behavior. Equations [2.14] and [2.15] are used to calculate the

magnetization along the x- and y-axis, respectively. [Levi2009; [McRo2017]

Mi(t) = —Mocos(wot) - exp( — Ti2> (2.14)
M, (t) = Mosin(wot) - exp( — Tiz) (2.15)

Since all spins initially point almost in the same direction, a strong magne-
tization is present. This magnetization decreases with time caused by the
spins distributing isotropically within the x-y-plane (see Figures[2.6](c) and
(d)).

Coils detect the magnetic field created by the magnetization of the sam-
ple. An oscillating voltage is induced in the receiver coil caused by the
precession of the spins in the transversal plane. The resulting current is
called free-induction decay (FID) or NMR-signal. Measured signals are
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proportional to the oscillating magnetization described in Equations [2.14]
and [2.15, By Fourier transformation, an NMR spectrum is generated from

the NMR signal.

2.2.2 Magnetic resonance imaging

To generate an image via MRI, several different pulse sequences can be
used. A pulse sequence fulfills the task to rotate the magnetization of a
sample to different positions to create a measurable FID [Horo2012]. An
often used pulse sequence is the spin-echo sequence described in the first
part of this section. In addition, the importance of magnetic field gradients
for MRl is explained. Subsequently, phase encoding, frequency encoding,
and slice selection are presented, which can be seen as the building blocks
of MRI. Lastly, the methodology of velocity encoding is elucidated.

Spin-echo sequence

The spin-echo sequence rotates the magnetization of the sample into dif-
ferent positions. To achieve a rotation of the magnetization, radiofrequency
pulses (rf pulses) are used. These pulses represent the magnetic field that
rotates the spins out of their equilibrium orientation in a constant magnetic
field. Figure illustrates magnetization vectors at five different stages
during the spin-echo sequence.

Inside the coordinate systems, the vectors rotate with the Larmor fre-
quency wp around the z-axis. The system is initially in an equilibrium state
with the magnetic field parallel to the z-axis (Figure[2.6|(a)). A 90° pulse flips
the overall magnetization vector by 90° into the x-y-plane (Figure (b)).
Dephasing caused by small differences in rotation velocity of spins leads to
a decay in the NMR signal. A following 180° pulse rotates each magnetiza-
tion vector by 180°. Immediately after the 180° pulse, individual spins are not
in phase (Figure [2.6](c)). However, since faster rotating spins catch up with
slower ones, the spins rephase (Figure 2.6](d)). Finally, a spin-echo is gen-
erated due to complete recovery of the net magnetization in the x-y-plane
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Figure 2.6: lllustration of the spin-echo sequence according to [Stap2006]. Top:
FID (grey) responds to 90° pulse and 180° pulse (black), (a) to (e): Magnetization
vectors at five stages during spin-echo sequence.

(Figure (e)). The regenerated net magnetization is converted to an
NMR signal by the receiver coils of the NMR system. [Stap2006]; Levi2009]

Magnetic field gradients and signal equation

As already shown by Equation the Larmor frequency is proportional
to the magnetic field strength. Therefore, applied spatial gradients of the
magnetic field strength result in different frequencies throughout the sam-
ple. The phenomenon of changing frequency depending on the magnetic
field is a major principle of MRI. As a result, Equation has to be mod-
ified to consider the gradient of a magnetic field. The modified correlation
of the Larmor equation can be taken from Equation [2.16] [Stap2006]

w(7) =B =(|Bol + & - 7) (2.16)

In Equation[2.16], the vector g accounts for the gradient vector that displays
the proportionality of the resonance frequency and the position vector r.
Consequently, with this modification, a spin-density distribution p(r) can
correlate the amount of spins to their spatial position. The shape of the
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investigated object is then Fourier transformed from the reciprocal-space
(k-space) to the direct-space (r-space) using the density distribution. When
the reference value for an average field (wg = v|Bo|) is taken into account,
the frequency difference to a position ¥ = 0 can be calculated according to

Equation 2.17]
w(f) —wo=78 -7 (2.17)

In NMR, the gradient g is applied only over a certain time interval 5. When
the gradient is switched off, the difference in frequencies leads to an ac-
cumulated phase shift. The resulting phase shift ¢ of spins at position r is

defined by Equation [2.18][Levi2009].

O(F) =~g - 1o (2.18)

As the signal created by the precessing magnetization is a complex num-
ber, the phase shift created by this gradient pulse leads to the NMR signal.
By multiplying the undisturbed NMR signal with the phase factor exp[i¢(7)],
the NMR signal is determined. Examining the phase factor reveals that it is
a complex number of the form e in which ¢ is the phase shift from Equa-
tion[2.18] To calculate the total signal S arising from all individual spins over
the sample with a spin density distribution p(7), all phase factors have to be
integrated over the entire volume (see Equation [2.19) [Stap2006],

S(K) = / p(P)explio(F)d7
= / p(F)expling - 76]d7 (2.19)

= / p(F)exp(i2mk - F)dF,

where the variable k = £+gs is introduced in order to generate a Fourier
conjugate variable to r. An inverse Fourier transformation is applied to
Equation[2.19|what leads to the correlation shown in Equation for (1),
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to shape the measured object. [Stap2006]
o(F) = / S(R) - exp[—i2nk - A|dk (2.20)

Solving Equation [2.20| using the Fast Fourier Transformation (FFT) finally
leads to the object’s shape.

Phase and frequency encoding, slice selection

A single phase encoding (PE) gradient generates an image in one spa-
tial direction. Therefore, at least two gradients in different directions are
necessary to obtain an image of the investigated sample (use of Equa-
tion[2.20| for two dimensions). In MR, the spatial information about the spin
density distribution, and thus the corresponding signal S(k), is stored in a
k-space. The information from the k-space is then Fourier transformed into
the r-space, which represents the generated image. For each
coordinate, a range of different values for k; between -k max and +kj max are
measured in n equidistant steps (see Equation [2.21). Thereby, the highest
signal is usually measured in the middle at ky. Following this heuristic along
with different coordinates, a k-space develops.

For a known size of an object, the choice of a maximum gradient strength
gmax and duration § can be optimized. Inside the r-space, the imaged area
depicted by a set of gradients is called field of view (FoV). The gradients
which account for the two dimensions of the FoV are the read gradient and
the phase gradient. The FoV can be determined with Equation [2.21] Prac-
tically speaking, if the FoV is adjusted too small and spins are outside the
measured area, the imaged object is not displayed correctly, and aliasing
(backfolding) of the border areas happens.

n—1 2«
7§max6

FoV = (2.21)

Significant advantages of PE are the robustness of the method and the
signal generation in a homogeneous magnetic field. Therefore, the signal
contains a complete set of information for each voxel. This means that be-
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sides the spin density and its position, also the chemical composition in the
respective voxel can be analyzed, showing the great potential in chemical
engineering. [Glad1999; (Glad2003]; Brit2017; |Glad2017] However, the ma-
jor disadvantage is the extreme measuring times. Since each voxel has to
be measured separately, e.g., MRI of an 3D object sampled into 642 pixels
can take up to three days [Stap2006].

Frequency encoding (FE) is an efficient tool for the reduction of mea-
surement time. During frequency encoding and in contrast to PE, the sig-
nal is generated with an active field gradient. The active field gradient is
referred to as read gradient and Equations [2.18] [2.79] and are still
valid. In Figure 2.7, the difference of PE (a) and FE (b) becomes clear.
In phase encoding, the time interval § stays constant, and the gradient
strength is controlled. Contrary to PE, the gradient strength stays constant
in frequency encoding, and the gradient application time ¢ varies.

(a) 5 (b) At

gmax=nAg g O=nAt

max
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Figure 2.7: Demonstration of the difference of: (a) phase encoding (b) and fre-

quency encoding according to [Stap2006].

With this approach, a signal acquisition of several milliseconds can be
achieved. However, one disadvantage is the loss of information, e.g.,
chemical composition.

To generate an image, the signal intensities of volume elements (voxels)
are determined. As PE and FE account for two measured dimensions, in-
tegration of the spins in the third dimension leads to averaging effects. To
overcome this problem, a slice selection gradient is applied. Thereby, the
signal is averaged over a set thickness of the third dimension. In contrast
to the read and phase gradients, it is possible to set a spatial measurement
range. The slice thickness is implemented by changing the frequency of the
rf pulse. This can be realized because of the local position dependency in
the Larmor frequency due to the magnetic field gradient g in Equation 2.16|
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An alternative approach to changing the slice thickness is varying the gra-
dient strength. While a steep gradient generates a thin slice thickness, a
shallower gradient accounts for a thicker slice. [Stap2006]

90° (x) 180° (x) Echo (-y)

rf L I >

Goas .-_
Gphase I

Gslice -

Figure 2.8: Graphic example of a three-dimensional pulse sequence with phase
encoding, frequency encoding and slice selection in three orthogonal directions.

Figure [2.8] depicts a typical imaging sequence in MRI. The pulse se-
guence is constructed from the three building blocks of MRI. It consists of
a phase encoding gradient, a frequency encoding gradient and the slice
selection gradient. All three gradients are applied orthogonal to each other.
An important detail of the read gradient is that it is preceded by a nega-
tive value. This negative value is necessary for the complete mapping of
the k-space. In the case of a read gradient starting at zero, the gradient
would only be applied to positive values of k. In this case, not the complete

k-space would be monitored. [Stap2006]

Velocity encoding

Measuring flow velocities inside opaque systems is the main interest in
membrane science when using MRI. For this purpose, velocity encoding
gradients are introduced that encode a phase proportional to the spin dis-
placement [Mark2005]. Therefore, the phase shift in Equation [2.18]is sup-
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plemented with a time-dependent Larmor frequency «(t) and position of
the spins 7(t):

(7, t):/0 u_}(t)-?(t)dt:/o ~vg(t) - F(t)dt (2.22)

Applying a Taylor series to the position of a spin (F(t) = 75 + ot + 3a0t> + ...)
leads to

t
1
®(7, t) :7/ g(t)[ro + v6t+§a6t2+...]dt (2.23)
’ t t 1 t
=7<Fo/ g(t)dt + \70/ E(t)tdt+§a6/ g(t)t2dt+...) (2.24)
0 0 0
= (rﬁrﬁo + vomy + %a_())lﬁé) (225)

as terms of higher order can be neglected in MRI. In Equation[2.25] i, i,
and m, are known as the zeroth, first, and second moment, respectively,
and are crucial parameters for designing pulse sequences. For velocity
encoding, while the zeroth moment encodes the spin density position, the
first moment encodes the velocity distribution and the second moment en-
codes the acceleration of spins. To investigate flow fields, position and
velocity have to be encoded simultaneously. In analogy with Equation[2.18]
a phase shift resulting from bipolar velocity gradients determines the aver-
age velocity v of each pixel with A as the encoding time, and g (equal to k
and —k) as the wave vector:

O(V) =21G- V- A (2.26)

In practice, to avoid an extra contribution of the phase shift, two images,
one with and one without velocity encoding gradient, are acquired and sub-
tracted from each other to gain velocity fields.

Comparing with the FoV in Equation the maximum flow velocity
has to stay within the bounds of 27 within the field of flow (FoF), otherwise
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aliasing effects occur. The FoF can be calculated with Equation [2.27]

FOF*n_l 21

N Y8maxOA (2.27)

2.2.3 Magnetic resonance imaging in this thesis and data
processing

MRI is a noninvasive tool to visualize and evaluate the hydrodynamic con-
ditions inside the investigated membrane modules. All MRl measurements
in this thesis are carried out on a Magritek low-field NMR tomography sys-
tem combined with a KEA? low-frequency spectrometer. The tomograph
operates with a field strength of 0.56 T at a Larmor frequency of 23.8 MHz.
Within the 60 mm inner diameter imaging probe, the membrane modules
are placed horizontally. Measurements in the tomograph are carried out in
the x-y-plane, being the cross section of the membrane modules. To con-
trol the hardware, Magritek’s software Prospa is used. Since MRI param-
eters depend on the experimental procedure and the membrane module,
measurement settings are listed in the methods part in the corresponding
chapters. For each setting, preliminary tube flow measurements validated
the set parameters. All obtained images have a signal-to-noise ratio (SNR)
of larger than ten and are post-processed using self-written Matlab scripts
to derive corresponding images of the axial and radial velocities.

Signal acquisition is realized by the 2D spin-echo pulse sequence with
velocity encoding shown in Figure and adapted from previous stud-

ies [Perl2015]; [Luel2018];Wies2018al;Wies2018b|; Wies2019].
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90° 180°

rf H H =t
G read | ! -_
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0

Figure 2.9: Spin-echo pulse sequence used in this thesis.
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2.3 Computational fluid dynamics

Computational fluid dynamics is a powerful tool to predict hydrodynamic be-
havior. In this thesis, CFD simulations are used to understand fluid flows in
multibore membranes and membrane modules and are compared to flow-
MRI measurements. In the following, the underlying governing equations
are explained.

2.3.1 Governing equations

The mass balance equation for steady-state, incompressible, single-phase
fluid flow equals Equation [2.28

PV - u=0 (2.28)

where p is the density, and u is the velocity. [Batc2010]
The momentum balance equation for steady-state, incompressible,

single-phase fluid flow equals Equation [2.29] with the momentum density
pu and the velocity u. The momentum balance equation for fluids is also
known as the Navier-Stokes equation. [Batc2010]

[V - puu] = V- [—pl + 6] + pf (2.29)
n

The term [V puu] represents inertial forces and disappears for creeping flow
(Re<1). Without considering gravity, the external force vector pf equals the
structure resistance Zu for laminar flow in porous media (with the dynamic
viscosity p and the intrinsic permeability ). The tensor N is the stress
tensor, which is composed of the hydrostatic pressure pl and the viscous
tensor 6. For Stokes flow, the viscous tensor can be written as

&—2)Vsu with Veu— %(w +wuT) (2.30)
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Simplifying Equation leads to the Brinkman equation (Equation |2.31).

oUWV - Veu — '%u L Vp=0 (2.31)

The first term is neglectable for slow velocities u (creeping flow), and the
Brinkman equation simplifies into Darcy’s law in Equation [2.32]

u=—"wvp (2.32)
7

2.3.2 Simulation parameters

Detailed information on the mesh, boundary conditions, and other simu-
lation parameters can be found in the methods part in |Chapter 4: Single
[Multibore Membrane Module Performance and|Chapter 5: Single Multibore
[Membrane with Porosity Gradients for each simulation study, respectively.
In addition, the individual meshes are optimized for each geometry as part

of a mesh independence study.
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2.4 Multibore membranes

All membranes investigated in this thesis are commercially available PES
inside-out ultrafiltration SevenBore™ membranes supplied by SUEZ Wa-
ter Technologies & Solutions with a nominal pore size of approx.
40nm. The membrane cross section contains a central bore, surrounded
by six symmetrically arranged bores close to the outer fiber diameter, which
is approx. 3.9 + 0.1 mm, depending on the batch. Each bore has a diame-
ter of about 0.9 mm. To reveal the membrane pore structure, field emission
scanning electron microscope (FESEM) images of the membrane’s cross
section are taken by a Hitachi High-Technologies Corporation Model S-
4800, Japan. To maintain the pore structure, the membrane is broken in
liquid nitrogen. The cross section of the membrane is displayed at differ-
ent magnifications in Figure and depicts the unique pore structure of
the investigated membrane fibers. Less porous layers can be seen on the
inner lumen wall and the membrane’s outer skin. As these membranes
are inside-out filtration membranes, the inner layer contributes to particular
matter separation. Bigger pores can be found especially between the outer
lumen channels and provide mechanical stability of the fiber.

Figure 2.10: (a) and (b): FeSEM images at different magnification of a Seven-
Bore™ fiber supplied by SUEZ. The background of the FeSEM images is adapted
for better visibility. (c) Separation layer. (d) Outer membrane skin.
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Parts of this chapter have been published as:

Denis Wypysek, Matthias Wessling, "MRI in membrane filtration processes" in "Magnetic
Resonance Microscopy: Instrumentation and Applications in Engineering, Life Science
and Energy Research", John Wiley & Sons, Ltd (2022). ISBN: 978-3-527-82725-1

3.1 Magnetic resonance imaging in membrane
filtration processes

Magnetic resonance imaging (MRI) is a noninvasive tool with the ability for
in-situ measurements of structure and flow in opaque and nontransparent
systems and is nowadays indispensable. It all started in the late 1930s
when Rabi et al. demonstrated that molecules sent through a
magnetic field emit radio waves at a specific frequency. Eight years later,
Bloch et al. [Bloc19464aj; Bloc1946b] and Purcell et al. were the
first to succeed in detecting nuclear resonance signals in solids and liquids,
which was awarded the Nobel Prize in Physics in 1952. Suryan
reported flow measurements by NMR in 1951, where he uses the fact that
the NMR signal changes when saturated spins are replaced due to flow.
However, all developed techniques suffered from long measurement times
and a bad resolution until Ernst et al. [Erns1966], in 1966, further developed
NMR tomography. The breakthrough of Pulse Fourier Transform (PFT)
spectroscopy earned R. R. Ernst a Nobel Prize in Chemistry in 1991. It took
seven more years when in 1973, Mansfield et al. [Mans1973b|;[Mans1973a]
introduced a new and faster method to localize the NMR signal on a slide-
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by-slide basis using pulsed sequences, followed by the first MR image from
Lauterbur [Laut1973]. He used multiple measured NMR signals to conduct
a 2D image. For this achievement, Mansfield and Lauterbur were awarded
the Nobel Prize in Physiology and Medicine in 2003. Later, in a series of
four publications in 1982, Wiithrich et al. [W(ith1982; Wagn1982; [Bill1982;
enhanced 2D and multidimensional NMR techniques to outline
a framework for protein structure determination, which led to the Nobel
Prize in Chemistry in 2002.

The amount of Nobel Prizes for the investigation and improvement of dif-

ferent NMR techniques show the importance and strength of its measure-
ment methods. From this time on, NMR measurements and MR imaging
spread in all kinds of different directions. All the works mentioned above
contributed decisively to the development of modern MRI and paved the
way not only in diagnostics and therapy in medicine but also in other scien-
tific fields, such as chemical engineering [Glad1999; (Glad2003];|(Glad2017]
and especially membrane filtration science [Chen2004a; Chen2004b;
Li2017]. This chapter summarizes the milestones in NMR history and elu-
cidates the importance of MRI in membrane filtration processes. All dis-
cussed achievements are listed chronologically in Figures [3.1]to 3.2] In
contrast to the arrangement of the publications in the mentioned figures,
this chapter presents them thematically sorted.
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1938

Rabi et al. demonstrate that
molecules in a magnetic field emit
radio waves at a specific frequency.

1951

Suryan reports flow measurements by
altering NMR signals when saturated
spins are replaced due to flow.

1973

Lauterbur publishes the first MR image
in Nature. He uses multiple measured
NMR signals to conduct a 2D-image.

1982

Wiithrich et al. enhance NMR
techniques to outline a framework for
protein structure determination.

1989

Pangrle et al. analyze velocity
distributions in inlet and outlet in
hemodialyzers using spin-echo imaging.

1992

Donoghue et al. visualize cell
growth in dialyzers using a
diffusion damping pulse-sequence.

1995

Yoo et al. investigate flow profiles
and polarization layers in hollow
fiber membrane modules.

1997

Yao et al. investigate the fluidity

of polarization layers using

chemical shift selective flow imaging.

1998

Airey et al. study concentration
polarization phenomena on colloidal
silicia suspensions using micro-imaging.

1985-1938

1995-1986

2000-1996

Milestones in NMR history

1946

Bloch et al. and Purcell et al.

are the first to detect NMR
signals of a condensed medium.

1966

Ernst et al. develop Fourier-
transform spectroscopy for a higher
resolution and faster measurements

1973

Mansfield et al. introduce a new and
faster method to localize the NMR
signal using pulsed sequences.

1990

Hammer et al. and Heath et al. enhance
pulse sequence for quantifying flow in
hollow fiber bioreactors.

1992
Pangrle et al. measure laminar flow
in porous tube and shell systems.

1995

Zhang et al. compare flow behavior in
hemodyalizers via magnetic resonance
fourier-transformation velocity imaging.

1996

Pope et al. research concentration
polarization layer thickness of oil-
water emulsions using micro-imaging.

1998

Laukemper-Ostendorf et al. analyze
flow distribution in spacer-filled hemo-
dialyzers using a spin-echo velocity-
encoding and -compensated sequence.

Figure 3.1: Publications dealing with MRI in membrane filtration processes from
1938 to 2000. Milestones in NMR history are marked in gray.
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2002

Hardy et al. investigate
the local ultrafiltration
rate in hemodialyzers.

2004

Osuga et al. use contrast
agents to investigate flow
distribution in hemodialyzers.

2010

Creber et al. investigate

fouling and cleaning processes
with reverse osmosis membranes.

2011

Buetehorn et al. measure
local permeate flux and cake
layer growth in hollow fiber
membrane modules.

2014

Yang et al. analyze influences of
packing density and spacers on
hollow fiber membrane performance.

2015

Fridjonsson et al. demonstrate
the use of Earth’s field NMR to
investigate early-stage Biofouling
in spiral wound modules.

2017

Arndt et al. investigate time-
dependent alginate cake layer growth
during inside-out, constant pressure
experiments in ceramic hollow fibers.

2018

Wiese et al. study flow

in sub-millimeter scale in meandering
channels incorporated with staggered
herringbone structures.

2003

Poh et al. investigate the influence of
inserted spacer yarns and installed
flow baffles in hemodialyzers.

2008

Von der Schulenburg et al.

analyze spiral wound modules regarding
the spatial biofilm distribution with
several imaging sequences.

2010

Amar et al. present the FLIESSEN
pulse sequence for fast imaging
and shear rate analysis.

2011

Culfaz et al. identify concentration
polarization and layer formation for
diffently charged particles in
microstructured membranes.

2015

Weerakoon et al. use Gd-DTP

as a contrast agent in hemodialyzers
for flow distribution studies in contrast-
enhanced spin-echo T1 weighted MRI.

2016

Arndt et al. analyze the effects of
MIONs and different flow regimes
on sodium alginate fouling using
MSME imaging and FLOWPC.

2018

Nybo et al. investigate
flow velocity maps in
medical conncetors.

2018

Luelf et al. measured
twisted tri-bore fibers
that induce vorticity.

Figure 3.2: Publications dealing with MRI in membrane filtration processes from

2001 to 2018.
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2018

Schuhmann et al. used compressed
sensing RARE imaging to increase
time resolution drastically in alginate
fouling behavior studies in ceramic
hollow fiber membranes.

2018

Ujihara et al. investigate the setup

of spiral wound modules inside a
pressure vessel using Earth’s field MRI.

2019

Schork et al. investigate deposition
layers during skim milk filtration in
ceramic hollow fiber membranes.

2019

Wypysek et al. observe layer built-up
and particle deposition in
multichannel polymer membranes.

2020

Schopf et al. characterize the structure
of deposit layers during skim milk
filtration in ceramic hollow fibers.

2021

Schork et al. characterize alginate
deposits in membranes with a helical
ridge using compressed sensing MRI.

2021

Yan et al. investigate the interplay of 400
hollow fiber membranes within one
module regarding fouling and cleaning.

2021

Baitalow et al. visualized flow
distribution inside a mini-module with
built-in sinusoidal corrugation.

2018

Schork et al. study alginate fouling
and cleaning processes in
dead-end filtration in ceramic
membrane modules.

2019

Wiese et al. analyze microgel fouling
on membranes with a helical 3D
surface to minimize

concentration polarization.

2019

Schuhmann et al. use alginate
fouling to characterize flow in
multichannel polymer membranes.

2020

Zargar et al. use 2>Na MRI to analyze
desalination processes in RO
membranes.

2020

Bristow et al. study alginate
fouling in spiral wound modules
inside of pressure vessels.

2021

Bristow et al. observe fouling in spiral
wound reverse osmosis membrane
Modules at industrial cross-flow rates.

2021

Wypysek et al. analyze initial wetting
behavior in multichannel membranes
with different packing densities.

Figure 3.3: Publications dealing with MRI in membrane filtration processes from

2018 to 2021.

39




Chapter 3. Literature Review

3.1.1 Flow investigation and oil and silica fouling
analysis in polymeric hollow fiber modules

Beginning in the early 1990s, two of the first studies to successfully com-
bine MRI and membranes was performed by Hammer et al.
and Heath et al. [Heat1990]. They further develop two-dimensional Fourier
transform imaging sequences for quantifying flow in hollow fiber bioreactors
and analyzed multiple fibers in a membrane module and saw channeling ef-
fects on the shell side of the membrane. Prangle et al. followed
by measuring and analyzing laminar flow in porous tube and shell systems.
To characterize concentration polarization and deposit layers and, thus,
draw conclusions about inhibiting factors during filtration, *H NMR micro-
imaging was used later in the 1990s by the working group around Yao,
Pope, and Fane [Yao1995aj;[Yao1995bj [Yao1997|;[Pope 1996}, |Aire1998].
Yao et al. observed flow profiles and polarization layers in
hollow fiber membrane modules containing five or 15 membranes sealed
into a glass tube. As expected, parabolic flow profiles developed in each lu-
men channel showing good agreement of set volume flow rates and those
obtained from MRI measurements. The denser-packed membrane module

showed channeling on the shell side and, thus, an uneven flow distribution
which can lead to performance and efficiency losses. Figure shows
chemical shift selective images of the filtration of the oil-water emulsion
in a module containing five fibers. Yao et al. showed that it
is possible to visualize only the oil phase (Figures (a) to (c)) or the
water phase (Figure [3.4] (d)), respectively. A layer of oil surrounded each
membrane from the outside, which thicknesses were pressure dependent.
Additionally, the authors recognized high swelling of the membranes during
filtration experiments with the oil-water emulsion. Pope et al.
and Airey et al. continued the work of Yao et al. [Yao1995a].
While Pope et al. investigated fouling layer thicknesses of oil-water emul-
sions, Airey et al. studied colloidal silica suspensions; both investigated
a tubular polypropylene membrane with a bigger diameter using chemical
shift selective micro-imaging. Pope et al. saw an increase in oil
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Figure 3.4: Chemical shift images of the oil polarization layer dependence on feed
pressure and flow rate. Oil images obtained for (a) 2.9kPa or 1.38 mLmin-', (b)
4.5kPa or 2.10mLmin~", (c) 7.6kPa or 3.75mLmin~"!, respectively. (d) Water
image corresponding to the intermediate pressure head value. Slice thickness
1 mm. Adapted from Yao (1995) [Yao1995a] with permission of Elsevier.

concentration polarization layer thickness on the inside of the membrane
with increasing filtration time and, thus, a decreasing permeate flux. More-
over, a lower signal intensity within the membrane suggested oil droplets
enter the membrane and cause internal fouling. The authors calculated the
oil polarization layer thickness over time based on a pixel-by-pixel analysis
of the obtained MR images. The averaged thickness increased exponen-
tially during filtration and reached steady-state after three hours of filtration.
Additionally, fitting the measured polarization layer thicknesses with a mass
transfer-polarization model led to a good agreement between observed flux
and flux predicted by Brownian diffusion. Thus, Brownian diffusion was
found to be the prevailing back-transport mechanism in this filtration setup.

Airey et al. investigated the formation and dissipation of con-
centration polarization phenomena of colloidal silica suspensions. The au-
thors found linearly decreasing T;- and T,-relaxation times with an increase
in silica suspension concentration. Thus, it is possible to measure silica
concentrations online and in-situ in MR images using a suitable calibration
curve. Figure [3.5shows cross-sectional intensity images of the membrane
module before (Figure (a) and after (Figure (b)) flow of the silica
suspension was turned on. A highlighted circle on the membrane’s inner
side can clearly be seen in Figure (b). Additionally, the peaks in the
signal intensity profile close to the membrane wall in Figure (d) con-
firm the possibility of visualizing silica polarization layers. These peaks are
not visible in the intensity profile before the silica suspension filtration in
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Figure 3.5: 2D cross-sectional T;-
weighted 'H spin density images ob-
tained from the tubular membrane mod-
ule approx. MR images (a) before and
(b) after flow of colloidal silica feed sus-
pension was turned on. Profiles of the
signal intensity along a horizontal line
through the centers (c) before and (d)
after filtration of the silica suspension.
| Adapted from Airey (1998) [Aire1998]
with permission of Elsevier.

Figure (c). In this study, the thickness of silica polarization layers was
highly non-uniform. A thick deposition layer of silica particles on the bot-
tom side of the membrane (bright shade, Figure (b)) gives a hint that
gravitational forces influenced the fouling process under these conditions.
Based on the previous studies, Airey et al. and Yao et
al. [Yao1995b; Yao1997] investigated the fluidity of polarization layers.
While Airey et al. analyzed colloidal silica particles, Yao et al. looked fur-
ther into oil-water emulsions. Airey et al. saw a discontinuity in
the velocity profiles between the feed and silica layer. There was a sig-

nificant axial flow inside the particle layer up to half of the layer thickness.
Contrary, Yao et al. [Yao1995b| Yao1997] recognized a rather stationary
polarization layer within the measurement error. This shows that the fluidity
of polarization layers is highly dependent on the composition of the foulant.

In contrast to the studies mentioned above, Buetehorn et al.
applied MRI to visualize and measure the distribution of local permeate

flux and local silica cake layer growth in a hollow fiber membrane mod-
ule in outside-in mode that was placed vertically in an MRI system. Thus,
the effect of gravitational forces influencing the filtration process was neg-
ligible in this study. The authors found a position-dependent behavior of
the permeate (lumen-sided) velocity: the further away from the position of
the module’s outlet, the lower the measured velocities. Additionally, an in-
crease in average permeate flux caused the maximum velocity to increase
linearly. This linearity showed that the lumen-sided pressure loss is lower
than the pressure loss through the porous structure. They found a faster
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cake layer growth at the beginning of the filtration that slowed down with in-
creasing filtration time, caused by varying transmembrane pressures (TMP)
over time. The TMP grows exponentially with increasing cake layer thick-
ness. Buetehorn et al. also investigated cake growth for differ-
ent positions in the membrane module. They found thicker cake layers at
the outlet position during the entire filtration time than at positions further
away from the outlet. It seems that the cake growth started next to the out-
let position (active permeate extraction point) and continued growing away
from that point. After fouling of the membrane, the authors successfully
applied a shell-sided air bubbling to remove the cake layer and restore the
membrane’s performance.

Culfaz et al. used the same experimental setup and MRI pulse
sequences as Buetehorn et al. to investigate the influence of
differently charged particles on the deposition behavior on self-made hol-
low fiber membranes of two shapes, round and structured [Culf2010]. The
membranes were operated in constant flux filtration and backwashing ex-
periments. MR images of the fouling behavior over filtered permeate vol-
ume of round and structured hollow fiber membranes can be seen in Fig-
ure[3.6] With increasing filtered permeate volume, the resistances for both
round and structured fiber increased as well. However, the increase in re-
sistance for the structured fiber was greater than that of the round fiber
for all fluxes and particle concentrations measured. In the case of the
Bindzil filtration, a continuous, homogeneously distributed cake layer with
the same thickness for the round and the structured membrane grows on
the outer surface. In the Ludox filtration case, the cake layer grows sym-
metrically on the round fiber, while on the structured fiber, the grooves are
filled first, and the fins are hardly covered with particles. The authors ex-
plained the different deposition behavior by unequal particle concentrations
in the cake layer resulting from differences in back diffusion. While Bindzil
particles formed a smaller but highly concentrated cake layer, Ludox parti-
cles formed a larger and looser cake layer. Due to the high resistance in
the Bindzil cake layer, the permeation started to self-regulate earlier and
caused a homogeneous cake layer thickness. However, the Ludox parti-
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cles were trapped at the bottom of the grooves due to the low resistance of
the cake layer, causing a delayed self-regulation permeation and a reduced
back diffusion.

(b) (d)

N
S
=
o

Figure 3.6: Particle deposition on structured and round fibers at 70 LMH with
0.1 wi% Ludox and Bindzil sols. Images are from filtered permeate feed
V; = 0.01 (a), 0.02 (b), 0.04 (c), and 0.06 m3*/m? (d). Adapted with permission

from Culfaz [Culf2011]. Copyright (2011) American Chemical Society.

All above-mentioned phenomena occurred in a membrane module con-
taining one multibore membrane or in a membrane module with low packing
density. For understanding underlying hydrodynamic effects, the investiga-
tion of one multibore membrane is a suitable approach. However, indus-
trially relevant membrane modules consist of several hundred membranes.
Yan et al. monitored highly-packed ultrafiltration membrane mod-
ules consisting of 400 hollow fiber membranes and analyzed velocity fields
and fouling inside individual fibers using benchtop MRI. Figure shows
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the UF module’s velocity maps (a) before and (b) after fouling with an algi-
nate solution and (c) after cleaning with an acetic acid solution.
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Figure 3.7: MRI velocity images of a UF module (a) before fouling, (b) after
fouling, and (c) after cleaning with a acetic acid solution. Adapted from Yan
(2021) [Yan2021] with permission of Elsevier.

MRI measurements revealed that even before the filtration of alginate,
only 91 % of the fibers participated in pure water filtration. Also, that the
membrane module cannot be recovered after chemical cleaning. The num-
ber of active fibers decreased to 73 % after fouling and increased to 79 %
after cleaning. The irreversible membrane blockage is favored by poor ac-
cessibility resulting from channeling and by-passing effects of the single
hollow fiber membranes.

This section summarized how MRI measurements were implemented in
the field of membrane filtration processes and revealed its possibilities. The
information gained from these measurements, like cake and polarization
layer thicknesses, flow distributions, swelling of membranes, and the be-
havior of different foulants, leads to a better understanding of simple mem-
brane processes and underlying physical phenomena and helps to optimize
them in the future in terms of process conditions and materials used.
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3.1.2 Flow investigation and sodium alginate fouling
analysis in ceramic hollow fiber modules

This section condenses methods and possibilities for using MRI with re-
gard to other types of membranes and foulants than in the previous sec-
tion, which again leads to a better understanding of filtration processes and
elucidates the behavior of fouling layers: dense, compressible gel layers
and reversible, loose, and fluffy layers. The working group around Arndt
et al. [Arnd2016];/Arnd2017], Schork et al. [Scho2018], and Schuhmann et
al. investigated filtration processes of sodium alginate in verti-
cally placed ceramic hollow fiber modules. In all the studies, similar mem-
branes made of Al,O; were used. A sodium alginate solution was used
as a model foulant. To investigate the influence of gel layer buildup, CaCl,
was added to the fouling solution; the solution without CaCl, resembled a

concentration polarization layer structure. Additionally, magnetic iron oxide
nanocrystallites (MIONs) were added to the feed to increase the contrast in
the MR images. In one of their latest studies, the groups around Schork et
al. and Schopf et al. investigated deposition layers
during skim milk filtration.

Arndt et al. performed inside-out dead-end and cross-flow
experiments to analyze the effects of the contrast agent and different flow
regimes. The images before and after filtration without the addition of
MIONs resemble each other. In contrast, the addition of MIONs makes
it possible to distinguish between alginate layer and bulk solution, as MION
particles accumulated at the surface of the gel layer. Thus, it was possible
to conclude layer thicknesses and the composition of the layer. The au-
thors claimed that in the presence of Ca?*, the layer was dense enough
and formed a gel layer that hindered particles from penetrating the layer.
These findings are in agreement with filtration data linked to the cake-
filtration model. In-situ flow measurements during cross-flow mode showed
a significant difference in flow profiles. The flow velocities in a membrane
fouled with calcium ions increased since a dense layer was built on the
membrane’s inner surface (approx. 0 mms=' gel layer velocity) leading to a
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decreased inner diameter of the membrane. This behavior was not visible
for the membrane fouled without calcium ions, which performed like a new
membrane.

The subsequent study of Arndt et al. focused on time-
dependent cake layer growth during inside-out, constant-pressure exper-
iments. Flow during dead-end filtration and cake layer thicknesses during
cross-flow filtration were measured. To achieve industrial relevant cross-
flow velocities, the authors utilized MRI outflow effects to increase the con-
trast and visualize cake formation. The results showed an increase in cake
layer thickness for both solutions, in the presence and the absence of Ca?*
ions during filtration. Yet, the increase was significantly higher for the fil-
tration without Ca?*. However, in the absence of calcium ions, the fouling
layer formed a loose and fluffy structure increasing the permeation flux. In-
vestigating the fouling mechanisms revealed a dense gel layer formation for
filtration in the presence of Ca?*, whereas in the case without Ca?*, a de-
viation from a linear trend was observed indicating other influencing factors
such as pore blocking and adsorption phenomena. These fouling mech-
anisms also influenced the flow profiles inside the membrane, shown in
Figure[3.8] With increasing filtration time, the maximum velocity decreases
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Figure 3.8: Dead-end filtration (a) with Ca?* and (b) without Ca?*. Data points
were obtained from MRI measurements. Lines visualize the velocity profiles ac-
cording to the Hagen-Poiseuille equation. Adapted from Arndt (2017) [Arnd2017]
with permission of Elsevier.
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for both cases. In the case of filtration with Ca?* (Figure (a)), the flow
profiles develop as laminar (tubular) flow and meet the predicted profiles
(lines). The channel’s width seems to decrease over time, which accounts
for a relatively stable layer with velocities close to zero. In the case of filtra-
tion without Ca>* (Figure [3.8| (b)), the velocity profiles deviate from the ones
calculated for simple laminar flow, and a stagnant region next to the mem-
brane wall is observable. These phenomena support the interpretation of
a fluffy and more loose structure. In cross-flow experiments, the high ve-
locities (and, thus, shear rates) are the reason for thinner cake layers. The
authors saw only little fouling in the absence of Ca?*, which again indicates
the development of a fluffy, unstable concentration polarization layer rather
than a dense gel layer.

In a next step, Schork et al. [Scho2018] looked at dead-end fouling pro-
cesses and subsequent backwashing and flushing steps to regenerate
the membrane. Figure shows MR images with (Feed A) and without
(Feed B) Ca?* for the different process steps. Figures (a;) and (by)
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Figure 3.9: MRl images at different filtration steps of Feed A (with Ca®") and Feed
B (without Ca?") for the first four process steps. (ai/b;) before filtration, (a,/b,)
after 20 min dead-end filtration, (as/bs) after backwashing, (as/b,) after flushing.
Adapted from Schork (2018) [Scho2018] with permission of Elsevier.

show the reference state before the filtration. In the presence of Ca’*, a
compact and round fouling layer built up, whereas, in the absence of cal-
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cium ions, a loose and fluffy structure developed (Figures[3.9|(a,) and (b,)).
After applying the backwashing flux (Figures (az) and (bs)), the differ-
ence in cake layer composition became clear. Figure [3.9 (a3) reveals a
gel-like layer in the presence of calcium ions that still sticks partly to the
membrane surface. This layer was removed during the flushing step. How-
ever, incomplete backwashing was visible over two subsequent filtration
cycles. Contrarily, the loose concentration polarization layer that built up in
the absence of Ca?* ions could be removed (Figure (b3)) and flushed
away (Figure[3.9](b4)) entirely after the first cycle so that the membrane was
regenerated completely. However, after two subsequent filtration and back-
washing cycles, the layer could not be removed anymore. In conclusion,
for the chosen imaging slice and the applied conditions, the regeneration
of the membrane filtered without calcium ions was more successful.

Schuhmann et al. extended the earlier work on alginate foul-
ing behavior characterization by increasing the time resolution drastically.
During in-situ dead-end inside-out filiration experiments, the same behav-
ior for filtration experiments with and without calcium ions was observed.
Cake layer growth in the lumen was analyzed quantitatively, exploring the
membrane’s symmetry. Modeling the intensity of these measurements led
to similar observations of different fouling mechanisms as in the studies be-
fore: a gel-like, compressible layer was obtained for the filtration with Ca?*
and a reversible, fluffy, loose concentration polarization layer for the filtra-
tion without Ca?*. The authors also observed fouling along the membrane’s
length. Gel layer formation experiments revealed a small increase in time
and position toward the permeate outlet. This increase was also visible
for concentration polarization measurements. However, the increase was
much more pronounced, and the layer thickness at the position closest to
the outlet is approx. eleven times higher than that of the gel layer.
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3.1.3 Flow investigation and sodium alginate and silica
fouling analysis in polymeric multibore membrane
modules

The techniques mentioned above are also adaptable for polymeric multi-
bore membranes. Multibore membranes consist of several lumen channels
embedded in one porous support structure. Due to their special geometry,
these membranes behave differently compared to hollow fiber membranes.
MRI makes it possible to analyze flow distributions inside such membranes
and helps to understand flow phenomena online and in-situ. Schuhmann
et al. and Wypysek et al. analyzed flow distribu-
tion and fouling behavior in a membrane system containing one multibore
membrane with seven lumen channels.

Schuhmann et al. performed inside-out dead-end measure-
ments using pure water and an alginate solution as a model foulant. Fig-
ure [3.10] illustrates cross-sectional MR intensity images obtained during
filtration without (top row) and with (bottom row) calcium ions in the feed
solution. A concentration polarization layer developed during filtration with-
out calcium ions, increasing with filtration duration, which can be seen by
the decreasing signal intensity in the whole lumen channels’ cross section.
At the end of filtration, the deposit was located in the entire lumen area.
The central channel seemed less fouled compared to the outer channels.
One explanation for this finding is the higher mass transfer resistance due
to the longer pathway of the middle lumen channel towards the shell side. A
dense gel layer was formed during the filtration in the presence of calcium
ions with increasing thickness over filtration time (decreasing signal at inner
lumen wall). However, the layer stays stable and does not cover the whole
lumen cross section. With this filtration mechanism, no significant differ-
ence in fouling in the different channels is observable. However, for both
filtration solutions, the highest velocities and volume flows were measured
for the center bore, showing that the velocity distribution between the differ-
ent bores is uneven. Besides the uneven flow distribution, the authors saw
regions with hardly any NMR signal marked by the dark blue spots in the
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Figure 3.10: MRIs (intensity images) of an aqueous solution of sodium alginate
without Ca?* (a) after 2 min 25 s, (b) after 29 min 26 s, (c) after 43 min 35 s and
with Ca?* (d) after 4 min 44 s, (e) after 24 min 45 s, and (f) after 51 min 39 s
filtration time. Adapted from Schuhmann (2019) with permission of
Elsevier.

porous structure between the outer lumen channels (see Figures[3.10|(a) to
(c)), which may arise from not fully wetted membranes prior to the filtration
process. Especially micro- and ultrafiltration membranes are impregnated
with a pore-stabilizing agent, which is located in the membrane’s porous
structure after their production. This agent has to be removed before the
filtration task to assure a maximal performance of the membrane.
Wypysek et al. investigated multibore membranes with pure
water and a colloidal silica suspension as a model foulant. Figures[3.11](a.i)
to (c.i) show MR images of fouling with silica particles and two subse-
quent backwashing steps with corresponding velocity measurements in
Figures (a.ii) to (c.ii). After fouling experiments in dead-end mode,
MR images show blocked bores on the bottom of the membrane indicated
by dark regions (channel 3, 4, and 5). Channel one, two, and six seem to
be free at all at the measured position. However, taking the velocity images
into account, no fluid flow could be detected in channel two. This hints at a
blockade at a position closer to the inlet. In contrast, channel one shows the
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Figure 3.11: (.i): Images showing the deposition of silica particles after filtration
and after two subsequent backwashing steps. (.ii): MRI velocimetry after silica
dead-end filtration and after two subsequent backwashing steps.

highest velocities of more than 100 mms-' in the measured cross section,
while channel six shows medium velocities of about 50 mms-!. This het-
erogeneous fouling behavior negatively influences filtration performance.
After one backwashing step, the MR image shows a nearly fully recovered
membrane. Yet, velocity images again show that some channels are still
blocked. Even the second backwashing step with a higher backwashing
flux could not restore the conditions of a new membrane. In other exper-
iments, fouling in cross-flow mode showed particle deposition on the top
right corner in each channel with increasing thickness during filtration. The
reason for this is the position of the permeate outlet that leads to higher
drag forces within this region. This study emphasized that only the com-
bination of MR images and velocity maps fully reveals the hydrodynamic
properties in such kinds of membranes.

Some of these phenomena can be explained by the pure water, inside-
out dead-end permeation measurements depicted in Figure (a) for
the axial and (b) for the radial velocity distribution. The highest shell side
axial velocities are located in the middle at the largest distance between
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Figure 3.12: MRI of pure water dead-end permeation. (a) Axial and (b) radial flow
patterns. Development of secondary radial flows on the shell side and directed
flow in the lumen channels.

the whole membrane and the shell wall. A parabolic flow profile develops
in every lumen channel. However, the total maximum velocities differs for
different channels. Thus, the channels are not contributing equally to the
filtration process.

Looking at the radial velocities, a secondary flow field develops on the
shell side directed towards the largest distance between membrane and
shell wall. Also, velocities in all lumen channels point in one direction.
These velocities introduce drag forces and may influence the deposition
of particles. Inside the porous membrane structure, the highest velocities
are between two lumen channels, being the path of least resistance.

Backwashing with pure water shows that the flow preferentially enters the
membrane from the bottom side and then reaches every lumen channel.
However, the flow distribution is uneven between different lumen channels,
which can influence the backwashing efficiency.

3.1.4 Measures preventing concentration polarization
and fouling

The studies above explained and visualized challenges in operating mem-

brane filtration processes like fouling and concentration polarization in sev-

eral material systems. This section deals with modules and membrane
geometries to tackle these problems. An enhancement in filtration perfor-
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mance is typically measured by an increase in flux. Often, the reasons for
the enhanced flux cannot be clarified entirely. Online and in-situ measure-
ments via MRI can reveal hidden phenomena.

Wiese et al. studied flow at the sub-millimeter scale in a
3D-printed, meandering channel reactor with incorporated staggered her-
ringbone structure (herringbone: height 2 mm, width 0.75 mm). For shear
rate analysis, a three-dimensional expansion of the FLIESSEN
pulse sequence was used. Figure shows different MR imaging slices
of the herringbone structure for velocity and shear rate distributions and
comparisons to CFD simulations. Figure (a.i) reveals that a wave-like
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Figure 3.13: (a) Measured 2D velocity maps above (a.i) and within (a.ii) the her-
ringbone structure. (b.i)) Measured and (b.ii) simulated 2D velocity maps in height
direction for the cross-sectional view. (c.i) Analytically derived and (c.ii) simulated
shear stress patterns alter depending on tip orientation. Adapted from Wiese

(2018) [Wies2018a] with permission of Elsevier.

velocity profile developed above the herringbone structure that changed
periodically due to the height differences in this structure. This variation of
higher and lower velocity magnitudes enhances mixing effects. The velocity
distribution within the grooves of the structure (Figure [3.13|(a.ii)) was rather
chaotic, as described by Stroock et al. [Stro2002]. Especially, velocities per-
pendicular to the main fluid flow emerged, which favor mixing in the fluid
channel and, thus, reduce polarization effects. These transversal veloci-
ties, which were caused by small, local pressure differences, can be seen
in Figure (b.i). Here, upward and downward velocities were plotted
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from which a vortex buildup can be recognized. The vortex center is at the
position where negative velocities meet positive velocities. Figure [3.13](c.i)
shows measured shear stress patterns. These patterns occurred above
the herringbone grooves and the channel surface and depended on the
herringbone tip orientation. The alternating patterns enhanced mixing in
the channel and, thus, increased the overall mass exchange. The obtained
MRI results are in good agreement with an accompanying CFD study (Fig-
ure [3.13] (b.ii) and Figure [3.13] (c.ii)) [Wies2018a].

Luelf et al. fabricated twisted tri-bore fibers to introduce vor-
ticity during filtration processes and with that decrease concentration polar-
ization and fouling. Figure [3.14] (a) depicts axial, and Figures [3.14] (b) and
(c) radial velocity components measured by MRI.
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Figure 3.14: Cross-sectional view of the polymeric helical tri-bore hollow fiber re-
sulting from flow-MRI. (a) Axial velocities. Radial velocities in (b) x- and (c) y-
direction. Adapted from Luelf (2018) [Luel2018] with permission of Elsevier.

The membrane itself is visible in the axial velocity image (Figure[3.14](a)).
Parabolic flow profiles were visible inside the lumen channels and the shell
side. Transversal velocities can be seen in Figures (b) and (c). Due
to the twisted geometry, regions with a counter-movement of high radial
flow in the shell and on the lumen side occurred. These phenomena cause
mixing and, thus, enhance mass transfer during filtration.

Wiese et al. also investigated a membrane that introduces
secondary flows. In contrast to the previously mentioned study, this study
investigated a straight, tubular membrane with a double-helical structure on
the inside and compared it to a membrane without the internal helical struc-
ture. MRI data of cross-flow inside-out filtration experiments were a basis
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to explain classical filtration data. A microgel solution was used as a model
foulant for soft colloids. Fouling of these colloids followed the 'gel model’
and suggested an approx. 50 % higher mass transfer coefficient and a
twice as high steady-state flux for the membrane with helical structure than
for the membrane with a regular surface due to the mixing effect caused
by the Helix. These mixing effects in the Helix membrane are shown in
Figures[3.15(a.i) (longitudinal slice) and (a.ii) (cross section). Velocities to-
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Figure 3.15: Flow-MRI of the y-velocity in a (a.i) Helix and (b.i) Regular mem-
brane module at Re = 1000. Enhanced back transport of fluid from the membrane
toward the bulk phase. (a.ii) and (b.ii): Vortex formation in dependence on a dou-
ble Helix showing the huge impact of a 0.5 mm thick Helix surface patterning.
Vortices turn along with the double Helix favoring mixing. Adapted from Wiese

(2019) [Wies2019] with permission of Elsevier.

ward and away from the membrane can be seen that were up to eight times
higher in the Helix membrane than in the Regular membrane. Particles that
flow toward the membrane are redirected into the bulk phase again and,
thus, fouling is reduced. An additional swirling flow can be seen in cross
section measurements (Figures [3.15| (a.ii)), which changes in dependence
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on the Helix position and enhances mixing. This swirling flow diminishes
along the axial position with increasing distance from the inlet. In compari-
son, no mixing was visible for the Regular membrane. Evaluated flow-MRI
measurements during microgel fouling at Re = 1000 at three positions in-
dicate more severe fouling in the second part of the Regular membrane. In
contrast, no significant flux penalty for the Helix membrane was observed.
It is worth mentioning that in classical filtration experiments, both mem-
branes performed similarly at low Reynolds numbers. However, flow-MRI
measurements showed a huge difference in fouling behavior, emphasizing
that only the combination of classical filtration and MRI experiments com-
pletely unravels all phenomena.

Schork et al. analyzed the same Helix membrane in alginate
cross-flow filtration measurements and found an increasing fouling layer
with increasing filtration time. A gel layer formed on the inside of the mem-
brane in the presence of CaCl, that formed a highly irregular structure in
the bulk phase after a backwashing flux was applied. As the gel layer was
still attached to the inner membrane wall at some positions, the reversibility
of the filtration process was not given in the studied operating conditions.

Membrane modules in industrial processes are equipped with more than
one membrane. Hence, another option to increase shear rates and vorticity
is to alter the membrane’s outer geometry in highly packed modules. For a
membrane distillation process, Yang et al. analyzed four kinds
of membrane modules: a randomly packed module with straight hollow
fibers, a module with straight hollow fiber membranes knitted into a spacer
structure, a module with curly-fiber membranes, and a module with half
curly fibers and half straight fibers. The flow in the curly membrane mod-
ules and the spacer knitted resulted in higher transverse velocities, better
mixing, and filtration performance than in the randomly-packed one.

3.1.5 Analysis of medical products

While studies in the previous sections dealt with self-made modules and the
analysis of fundamental fouling and hydrodynamic phenomena, this section
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summarizes studies with commercially available products. Even commer-
cially available products sometimes suffer from bad flow distributions and
consequently a reduced filtration performance. MRI can help to find weak-
nesses and, thus, help optimize membrane modules.

Hemodialysis - Flow distribution in hemodialyzers MRI can be used
in different medical applications. One big field of application is the analysis
of hemodialyzers. Hemodialyzers are membrane modules consisting of up
to several thousand polymeric hollow fiber membranes for the removal of
toxins from the human blood. Typically, they are operated in counter-current
cross-flow mode with blood inside the membranes and a dialysate solution
on the shell side. The higher the uniformity of fluid distribution on the lumen
and shell side, the better the removal of toxins and the better the prediction
of dialysis processes.

Pangrle et al. analyzed a Fresenius F80 dialyzer module in
‘closed-shell’ mode for different Reynolds numbers using MRI to obtain ve-
locity distributions for the inlet and outlet sections at which the membranes
are potted into the housing. The authors found a maldistribution through-
out the module, which hinders toxin removal. At the inlet, the fluid flowed
through the center part, whereas at the outlet, the flow moved to the outer
membranes with only little flow through the central membranes. Donoghue
et al. used the same dialyzer to visualize cell growth inside
such a module successfully.

Zhang et al. improved the previously mentioned measure-
ments by imaging flow distributions in the shell and lumen side simultane-
ously. They compared three dialyzers with different packing densities with
each other (CA170, Baxter; CT190, Baxter; and F60A, Fresenius). The
flow distribution in all three dialyzers was relatively uniform inside the lu-
men channels in the whole cross section. In contrast, the flow distribution
on the shell side was not uniform and skewed to higher flow rates. The
authors reported no clear trend regarding the different packing densities of
the dialyzers.
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Laukemper-Ostendorf et al. analyzed two model dialyzers -
one with and one without textile fibers as spacer yarns in between the
hollow fiber membranes. Figure [3.76] depicts the flow distributions on the
shell and lumen sides in these dialyzers. Due to the different packing den-
sities, the shell-sided flow in the module with textile fibers (bottom) was
much more homogeneously distributed (left) and narrowed (right) than in
the module without spacers (top). Also, the authors found that due to
swelling of the membranes in the potted area, the membranes’ inner diame-
ter decreased. Thus, the lumen velocity increased, influencing the filtration
behavior.
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Hardy et al. investigated a whole hemodialyzer system (SYN-
TRA 160, Baxter) with counter-current flow in the lumen and shell sides to
analyze the aforementioned back-filtration processes. They succeeded in
measuring the local ultrafiliration rate in hemodialyzers. The authors es-
timated a uniformly decreasing ultrafiltration rate in accordance with the
TMP decreasing along the dialyzer. As the manufacturer only gives an av-
erage value for the whole module, this technique helps optimize dialyzers
and dialysis processes.

Poh et al. further analyzed these findings by investigating the influence of
inserted spacer yarns and installed flow baffles [Poh2003a] on
shell-sided flow. In agreement with previous findings, the flow distribution
was not uniform on the shell side, and channeling occurred in the periph-
eral region. However, spacer yarns between the membranes increased the
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uniform distribution on the shell side of the studied dialyzers. Additionally,
due to higher packing densities, the maximum velocities were higher, and,
thus, the removal of toxins was better. All analyzed baffles failed to provide
homogeneous flow conditions throughout the cross section.

Osuga et al. followed the approach of using contrast agents like Gd-
DTPA [Osug2004a] or heavy water [Osug2004b] to investigate the flow dis-
tribution on the shell side of hemodialyzers. Figure [3.17]shows MR images
of consecutive injection levels of a Gd-DTPA solution (black) into a dialyzer
filled with a dialysate solution (white). The lumen channels were closed so
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Figure 3.17: MRIs of central vertical section of the dialyzer after commencing the
injection of the Gd-DTPA solution. Injection levels of (a) 30 %, (b) 50 %, and (c)
85 % taken after 6.0, 10.0, and 16.0 s. Black region: Gd-DTPA solution, white re-
gion: saline. Adapted from Osuga (2004) [Osug2004a] with permission of Elsevier.

that only flow through the shell side was possible. Fluid motion was faster
at the peripheral area and decreased in velocity toward the center of the
module, symmetrically in the cross section with small non-uniformities and
channeling between the fibers. Subsequent flushing with dialysate solution
revealed that the Gd-DTPA-tracer was still present inside the hollow fibers,
although the inlet and outlet channels were closed. This back-filtration in
real dialysis treatments can force toxins to enter the bloodstream again,
which should be prevented. The authors obtained similar effects for ex-
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periments with heavy water [Osug2004b], which acts as a contrast agent.
However, they reported sedimentation of the heavy water as it flowed be-
neath the present dialysate solution due to higher density.

Weerakoon et al. [Weer2015|;, |Weer2016] also used Gd-DTPA as a con-
trast agent to analyze the blood compartment of hemodialyzers. The au-

thors stated a relatively uniform flow distribution over the cross section of
the measured dialyzers close to the blood inlet and a more heterogeneous
one close to the blood outlet. Additionally, they found a decrease in signal
intensity toward the outlet, indicating the enrichment of substances from
the inside toward the outside of the fibers.

Hemodialysis - Flow distribution in endotoxin adsorbers During dial-
ysis treatment, the use of sterile filters with the ability to adsorb endotoxins
has emerged in the last years. On the one hand, these filters pretreat the
water used for dialysis. On the other hand, they reduce the amount of en-
dotoxins, which increases the survival rate during dialysis treatment. Wiese
et al. investigated such a dead-end filter in an MRI study, per-
forming pure water filtration experiments and fouling measurements with
colloidal silica particles. Figure [3.18 shows pure water flow measurements
of the cross sections close to the inlet (Figure[3.18|(a.i)), next to the perme-
ate outlet (Figure (a.ii)), and a slice in perpendicular orientation (Fig-
ure (b)). The three flow baffles in Figures (a.i) and (a.ii) (white

30 12

[
o
N

[(a.i) (a.ii) “lib)
=< = Inlet
Z 20 &
5 ws Membrane I
£ % £
g wE 9 E
5 i Bl- 7
> > .
1 5 10 15 18 05 ?’“\Outlet
0 -
0 x-direction ox] 5120 x-direction [ox] 512 0 z-direction [ox] 256

Figure 3.18: Cross-sectional view of the z-velocity in the membrane filter (a.i) at
the inlet, and (a.ii) close to the outlet. (b) Longitudinal view of the total velocity.

Adapted from Wiese (2018) [Wies2018b] with permission of Elsevier.

area in the top part) that strengthen the housing of the membrane module
impact the inflow negatively. The main fluid flow was located in the mid-
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dle two sections, whereas a back-flow develops in the two outer sections.
This maldistribution affected the flow in the 18 permeate channels below
the membrane (different maximum flow velocities in the channels). Addi-
tionally, this maldistribution led to a dead zone forming in the first part of
the module (Figure (b)), and thus to a loss of effective filtration area
and a reduction in filtration performance. Figure [3.19shows the deposition
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Figure 3.19: Temporal evolution of cake layer formation on the membrane sur-
face. MRI shows the cross-sectional plane in the center of the membrane module.
Largest silica particle depositions seem to develop below the left and right baffles.

Adapted from Wiese (2018) [Wies2018b] with permission of Elsevier.

of silica particles on the membrane surface during filtration. The amount
of deposited particles on the membrane increased with increasing filtration
time, with stronger accumulations in the membrane center and below the
baffles. The deposition was not homogeneous over the whole membrane
area. A buildup of valleys and hills occurred caused by the maldistribution
of flow. Subsequent flow measurements showed a decreased permeation
and filtration performance. The only active permeate channels remaining
were the two outer ones.

Purification processes - Mixing in a mini ultrafiltration device To en-
hance the purification process of fermentation broths in, for example, the
medical industry Baitalow et al. [Bait2021] developed a mini-module with

62



3.1. Magnetic resonance imaging in membrane filtration processes

an embedded spacer structure in the feed channel to increase mixing ef-
fects, and, thus, decrease concentration polarization and fouling. MR im-
ages of pure water cross-flow experiments were taken to evaluate the final
product design: a module with sinusoidal corrugations on the feed side.
Figure (a) reveals the inner structure of the membrane module, and
Figure[3.20] (b) shows the in-plane velocity distribution with its magnification
in Figures (c.i) and (c.ii). High velocities are present in the corruga-
tions. These velocities were altering throughout the cross section. Thus,
these corrugations could be linked to a local velocity increase in radial di-
rection. Additionally, the magnification reveals vortex formation. This mixed
flow favors filtration behavior as concentration polarization effects are de-
creased.

Figure 3.20: (Flow-)MRI on
ambr crossflow module (a) re- (a)Feed channel with embedded structure

veals the inner structure of the | E
module, (b) shows high ra- e

00

. s - = '

dial velocities, and (c.) and Permeate
|0.5 mm Membrane

(c.ii) vortex formation in the si- channels 2 mm
nusoidal structured feed chan-
nel. Adapted from Baitalow
(2021) [Bait2021] with permis-

sion of Elsevier.

S
Radial velocity [mm s]

Connectors - Flow distribution in medical connectors All the above-
mentioned medical devices have to be connected to a flow setup. For this
purpose, several medical needleless connectors are available. Nybo et
al. [Nybo2018] investigated flow velocity maps inside six different types of
medical connectors. Every design has a unique flow distribution and com-
plex flow paths, with secondary flows developing throughout the connector.
This study demonstrates the strength of MRI that provides basic data for
further bacteria or colloid transport investigations. With this experimental
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data set, such connectors can be optimized, and CFD simulations can be
validated.

3.1.6 Analysis of forward and reverse osmosis modules

Desalination in membrane filtration is an essential process for drinking wa-
ter production. Two example processes are the so-called forward and re-
verse osmosis. In these processes, spiral-wound modules are often used
in which a grid structure serves as a spacer between two membrane lay-
ers [Bake2012]. Besides other membrane processes, forward and re-
verse osmosis suffer from fouling and scaling, especially biofouling. Sev-
eral research groups have focused on the investigation of biofouling us-
ing 'H NMR [Graf2008; |Creb2010;; |[Frid2015; |Ujihn2018; |Bris2020]. Re-
cently, 2Na NMR was presented as a method for analyzing desalination
processes [Zarg2020].

Von der Schulenburg et al. were the first to analyze spiral-
wound modules regarding the spatial biofilm distribution, the velocity field

inside the module, and the distributions of molecular displacement of trac-
ers in a lab cell, as well as in an industrial membrane module. They found
a decreasing active membrane surface area after biofouling and that it oc-
curred at spacer junctions (for comparison, see Figure [3.21). Little biofoul-
ing was enough to cause stagnant zones and a profoundly changing flow
field in experiments in a flow cell with spacer structures.

Creber et al. used the same flow cell to investigate fouling
and cleaning processes in spiral-wound membrane modules. Figure [3.21]
shows similar results as seen by von der Schulenburg et al. [Graf2008]:
even a little fouling had a large impact on the active surface area and
the flow field. Cleaning the membrane with a sodium dodecyl sulfate and
sodium hydroxide mixture showed a broadening effect of existing flow chan-
nels. It was not possible to remove the biofilm completely. However, clean-
ing at an early stage of biofouling seemed more efficient than cleaning a
fouling layer that had aged longer.
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Figure 3.21: The grid structure serves as a spacer between two membrane layers.
(a) MRI structural images of (i) an unfouled and (ii) a fouled flow cell. (b) MRI
velocity images of (i) an unfouled and (ii) a fouled flow cell. Adapted from Creber

(2010) [Creb2010] with permission of Elsevier.

Fridjonsson et al. presented an approach to investigate this
kind of early-stage biofouling and additionally evaluated cleaning efficien-
cies. The authors used Earth’s field NMR methods to detect biofouling in
commercial spiral-wound modules. With the NMR signal increasing under
operational conditions, detecting early-stage biofouling at any position of
the spiral-wound module was possible. This direct measurement technique
could also be applied during cleaning processes to reduce the amount of
chemicals used in industrial applications.

The setup of spiral-wound modules inside a pressure vessel was investi-
gated by Ujihara et al. [Ujih2018]. The authors succeeded in imaging the in-
side of a spiral-wound reverse osmosis module in a pressure vessel during
operation. Moreover, the authors enhanced the contrast between flowing
and stagnant water and could also locate the foulant using an Earth’s field
tomograph. This technique is much cheaper in operating and investment
costs than high-field systems. Although high-field MRI resolution is higher,
low-field imaging was sufficient to visualize the desired phenomena.

Bristow et al. used a high-field tomography system to look at
fouling at different positions in a spiral-wound module inside a pressure
vessel during filtration with a sodium alginate solution in two different con-
centrations. Directly at the module inlet, the highest heterogeneities and
channeling could be observed. The authors found a highly variable velocity
distribution after fouling experiments with the low concentrated solution at
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the inlet. In contrast, only small changes in the middle and at the end of the
module occurred. Furthermore, after filtration with the highly concentrated
solution, the flow was bypassed the membrane module, thus reducing the
module’s filtration performance significantly as the fouling was irreversible.

Zargar et al. proposed another approach to analyze the per-
formance of reverse osmosis processes. They did not investigate fouling
in membrane modules but rather the saline feed solution. In their proof of
concept study, the authors used 2Na nuclear MRI to measure the sodium
ion concentration inside the membrane and close to its surface. They suc-
ceeded in measuring the concentration polarization during desalination that
decreases the filtration performance. This is the next step to better predict
desalination processes, carry out simulations, or optimize them.

Bristow et al. improved earlier studies by first measurements
of spiral-wound membrane modules at industrially relevant cross-flow rates.
For their quantification, they used the phenomenon of increasing NMR sig-
nal with increasing sodium alginate fouling. They found higher fouling lo-
cated next to the membrane spacer sheet nodes, decreasing membrane
performance. Also, local flow channeling resulting from foulant accumula-
tion could be found, leading to a strongly altered flow field inside the mem-
brane module.
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4.1 Introduction

As mentioned in |Chapter 3: Literature Review, Schuhmann et

al. [Schu2019] and Wypysek et al. [Wypy2019] analyzed the hydrodynam-

ics in multibore membrane modules using magnetic resonance imaging.
However, unexpected flow phenomena occurred, and some open ques-

tions remain, such as the influence of small geometric deviations from the
ideal concentric membrane position on the lumen- and shell-sided flow con-
ditions. Schuhmann et al. hypothesized that the location of the membrane
in the module might influence the velocity field. The authors also provided
some first insights through inside-out dead-end filtration and constant feed
pressure at a single position only.

An innovative approach to extending the measurement capability for
multibore membranes by MRI is validations by computational fluid dynam-
ics (CFD) simulations [Luel2018]. So far, Kagramanov et al. and Frederic
et al. simulated fluid flow in ceramic multibore membranes with homoge-
neous pore size distributions [Kagr2001};[Fred2018]. The majority of studies
focused on optimizing the membrane itself. However, shell-sided hydro-

dynamic effects in hollow fiber membrane modules have an equally pro-
nounced impact on the membrane’s performance. The tangential inlet and
outlet flow influence the flow field inside membrane modules as validated
by CFD simulations and particle image velocimetry (PIV) [Zhan2018].

In this chapter, the hydrodynamic effects inside a custom-made multibore
membrane module are investigated inspired by the work of Hawthrone in
1951 on secondary flow within curved geometries. The posi-
tioning of the membrane inside the module affects the shell and lumen side
flow and pressure communication during membrane operation. A compre-
hensive CFD study fully unravels the pathways of flow during filtration seen
in the MRl measurements in Figure[4.8|and is used to interpret the complex
velocity fields. The richness of information of the flow is visualized in mul-
tiple cross-sectional planes in vector plots for radial velocities and velocity
magnitude plots for axial velocities.
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4.2 Materials and Methods

4.2.1 Membrane

The used multibore membranes are polymeric PES SevenBore ™fibers
from SUEZ and are presented in detail in |Chapter 2.4: Multibore

Table [4.1] lists measured and calculated membrane specific
input parameters for the simulation.

Table 4.1: Measured and calculated physical properties of the polymeric PES Sev-
enBore™ fibers from SUEZ [SUEZ].

Unit Value
Bore diameter [mm] 0.9 measured
Outer diameter [mm] 4 measured
Porosity [-] 0.82 calculated
Intrinsic permeability [m?] 1.14 .10~ calculated
Pure water permeance [LMH bar] 1000 measured

The membrane’s volume porosity is averaged over multiple FESEM im-
ages. The software Imaged is used to determine the porosity by the area
fraction measurement. Other techniques to measure surface and overall
porosity, as well as pore size, can be obtained from Lu et al. [Lu2018].
Pure water flux measurements evaluate the permeance for the membrane
module arrangement. Subsequently, the intrinsic permeability is calculated
using Darcy’s law in Equation based on pure water flow experiments

kKAAP
0= (4.1)

with Q as the total discharge, A as the cross-sectional area of flow, AP as
the pressure drop, n as the fluid viscosity, L as the length, and k as the
parameter for intrinsic permeability.

69




Chapter 4. Single Multibore Membrane Module Performance

4.2.2 Computational fluid dynamics simulation

CFD simulations of the multibore membranes are performed using COM-
SOL Multiphysics® [COMS2021]. The numerical Finite Element Method
(FEM) simulations solve the Navier-Stokes equations. All performed CFD
studies use the Free and Porous Media Flow physics interface that com-
bines the Laminar Flow interface and the Brinkman equation interface. The
open spaces of the flow channels (lumen and shell) are modeled as free
water flow, and the membrane is considered as a homogeneous porous
medium.

Boundaries of the simulation domains are shown in Figure and are
defined according to a 2-end module arrangement. The flow scheme is
dead-end inside-out. Inlet boundaries are set as standard inflow veloc-
ity. The outlet boundary is a pressure outlet with suppressed backflow set
to ambient pressure. The simulation utilizes water for which the material
properties are taken from the COMSOL library. The membrane is config-
ured as porous media with user-defined porosity and intrinsic permeability.
The material’s density and dynamic viscosity correlate to the temperature
of 293.15 K. Other physical properties of the membrane can be seen in Ta-
ble[d.1] The respective mesh is optimized for each geometry study. All sim-
ulations are implemented as a time-independent study. The parallel sparse
direct solver MUMPS is used as a solver for the stationary fluid dynamic
simulation.
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Figure 4.1: (a) Meshed simulation domain with lumen channels, the shell side,
and the porous membrane. (b) Simulation domain for the membrane’s damaged
outer skin.
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By solving the Navier-Stokes equation by FEM, all information about the
velocities of all spatial directions of a Cartesian coordinate system is re-
trievable for each node of the meshed grid. However, for comparability
with the flow-MRI, the displayed infinitesimal 2D CFD slice plots are av-
eraged over the same slice thickness of 10 mm as in the 2D flow-MRI.
This procedure is performed as described by Luelf et al. and
Wiese et al. [Wies2018a]. The axial velocity magnitudes are averaged as
lusiall = /12 and the radial velocity magnitudes as |vagia] = /u2 + ug,
respectively. Arrows in the figures depict the direction of flow. The dis-
played slices A-A, B-B, and C-C depict flow fields 20 mm behind the inlet
boundary, 50 mm and 80 mm, respectively.

4.3 Results and discussion

Throughout this chapter, pure water velocity fields are investigated by dif-
ferent geometrical modifications such as an eccentric membrane position
(see Section [4.3.2), a sagging membrane (see Section [4.3.3), a damaged
membrane skin (see Section [4.3.4), and altered module flow fields (see
Section [4.3.5). All investigated membrane module geometries are com-
pared to the ideal reference geometry stated in Section[4.3.1] All presented
figures display the axial ((a.i) to (c.i)) and radial ((a.ii) to (c.ii)) velocity com-
ponents as well as the pressure distribution ((a.iii) to (c.iii)) during inside-out
permeation at the beginning (A-A), the center (B-B), and the end (C-C) of
the module.

4.3.1 CFD velocimetry - ideal membrane position

First, the results of the reference module are presented in Figure to
evaluate the different non-ideal membrane positions. The membrane is
positioned in the center of the module. Pure water flow enters the multibore
membrane equally distributed in the seven bore channels and permeates
in a dead-end arrangement through the porous structure to the shell side.
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Due to a dead-end inside-out flow arrangement, the axial velocity mag-
nitude in the seven bore channels decreases in axial direction. In contrast,
the axial velocity in the shell side increases with the flow through the mod-
ule to maintain the mass balance. In the bore and shell channel, the flow
profiles show a laminar parabolic flow formation and is equally distributed.
The shown velocity magnitudes between shell and bore channels differ be-
cause the cross section of the shell is larger than the cross section of the
seven channels.

Arrows in Figures (a.ii) to (c.ii) depict the direction of the radial ve-
locities, and their length corresponds to the velocity magnitude (as well as
the colormap). The radial velocity magnitude in the channels decreases
with the flow along with the module in all seven bores and correlate appro-
priately to the mass balance. The noisy flow velocities seem to stabilize
towards the end of the membrane. The center bore channel shows lower
radial velocities compared to the outer bore channels. This behavior al-
ready appears close to the feed inlet. The arrows reveal that the flow is
directed from the center to the shell side without diverting and follows the
path of least resistance. The magnitude of the six outer bores differs from
the center bore. Flow from the inner bore permeates through the entire
circumference, through the membrane structure and towards outer lumen
channels. In contrast, the water from the outer bores permeates straight
in the direction of the shell. Here the flow is not distributed over the whole
circumference.

The pressure is the highest in the central bore and lowest in the shell
domain. Thus, a pressure difference from the central bore to the outer
bore and a pressure difference from the outer bore to the shell domain
exists, corresponding to the fluid’s driving force. The CFD study assumes a
homogeneous porous polymer matrix of the membrane domain. Therefore,
the resistance from the inner bore to the shell side is higher in comparison
to the resistance from the six outer bores to the shell side.

However, the FeSEM images in Figure of the cross section of the
multibore membrane reveal a gradient in porosity. The solvent exchange
process during membrane fabrication influences the formation of the sep-
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CFD: Ideal membrane position

A-A B-B c-C
| ! |

Axial velocity [mm s™]

Radial velocity [mm s™]

Pressure [bar]

Figure 4.2: CFD simulation of ideal membrane position during inside-out perme-
ation at three positions. Top: axial velocities, middle: radial velocities, bottom:
pressure distribution. No shell-sided secondary flow field is indicated. The lumen
flow is on a direct path to the shell side without diverted direction.

aration skin and micro- to macro-voids. The separation skin forms a dif-
fusive barrier which slows down the phase inversion process beyond the
skin layer creating asymmetry in the final polymeric structure. For ceramic
membranes, the assumption of a homogeneous pore size holds. Only the
separation skin varies in ceramic membranes. The results indicate that the
porous membrane structure plays a crucial role in flow field and pressure
development and demands a more detailed investigation.
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4.3.2 CFD velocimetry - eccentric membrane position in
the module

Next, the CFD study investigates the effects on the flow field if a mem-
brane is positioned eccentrically, as this could easily be found in commer-
cial modules containing a couple thousand of these multibore membranes.
The results of the eccentric membrane position are displayed in Figure 4.3]

Similar effects as discussed in Section can be observed. Oppo-
site to the reference geometry, a radial flow field on the shell side is now
induced. The fluid is forced from the minimum distance between the mem-
brane and inner tube wall to the maximum distance. This effect results from
a lower pressure drop of the annular gap flow with increasing gap distance.
The eccentric position does not influence the lumen to shell side directed
flow through the porous membrane. This can be seen by the directed out-
ward flow inside the lumen channel.
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CFD: Eccentric membrane position
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Figure 4.3: CFD simulation of an eccentric membrane position in the module dur-
ing inside-out permeation at three positions. Top: axial velocities, middle: radial
velocities, bottom: relative pressure distribution. The lumen flow is on a direct path
to the shell side without diverted direction. A shell-sided secondary annular gap
flow field is introduced due to the different distances to the tube wall.
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4.3.3 CFD velocimetry - sagging membrane in the module

Hollow fibers bend during permeation because of their swelling behavior in
contact with pure water. This sagging effect and its impact on the flow field
is shown in Figure 4.4} At the inlet and outlet boundary, the membrane is
placed concentrically. In B-B, the sagged membrane is in maximum deflec-
tion.

Sagging of the membrane introduces a secondary flow in the lumen
channel [Hawt1951]. Oppositely, the radial velocity components are not
only directed outwards during inside-out permeation. The sagging of the
hollow fiber membrane introduces a radial directed flow towards the bend-
ing direction. The radial velocity magnitude is most strongly pronounced in
two lumen channels at the outermost arc of the bending. The direction of
the secondary flow is reversed after crossing the center point of the mod-
ule. At C-C, the radial velocity magnitude is most strongly pronounced in
the two opposite lumen channels.

Additionally, a shell-sided secondary annular gap flow field is observed
corresponding to the distance of the membrane to the tube wall. The cur-
vature of the membrane results in an increased annular gap due to the
different distances to the tube wall. The fluid is forced from the minimum
distance between the membrane and tube wall to the maximum distance
(due to small local pressure differences) as observed in Section[4.3.2] This
effect is reversed after crossing the inflection point between B-B and C-C.

The results of the sagged membrane suggest that the positioning of the
membrane within the module causes a radial flow field formation. Flow
conditions along and through the membrane influence the retention behav-
ior and the resulting fouling behavior during operation. Hence, the sagging
of the membrane causes the membrane to behave non-ideal. This kind of
heterogeneous flow profile should be anticipated in commercial membrane
filtration modules where perfect (multibore) fiber alignment typically does
not exist.

76



4.3. Results and discussion

CFD: Sagging membrane
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Figure 4.4: CFD simulation of a sagging membrane in the module during mem-
brane inside-out permeation at three positions. Top: axial velocities, middle: radial
velocities, bottom: relative pressure distribution. Sagging of the membrane intro-
duces secondary flow fields in the lumen channel. A shell-sided secondary annular
gap flow field is introduced due to the different distances to the tube wall.
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4.3.4 CFD velocimetry - damaged separation skin
membrane

Membrane spacers are predominantly used in flat sheet spiral-wound mod-
ules and stacked flat sheet modules. These spacers define the channel ge-
ometry and act as mixing devices to reduce concentration polarization by
redirecting the flow field. Equipping membrane modules with spacers may
cause damage to the membrane skin during module construction. Also, de-
fects in hollow fiber membranes along the outer skin can occur during the
fiber spinning process and fiber handling during manufacturing modules.

In the following, the impact of axial damages in the outside skin of the
membrane is investigated. Altering the properties of porosity and perme-
ability along the outer side of the fiber mimics this axial damage. The mod-
ule is operated in dead-end inside-out filtration mode. The damaged do-
main can either have a higher or a lower intrinsic permeability. The results
of the corresponding CFD simulation are shown in Figure [4.6] for a higher
permeability and in Figure [4.5|for a lower permeability, respectively.

It seems that the damaged outer skin has no significant effect on the per-
meation performance of the membrane. The relative pressure illustrations
depict the differences between higher and lower intrinsic permeability. A
damaged outer membrane skin with higher permeability results in a higher
flow from the lumen channel into the shell side. Damages that lead to a
lower permeability show exactly the opposite effect. Due to the relatively
high resistance of the porous membrane material, the surrounding lumen
channels are not affected by a damaged outer skin. No bypass flow can be
observed.

The separation layer of the multibore membrane is located at the lumen
side. Therefore, damages at the membrane outside structure do not nega-
tively influence the performance of the membranes. A benefit of inside-out
hollow fiber membranes is that the skin is well protected.
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CFD: Damaged separation skin — higher permeability
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Figure 4.5: CFD simulation of a membrane with damaged separation skin (higher
permeability) during membrane inside-out permeation at three positions. Top: ax-
ial velocities, middle: radial velocities, bottom: pressure distribution. Damages at
the outer layer of the membrane structure do not significantly influence the flow
field and consequently the membrane performance.
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CFD: Damaged separation skin — lower permeability
Domain indicating
AiA BiB CiC damage
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Figure 4.6: CFD simulation of a membrane with damaged separation skin (lower
permeability) during membrane inside-out permeation at three positions. Top: ax-
ial velocities, middle: radial velocities, bottom: pressure distribution. Damages at
the outer layer of the membrane structure do not significantly influence the flow
field and consequently the membrane performance.

80



4.3. Results and discussion

4.3.5 CFD velocimetry - module flow field

Up until now, a horizontal velocity outlet is assumed. In the following, a
vertical outlet channel position for the shell side of the membrane module
is investigated.

Module flow field - shell-sided flow The module for MRI measurements
has no colinear inlet and outlet in the direction of the membrane. The con-
nection between the shell of the module and the ambient is perpendicular
to the membrane direction. This flow arrangement is shown in Figure [4.7]

The perpendicular arrangement of the outlet in inside-out dead-end fil-
tration does not affect the fluid flow as indicated by slices A-A and B-B.
The outlet channel has no significant influence on the lumen- to shell-sided
permeation throughout the multibore membrane. Distinct characteristics,
as shown for the reference module in Section are dominant. Only in
slice C-C, the flow is directed to the outlet to maintain the mass balance in
the dead-end arrangement.
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CFD: Perpendicular outlet flow
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Figure 4.7: CFD simulation of the fluid flow effects on the shell side due to the
perpendicular arrangement of the outlet at three positions. Top: axial velocities,
middle: radial velocities, bottom: pressure distribution. The outlet channel shows
no distinct influence on the lumen- to shell-sided permeation. Only in section C-C
the flow is directed to the outlet.
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4.4 Comparison CFD simulations and MRI
measurements

As mentioned in the introduction, MRl measurements of multibore mem-
branes conducted by Schuhmann et al. and Wypysek et
al. showed some unexpected flow phenomena that now can be
explained by the simulation results examined in this chapter. The CFD re-
sults reveal that hydrodynamic conditions inside membrane modules highly
depend on the membrane’s position inside the module.

For comparison reasons, Figure shows the axial (a) and radial (b)
velocity magnitude in the multibore membrane during dead-end pure water
inside-out filtration, in which arrows indicate the direction of flow obtained
by Wypysek et al. [Wypy2019]. Potting of the membrane inside the mod-
ule and its swelling behavior cause a bent of the membrane towards one
side (here towards the left side). The results are comparable to the CFD
simulation of the sagging membrane in Figure [4.4] (slice A-A).

Flow-MRI: Dead-end pure water forward permeation

. B-B

|
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Axial velocity [mm s]
Radial velocity [mm s]

Figure 4.8: MRI velocimetry of pure water dead-end filtration. (a) Axial and (b)
radial flow pattern with lumen velocities pointing in one direction and a directed
annular gap flow on the shell side.
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The axial velocity magnitude at the shell side is highest at the maximum
distance between the membrane and inner tube wall, caused by small local
pressure differences on the lumen side. This is in good agreement with the
CFD results shown in Figure [4.3]and Figure [4.4]

The fluid inside the bore channels forms parabolic laminar profiles similar
to all CFD results. However, contrary to the CFD simulations, the flow is
distributed unevenly within the seven bores. Thus, the bores contribute un-
equally to the filtration process. In this experiment, the velocity magnitude
of the upper bores is 8 % greater compared to the bottom ones. However,
the position and magnitude of deviation vary within different experiments.
One possible reason might be small differences in the shape of each chan-
nel.

The illustration of the radial velocity magnitude in Figure (b) addi-
tionally contains arrows to depict the direction of the radial velocities. A
secondary flow field forms around the membrane from the minimum dis-
tance between membrane and inner tube wall to the maximum distance.
This behavior can also be observed in the CFD simulations of the eccen-
tric membrane (Figure and the sagging membrane (Figure [4.4). Sec-
ondary flow fields arise when the membrane is not situated concentrically
within the housing due to local pressure differences.

In MRI measurements, radial velocities in all bore channels are oriented
in one direction. In comparison, this effect is only observed for the CFD
study of the sagged membrane (A-A, Figure [4.4), in which the middle axis
of the membrane has a negative slope and not for the results of the ec-
centrically positioned membrane. The sagging between two fixed positions
occurs due to the manual manufacturing of the module and the swelling
behavior of the polymer membrane. The shown images of both measured
and simulated flow fields are averaged over a thickness of 10 mm. The net
velocity follows the direction of the sagging membrane that is not parallel
to the measurement axis of the NMR tomograph. Therefore, averaging re-
sults in flux in one direction in every bore. However, this phenomenon also
occurs in an infinitesimal slice in the CFD simulation. These directed flow
velocities can also be a reason for particle deposition behavior observed
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by Wypysek et al. [Wypy2019] as drag forces may force the particles to
deposit on one side of the membrane.

Due to higher pressures inside each bore channel, flux that has left one
bore does not re-enter another bore. Thus, contrary to the CFD simulations,
water flows through the porous matrix instead of the outer bore channels,
being the path of least resistance with the highest velocities in between the
external bore channels. This can be explained by the skin formation around
the bores and the gradual porosity of the polymeric matrix. However, the
CFD simulation results show the behavior of ceramic multibore membranes
with only little gradients in porosity.

4.5 Conclusion and outlook

The study in this chapter investigated the influence of hydrodynamics on
shell and lumen side flow and pressure communication during membrane
operation. CFD simulations were performed to analyze the pathways of
filtration measured by MRI experiments inside a custom-made multibore
single membrane module [Wypy2019]. This combination helps to deeper
understand (a) flow phenomena inside multibore membranes in dead-end
filtration, (b) the membrane’s interaction with its surrounding inside the
module because of a non-ideal membrane positioning, and (c) particle de-
position behavior during dead-end and cross-flow filtration mode.

CFD simulations are used to mimic challenges within the production pro-
cess of a membrane module. In a perfectly aligned concentric membrane
module in dead-end inside-out filtration mode, the volume flow decreases in
the lumen channels and increases in the shell side according to the mem-
brane’s permeation properties. The fluid flow permeates with a directed
radial flow path through the whole lumen’s circumference. The resulting
flow field shows no secondary flow field on the shell side. This changes
when the positioning of the membrane is changed.
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« An eccentric position of the membrane creates a secondary flow field
on the shell side due to different distances between membrane and
tube wall and, thus, small local pressure differences.

« A sagging membrane due to swelling during permeation and a fixed
end position result in a radial flow field formation on shell and lumen
side. On the shell side, similar phenomena as in an eccentric position
arise. Radial secondary flow in bore channels in the bent direction is
observed.

» A permeate outlet perpendicular to the multibore membrane orienta-
tion only influences the shell side flow in the vicinity of the outlet. The
flow through the membrane is not affected.

« A damaged outside skin does not have a significant negative influence
on the flow field and performance of the membrane. The flow diverts
insignificantly from its original path. The membrane structure protects
the inner separation skin. Hence, a decrease in selectivity is unlikely.

The performed CFD simulations reveal the importance of the module
geometry on the flow field during membrane permeation. Unavoidable
non-idealities of membrane positioning during construction of the module
influences the filtration performance, fouling behavior and backwash ca-
pabilities [Wypy2019]. Combining CFD simulations and MRI experiments
pioneers the pathway to finding strategies to optimize membrane module
design and operation.

However, as stated in Section [4.4], only the simulated flow distribution on
the shell and lumen side resembles MRI measurements. Flow paths inside
the porous structure of the multibore membrane differ from each other. The
model assumptions of the multibore membrane, stated in Section [4.1] in
which the geometry does not possess separation layers, and membrane
skin does not resemble the membrane structure accurately. Therefore,
[Chapter 5: Single Multibore Membrane with Porosity Gradients| fo-
cuses on simulating multibore membranes with gradients in porosity and
permeability to examine the layers’ influence on the internal flow pathways.
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Chapter 5. Single Multibore Membrane with Porosity Gradients

5.1 Introduction

As mentioned in |Chapter 1: Introduction, ultrafiltration membranes in the
pre-treatment in water purification plants feature a porous structure with
spatially varying properties depending on the material and manufacturing
method [Werb2016]. While pore size distribution and porosity are regarded
as homogeneous over the membrane cross section in ceramic mem-
branes [Zhu2015aj; [Zhu2015b]; [Zhu2017; [Chi2017], polymeric membranes
often possess porosity gradients inside the porous structure. Especially
in polymeric multibore membranes, these heterogeneities are more pre-
dominant than in tubular or fiber membranes because micro- and macro-
voids form during fabrication in the precipitation step [Smol1992]; Spru2013|;
Luel2018; Back2019]. At the heart of the inhomogeneous porosity is the
polymer coagulation process which is highly non-linear in phase separation
and solidification and accompanies considerable shrinkage [Bike2010].
Multibore membranes are increasingly used in industrial processes as
they outperform hollow fiber membranes concerning their mechanical stur-
diness [Heij2012; Wang2014b], which is particularly important during
cleaning and backwashing. However, due to their heterogeneous porous
structure, the hydrodynamic conditions inside the membrane’s structure are
still not unraveled completely. Both the formation of the porous structure
during the fabrication and the permeation and filtration behavior of multi-
bore membranes are subjected to current research. [Fred2018;[Schu2019]
The performance of multibore membranes is well-studied experimen-
tally [Gill2005; Bu-R2007]; [Teoh2011; Wan2017]; [Simk2020]. A majority
of these publications focus on the overall performance of the membrane
within a membrane module. However, fundamental knowledge of internal

flux pathways during permeation, fouling, and backwashing is of great in-
terest. Le Hir et al. [Le H2018], for example, used confocal laser scanning
microscopy to localize the deposition of fluorescent nanoparticles after the
filtration process. However, for this technique, the authors dried the mem-
branes before the measurement, which can change the observed phenom-
ena. In contrast, magnetic resonance imaging can analyze internal flux
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and pathways and fouling phenomena of multibore membranes in-situ and
noninvasively [Schu2019; Wypy2019; Mari2020]. As mentioned in previous
chapters, Schuhmann et al. used MRI to investigate the filtra-
tion behavior in polymeric multibore membranes. The authors visualized

velocity fields in the porous structure of the membrane and gel-layer fouling
in the multibore membranes using a sodium alginate solution. They showed
uneven flow distribution in the lumen channels. Wypysek et al.
confirmed and extended these findings by studying pure water dead-end
forward filtration and backwashing MRI experiments. Additionally, silica
dead-end and cross-flow fouling experiments with subsequent backwash-
ing steps were performed.

Kagramanov et al. studied the influence of separation layer
and support layer thickness on fluid flow in multibore ceramic membranes
with homogeneous pore size distributions in each layer via CFD simu-
lations. The authors found decreasing filtration efficiency from the cen-
ter to the periphery depending on the layer thicknesses. Frederic et
al. additionally varied the permeability contrast between the
support structure (macroporous region) and the separation layer (micro-
porous region). They found a dependency between the permeability con-
trast and the channels’ contribution to the total permeate flux. However,
these distinct regions of separation layer and porous support structure with
constant porosities are only valid for ceramic multibore membranes. Due
to the manufacturing process of polymeric multibore membranes, these
membranes have spatial asymmetries in pore size distribution and porosity.
Sorci et al. [Sorc2020], for example, used SEM images to obtain the domain
geometry of commercial PES membranes and performed 2D simulations of
fluid and particle flow within a small representative microporous structure.
In their simulations, they identify large unused regions of the internal pore
structure. However, these inhomogeneous support structures with vari-
able spatial properties with gradients are insufficiently studied for the whole
membrane cross section of fibrous polymeric membranes. In general, the
design of porosity, surface properties, fluid flow conditions, and their influ-
ence on permeation and retention properties remains a challenge. Still, it
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becomes more and more accessible today through combinations of sophis-
ticated experimental and simulation methodologies [Sorc2020]; Loha2020].

In|Chapter 4: Single Multibore Membrane Module Performance] the pure
water forward filtration experiments of Wypysek et al. were
combined with computational fluid dynamics (CFD). It was shown that geo-
metric non-idealities, such as bending of the multibore membrane and the
corresponding permeate channel flow patterns, influence hydrodynamic
conditions inside the membrane porosity as well as the lumen channels.

Furthermore, fouling patterns follow these hydrodynamic conditions. Yet,
quantifying flow through spatially inhomogeneous membranes with poros-
ity gradients at a microscopic scale remains challenging. By now, this flow
analysis inside the porous membrane support structure is limited to the
rigorous assumption of homogeneous distribution of porosity and perme-
ability. This leads to a bias in the results as the real multibore membrane
features porosity gradients at different locations. In this chapter, the pre-
sented research approach addresses a methodology to relieve the previous
simplifying assumption of homogeneous porosity and quantify the effect of
various porosity distribution features.

Therefore, this chapter aims at developing a comprehensive CFD frame-
work to address the missing knowledge of local flow distributions in com-
plex membrane architectures with property gradients. It elucidates hy-
drodynamic effects like velocity distributions and pressure gradients in a
polymeric multibore membrane with heterogeneously distributed material
properties during pure water permeation and backwashing mode. Fig-
ure [b.1] illustrates the proposed simulation approach. Using the example
of a polymeric multibore membrane, the membrane material and its poros-
ity at different regions and directions (radial, angular, axial) are analyzed
microscopically by scanning electron microscope (SEM) and X-ray micro-
computed tomography (UCT) (see Figure top) first. The obtained im-
ages were reconstructed into small cubes for further investigation of their
properties and flow pathways. This reconstruction of porous structures
based on imaging techniques has recently been established in the fields

of geophysics [Zhao2018], fuel cells [Sabh2018], and symmetric flat sheet
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Figure 5.1: Simulation approach - uCT-scans (top) are used to reconstruct
position- and direction-dependent samples to obtain microscopic membrane pa-
rameters (bottom-left). These membrane-specific properties are input parame-
ters for macroscopic, 2D OpenFCST simulations (bottom-middle) with position-
dependent properties and gradients (bottom-right).

membranes [Ley2018]; however, not for polymeric multibore membranes.
These reconstructions serve as a volume to apply Stokes flow simulations
to obtain values for the intrinsic permeability. Second, these reconstruc-
tions are utilized to determine membrane-specific, position- and direction-
dependent structural properties like porosity and pore size distribution (see
Figure [5.1] bottom-left). Third, the obtained structural properties are input
parameters for a macroscopic, two-dimensional membrane simulation with
the open-source software OpenFCST [Seca2014}; [Seca2017]. The devel-
oped OpenFCST code enables the simulation of gradients and the different
zones of the multibore membrane (see Figure [5.1]bottom-right). Finally, in a
case study, the OpenFCST simulation results are compared to the obtained

MRI results of Wypysek et al. [Wypy2019].
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5.2 Experimentals

The membrane structure of the multibore membranes (top of Figure
is analyzed and simulated in this work on two different scales: (1) the mi-
croscopic scale perspective (see Section provides insights into the
porous structure of the polymeric multibore membrane structure based on
UCT-scans and SEM images; and (2) the macroscopic scale perspective
(see Section enables insight into the fluid flow through the mem-
brane’s cross section. The following methodology section presents the
analysis and numerical methods used for the two different scale perspec-
tives.

5.2.1 Micro-scale property determination

This section focuses on the analysis and reconstruction of the microscopic
view of the porous support structure as visualized in Figure 5.2] Recon-

(a) uCT image (b) Stacked uCT images (c) Restacked images (d) Evaluation
' - AD

3

i
e
"."
e

Void/solid  threshold
%
Ay

Figure 5.2: Providing insights into the porous membrane material structure
through microscopic view: from (a) a pCT-scan to (b) a stack of blurred gray-
scale slices to a stack of black (void phase) and white (solid phase) slices to a
reconstructed mesh of the void phase to (c) the restacked cuboid. (d) Boundary
conditions for microscopic Stokes flow simulations for intrinsic permeability calcu-
lation.

structed uCT-scans of a hydrophilized PES Sevenbore™ fiber from SUEZ
SA (Figures (a) to (c), described in detail in Section are used
to obtain 3D voxel-based meshes of the porous structure for CFD sim-
ulations with OpenFCST. The porosity and pore size distribution of the
selected slice and cuboid are determined. Stokes flow simulations with
deal.l evaluate the permeability of the support structure based
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on the pCT-reconstruction of the polymeric matrix (Figures[5.2)(c) and (d))).
As the resolution of the uCT-scans is not sufficient (here ~0.9 um side
length per pixel) to reconstruct the separation layer and membrane-skin
layer (pore size of the separation layer according to the manufacturer of
~0.2 um), a resistances-in-series-model was used (Equation and ex-
perimentally obtained values by Wypysek et al. were taken to
calculate the intrinsic permeability of the separation layer and the shell-side
skin layer. SEM images are utilized to estimate the porosity in these regions

(see Figure 2.10).

Reconstruction of pCT-scans and micro-scale mesh generation

The puCT-image, as shown in Figure[5.2](a), is obtained by a high-resolution
3D X-ray microscopy device (SkyScan 1272, Bruker). Sample regions 1-4
used for the reconstructions are displayed in Figure (a). Samples 1-3
are chosen to evaluate the angular influence of the permeability within the
support structure. Sample 4 is chosen to evaluate the radial dependency
of the permeability. Due to the limited space between the single channels,
the samples are taken outside the outer channels. The chosen cuboid
samples have a side length of 100 pixels, corresponding to ~90um. The
reconstructed meshes of the cuboids represent a representative elemen-
tary volume (REV) and are sufficient for the sample analysis (according
to [Warg2012; [Yoon2013j; Garc2018])). Larger sample sizes with homoge-
neous properties are impracticable due to the small geometry of the multi-
bore membrane. Using the uCT-software NRECON RECONSTRUCTION, the
REVs are corrected by ring-artifacts reduction, beam-hardening correction,

and post-alignment.

To create the 1003 pixels REV samples, the processed puCT-scan is
loaded into the open-source software Fiji [Schi2012]. The sample regions
for samples 1-4 are selected and cropped out of the original stack. In the
next step, the stack size is set to 100 images (Figure [5.2)(b)). The resulting
REVs are then segmented into binary images to distinguish between the
void phase and the solid phase of the membrane material using the Otsu
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method (here, upper slice set to 75). After applying the threshold, the white
color represents the porous media’s solid polymer structure, and the black
color represents the void phase (Figure 5.2 (b)).

Subsequently, the binary images are aggregated again to form the recon-
structed cuboid. The cuboid is created by transforming the binary images
from Fiji to a vtk-mesh. The vtk-mesh file consists of the spatial location
of all nodes, all cells, and all material and boundary identifications (which
are explained below). This file is generated with the OpenFCST python
environment pyFCST. A script (writeVTK.py) generates a mesh with cells
only for the porous structure’s void phase. The voxel size in x-, y-, and
z-direction is set to the resolution of the uCT-scans (0.9 um in each direc-
tion). The execution of this script leads to a reconstructed REV, which can
be seen in Figure 5.2 (c).

With these REVs, porosities and pore size distributions for the porous
support structure can be estimated, and Stokes flow simulations with
boundary conditions highlighted in Figure [5.2](d) can be performed to eval-
uate intrinsic permeability.

Analysis of the porosity and the pore size distribution of the support
structure

The porosity can be assessed directly from the restacked black and white
UCT-images. The porosity of a single slice is calculated by dividing the
number of black pixels by the total amount of pixels in one slice (10000
in this chapter). As described by Wargo et al. [Warg2013], the use of CT
imaging is more accurate for determining porosity values compared to SEM
imaging.

The pore size distribution (PSD) and the mean pore size diameter are
also determined with the restacked cuboids. In this chapter, the sphere
fitting algorithm based on Euclidean distance transform (EDT), described
and implemented by Sabharwal et al. was used (implemented
in the open-source writeVTL.py script).

94



5.2. Experimentals

Governing equations and solution strategy

Fluid flow in the microscale is simulated by solving the steady-state, isother-
mal, incompressible, single-phase Stokes flow simulations without the in-
fluence of gravity written as:

V-u=0 in Q
v-(—pi+&):o in Q

where the shear stress 6 is given by
6 =2uVsu, (5.2)

and p and u are the fluid flow pressure and velocity, and ;. the dynamic
viscosity in the investigated domain ©, respectively. The governing Stokes
flow equations for mass and momentum balance are explained in more
detail in Section2.3]

The weak form of the equations above is discretized using a Taylor-Hood
approximation where linear quadrilateral elements are used to approximate
the pressure, and quadratic quadrilateral elements are used for the velocity.
The weak form is considered as the Finite Element Method is employed, in
which the derivation of the weak form is necessary. This choice stems from
the fact that the method is available in OpenFCST, which is intended to
solve problems with irregular grids and where several physical phenomena
are involved. The resulting system of equations is solved by forming the
Schur complement. The entire code for this simulation is a modified version
of the open-source step-22 deal.ll tutorial [Kron2016]. The code is modified
to include new boundary conditions, equation parameters, and changing
the flow arrangement as explained below. The equations are solved in the
computational mesh obtained using pyFCST of the four vtk-meshes of the
cuboid reconstructions (Figure 5.2 (c)).

Dirichlet uniform pressure boundary conditions are applied at the sur-
face boundaries in the flow direction (Figure (d)). The pressure inlet
boundary is set to p = 1.0 Pa, while the outlet pressure is set to zero. At all
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other surface boundaries, a Dirichlet boundary condition with zero normal
velocity is imposed. Finally, at internal walls, a no-slip boundary condition
is applied.

Permeability estimation of the support structure

The intrinsic permeability in all spatial directions is computed at post-
processing by computing the volumetric flow rate at the inlet surface of
the porous media. Since pore compaction in the applied pressure regimes
is not expected [SUEZ], Darcy’s law (Equation is used to calculate the
intrinsic permeability of the reconstructed cuboid in flow direction such that,

Vil

K= ks (5.3)

where V is the volume flow that results from the applied pressure difference,
A is the cross-sectional area, / is the media’s length, Ap is the applied pres-
sure difference (set to 1.0 Pa in this study), and p is the dynamic viscosity
of the fluid (set to 0.001 Pas in this study). Length / and cross-sectional
area A are based on the cuboid side length. The volume flow is constant
in every slice of the mesh along the flow direction. To calculate the volume
flow (Equation [5.4), the volumetric flux is integrated over the inlet surface,
ie.,

\'/:—/Aum dA (5.4)

where n is the normal to the inlet boundary, and A is the inlet Area.

Porosity and permeability estimation for separation layer and
membrane-skin interface

The porosity and intrinsic permeability of the separation layer and the
membrane-skin interface cannot be evaluated with the method described
above for ultrafiltration membranes. Due to pore sizes below the resolution
of the uCT-scans, this method is inappropriate to generate meshes.
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SEM images (Figure[2.10) of the membrane have a higher resolution and
can approximate the membrane-skin layer's porous structure and parts of
the separation layer [Warg2013]. To obtain a smooth cross section, the
multibore membrane is stored longer than 60 seconds in liquid nitrogen
and fractured afterward inside the liquid nitrogen bath. The images are
generated by SEM using an acceleration voltage of 5 kV (Hitachi Table
Top TM3030 plus). The same cropping and threshold methods as men-
tioned above are used to obtain the porosity of the separation layer and
the membrane-skin layer. The calculated porosity of the separation layer is
overestimated with this method, as SEM images display 3D information in
a 2D image. Ten samples are cropped, and the average property values
and their standard deviation are computed. FIB-SEM could be used in the
future for permeability estimation using the method above [Sabh2016].

To estimate the intrinsic permeabilities of the membrane-skin layer and
the separation layer, the resistances-in-series model in Equation[5.5]is used
(see [Sing2015]). This equation is based on the theory of asymmetric mem-
branes, where the total membrane resistance is the sum of each layer re-
sistance, i.e.,

tsupport structure

+ +
Ksupport structure  fseparation layer  ®membrane-skin interface

(5.5)

—1
. tseparation layer tmembrane-skin interface
Ktotal = tiotal - '

where the thickness t of the corresponding domain and the measured
total intrinsic permeability riotq IS Obtained from the values in the previous
chapter. The membrane-skin layer’s intrinsic permeability is assumed to be
equal to the support structure’s intrinsic permeability. This assumption is
made because the mean pore radius and the porosity of the membrane-
skin layer are closer to the values of the support structure than to the val-
ues of the separation layer and is necessary for solving Equation for
the unknown separation layer’s intrinsic permeability rsgparation layer- AS the
separation layer is the significant domain for membrane separation, this
resistance cannot be neglected.
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5.2.2 Macro-scale fluid flow simulations

The macroscopic simulations provide insights into the fluid flow through the
membrane’s cross section. The simulation results on a membrane module
scale extend the understanding of experimentally derived polymeric multi-
bore membranes’ properties.

The following section describes methods used to simulate porous multi-
bore membranes. First, the computational domain, generated mesh (see
Figure (a)) and mesh refinement strategy (see Figure (b)) are de-
scribed. Next, the governing equations of the fluid flow in the porous media
and the solution strategy are described, followed by the methodology used
to implement the position-dependent properties in the porous media (see
Figure[5.3](c)). Penultimate, the simulation parameters are listed, which are
the resulting porous media properties obtained with the methods described
in the previous section and which are assigned as input parameters for the
conducted 2D OpenFCST [Seca2014|;|[Seca2016] simulations. Finally, the
evaluation of velocities inside the separation layers is explained.

A compressible version of the used numerical model was derived and
validated by Jarauta et al. by first solving a lid-driven cavity flow
benchmark problem and then simulating a gas permeability experimental
setup and comparing experimental and numerical results. In this chap-
ter, the OpenFCST model is supplemented by a position-dependent prop-
erty method, which results are compared to MRI measurements in Sec-
tion5.3.2

Mesh generation

A computational mesh with quadrilateral elements is generated to describe
the membrane module. For this purpose, the open-source, cross-platform
software SALOME 7.3.0 is used [Ribe2007]. Figure (a) depicts the
idealized cross-sectional geometry of a membrane module with a multi-
bore membrane in its dry state. The 2D mesh consists only of the mem-
brane domain (dark blue in Figure (@)). The geometric values in Fig-
ure (a) are input parameters for the mesh generation. The mesh con-
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Figure 5.3: (a) Implemented geometry of a multibore membrane with parameters
taken from a SevenBore™fiber provided by SUEZ, including definition of enumer-
ated lumen channels. (b) Generation of a macroscopic mesh of the membrane
geometry, including the subdivision into quadrilateral base elements and adaptive
mesh refinements. (c) Abstract layer-based model of the membrane geometry
with simplified constant zones for the separation layer, support structure, mem-
brane outer skin, and transition zones guarantees continuity between constant
zones and leads to property gradients.

sists of five domains: separation layer, support structure, membrane-skin,
and two transition zones. Each zone is identified with a different mate-
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rial identifier and will be assigned different properties. Furthermore, the
mesh is adaptively refined six times in separation layer and membrane-
skin zones to better approximate larger gradients in this region by dividing

each quadrilateral element into four equally-sized elements at each refine-
ment level. The final meshes with magnifications of the boundaries can be
seen in Figure 5.4]

Figure 5.4: Mesh after final refinements of multibore membrane geometry (a) with
skin layer, (b) without skin layer, (c) with skin layer and damaged zone and addi-
tional magnifications 1, 2, and 3. Red circles indicate position of transition zones.

Governing equations

The steady-state incompressible Navier-Stokes Equations [5.6/and [5.7] with
a friction factor to account for the porous media are solved in the membrane
domain, i.e,

V-u=0 in Q (5.6)
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pV (%u@u)-V-(—pﬂ—&)—kF in Q (5.7)
where
& = 2uVsu, (5.8)
0 in Q
F= (5.9)

-1 .
—uK™ uIn Q.

p, p, u are the fluid flow density, pressure and velocity, and K is the per-
meability tensor in the investigated channel domain Q. and porous media
domain Q,, respectively. A detailed derivation of the volume-averaged form
of the Navier-Stokes equations, together with some analysis and validation
studies, is given in for the compressible form of the equations.

The Finite Element Method is used to solve the system of equations.
The non-linear system of equations is solved using a Newton-Raphson al-
gorithm where, at each iteration, the discrete, linearized weak form of the
above equations is solved (see Subsection [5.2.7). The solution variables
are discretized using a Taylor-Hood approximation, where linear quadrilat-
eral elements are used to approximate the pressure, and quadratic quadri-
lateral elements are used for the velocity. The resulting system of equations
is solved using the direct parallel solver MUMPS. The numerical solver is
implemented in OpenFCST [Seca2017], which uses the parent Finite EI-
ement deal.ll libraries [Kron2016]. A detailed explanation of the volume-
averaging and solution strategy is provided in for a compress-
ible version of the same solver, including the solution of some classical
benchmark problems such as a lid-driven cavity flow.
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Position-dependent property method

Implementing a continuous position-dependent property method is infeasi-
ble with the commercial software COMSOL Multiphysics® as it can be seen
in the previous chapter. OpenFCST, on the other hand, allows to implement
a C++ class to impose a position-dependent porosity and intrinsic perme-
ability. In this chapter, the porosity and intrinsic permeability are continuous
position-dependent functions in the whole membrane.

The membrane’s geometry is categorized into five zones to account for
the different porosity and intrinsic permeability values. Figure (c) illus-
trates the different zones in a sketch of a membrane section. Three zones
have constant properties, i.e., the separation layer, the membrane-skin in-
terface, the support structure, and two zones have variable properties al-
lowing for a smooth transition between zones.

While the porosity is a single number, the intrinsic permeability is a rank
two tensor. The permeability tensor K contains intrinsic permeabilities in
a Cartesian coordinate system. The samples in Section are cropped
and twisted by the angle ¢ to account for the cylindrical shape of the mem-
brane fiber. Therefore, the returned K-tensor is the product of a base trans-
formation matrix and the evaluated permeabilities from the Stokes flow sim-
ulations in Section 5.2.11

The values for the constant zones are given by input parameters (sum-
marized in Table [5.3). The transition zones guarantee a continuous tran-
sition of the property values between two neighboring constant property
zones. One possibility for such a transition function is the Heaviside func-
tion. The original Heaviside function H is a step function with the function
values 0 at x < 0 and 1 at x > 0. A modified smooth analytical approximation
of the Heaviside function is used (Equation [5.10), where Kn.x and K, are
the property values of the neighboring constant zones, Ax is half the tran-
sition zone width, xq is the distance of the middle of the transition zone from
the origin, and g € [0.5,1] is the percentage of the step height Hy.x — Hmins
which is obtained in the distance Ax from x,. The distances are obtained
by counting pixels in the SEM images of the membrane.

102



5.2. Experimentals

Table summarizes input parameters for the used smooth Heaviside
function. Figure illustrates the function and its parameters. At each
quadrature point in the domain, the Cartesian coordinates of the point are
used to calculate its cylindrical coordinates, r and ¢, and identify in which
zone the point is located. Depending on the assigned zones, the K-tensors
are calculated. In the three constant zones, the permeability tensor is spec-
ified based on the input parameters. In transition zones, the corresponding
Heaviside function value determines the K-tensor.
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xo — Ax X Xo + Ax

Distance x

Figure 5.5: Smooth Heaviside function used to model the transition zones with
a width of 2 - Ax that guarantees continuous property values between constant
zones. The steepness of the transition is regulated with the parameter q.

Table 5.1: Input parameters for the smooth Heaviside function obtained from SEM
images.

Parameter Value
Separation layer thickness 55 um
Skin layer thickness 40 um

Separation transition zone width 55 pym
Skin transition zone width 40 um

Transition smoothness q [-] 0.8
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Input parameters and boundary conditions

Settings and input parameters used for the simulation are summarized in
Table[5.2 Six adaptive refinements are used to achieve a grid-independent
solution and accurate results where large changes in solution variables ex-
ist. The refinement threshold specifies the percentage of cells to be refined
as only the cells with the highest estimated error are refined. Error estima-

tion is performed using a Kelly error estimator [Kell1983].

Table 5.2: Settings and input parameters for OpenFCST simulations.

Property Setting
Non-linear solver NewtonLineSearch

Refinement method  AdaptiveRefinement
Cycles of refinement 6

Refinement threshold 0.4

Coarsening threshold 0.0

Equations Volume-averaged Navier-Stokes
Simulation conditions steady-state, incompressible, isothermal,
single-phase, single-component, no gravity

Boundary condition Ouitlet: Dirichlet pressure normal stress free
at 0 bar
Else: Dirichlet pressure at 0.6 bar

Fluid Water at 20 °C

Dirichlet pressure boundary conditions are specified in the lumen and shell.
For the filtration mode (meaning pure water forward permeation) simula-
tions, high pressure is set in the lumen and low pressure in the shell. For
backwashing mode simulations, the pressure gradient is reversed. A pres-
sure difference of 0.6 bar is specified between lumen and shell based on
the pressure results of the simulations in the previous chapter.

To analyze the influence of the membrane-skin interface and to show the
possibilities of the developed simulation model, the simulations are con-
ducted under three different conditions:
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1. The properties of the membrane-skin interface are set equal to the
properties of the separation layer. This configuration resembles the
multibore membrane’s structure best as SEM- and ;CT-scans show
lower porosities on the outer skin of the membrane as well as on each
lumen channel’s surface.

2. The properties of the membrane-skin interface are set equal to the
properties of the support structure. With this setting, a membrane
without an outer skin is mimicked. Due to the lack of an additional
resistance, backwashing efficiency could be improved.

3. The properties of the membrane-skin interface are set equal to the
properties of the separation layer. An additional damaged zone above
channel 1 (top-left) is implemented, which has the same properties as
the support structure. During the manufacturing process of multibore
membrane modules for MRI analysis, spacers were used to hold the
membrane in place, which caused damage to the membrane’s outer
skin. With this setting, the influence of a damage on the outer mem-
brane skin is analyzed.

The corresponding permeability and porosity values result from the Stokes
flow simulations of the cuboids. These input parameters can be found in
Table 5.3

In Section [5.3.2, OpenFCST simulations are compared to MRI measure-
ment from Wypysek et al. [Wypy2019]. In this simulation, the pressure
drop (here TMP) is changed to 50 mbar to match the MRI experiments.
Setting one is chosen, in which the membrane-skin interface is set equal
to the properties of the separation layer because (a) the MRl measurement
shows no significant asymmetries in the membrane domain, and (b) SEM
images reveal the existence of a membrane-skin layer.

In the following, backwashing experiments after fouling with silica particles
are mimicked. To perform this simulation, the blocked domain permeabil-
ity and porosity are reduced to Ky = Ky = 1.6 x 107 cm?, and ¢ = 0.2.
Parameters for start angle of blocking, end angle of blocking, and penetra-
tion depth of blocking (which equals a fouling thickness of 10 um) are also
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Table 5.3: Parameter configurations for three macroscale simulation settings of a polymeric multibore membrane with OpenFCST.
Porosity of separation layer is averaged over 10 SEM images. Permeability of support structure taken from Stokes flow simulations
results of reconstructed pCT-images.

A

Membrane-skin =

Settings
2 3
Membrane-skin = Membrane-skin =

Zone Variable  Separation layer Support structure Separation layer + defect
Membrane-skin ¢ [-] 0.2 0.63 0.2
Ky [cm?] 1.6 x 10712 2.0 x 108 1.6 x 10712
Ky [cm?] 1.6 x 10712 1.3x 108 1.6 x 10712
Separation layer ¢ [] 0.2 0.2 0.2
Kqr [cm?] 1.6 x 10712 1.6 x 1012 1.6 x 10712
Ky [cm?] 1.6 x 10712 1.6 x 10712 1.6 x 10712
Support structure ¢ [-] 0.63 0.63 0.63
Ky [cm?] 2.0 x 108 2.0 x 108 2.0 x 1078
Ky [cm?] 1.3x 1078 1.3 x 1078 1.3x 108
Above channel 1 Defect false false true
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specified. The fouling domain’s angles are based on MRI measurements
by Wypysek et al. [Wypy2019]. All other parameters are identical to the
case of equal membrane-skin and support structure properties. A setting
without an outer skin layer is chosen to link all observed phenomena to the
influence of the separation layer resistances.

Evaluation of separation layer velocities For each simulation result,
the velocity distribution inside the separation layers of each bore channel
was evaluated in a depth of 25 um from the inner lumen radius and plotted
in polar plots. Thus, these plots can be directly linked to each bore chan-
nel. Figure [5.6| shows an example bore and its velocity simulation result of
a multibore membrane with skin layer properties similar to the separation
layer during backwashing. The magnifications show that the round bore
channels are simulated as a polygon with 24 corners due to simulation ro-
bustness. This has the disadvantage of velocity hot spots in each corner
of the separation layer, which results from a smaller distance towards the
porous support structure.

Data points from the middle of the separation layer were chosen to repre-
sent the velocity inside this layer (see Figure[5.6](b)). These velocity values
are plotted over the respective position (defined as angle) as it can be seen
in Figure [5.6] (b) (zero degrees on the top of a bore channel with increasing
angles clockwise). To finally evaluate the separation layer velocities, maxi-
mum (Figure [5.6] (c.i)) and minimum (Figure [5.6] (c.ii)) velocities are plotted
over the respective position in the bore channel. The polar plots help visu-
alize better how fluid flows into a bore (for backwashing mode). As shown
in Figures (c.i) and (c.ii), the shapes of the velocity profiles are similar
to each other. The sole difference is the velocity magnitude. Hence, only
minimum velocities in the results section are shown, and relative velocities
values are compared.
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Figure 5.6: Velocity results of a multibore membrane with skin layer properties
similar to the separation layer during backwashing. (a) Porous structure velocity
and magnifications in (b) and (b.i). (b) Black circle illustrates position at which
velocity values are evaluated; definition of angles. (c) Resulting separation layer
velocities over respective angle with marked minima and maxima. Polar plots of
(c.i) maximum and (c.ii) minimum velocity values.
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5.3 Results and discussion

5.3.1 Micro-scale analysis of the reconstructed samples

The analysis of the four reconstructed pCT-samples provides values for
the porosity, the pore size distribution (PSD), and the permeability of the
membrane’s support structure. First, the porosity is analyzed to ensure ho-
mogeneity of the samples in all flow directions to perform post-processing
of simulations with Darcy’s law. Second, the pore size distribution is an-
alyzed to ensure comparability between the samples and determine the
mean pore diameter for the support structure.

Porosity estimation for the porous support structure using
MCT-scans

Table lists all layers’ average porosities for each evaluated sample
and direction with its respective standard deviation. The layer porosity in
all three directions fluctuates slightly (standard deviation of max. 3.3 %)
around the average porosity value, and also, no gradient is recognizable
from layer one to 100. As an example, Figure shows the evaluated
porosities of sample 1 plotted against their corresponding image slice.

Table 5.4: Porosity results for each direction for four evaluated pCT-samples, av-
eraged over all layers with corresponding standard deviations.

Support structure
Porosity in ¢ [[]  Porosity in r[-]  Porosity in z [-]

Sample 1 0.63 +0.03 0.63 +0.03 0.63 +0.02
Sample 2 0.62 + 0.03 0.62 + 0.04 0.62 + 0.03
Sample 3 0.63 + 0.03 0.63 + 0.03 0.63 + 0.02
Sample 4 0.63 + 0.02 0.63 + 0.04 0.63 + 0.02
Total average  0.63 + 0.03 0.63 + 0.03 0.63 + 0.02

All samples have a similar average porosity from 61.72 % to 63.39 % for all
directions and a small standard deviation from 1.61 % to 3.29 %, indicating
a homogeneous porosity and directional independence for large areas in
the membrane’s support structure. The smallest average porosity standard
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Figure 5.7: Analyzed porosity of a reconstructed mesh of the void phase within
the support structure of the multibore membrane of sample 1. Additionally to the
overall averaged total porosity in all 100 layers (solid black line), the porosity in all
three directions for every layer is evaluated. Samples 2, 3 and 4 are not shown as
the porosity analysis provided is similar.

deviation is in the extrusion direction of the membrane (z-direction), likely
due to the manufacturing process, as the membrane is extruded through
a nozzle. Given the similar average porosities in all directions, the investi-
gated domain is expected a representative elementary volume. Therefore,
it can be used to estimate average transport properties, such as intrinsic
permeabilities.

The previous chapter used 2D field emission scanning electron microscope
(FeSEM) images to obtain the membrane porosity. One disadvantage of
analyzing FeSEM images is the presence of 3D information in a 2D image.
That is why FeSEM images do not depict a 2D plane in the membrane cor-
rectly. Even if the SevenBore™membranes may vary from batch to batch,
the porosity value of 0.82 was overestimated. This limitation is reduced by
the uCT-scans in this chapter.

PSD for the porous support structure using pCT-scans

The pore size distribution behaves similarly for each sample without signif-
icant fluctuations. The mean pore radius is averaged over all mean pore
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radii and results in 3.7 + 0.2 um. The support structure’s pore size distribu-
tion for all four samples is shown in Figure [5.8]
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©
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Figure 5.8: Analysis of the pore size distribution of the reconstructed samples.
The overall mean pore radius (black line) is averaged over all mean pore radii.

Permeability estimation for the porous support structure using
Stokes flow simulations

Intrinsic permeability values for the porous support structure with its re-
spective standard deviations (for all analyzed samples) are obtained from
Stokes flow simulations for an applied pressure gradient of 1 Pa and are
summarized in Table

The results show that the intrinsic permeability values are independent of
the angle ¢ and radius r of the sample position in the support structure.
However, the resulting intrinsic permeability differs depending on the flow
direction and suggests an anisotropic support structure. The value in r-
direction is the highest, and the one in z-direction (extrusion direction) the
lowest in all samples. This is a new insight from the used multibore mem-
brane. This variation may stem from the precipitation process of the ex-
truded hollow fiber. For subsequent simulation steps, the averages in r-
and ¢-orientation are used as the permeability value. They describe the
slice of the membrane simulated by the openFCST framework.
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Table 5.5: Stokes flow simulation re

sults for intrinsic permeability values in each

flow direction for the porous support structure, averaged over four samples with

corresponding standard deviations.

Direction

Support Structure
Permeability [cm?]

2.0+0.3x10°®
1.3+0.2x 108
54+0.6 x107°

The pressure distribution simulation results for the porous support structure

for an applied pressure gradient

of 1 Pa and the graphs with all resulting

intrinsic permeabilities plotted over the four individual samples are shown

in Figure 5.9
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Figure 5.9: Stokes flow simulation results. Left: solution mesh with the pressure
drop in radial (top), ¢ (middle) and axial (bottom) flow direction. Right: Direction

dependent intrinsic permeabilities p
sents average value).
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Porosity and permeability estimations for separation layer and
membrane-skin interface

The estimated averaged mean pore radius, Ry, and the averaged poros-
ity, ¢, of the ten analyzed SEM images of the separation layer, and the
membrane-skin interface are listed in Table 5.6 The estimated mean pore
radius of the separation layer is in good agreement with the manufacturer

data of 20 nm [SUEZ].

Table 5.6: Results of SEM analysis of mean pore radius and porosity of the sep-
aration layer and the membrane-skin interface with corresponding standard devi-
ations. For comparison reasons corresponding simulated values for the support
structure are added.

Parameter Separation layer Membrane-skin int. Support structure
Rm [nm] 18+ 2 960 + 40 3700 + 200
e [-] 0.20 +0.04 0.54 +0.02 0.63 +0.03

To calculate the separation layer permeability Kj, the measured total intrin-
sic permeability of 1.1 x 10-'°m? as well as and ¢ values from the previous
chapter are used. The permeability values of the support structure and the
membrane-skin interface are assumed to be equal as the mean pore radius
and the porosity of the membrane-skin interface are closer to the support
structure values than to the values of the separation layer. This overesti-
mation of the intrinsic permeability of the membrane-skin interface leads
to a slightly overestimated intrinsic permeability for the separation layer.
Using the resistances-in-series model in Equation the permeability for
the separation layer is calculated to: Ki; separation layer = 1.6 x 10712cm2. A
prediction of the different K; values in the separation layer is not possible.
Therefore, only one value for all directions is used in the final membrane
simulation step.

5.3.2 Macro-scale membrane simulation

Figures [5.10]to [5.13 show the predicted velocity and pressure distributions
for different membrane-skin interface conditions, illustrated on top of each

113




Chapter 5. Single Multibore Membrane with Porosity Gradients

figure. The top row depicts pure water forward permeation simulation re-
sults (from lumen into shell), whereas the bottom row shows backwashing
results (from shell into lumen). The left figures provide velocity magnitude
data in the corresponding colormap (/v + v) with normalized arrows de-
picting the velocity direction. The figures in the middle show the pressure
distribution within the membrane domain. The scale ranges from 0.6 bar
(set pressure boundary condition) at the inlet boundaries to 0 bar at the
outlet boundaries in all figures. Velocities evaluated in the middle of each
separation layer are visualized in polar plots on the right in each figure.

Properties of membrane-skin interface set equal to properties of
separation layer

Figure shows simulation results of a multibore membrane with a
membrane-skin interface with the properties of the separation layer. This
setting mimics a membrane with a less porous layer on the outer skin and
resembles the original membrane best. The scale of the velocity magni-
tude in this setting ranges from 0 mms~' to 5mms-'. It is noticeable that
the permeation mode and the backwashing mode are interchangeable in
this case. The pressure graphs’ colormaps are reversed, the velocity mag-
nitudes are identical, and the arrows for the velocity direction point in the
opposite direction. Also, the velocity magnitudes inside the separation lay-
ers are equal for each bore, respectively. The behavior can be regarded
as ideal and symmetric due to non-existing damage or fouling resistances.
Since the results are rotationally symmetric, only one-fourth of the whole
membrane cross section is presented in the flow field and pressure distri-
bution graph.

Pressure distribution The pressure graphs depict a pressure drop in
the separation layer (from 0.6 bar to approx. 0.3bar) as well as in the
membrane-skin interface (from approx. 0.3bar to Obar). The pressure
gradient in the support structure is negligible compared to the gradients in
the separation layer and membrane-skin interface. The total pressure of
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Figure 5.10: Porous structure velocity ((a.i) and (b.i)), pressure ((a.ii) and (b.ii))
and separation layer velocity ((a.iii) and (b.iii)) distribution inside a polymeric multi-
bore membrane with skin layer properties similar to the separation layer during
forward permeation mode (top) and backwashing mode (bottom). Due to rotation-
ally symmetric results, only one-fourth is visualized.

approx. 0.3 bar in the support structure is the average of the set pressure
boundary condition of 0.6 bar at the inlet and Obar at the outlet bound-
ary. This value would change with asymmetrical thicknesses of the pres-
sure drop zones. Fluid that enters the support structure will not reenter
other bore channels through the high-pressure separation layer because
the pressure potential in the support structure is too low. The separation
layer and the membrane-skin represent the highest resistances in the mem-
brane.

Velocity distribution The velocity graphs also indicate that, for perme-
ation mode, the fluid always follows the path from the lumen into the sep-
aration layer into the support structure towards the shell. This flow path is
also seen for channel 4 (central). The velocity graphs show a low velocity
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magnitude in the separation layers and higher magnitudes in the support
structure. This velocity distribution is expected based on the higher intrinsic
permeability in the support structure. The highest velocity magnitude can
be found in the support structure between the outer channels, whereas the
lowest velocity magnitude is located between channel 4 (central) and outer
channels. The high magnitude of the velocity in the narrow region follows
the continuity equation for incompressible fluid flow.

Separation layer velocities It seems that the separation layers have
hardly any velocity gradients. However, Figures (a.iii) and (b.iii) indi-
cate an uneven velocity distribution around each bore channel’s circumfer-
ence. Here, the velocity plots in the six outer channels are kidney-shaped,
with the maximum velocity at the position with the shortest distance to the
shell side and the minimum velocity facing towards channel 4 (central). The
shorter the distance to the shell side, the lower the resistance for the fluid
and thus the higher the velocity in the separation layer. Detailed flow pro-
files are shown in Figure [5.11] The difference between maximal and min-
imum values in one single outer bore channel amounts to approx. 4.7 %.
The sum of velocity magnitudes in channel 4 (central) is lower than the
magnitudes in the outer lumen channels, with a difference in maximum ve-
locities of approx. 4.6 %. The lowest velocities in channel 4 (central) are
located at the position closest to the outer lumen channels and are identi-
cal to the velocity of the outer lumen channel at this position. The highest
velocities in channel 4 (central) can be found at the positions between two
outer bore channels. However, the difference in maximum and minimum
channel 4 (central) velocities amounts to only 0.11 %.

Mass flux These unequal velocity magnitudes comparing channel 4 (cen-
tral) and outer lumen channels lead to different mass flux contributions. The
mass flux analysis through the bore channel boundaries shows that the
same mass flux exits from every outer lumen channel (14.34 % of the total
mass flux). The mass flux from channel 4 (central) is marginally smaller
(13.96 % of the total mass flux), i.e., less than 3 % of the mass flux through
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Figure 5.11: Magnification of porous structure velocity (top), and separation layer
velocity (bottom) distribution inside a polymeric multibore membrane with skin
layer properties similar to the separation layer during backwashing mode. Different
scales for channel 4 and outer channels.

the outer lumen channel. Consequently, the multibore membrane has the
same order of magnitude permeation performance in all its channels. The
total mass flux was calculated to m = 16.89gs~".

Conclusion Even if the mass flux through all channels is nearly equal, the
slightly lower flow through channel 4 (central) might negatively influence the
overall filtration and backwashing performance as a smaller force is present
to detach attached particles, for example.

Properties of membrane-skin interface set equal to properties of
support structure

Figure [5.12) shows simulation results of a multibore membrane with a
membrane-skin interface that has the properties of the support structure.
This setting mimics a membrane without a denser layer on the outer skin. In
this setting, the maximum velocity magnitude in the scale is approx. twice
as high compared to Figure and ranges from Omms~' to 10 mms-'.
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The graphs of the permeation and backwashing mode are again inter-
changeable and rotationally symmetric as well as in Figure [5.10]
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Figure 5.12: Porous structure velocity ((a.i) and (b.i)), pressure ((a.ii) and (b.ii))
and separation layer velocity ((a.iii) and (b.iii)) distribution inside a polymeric multi-
bore membrane with skin layer properties similar to the support layer during for-
ward permeation mode (top) and backwashing mode (bottom). Red circles mark
major differences in fluid distribution to Figure [5.10] Due to rotationally symmetric
results, only one-fourth is visualized.

Pressure distribution Due to the membrane-skin interface setting, this
case displays two different pressure zones in the membrane: one with high
porosity and intrinsic permeability and one with low porosity and intrinsic
permeability. In Figures (a.ii) and (b.ii), the main pressure gradient
is located in the separation layer around the lumen channels of the mem-
brane. The pressure gradient in the support structure is negligible com-
pared with the pressure gradient in the separation layer. Again, due to the
different pressure regimes, the fluid does not reenter other bores.
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Velocity distribution In the velocity plots, similar main conclusions can
be drawn as in the results with a membrane-skin in the previous section.
One difference is the maximum velocity magnitude that is roughly twice as
high. These higher velocities are expected since the additional resistance
of the outer skin is removed. Hence, the total intrinsic permeability of this
setting is higher, leading to higher velocities. Besides the higher velocity
magnitudes, the velocity distribution in Figures[5.12|(a.i) and (b.i) is slightly
different from those in Figures[5.10] (a.i) and (b.i). Caused by the removed
membrane-skin interface, the magnitudes in the area between the outer
bore channels and the membrane-skin relative to the maximal magnitude
in Figures [5.12] (a.i) and (b.i) are lower (see red circles in Figures [5.12](a.i)
and (b.i)) than the corresponding relation in Figures[5.10|(a.i) and (b.i). The
flow distributes more equally if the resistance is higher.

Separation layer velocities Besides the total velocity magnitudes inside
the porous support structure, the separation layer velocities are also ap-
prox. twice as high compared to the case with a membrane-skin. The
major difference is the slightly broader profile close to the shell side. This
could be a reason for the lower velocities in the porous support structure in
the region between outer bore channels and shell side (red circled area).
Otherwise, the velocity profiles in the two cases look similar to each other.

Mass flux The mass flux analysis through the boundaries shows that
the total mass flux is proportional to the total membrane resistance, as
expected from Darcy’s law. By removing a higher resistance for the
membrane-skin interface, the total mass flux increases accordingly. The
total mass flux in this setting was calculated to m = 31.57gs™" (Setting 1:
m=16.89gs™"). The difference between mass flux through channel 4 (cen-
tral) and outer lumen channels remains at 3 %.

Conclusion Due to the lack of differences between the two settings in the
separation layer, which is responsible for the separation, a membrane with
a removed membrane-skin interface performs better regarding the mass
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flux leaving the membrane. It has a lower total resistance and, therefore, a
higher flux for the same applied pressure difference. The results suggest
an economically more viable option when considering inside-out filtration
mode without an outer membrane-skin. Here, additional resistances are
mitigated, and backwashing is performed more evenly.

Properties of membrane-skin interface set equal to properties of
separation layer with damaged zone above channel 1 (top-left) which
has properties of support structure

Figure [5.13 shows simulation results of a multibore membrane with a dam-
aged membrane-skin interface. The membrane-skin interface has the prop-
erties of the separation layer, excluding the damaged zone. The damaged
zone is located above channel 1 (top-left) of the membrane. It is 0.3 mm
wide and has the properties of the support structure. The velocity magni-
tude ranges from 0 mms-' to 40mms-', which is higher compared to the
two simulation results without a damaged zone. The high magnitudes ap-
pear in the region around the damaged zone. Hence, the damaged zone
significantly changes the flow pattern and pressure distribution inside the
membrane. Again, the permeation and backwashing modes are the in-
verse of one another. It has to be mentioned that the flow paths in Fig-
ure result from the position and amount of the observed damages at
the outer skin. Changing the position or the number of damaged zones
would strongly influence the observed flow field.

Pressure distribution The pressure drop in the separation layer and in
the intact membrane-skin interface is present. However, the pressure drop
of the intact membrane-skin interface diminishes as the damaged zone is
approached. At this position, the pressure in the damaged zone equals the
pressure in the support structure. In this setting, the pressure gradient in
the support structure is no longer negligible. The pressure in the support
structure rises from the damaged zone towards channel 7 (bottom-right)
for permeation mode (and vice versa for backwashing mode). From the
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Figure 5.13: Porous structure velocity ((a.i) and (b.i)), pressure ((a.ii) and (b.ii))
and separation layer velocity ((a.iii) and (b.iii)) distribution inside a polymeric multi-
bore membrane with skin layer properties similar to the separation layer but with
a damaged zone above channel 1 (top-left) that has the properties of the support
structure during forward permeation mode (top) and backwashing mode (bottom).

bottom-right corner towards the damaged zone, the pressure difference is
approx. 0.3 bar for the permeation and backwashing mode. This pressure
distribution implies the velocity flow pattern visible in the left column.

Velocity distribution The velocity pattern is not rotationally symmetric
anymore, as they were in the previous settings. Compared to settings one
and two, the damaged zone significantly changes the flow pattern in the
whole support structure. The fluid preferably flows through the damaged
zone into the shell. Thus, the flow pattern in the porous support struc-
ture is directed towards the damaged zone. Nevertheless, the fluid exits
(for permeation mode) and enters (for backwashing mode) the membrane’s
whole circumference. The extreme case of fluid exiting/entering exclusively
through the damaged zone is not observed as the pressure gradient bound-
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ary condition is valid for the entire circumference. Also, the flow streamlines
from the support structure through the intact membrane-skin interface are
influenced by the damaged zone. The velocity magnitude is high in the
narrow zones between channel 1 (top-left) and its adjacent outer channels
(approx. 20mms-'). Another local velocity hot spot is between the adja-
cent outer channels and the membrane-skin (10 mms-') due to the higher
radial intrinsic permeability of the support structure. This relation changes
for a higher angular intrinsic permeability.

Separation layer velocities The flow profiles inside the separation layers
are not symmetrical anymore and are manipulated by the damaged zone.
The damaged area has a significant influence on the flow profiles as they
are directed towards it. The velocities on the bore channel’s circumference
result from an interplay between the distance and position of the damaged
zone and the lumen channel’s position. With increasing distance from the
damaged zone, its influence on the flow profile’s shape becomes smaller;
however, the velocity magnitudes decrease (max. velocity decrease by
26.7 % regarding channel 1 (top-left) and channel 7 (bottom-right)). This
decreasing behavior can also be seen in the mass flux analysis.

Mass flux The mass flux analysis through the separation layers shows
that with m = 24.69 gs' it lies between the two previous settings (Setting 1:
m=16.89gs™', Setting 2: m = 31.57gs""). The contribution of the individ-
ual channels to the total volume flow through the separation layers can be
obtained from Table [5.7] The individual mass fluxes through the channels
depend on the distance from the damaged zone. Channel 1 (top-left) has
the highest mass flux, followed by channel 2 (top-right) and channel 3 (left),
channel 4 (central), channel 5 (right) and channel 6 (bottom-left), and chan-
nel 7 (bottom-right). The mass flux of channel 7 (bottom-right) is 16.3 %
lower than the mass flux of channel 1 (top-left). The damaged zone does
influence the mass fluxes. Ideally, each channel contributes approximately
14 % to the membrane performance. However, in this setting, channel 7
(bottom-right) contributes only 13.4 % to the total mass flux.
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Table 5.7: Numerically estimated relative contribution of each individual channel
to the total volume flow through the multibore membrane for setting 3 (damage).
Numerical values according to simulation results in Figure[5.13]

Lumen location Contribution [%]
Channel 1 (top-left) 16.0
Channel 2 (top-right) 14.7
Channel 3 (left) 14.7
Channel 4 (central) 13.9
Channel 5 (right) 13.7
Channel 6 (bottom-left) 13.7
Channel 7 (bottom-right) 13.4

Conclusion Summarizing, a damage in the membrane-skin interface sig-
nificantly influences the flow in the whole support structure. This was not
visible in the previous chapter, as the membrane was modeled with a con-
stant and homogeneous porosity. Thus, the fluid flow inside the porous
structure differs from the results in this chapter. The results suggest that
a membrane with a membrane-skin layer on the outside is susceptible to
damage, which harms the permeation and filtration result. This clearly il-
lustrates that a membrane without an outer separation layer is also advan-
tageous for inside-out filtration. Damages on the outer surface are buffered
by the homogeneous porosity. They are thus mitigating the negative influ-
ence on the filtration result. As mentioned above, flow paths and velocities
strongly depend on the amount and position of the observed damage. A
damaged zone between two outer lumen channels would result in different
flow paths compared to Figure so that flow would be directed towards
the damaged zone with higher velocities between those respective lumen
channels. How the flow would spread with several positions that mimic
damaged zones is left as work for future investigations.

Comparison with MRI measurement and old simulation model

Figure (a) depicts the MRI measurement of Wypysek et

al. [Wypy2019], and Figure (c) the COMSOL simulation of the pre-
vious chapter for the forward permeation mode. Figure (b) shows the
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resulting graph of a 2D OpenFCST simulation of a multibore membrane
with skin layer properties similar to the separation layer properties with a
pressure gradient of 50 mbar to match the MRI experiment. This pressure
difference was chosen to compare flow paths and magnitude. Additionally,
in Figures[5.14](d.1) to (d.3) and (e.1) to (e.3), flow profiles taken from MRI
measurements and OpenFCST simulations are depicted to better compare
experiments with simulations. The values are taken from between the outer
lumen channels and between channel 4 and outer lumen channels, respec-
tively (see Figures (@) and (b)). Due to symmetry in the simulation
results, respective velocity values between the outer lumen channels are
equal to each other.

Compared to both simulation results (Figures (b) and (c)), the MRI
measurement (Figure[5.14](a)) is noisier due to the lower spatial resolution.
Nevertheless, regarding the membrane structure and the internal flow path-
ways, the MRI measurement and the OpenFCST simulation show the high-
est velocity magnitudes in the narrow zone between the outer channels. In
contrast, the COMSOL simulation shows the highest velocity magnitudes at
the shortest distance between bore channels and membrane skin as the re-
sistance in this direction is the smallest. These phenomena are caused by
applying a denser zone in the separation layer and the outer skin. Since in
the COMSOL simulation the whole membrane is modeled with equal prop-
erties (there is no discrimination between separation layer, porous struc-
ture, and outer membrane skin), the velocity pathways differ a lot. Also,
channel 4 (central) has hardly any flux in the COMSOL simulation. In con-
trast, the OpenFCST simulation shows only 3 % less flow through channel
4 (central) in the ideal case without fouling compared to outer channels.
For a better comparison, velocity profiles along the marked lines d.1, d.2,
and d.3 (see Figures (a) and (b)) can be found in Figures [5.14] (d.1)
to (d.3). For all observed positions, the course of MRl measurements re-
sembles OpenFCST simulation results. At the shortest distance between
outer lumen channels, the velocity magnitude is highest. The magnitude
decreases towards the skin layer and lumen channel 4 (central), at which
the velocity increases slightly at the separation layer.
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Figure 5.14: (a) Excerpt of MRl measurement from a whole module’s cross section
and (c) COMSOL simulation of radial velocity magnitude in a membrane module
with the polymeric multibore membrane in forward permeation mode. (b) 2D Open-
FCST simulation with radial velocity magnitude of a polymeric multibore mem-
brane with skin layer properties similar to the separation layer in forward perme-
ation mode. Velocity profiles from MRI measurements and OpenFSCT simulations
taken from (d.1)-(d.3) between the outer lumen channels, and (e.1)-(e.3) between
channel 4 and outer channels for better comparability. MRI adapted from Wypysek

et al. (2019) [Wypy2019] with permission of Elsevier.

Depending on the position, velocity magnitude differences can be ob-
served. Low deviations of 1.6%, 7.5%, and 11.2% can be observed for
maximum velocity magnitudes between channels 2 and 5, 5 and 7, and
3 and 6, respectively. However, high deviations of 46.1 %, 50.6 %, and
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67.8 % can be observed for maximum velocity magnitudes between chan-
nels 1 and 2, 1 and 3, and 6 and 7, respectively. These big differences,
especially between channels 6 and 7, are caused, on the one hand, by the
low spatial and velocity resolution of the MRI measurements [Wypy2019],
and, on the other hand, by MRI measurements of the whole membrane
module (including shell side, inlets and outlets). As shown in the previous
chapter, secondary flow fields develop on the membrane’s shell side, caus-
ing drag forces that influence the flow field in the membrane itself. For these
reasons, a comparison of velocities between channel 4 (central) and outer
channels is challenging, as MRI resolution (especially velocity resolution
as velocities are in the range of the noise obtained in the measurements)
is too low and the limit of MRI measurements is reached. However, the
course of the velocity profiles of MRl measurements is still comparable to
OpenFCST simulation results (see Figures[5.14] (e.1) to (e.3)).

The same reasons apply to backwashing mode. As secondary flow fields
develop on the shell side, backwashing fluid does not enter the membrane
equally over the whole circumference [Wypy2019], making a comparison
to the simulation model challenging in backwashing mode. Regarding the
simulations with damaged skin (see Figure [4.5), the COMSOL simulations
show hardly any influence on the flow field inside the membrane structure,
while Figure [5.13|reveals a huge reorientation of the flow inside the mem-
brane and separation layer towards the damaged zone for the OpenFCST
simulation.

In conclusion, the qualitative comparable volume flow rates and, more im-
portantly, similar flow paths through the porous structure in the flow-MRI
experiment and the OpenFCST simulation with similar applied pressures
show that the developed asymmetric membrane model in this chapter is
more accurate to simulate polymeric membranes than the homogeneous
model used in the previous chapter. COMSOL is only partly suitable for
porous structure simulations with gradients in properties. However, the
simulation of membranes with spatial equal properties, e.g., ceramic mem-
branes, is possible. Additionally, the flow distribution inside the module
(e.g., shell side) and the flow inside bore channels are in good agree-
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ment with flow-MRI measurements [Wypy2019]. The previous chapter’s
simulation model also allows the simulations of different module configu-
rations (eccentric membrane position, sagging membrane, different outlet
positions).

The effect in lumen- and shell-sided velocity and pressure distribution in
the MRI measurement and their influence on the flow inside the membrane
structure is not assessable with the investigations in this chapter and is sub-
ject to future studies. The complete membrane module, including gradients
in membrane properties, must be considered for the whole picture.

Example of fouling layer based on MRI experiments

Figure (b.i) shows an exemplary pressure simulation result in back-
washing mode of a multibore membrane after cross-flow filtration with silica
particles. Additional parameters for the blocked domain with less perme-
ability were implemented that mimic the deposition of particles. The posi-
tion of this domain was taken from MRI measurements (Figure (@),
and porosity and permeability values in the separation layer in this region
were changed. In this simulation, the membrane-skin interface has the
same properties as the porous structure (no membrane-skin layer). The
magnification in Figure [5.15] (b.ii) shows that the pressure drop in the sep-
aration layer is not equal over the whole circumference when an additional
resistance is present in the respective bore channel. The additional re-
sistance results in a faster pressure drop inside the separation layer. At
positions without the fouling resistance, the pressure distribution behaves
similarly as in the previous simulations. Neighboring bores do not influence
each other. This results in identical hydrodynamic conditions for identical
separation layer properties.

This behavior can also be seen in the velocity plots in Figure 5.16] Mag-
netic resonance images are illustrated in the top row and the correspond-
ing simulated velocity maps in the middle row. The bottom row depicts
velocity magnitudes in the separation layers. The left column illustrates the
reference state, whereas backwashing after cross-flow filtration and after
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After cross-flow filtration

Position
of fouling within
active layer

Pressure [bar]

Figure 5.15: (a) Magnetic resonance image of a whole membrane module after
cross-flow fouling. (b.i) Simulated pressure distribution with (b.ii) a magnification
of a polymeric multibore membrane with skin layer properties similar to the sup-
port layer. Black circle sections illustrate the position of fouling in the MRI images.
These sections were simulated with a 100 times lower permeability in the separa-
tion layer. The pressure difference was set to 0.6 bar. Magnetic resonance images

taken from Wypysek (2019) [Wypy2019] with permission of Elsevier.

dead-end filtration can be found in the middle and right column, respec-
tively. Velocities in the support structure range from 0 mms-! to 10 mms-'
for all scenarios and up to 1.54 mms~" for separation layer velocities. It has
to be mentioned that the visualized velocity fields only represent the initial
backwashing flow. Since fouling layers (depending on the foulant) disap-
pear over time, flow fields would change. This also makes a comparison
to flow fields obtained by MRI impossible, as an MRI measurement took

approx. 15 min and fouling layers were not visible anymore [Wypy2019].

Backwashing reference state When no additional fouling resistance is
applied (see Figures[5.76](a.i) to (a.iii)), the velocity distribution in the mem-
brane is symmetrical. As mentioned before, high velocities are located be-
tween outer bore channels, low velocities between outer bore channels and
channel 4 (central), and outer bore channels and outer shell. Every outer
bore channel contributes equally with 14.34 % to the total mass flow. Chan-
nel 4 (central), however, contributes approximately 3 % less (13.96 %, see
Table 5.8}, left column). This lower mass flow rate can be disadvantageous
for channel’s 4 (central) cleaning efficiency as the force to remove particles
is lowered.
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Figure 5.16: Magnetic resonance images of a whole membrane module (top),
simulated porous structure velocity magnitudes with arrows for the flow direction
(middle), and separation layer velocities (bottom) in backwashing mode of a poly-
meric multibore membrane with skin layer properties similar to the support layer
in three cases: the membrane is (a) not fouled, (b) fouled during cross-flow fil-
tration and (c) fouled during dead-end filtration. Black circle sections in (b.ii) and
(c.ii) illustrate the position of fouling in the MRI images. These sections were sim-
ulated with a 100 times lower permeability in the separation layer. The pressure
difference was set to 0.6 bar. Magnetic resonance images taken from Wypysek

(2019) [Wypy2019] with permission of Elsevier.

Backwashing after cross-flow filtration |f the fouling resistance in all
seven bore channels is located at the same position (equal fouling based
on fouling volume and location of the foulant after cross-flow filtration, see
Figures[5.16] (b.i) to (b.iii)), the velocity distribution is nearly as symmetrical
as in the reference state. However, the maximum velocities in the support
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structure are approximately half for the fouled state.

Another difference is the uneven distribution in the separation layers (see
Figure [5.76] (b.iii)). The velocities at the position of the increased resis-
tance are close to 0mms-'. The fluid needs more force to overcome the
fast pressure drop in the high resistance area. It prefers to enter the bore
channel through the lower resistance region in the separation layer. The
velocity profiles in the separation layers develop through the combination
of the bore’s location in the membrane and the fouling location. The more
the fouling layer is turned away from the shell side (location where liquid
enters membrane), the higher the separation layer’s overall velocities and
vice versa. Also, the profiles are turned towards the shortest distance to the
shell side if no fouling layer is present. Channel 4 (central) has the lowest
velocities again.

These effects result in a slight velocity maldistribution in the porous struc-
ture, which can be seen best when comparing the areas between the
outer bore channels 2 (top-right) and 6 (bottom-left) and the membrane-
skin interface (red circles in Figure (b.ii)). In channel 2 (top-right),
the area with higher resistance is closer to the membrane-skin interface
than to channel 4 (central). Thus, the velocities in the support structure in
this region are also close to 0mms-'. The fluid rather flows around the
higher resistance area and enters the bore from the other side. In channel
6 (bottom-left), the higher fouling resistance points towards channel 4 (cen-
tral). Here, the velocity in the area between bore channel and membrane-
skin interface is higher (approximately 2 mms-') compared to the velocity
at channel 2 (top-right).

The mass flow contributions range from 14.24 % to 14.41 % for the outer
channels and 14.09 % for channel 4 (central), which is only less than 2 %
lower than the outer channels. This deviation is lower as in the reference
state, which is advantageous for the cleaning process of the membrane

(see Table[5.8).

Backwashing after dead-end filtration In the case of asymmetrical foul-
ing (after dead-end filtration, see Figures (c.i) to (c.iii)), the flow distri-
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bution in the porous structure is also asymmetric. As the fouling occurs in
the bottom-right part of the membrane, the backwashing velocities in this
region are smaller compared to the not fouled top-left area.

The behavior of velocities in the separation layer is similar to the cross-flow
case - the profiles depend on the position of the bore and the fouling layer.
In the extreme case of complete pore blocking (channel 6 (bottom-left)),
the separation layer’s whole circumference shows a velocity that is close
to zero, which drastically reduces the backwashing efficiency for this bore
channel. This can also be seen in the mass flow contributions that are
summarized in Table (.8l

Table 5.8: Numerically estimated relative contribution of each individual channel
to the total volume flow through the multibore membrane for backwashing in a non-
fouled membrane and after fouling in dead-end and cross-flow mode. Numerical
values according to simulation results in Figure [5.76]

Total mass flow contribution
After cross-flow After dead-end

Lumen location Reference [%] fouling [%] fouling [%]
Channel 1 14.34 14.28 28.19
Channel 2 14.34 14.24 19.48
Channel 3 14.34 14.36 28.24
Channel 4 13.96 14.09 9.95
Channel 5 14.34 14.27 7.94
Channel 6 14.34 14.41 0.69
Channel 7 14.34 14.36 5.52

The completely blocked channel 6 (bottom-left) contributes hardly to the
total mass flux in this backwashing mode (0.69 %). Otherwise, the chan-
nels which are not blocked at all (channel 1 (top-left) and channel 3 (left),
respectively) have contribution values that are approximately twice as high
as in the reference state (28.10 % and 28.24 %, respectively). In general,
channel 4 (central) contributes less to the total mass flux than the outer
channels. Also, the more fouling resistance is added to a bore channel, the
smaller the respective mass flux contribution. This uneven flow distribution
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into each bore channel makes efficient cleaning challenging.

In conclusion, dead-end fouling changes the fluid flow distribution between
the single bore channels during backwashing. The velocity magnitudes dis-
play why the cleaning performance and cleaning times could differ between
each channel. Therefore, cross-flow is a measure to prolong the lifetime of
the membrane process.

5.4 Conclusion and outlook

This comprehensive CFD simulations study elucidates the hydrodynamic
effects in a multibore membrane featuring heterogeneously distributed ma-
terial properties during permeation and backwashing. It uses spatial-
dependent membrane porosities and intrinsic permeabilities in the sepa-
ration layer, the support structure, and the membrane-skin interface. The
transition zones between these layers are modeled by a smooth transi-
tion function, representing the property gradients between the zones. This
chapter closes the gap of measuring macroscopic flow paths inside the
membrane and membrane module and modeling flow through the mem-
branes at a microscopic scale with spatial-dependent membrane proper-
ties.

First, the spatial-dependent membrane properties (porosity and pore size
distribution) are determined using uCT-scans and SEM images of a poly-
meric multibore membrane. Second, Stokes flow simulations in recon-
structed uCT-scan samples are executed and post-processed to obtain
permeability estimates. The results of the porous structure simulations with
deal.ll are required as input to perform OpenFCST simulations of the mem-
brane structure itself. Third, a property function for the multibore membrane
geometry is derived and implemented considering the different zones in the
membrane. Fourth, the macroscale flow is simulated in the multibore mem-
brane to evaluate the flow pattern within the domain. Thereby, three cases
are studied: (1) properties of the membrane-skin interface are set equal to
the properties of the separation layer, (2) properties of the membrane-skin
interface are set equal to the properties of the support structure, and (3)
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properties of the membrane-skin interface are set equal to the properties
of the separation layer, and an additional damaged zone above channel
1 (top-left) is implemented, which has the same properties as the support
structure. Finally, this chapter’s simulation results are compared to the MRI
measurements of Wypysek et al. and to COMOSOI simulation
from the previous chapter, and backwashing experiments after fouling with
silica particles are mimicked.

The obtained results provide insights into the membrane’s direction-
dependent properties and the permeation and backwashing phenomena
of polymeric multibore membranes. The porous structure simulations for
the micro-scale property determination show that the membrane’s support
structure in this study is not isotropic. lts radial and angular intrinsic per-
meabilities are higher than the axial intrinsic permeability.

The simulations of the entire membrane without additional fouling resis-
tances reveal

+ that the main pressure drop is present in the separation layer and/or
the membrane-skin interface with similar properties.

» that the highest flow velocity magnitudes in the simulations and the
MRI measurement are located between the outer channels of the
membrane.

« that flow patterns and pressure distribution are inversed when com-
paring forward permeation and backwashing mode without foulant or
damaged zone.

« that the volume flow through the membrane without a membrane-skin
interface is approx. twice as high as compared to with a membrane-
skin interface. Hence, membrane permeation and the total flux in-
crease when a skin layer is missing with no resistance on the shell
side.

« that a damaged membrane-skin influences the flow pattern within the
support structure significantly. Thus, pressure gradients within the
support structure become more pronounced. The results support the
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hypothesis that flow paths strongly depend on positions and the num-
ber of damaged zones, and the observed flow paths are case-specific.

+ that each lumen channel contributes nearly equally to the permeation
and filtration performance of the membrane. However, channel 4 (cen-
tral) contributes slightly less to the overall mass flux (3 % less), influ-
encing the cleaning performance. In no case, a lumen channel con-
tributes less than 13 % to the total mass flux.

» that the flow distribution within the separation layer depends on the
lumen position and is not equal around its circumference.

The simulations of the membrane with additional fouling resistances reveal

« that additional fouling resistances influence pressure and velocity dis-
tribution during backwashing mode. These resistances result in a
higher pressure drop in the separation layer at positions where foul-
ing occurs. It is assumed that asymmetrical fouling makes recovering
each channel equally more difficult.

« that the fluid reaches each lumen channel of the membrane, and thus,
backwashing is theoretically possible. However, the cleaning perfor-
mance and cleaning times differ between each channel, as the mass
flow contributions vary from channel to channel, and the pathways are
different for the outer and the central lumen channels, respectively.

« that even a completely blocked bore channel contributes slightly (ap-
prox. 0.69 %) to the total mass flux during backwashing. However,
the more a bore channel is blocked, the less it contributes to the total
mass flux. Thus, the cleaning performance is different for each chan-
nel. For symmetrical fouling, the contribution to the total mass flux is
nearly equal in all bore channels.

The developed methodology of image-based structure analysis and CFD
simulations for asymmetric membranes is essential to understand phenom-
ena within membranes with an asymmetric porosity or permeability distri-
bution. The chapter’s simulation results can be used as a basis and orien-
tation for future studies with position-dependent properties in asymmetric
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membranes or membranes with various numbers of lumen channels. The
coherence between the measured and simulated velocity magnitudes in
the membrane illustrates the applicability of the model.

The previous chapter, |Chapter 4: Single Multibore Membrane Module
[Performance and this chapter, |Chapter 5: Single Multibore Membrane with
[Porosity Gradients, investigated the hydrodynamic conditions of one sin-
gle membrane. However, in industrial applications, the packing density of
membrane modules is much higher as several hundred membranes are
placed inside one module. Therefore, [Chapter 6: Hydrodynamics in|
[Multi-Multibore Membrane Modules| focuses on the interplay of several
multibore membranes inside a membrane module and evaluates the influ-
ence of packing density and the module’s outlet on the flow field by MRI
measurements.
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Modules

Parts of this chapter are in preparation for publication:
Denis Wypysek, Simon Wennemaring, Matthias Wessling, "Flow, Fouling, and Backwash-

ing in Highly-Packed Multibore Membrane Modules", Journal of Membrane Science.

Flow magnetic resonance imaging in
forward permeation and backwashing mode
reveals jet streams, recirculation flows, and uneven flow distribution.
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6.1 Introduction

The previous chapters, |Chapter 4: Single Multibore Membrane Modulg
|Performance and |Chapter 5: Single Multibore Membrane with Porosity|
focused on a single multibore membrane and compared re-
sults to the MRI measurements of a multibore membrane from Schuhmann
et al. and Wypysek et al. [Wypy2019]. However, one mem-
brane inside a membrane module is not feasible in industrial applications.
Such modules are highly packed and often feature several hundred to some
thousand membranes. The unknown interplay of several membranes and
the influencing effects of membranes between each other is a question for

which the answer is being searched for a long time.

In the past, simulative approaches answered questions about flow
distribution in highly-packed modules regarding (a) the manifold de-
sign [Park1986], (b) the influence of packing densities on mass trans-
fer [Cost1993]; |Bao2002; Gunt2010], (c) the uneven particle deposition
and cake growth [Glint2012], (d) and the shell-sided mass transfer per-
formance of randomly packed hollow fiber modules [Wu2000; [Bao2002].
Also, the influence of the packing density on (e) the fiber's dimen-
sion [Zhua2015] or (f) the position and distance (fiber-fiber interaction) of
membranes on the flux distribution was investigated simulatively.
Costello et al. [Cost1993], for example, stated that on the shell side, fluid
flows preferentially through parts with lower packing (higher void phase)

and that simulation models have to take these non-idealities into account
since an axial laminar flow assumption is insufficient on the shell side of a
hollow fiber module. Bao et al. also showed the dependency of
higher fiber packing and lower flow at these regions, thus a more significant
mass transfer. Ma et al. introduced the terms permeate compe-
tition and bundle resistance that explain fiber-fiber interactions concerning
fiber diameter and their distance (distance<diameter: permeate competi-
tion; distance=diameter: permeate competition disappears, bundle resis-
tance dominates; distance>diameter: both negligible). However, defining
fiber diameter in multibore membranes becomes challenging. All the men-
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tioned studies focused on hollow fiber membranes. Wang et al.
analyzed hollow fiber zeolite membrane modules incorporating seven multi-
bore membranes using CFD simulations to optimize the module’s structure
using axial and radial flow baffles. These low-packed modules achieved
the best results regarding even flow distribution on the shell side and high
separation efficiency for a module with two radial baffles and four axial baf-
fles.

As one of the most prominent hollow fiber modules with several
fibers, hemodialyzers were subject to many experimental, on the one
hand, MRI studies investigating the (a) inlet and outlet flow behav-
ior [Pang1989], (b) the flow distribution in shell and lumen side
with different packing densities [Zhan1995; [Hard2002], spacers be-
tween the fibers [Lauk1998|; |[Poh2003b], and contrast agents like Gd-
DTPA [Osug2004a); Weer2015|; Weer2016] or heavy water [Osug2004b],
and (c) the optimization of flow paths with installed flow baffles [Poh2003a].
On the other hand, other approaches like residence time stud-
ies [Enga1980] were used to study flow distribution in dialyzers. All in-
vestigations reported a maldistribution on either shell or lumen side which
can influence toxin removal. Besides dialyzers, other modules were

also investigated regarding the fiber-fiber interaction with PIV measure-

ments [Zhan2018|, a noninvasive ultrasonic technique [Li2014], and with
MRI in randomly packed modules [Yan2021] and with differently shaped

membranes and incorporated spacers [Yang2014].

Zhang et al. [Zhan1995], for example, analyzed three dialyzers with differ-
ent packing densities and showed a relatively uniform flow distribution in-
side the lumen channels of all dialyzers. Contrarily, the shell-sided flow was
not uniform and skewed to higher flow rates. No clear trend could be found
regarding different packing densities. Poh et al. [Poh2003b};[Poh2003a] also
reported non-uniformities on the shell side and channeling occurring on the
periphery. In their PIV and CFD study, Zhang et al. highlighted
the importance of the outlet and inlet position. A more efficient outside-

in filtration could be achieved with a non-centered fluid inlet, introducing a
swirling flow. Recently, Yan et al. [Yan2021] performed flow-MRI measure-
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ments in a membrane module containing over 400 hollow fiber membranes
and analyzed flow distribution, fouling and backwashing phenomena. They
found that only 91 % of the fibers were active in forward permeation mode.
73 % of the fibers were flown through after fouling with sodium alginate from
which only 79 % recovered after chemical cleaning was applied. Not every
membrane was reached by the backwashing flux, decreasing the module
performance significantly.

All mentioned studies show the importance of understanding the interac-
tion of fibers and increasing packing density in membrane modules. How-
ever, up until now, information on the flow distribution of several multibore
membranes inside one membrane module does not exist. Therefore, this
chapter focuses on the interplay of several multibore membranes inside a
membrane module and evaluates the influence of packing density and the
module’s outlet on the flow field by MRI measurements. Flow-MRI mea-
surements of three differently packed multibore modules in forward filtration
and backwashing mode reveal the flow behavior on the shell and lumen
side and answer the question if the backwashing flux reaches every lumen
channel.

6.2 Experimentals

Membrane The investigated inside-out ultrafiltration membranes are
commercially available PES SevenBore™ fibers supplied by SUEZ Water
Technologies & Solutions and described in detail in Section [2.4]

Module As shown in Figures (b) to (d), 50 cm long membrane mod-
ules with one, seven, and 19 multibore membranes were built, resulting
in packing densities of approx. 5 %, 35 %, and 94 % (A;\“%u::g”e), respec-
tively. 3D-printed spacers close to the module’s ends are used to ensure
constant positioning of the membrane fibers inside the single- and seven-
fiber modules. The manufactured modules have an internal diameter of
18 mm. Furthermore, the membrane modules contain one connection for

the feed stream and one for the permeate and retentate, respectively. Axial
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and radial flow fields are measured at five different positions along with the
module (see Figure[6.1](a)). Measurement distances from the module inlet
are 8.3 cm for position A-A, and every following measurement slice is also
8.3 cm away from the previous one.

Magnetic resonance imaging setup Figure[6.1](a) illustrates the experi-
mental setup. All MRl measurements are carried out on a Magritek low-field
NMR tomography system combined with a KEA? low-frequency spectrom-
eter using a 2D spin-echo pulse sequence. Details of the used tomography
system and pulse sequences can be obtained from Section 2.2.3] Within
the 60 mm inner diameter imaging probe, the membrane module is placed
horizontally. Radial and axial velocity measurements are carried out in the
x-y-plane, the cross section of the membrane module.

(a)

Pressure Flow Air
sensor meter trap

Figure 6.1: (a) Experimental setup for investigations on hydrodynamic behavior
of membrane modules containing (b) one, (c) seven, and (d) 19 SevenBore™
membranes via MRI.

In all experiments, a fluid circuit is established with an ISMATEC® ISM405A
gear pump. Thereby, fluxes of 100 liter per square meter membrane area
and hour (LMH) and 200 LMH are applied to the membrane modules in
forward permeation and backwashing mode, respectively. A copper sul-
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fate solution of 1.5gL-" copper(ll) sulfate pentahydrate (CuSO, -5H,O0,
> 99.5%, Carl Roth, Germany) in de-ionized water was used as perme-
ating fluid. CuSQ, is indispensable for MRI since the required time to
capture a magnetic resonance image is significantly reduced. Mass flow
rates across the membrane are checked with a mini CORI-FLOW™ M14
(Bronkhorst High-Tech B.V., Netherlands). The resulting transmembrane
pressure (TMP) is recorded with a Wika pressure transmitter S-11 (Wika,
Germany). MRI parameters vary to obtain a maximum spatial and tempo-
ral resolution for different conditions. The set MRI parameters are listed in
Table 611

Data processing with Matlab The obtained MRI raw data from
Magritek’s software PROSPA is post-processed using Matlab routines. The
pixel by pixel stored velocity data is translated into contour and vector plots
while data smoothing is applied. Maximum and minimum lumen- and shell-
sided velocity values are taken from the matrices. For the calculation of
the deviation (if not otherwise stated), the maximum lumen velocities in all
membranes were compared. Assuming parabolic flow profiles in the lumen
channels, maximum velocities are located in the middle of each channel.
Equation [6.1] calculates the deviation in maximum lumen velocities:

Minimal maximum velocity

Deviation = (1 — . . :
Maximal maximum velocity

) - 100% (6.1)
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6.3 Results and discussion

|Chapter 4: Single Multibore Membrane Module Periormance revealed the
sensitivity of flow patterns inside membranes and modules towards small
geometric deviations from the ideal membrane position. Uneven flow dis-
tribution also occurs in modules with higher packing densities [Zhan1995]
Lauk1998}; [Hira2012; Yang2014]. Therefore, in the following, the flow dis-
tribution in membrane modules is investigated in three packing densities in
forward permeation and backwashing mode.

6.3.1 Pure water forward permeation - along module axis

Figure shows axial flow velocities from O0mms-' in dark blue to
100 mms-' in dark red at three positions before the permeate outlet. Due
to the dead-end setup, the lumen channels’ velocity decreases and shell-
sided velocities increase towards the permeate outlet.

Axial velocities shell side With increasing packing density, inhomo-
geneities on the shell side increase. Also, maximum velocities on the shell
side increase with higher packing density. Since the same flux is applied
(here 100 LMH) for all module configurations, higher mass flow rates are
applied for higher packing densities. However, less space on the shell side
is present, which leads to higher velocities. For the lowest packing density
in Figures [6.2) (a.i) to (a.iii), no notable shell-sided flow can be measured.

This behavior changes drastically in the highly packed membrane module
in Figures (c.i) to (c.iii). High jet-like shell flows develop in the pe-
ripheral area of the membrane module between most outer twelve mem-
branes and the membrane housing. Thereby, velocities in the upper half
are higher compared to the bottom half. One explanation may be the per-
meate outlet location that points upwards. Another explanation may be the
paths of least resistance and lower resistances for bigger gaps on the shell
side [Cost1993]. Slightly lower velocities can be found between the outer
twelve membranes and the neighboring six ones, and hardly any shell flow
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is present around the central membrane as the membranes at this position
are very close to each other.

A small void volume (higher local packing) leads to lower flow rates and
higher residence times. Thus, mass transfer would be higher in high pack-
ing domains. However, in a randomly packed module, regions of lower
packing (higher flow rates) dominate the whole module performance lead-
ing to a decreasing mass transfer.

For the seven-membrane module in Figure (b.iii), it seems that the
shell-sided flow is distributed homogeneously. However, when looking at
Figure 6.3/ (membranes are hidden with white circles), in which the velocity
gradient was set to lower velocities during the measurement, a maldistri-
bution becomes visible when setting the scale from 0 mms-' in dark blue
to 15mms~' in dark red. All seven membranes are shifted slightly towards
the bottom of the module. Therefore, the gaps between the membranes are
bigger in the top part of the module leading to higher velocities at these re-
gions [Hamm1990]; [Yao1995a]. Another hypothesis is that higher velocities
develop at the top area in the module due to the permeate outlet position.
These higher velocities then force the membranes to move away from the
permeate outlet [Zhan2018]. All in all, as learned from [Chapter 4: Single
[Multibore Membrane Module Performance, for small geometric deviations

from the ideal membrane positions, small local pressure differences built
up affecting flow and probably filtration performance, also in each lumen
channel of the respective membranes.

Axial velocities lumen side As mentioned before, the velocities inside
the lumen channels decrease along the module axis due to the dead-end
configuration. However, the flow distribution in all seven lumen channels in
one membrane as well as among different membranes is non-uniform. To
better visualize these phenomena, Figure shows magnifications of the
flow fields in Figure at slice C-C with different maximum velocities on
the scale of 64, 80, and 86 mms~', respectively.

It seems that no trend can be recognized regarding the flow distribution
inside one multibore membrane. For the lowest packed module in Fig-
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100 LMH
A-A B-B C-C

Axial velocity [mm s]

Axial velocity [mm s]

Axial velocity [mm s]

Figure 6.2: Axial flow-MRI measurements of multibore membrane modules in for-
ward permeation mode containing (a) one, (b) seven, and (c) 19 SevenBore™
membranes at three different positions before the permeate outlet. White squares
in (.ii) indicate zoomed position shown in Figure

ure (a), the highest velocities can be found in the central, right and
bottom right lumen channel. In the magnification of the seven-membrane
module in Figure[6.4](b), the top membrane (central membrane in the whole
module) has higher velocities compared to the two other ones; the bottom
left membrane has the highest velocities in the central lumen channel; the
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100 LMH cc

— =

Axial veloc'ity [mm s]

Figure 6.3: Axial flow-MRI measurements of a multibore membrane module in
forward permeation mode with seven SevenBore™ membranes at position C-C.
Only the uneven flow distribution on the shell side is visualized.

bottom right membrane has higher flows in the right lumen channels. One
lumen channel even possesses negative velocities in the highly-packed
module (see Figure (c)). This phenomenon probably occurs as this
channel is blocked at a position closer to the feet inlet (before slice A-A).

Looking at the several contributions of individual lumen channels shows
that, on the one hand, the difference in maximum lumen velocity increases
with higher packing densities. On the other hand, the maldistribution be-
comes more pronounced along the module axis. For example, the flow in
the one-membrane module is relatively evenly distributed with a deviation
in maximum lumen velocities of 8.5 % close to the feed inlet (A-A) and in-
creases t0 9.4 % close to the permeate outlet (C-C) (an increase of 0.9 %).
This heterogeneity increases for the seven-membrane module to 17.7 % at
slice A-A and 21.2% at slice C-C (an increase of 3.4 %), and even more
for the 19-membrane module to 27.9 % at slice A-A and 35 % at slice C-C
(an increase of 7.1 %). In conclusion, the higher the packing density, the
more complex the flow field and heterogeneities become more likely. Nev-
ertheless, if lumen channels are not clogged, they are flown through, and
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the liquid leaves the porous structure.

100 LMH
c-C

Axial velocity [mm s]

Figure 6.4: Zoom in flow-MRIs from Figure [6.2] Velocity scales differ in each
magnification to highlight uneven flow distribution in membranes. Max. values of
64 mms! for (a), 80 mms~! for (b), and 86 mm s~ for (c).

Radial velocities The resulting radial flow velocities for the highly-packed
membrane module can be obtained from Figure [6.5] The flow magnitude
is represented by colors from 0mms=' in dark blue to 3mms~' in dark
red, arrows depict the flow direction. Depending on the measured posi-
tion, the liquid flows on the shell side between the membranes and dis-
tributes, following the path of least resistance. No trend can be detected
as the fluid seems to flow randomly (according to the position of the mem-
branes) through the module. As stated by Costello et al. [Cost1993], the
fluid flows continuously and looks for areas with lower packing densities.
Since the resolution is too low, flow profiles in the lumen channels could
not be measured. Also, no flow paths form for the seven-membrane and
one-membrane modules due to too much void space for the liquid on the
shell side.
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100 LMH

Radial velocity [mm s]

Figure 6.5: Radial flow-MRI measurements of a multibore membrane module in
forward permeation mode containing 19 SevenBore™ membranes at three differ-
ent positions before the permeate outlet.

6.3.2 Pure water forward permeation - the role of the
outlet position

More interesting than the flow fields in front of the permeate outlet posi-
tion are the positions directly at the outlet, especially behind the permeate
outlet. Figure depicts axial flow fields at (.i) and behind (.ii) the outlet
position for a membrane module with one (a), seven (b) and nineteen (c)
multibore membranes at 100 LMH with different scales.

Shell side In the lowest packed module (Figure [6.6] (a)), axial flow veloc-
ities on the shell side are close to zero as the volume flow rate is too low to
generate significant flows at the shell side.

For the seven-membrane module in Figure [6.6] (b.i), permeate outlet flows
in two directions were measured. Since the module does not end at this
position, fluid from both sides accumulates and flows through the permeate
outlet. Thereby, negative velocities from behind the permeate outlet are
present on the right side and positive velocities from before the permeate
outlet on the left side. It can be seen that the middle membrane is slightly
shifted to the right. Thus, as mentioned before, this small deviation from
the ideal position leads to a maldistribution and slightly higher velocities left
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from the central membrane. This phenomenon can also be seen behind
the outlet position (see Figure[6.6] (b.ii)) with velocities of about -5 mms-'.

100 LMH
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Figure 6.6: Axial flow-MRI measurements of multibore membrane modules in for-
ward permeation mode containing (a) one, (b) seven, and (c) 19 SevenBore™
membranes at the permeate outlet and 8.3 cm behind.
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In the highly-packed membrane module in Figure (c.i), no outlet flows
can be measured as the volume flow is too high to capture any velocities at
this position. As mentioned in the previous section, jet streams build up be-
tween the membranes with higher velocities in the upper half of the module.
Still, hardly any velocity can be measured next to the central membrane.
Curiously, one can find spots with negative flow velocities of -26 mms-!
on the shell side next to the jet streams of about 114 mms='. This phe-
nomenon is more pronounced at position E-E (see Figure [6.6] (c.ii)). Nega-
tive flows are expected behind the permeate outlet as the fluid on the shell
side has to leave the membrane module via the outlet. On the top part
of the module, these negative velocities of maximum -85mms~' can be
found. However, especially when the membranes are close to each other,
positive velocities of 40 mms-' are present as well. In the module, a recir-
culating flow on the shell side exists that may affect the fluid flow distribution
in the several lumen channels due to local pressure differences.

Lumen side As mentioned in the previous section, the non-uniform flow
distribution along the membrane axis further increases towards to module’s
end. Especially at position E-E the deviation in maximum lumen veloci-
ties increases drastically, and the flow distribution in the lumen channels
is highly uneven. In the one-membrane module, this deviation is 13.8 %
for the slice at the permeate outlet (D-D), rising to 34.6 % at slice E-E (an
increase of 20.8 %).

Lumen flow velocities in Figure (b.i) reveal that the permeate outlet
influences the membranes’ hydrodynamic behavior. The lumen channels
closest to the permeate outlet possess the lowest velocities leading to high
deviations of 52.4%. It seems that the high shell-sided velocities at the
outlet induce drag forces and suck the fluid out of the respective lumen
channels. These high deviations further increase to 69.7 % towards the
module’s end (slice E-E, Figure[6.6] (b.ii)). Here, the highest velocities in all
membranes can always be found in the central lumen channel. This means
that the central channel contributes less to the filtration performance, which
is in accordance with separation layer velocity simulations in Chapter 5.
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The phenomenon of drag forces at the permeate outlet can also be seen
in the highly-packed module (see Figure (c.i)), even if the effect is not
as strong as in the seven-membrane module. Still, at these two positions,
the deviations are increasing to 42.3 % at slice (D-D) and to 58.3 % at the
module’s end (slice E-E), with mostly the highest velocities in the central
lumen channels. Moreover, the velocities inside the lumen channel with
negative flow velocities further increase (Figure (c.ii) shows a measur-
ing artifact).

6.3.3 Pure water backwashing

For backwashing experiments, the direction of the fluid flow is reversed to
outside-in mode, and the flow rate is increased to 200 LMH. Figure
shows axial flow distributions at three different positions (A-A, C-C, and
E-E). Each graph has another scale bar to better highlight flow phenomena.

Shell side In the seven-membrane module, velocities decrease from
—11mms-"at A-Ato -25mms-! at C-C and increases to 10 mms-' at E-E.
This increase is reasonable as the backwashing fluid has to reach the end
of the module. It is assumed that the shell side flow decreases to 0 mms-!
at the module’s end at both sides.

More interesting are the shell-sided velocities for the 19-membrane module.
The backwashing fluid enters the module from the top and moves along
the module until slice A-A (and E-E) is reached (see Figures (b.i) and
(b.ii)). Thereby, maximum negative velocities of -315mms-! at C-C and
-176 mms~' at A-A are reached. It seems that the backwashing fluid at
A-A in Figure (b.i) pushes the membranes to the bottom side of the
module. Thus, a close packing of seven membranes forms (bottom-left),
leading to the formation of jet streams in a positive flow direction of up to
165mms-'. These recirculating flows diminish closer to the backwashing
inlet (at slice C-C) and build up again behind the backwashing inlet at E-E
(see Figure (b.iii)). Thereby, velocities range from —149 mms-' to over
300 mm s~ leading to a highly non-uniform shell-sided flow distribution.
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Figure 6.7: Axial flow-MRI measurements of multibore membrane modules in
backwashing mode containing (a) seven and (b) 19 SevenBore™ membranes at
three different positions - two before the backwashing inlet and one behind the
backwashing inlet.
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Lumen side Every lumen channel is reached at slice A-A (furthest away
from the backwashing inlet), and a velocity can be measured. This be-
havior was not expected as the (former retentate) outlet is closer to the
backwashing inlet. That means that backwashing is potentially successful.
However, Figures (a.i) and (b.i) show that not every lumen channel is
reached equally. In each membrane, the central lumen channel possesses
the highest velocity value. The deviation in maximum lumen velocities in
the seven-membrane module at slice A-A amounts to 63.6 %. In the highly-
packed module, several lumen channels have hardly any flow at slice A-A,
resulting in a deviation of more than 90%. These inequalities even out
along the module axis. For example, in the 19-membrane module, devia-
tions decrease t0 43.4 % at slice C-C and to 28.4 % at slice E-E. The lumen
channel analysis gives reason to believe that effective backwashing is chal-
lenging as not every lumen channel is flushed equally.

6.4 Conclusion and outlook

In this chapter, a comprehensive magnetic resonance imaging study re-
veals the hydrodynamic effects in multibore membrane modules with three
different packing densities in forward permeation and backwashing mode.
This study helps to understand the interaction of membranes with their sur-
roundings and shows challenging flow phenomena on shell and lumen side
as well as an influence of the outlet position.

In detail, in front of the outlet position, the forward permeation mode shows
that the shell-sided flow is more and more heterogeneous for higher pack-
ing densities, and jet streams evolve in the highest-packed module. Also,
the deviation in maximum velocities increases along the module axis and
the uneven flow distribution is higher for higher packing densities. These
non-uniformities become extremely pronounced behind the outlet position,
showing that the outlet’s position can majorly influence the permeation (and
especially the backwashing) behavior. Additionally, streams with positive
and negative velocities recirculate at the end of the membrane module
leading to local pressure differences, which again counteract a homoge-

154



6.4. Conclusion and outlook

neous flow distribution.

In the backwashing experiments, all lumen channels are reached even at
the furthest position from the backwashing inlet. However, the flow inside
one membrane is unevenly distributed with the highest velocities in the cen-
tral lumen channel. Even if this maldistribution evens out along the module
axis, it can lead to an inefficient backwashing process.

All chapters in the thesis up until now (Chapter 4: Single Multibore Mem-
lbrane Module Performance, (Chapter 5: Single Multibore Membrane with
[Porosity Gradients, and|Chapter 6: Hydrodynamics in Multi-Multibore Mem-
lbrane Modules) focused on multibore membranes and membrane modules
after reaching a steady state. However, this is only the case after a first fil-
tration cycle in which pre-wetting and pore-stabilizing agents are removed.
But how does this first filtration cycle look like? [Chapter 7: Initial Wetting|
[Patterns in Multibore Membrane Modules|investigates the initial dynamic
wetting progress in multibore membrane modules in which the membranes
are filled with different pre-wetting agents.
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7.1 Introduction

As analyzed in |Chapter 5: Single Multibore Membrane with Porosity|
especially multibore membranes possess a porous nature that
allows them to separate particular matter from a liquid system. Multibore
membranes are monolithic and house several bore channels within one

porous polymer matrix with porosity gradients. Especially the flow distribu-
tion across a multibore membrane has been proven to be very sensitive to
non-idealities such as bending, skin damages, or eccentric positioning. In
turn, this altered flow distribution causes distinct changes in flow patterns
across the whole module (see|Chapter 4: Single Multibore Membrane Mod-|
lule Performance).

A versatile method for analyzing fluid flow distribution and the online and
in-situ characterization of membrane filtration is magnetic resonance imag-
ing (MRI) and flow-MRI. MRI is a noninvasive tool to monitor fluid veloc-
ities and particle depositions. Studies using MRI and flow-MRI for char-
acterization of membrane filtration with liquid-liquid [Yao1995a); [Pope1996]
as well as liquid-solid systems [Aire1998|; Buet2011]; [Culf2011] have been
presented in literature. Thereby, there is no need for large superconducting

magnet MRI systems for the measurement of membrane modules to gain
valuable information, as low-field benchtop hardware can be used for this

purpose [Yang2014];Wies2018b].

As the MRI technology also allows the measurement of liquid content

present in the membrane, wetted and non-wetted areas inside the porous
structure can be distinguished. Incomplete wetting of membranes can in-
fluence the permeation and performance of the filtration process signifi-
cantly [Pena1993};|Wang2005; Boho2005]. Hence, quantifying the degree
of wetting and wetting times is important to judge the extent of perme-

able porosity. The majority of studies must assume that permeation ex-
periments access a completely solvent-wetted membrane porosity. Com-
prehensive studies presented in the literature perform washing and wetting
experiments prior to the final transport studies without further investigation
of the achieved wetting degree. Hence, most investigations in the literature
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focus on membrane performance in steady-state or after several usage
cycles. However, this initial sub-optimal membrane performance might sig-
nificantly impact later non-uniform flow distributions and fouling events. As
early sub-optimal membrane performance has yet hardly been evaluated,
investigating this loss in membrane performance at an early stage of usage
is the main aim of this chapter.

Here, MRI inspection studies on the degree of wetting are reported and
correlated with permeation experiments. The wetting behavior of commer-
cial polyethersulfone (PES) multibore membranes (SevenBore™) inside
custom-made membrane modules is investigated. The effect of packing
density inside the module on membrane wetting is analyzed in detail. Di-
rect wetting of membranes in delivery conditions is compared to pre-wetted
membranes. Wetting degrees and wetting times are measured. This chap-
ter aims at providing a more detailed understanding of initial permeation
conditions. It suggests process conditions allowing a complete wetting of
the membranes, leading to overall homogenized transport properties. An-
alyzing wetting and flow patterns at first membrane usage helps to under-
stand and quantify the mechanisms causing sub-optimal membrane usage.

7.2 Background on wetting

Membrane wetting is mainly addressed for membrane contac-

tors [lbra2018], membrane distillation [Pena1993; Reza2018; [Yaoc2020],
microsieves [Giro2005], and monoliths [Mari2020]. However, literature

affirms that the membrane’s wetting state significantly influences microfil-
tration and ultrafiltration membrane performance [Roud2000; |Koch2009);
Argy2015; |Argy2017]. Conventionally, commercially available ultrafiltration
membranes are pre-filled with a pore stabilizer such as glycerol [He2004].
This fluid needs to be replaced by the feed solution before the filled pore

can contribute to the filtration performance.

The results presented in literature indicate that even at advanced stages
of filtration, the membranes remain partially non-wetted with water, es-
pecially for hydrophobic membranes in microporous parts of the struc-
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ture [Koch2009j |Argy2015]. This incomplete wetting is caused by the non-
uniform pore size distribution in polymer networks produced via phase sep-
aration. Non-uniform pores that are connected and simultaneously wet-

ted by a fluid form communicating networks. This network communication
leads to non-uniform wetting and effects like fluid droplet trap-
ping and bypassing flows [Pind2008]. In those cases, the necessary hy-
drodynamic pressure to wet the pores cannot be reached with the macro-
scopically applied transmembrane pressure (TMP). Hence, macroscopi-
cally non-uniformly wetted structures arise.

On a pore-scale level, the necessary pressure for pore wetting Apg de-
pends on the surface tension ~, the macroscopic contact angle ¢, and the
local pore diameter dpye Of the specific membrane and liquid system. It
can be derived from the Young-Laplace equation (see Equation [7.1). The
Young-Laplace equation is valid for large pore diameters, as additional ef-
fects such as van der Waals and electrostatic double-layer forces can have
a dominating impact on the fluid-membrane interface for small pores of only
some nanometers [Butt2003]. The membranes investigated are ultrafiltra-
tion membranes with a nominal pore size of 40 nm. Equation|/.1]is valid for
the system used in this chapter.

Apg = ——— (7.1)

At the membrane surface, where the retention of particular matter takes
place, liquid only penetrates the membrane through wetted pores. Hence,
the total liquid transport can be calculated by the sum of all flows through
single pores. The volume flow V through a single pore can be calculated
using the law of Hagen-Poisseuille as described in Equation[7.2] Here, the
flow depends on the pore radius r, the local pressure gradient Ap, the liquid
viscosity n, and the pore length L.

. 7r* Ap
V= WT (7.2)
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A non-uniformly wetted membrane decreases the flux across the mem-
brane in two ways. First, the number of pores contributing to the flux is
reduced. Thus, the overall flux linearly decreases with an increasing num-
ber of non-water-wetted pores. Second, a non-uniformly wetted membrane
only allows distinct flow paths for the liquid to pass through the membrane.
Hence, flow patterns inside the membrane change, which causes unfa-
vorable pathways limiting the liquid mass transport by increased pressure
drop.

7.3 Experimentals

7.3.1 Experimental setup

Membrane The investigated inside-out ultrafiliration membranes are
commercially available PES SevenBore™ fibers supplied by SUEZ Wa-
ter Technologies & Solutions and described in detail in Section 2.4} Fig-
ure[7.1] (a) depicts the unique pore structure of the investigated membrane
fibers. While blue framed areas mark the active membrane layer with
smaller pore sizes, white framed areas depict the areas with bigger pore
sizes representing the membrane’s support structure. Domains with bigger
pore sizes provide mechanical stability of the membrane fiber and do not
contribute to particular matter separation.

Module For the examination of wetting morphologies inside the pore
structure, individual fibers must be incorporated into modules. Thereby,
three packing densities are investigated, which contain either one, seven,
or 16 membrane fibers accounting for packing densities of 5 %, 35 %, and
79 %, respectively. Due to different batches, membranes used in this chap-
ter are slightly bigger than in the previous chapter, and only 16 fibers fit in
the module. The corresponding membrane arrangements are presented
in Figure [7.1] (b). 3D-printed spacers are used to ensure constant posi-
tioning of the membrane fibers inside the single- and seven-fiber modules.
The manufactured modules are similar to those from the previous chapter
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and are 50cm in length and have an internal diameter of 18 mm, contain-
ing connections for the feed stream and the permeate and retentate, re-
spectively. The wetting behavior is monitored at three positions along the
module length (see Figure[7.1] (c)). Measurement distances from the mod-
ule inlet are 8.3 cm for position A-A, 16.6 cm for position B-B and 25 cm for
position C-C.

Magnetic resonance imaging setup Figure[7.1](c) represents the devel-
oped experimental setup which is similar to the setup in the previous chap-
ter. All MRI measurements are carried out on a Magritek low-field NMR
tomography system using a 2D spin-echo pulse sequence. Details of the
used tomography system and pulse sequences can be obtained from Sec-
tion[2.2.3] Within the 60 mm inner diameter imaging probe, the membrane
module is placed horizontally. Measurements in the tomograph are carried
out in the x-y-plane, being the cross section of the membrane module.

In all experiments, a fluid circuit is established with an ISMATEC® ISM405A
gear pump. Thereby, fluxes of 50 liter per square meter membrane area
and hour (LMH), 100 LMH, and 200 LMH are applied to the membrane
modules. For wetting experiments, a copper sulfate solution of 3.12gL""
copper(ll) sulfate pentahydrate (CuSQO, -5H,0, > 99.5%, Carl Roth, Ger-
many) in de-ionized water was used as aqueous phase, hereafter termed
aqueous solution. This concentration is equivalent to 0.05 M ionic strength.
The use of a CuSO,-solution has a potential influence on the wetting
progress as it might shift the contact angle of the used material system.
However, CuSO, reduces measuring times significantly. Corresponding
mass flow rates across the membrane are monitored with a mini CORI-
FLOW™ M14 (Bronkhorst High-Tech B.V., Netherlands). The resulting
TMP is recorded with a Wika pressure transmitter S-11 (Wika, Germany).
An individual module with new membranes was fabricated for each exper-
iment to ensure comparability between experiments on the impact of flux
and packing density.

Depending on the material system, the MRI parameters vary to obtain a
maximum spatial and temporal resolution. Thus, imaging times varied from
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Pressure sensor Flow meter

? g0

Airtrap Gear pump  CuSOg-sol.

Figure 7.1: Presentation of (a) a FESEM image of the cross section of the investi-
gated SevenBore™™ membrane fibers, (b) three considered membrane packing
densities and the correlating membrane arrangements in the membrane module,
(c) the experimental setup for the investigation on the wetting behavior of Seven-
Bore™ membranes via MRI.

4:47 min for delivery-state, as well as for washed and dried membranes to
6:50 min for ethanol-filled membranes leading to time-averaged magnetic
resonance images. MRI parameters for all three material systems are listed
in Table [Z 11

Table 7.1: MRI parameters for the investigation of wetting morphologies in
delivery-state, washed & dried (wd), and ethanol-filled membrane fibers with cop-
per sulfate solution (CuSO,). Filed of view (FoV).

Wetting fluid in pores Glycerol  Air (wd) Ethanol
Displacing fluid CuSO, CuSO, CuSO,
Parameter Unit Value Value Value
Repetition time [ms] 280 280 400

Echo time [ms] 48 48 32

FoV Read [x] [mm] 24 24 45

FoV Phase [y] [mm] 24 24 40

Slice thickness [Z] [mm] 10 10 10

No. of pixels [x x y] [-] 256 x 256 256 x 256 256 x 256
Resolution [x x y] [um/px] 94 x 94 94 x 94 176 x 156
Number of scans [-] 4 4 4
Acquisition time [min:sec] 4:47 4:47 6:50
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7.3.2 Wetting procedures

Proof of concept - weight loss after washing Typically, ultrafiltration
membranes are factory-filled with a pore stabilizer, as the pore network in
the selective layer tends to collapse when dried. According to the man-
ufacturer, glycerol is used as a pre-wetting agent, which is known to be
a prominent choice for pore network stabilization [SUEZ]. Glycerol as a
pre-wetting agent can be removed by washing with ethanol. To investigate
the amount of contained pre-wetting agent, as well as to evaluate the ap-
proach of ethanol-washing, single membrane fiber samples are immersed
in EtOH for two hours and were dried in an exsiccator for 30 min. The sam-
ple masses were compared to delivery-state membranes, also dried in an
exsiccator for the same time. The weight loss of 5 cm membrane samples
can be seen in Table and confirms that the pre-filling agent is washed
out successfully.

Table 7.2: Weight of 5 cm membrane samples for delivery-state membranes, dried
membranes, and washed and dried membranes and the corresponding weight
loss after treatment.

Configuration Mass [mg/cm] Weight loss [mg/cm] Weight loss [%]
Delivery-state 35.54 +1.7 - -

Dried 33.04 2.50 7.03

Washed & dried 16.94 18.60 52.34

Proof of concept - initial wetting conditions and porous structure sig-
nal To correlate the MRI data obtained from membrane investigation to
the observed changes in mass due to drying, MRI reference measure-
ments were used. The signal strengths of pure fluids, as well as different
fluid systems inside a membrane structure, were compared to the refer-
ence time steps (t = 0) of delivery state and ethanol-washed and dried
(air-filled) membranes to show the suitability of MRI measurements to dis-
tinguish wetting states inside the membrane. These reference experiments
are shown in Figure [7.2] Averaging over multiple pixels is indicated by the
straight white lines.
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(a) Reference: pure substances
IGcherol =0.28

(b) Delivery state: t=0 (c) Washed and dried: t=0

Figure 7.2: Fluid signal intensity comparison for ethanol, glycerol, and copper sul-
fate solution, normalized for the signal strength of the aqueous solution. (a) Pure
fluids measured for reference. Reference time step images at the beginning of the
permeation experiment for a module containing seven (b) delivery-state membrane
fibers and (c) ethanol-washed and subsequently dried membrane fibers.

Figure (a) shows the relative signal strengths of ethanol (bottom left),
glycerol (top), and aqueous solution (bottom right) used for the wetting ex-
periments in this chapter. The MRI signals are normalized to the signal
of the aqueous solution. Figures (b) and (c) show the reference time
steps of the wetting experiments for a seven-fiber module in delivery state
(b) and ethanol-washed and dried membranes (c). The reference time step
is defined as the time step when the shell side is carefully flooded with the
aqueous solution, and the lumen channels are initially flooded without pres-
sure build-up. Hence, the signal in the module’s shell side and inside the
lumen channels arises from the pure aqueous phase. The signal strength
inside the membrane’s porous structure arises from an average of the poly-
mer and the contained fluid system. The polymer can be assumed to lead
to no or very low signal. The MRI signals inside the membrane structure
are uniform within one MRI measurement.

The signal in the polymer matrix region is significantly higher than the
module-surrounding air signal for the delivery-state fibers shown in Fig-
ure (b). However, for the washed and dried fibers displayed in Fig-
ure (c), the signal is nearly the same as the surrounding air. Hence,
it is concluded that the membranes’ porous structure is at least partially
or even completely filled with a pore-stabilizing agent in the delivery state.
This pore-stabilizing agent that is assumed to be glycerol can entirely be
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removed by membrane washing in ethanol. The drying procedure applied
in this study is sufficient for complete solvent removal as the membranes
appear to be fully air-filled after the drying procedure.

This data implies that main parts of the membrane are factory-filled with
a pore-stabilizing agent that can be removed with ethanol-washing. It is
concluded that at least the selective layer of the investigated membranes is
fully pre-filled with a pore-stabilizing agent. Also, a clear trend regarding the
initial wetting state of the more macroporous support structure is present.

Wetting experiments Based on the findings of sample masses and MRI
references, three sets of experiments were carried out to investigate the im-
pact of the wetting fluid on the wetting morphologies inside the pore struc-
ture via MRI. Each wetting experiment was conducted in dead-end mode
for approximately 6 hours.

First, the pre-wetting agent in the pore structure of commercially available
membrane fibers is displaced with the aqueous solution. The pre-wetting
agent is assumed to be present at least in all pores of the selective layer
and to some extent in the mechanical support domains.

Second, the pre-wetting and stabilizing agent is removed by ethanol wash-
ing. Throughout ethanol washing, seven membrane fibers are immersed
in approximately 150 mL ethanol (EtOH, > 96 %, Carl Roth, Germany) for
24 hours. Afterward, the washed fibers are dried by placing them in a
fume hood for at least 24 hours at room temperature and ambient pres-
sure. Washed and dried membrane fibers are incorporated into modules
containing seven fibers and are wetted with the aqueous solution.

Third, membranes are washed with ethanol directly inside the module to
replace the prevalent glycerol in the pores entirely. Without any drying
step, the ethanol is displaced by aqueous solution. For ethanol wetting, an
ethanol flux of 100 LMH is applied to a membrane module containing seven
SevenBore™ fibers. Thereby, the progress of ethanol wetting is monitored
via MRI. With the fibers thoroughly wetted with ethanol, the fluid is switched
to aqueous solution at a flux of either 50 LMH or 100 LMH.

All applied experimental setup conditions are summarized in Table [7.3]
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7.3.3 Data processing for wetting quantification

Data processing with Matlab The obtained MRI raw data consist of
512x512 pixel images (due to zero filling) that depict a normalized signal
strength assigned to the corresponding pixel. Figure (a) shows an ex-
emplary raw imaged during the wetting procedure of a single-fiber mod-
ule. The light outer domain represents the shell side of the module filled
with aqueous solution, while the middle darker structure depicts the Seven-
Bore™ membrane. Figure (b) shows a magnification of the membrane
area. Different values on the grayscale can be distinguished. The seven
light circles depict the seven lumen channels of the membrane. However,
also inside the polymer structure, different signal strengths are observed.
This difference in signal strength results from a combination of aqueous
solution wetted (brighter) or non-wetted (darker) sections inside the mem-
brane.

\\\\\\\\\
\\\\\\\\\
\\\\\\\\\

Figure 7.3: Representation of the functionality of the developed Matlab tool for
the determination of the membrane’s wetting degree. (a) Magnetic resonance
image of a single-fiber module during the wetting process. (b) Magnified image of
the membrane fiber with wetted (grayish) and non-wetted (blackish) areas in the
membrane cross section. (c) Discretization performed by the developed Matlab
tool in wetted and non-wetted pixels.

The membranes’ wetting degree (WD) can only be compared qualitatively
with the obtained raw data. Image processing with a developed Matlab
code enables a quantitative analysis. The membrane area was defined
automatically. Within this area, setting a threshold (obtained from the sen-
sitivity analysis, see below) for single pixels’ signal strength lead to a binary
image. Light pixels were attributed as wetted membrane area, black pixels
as non-wetted membrane area. Figure [7.3] (c) shows an exemplary binary
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image. The wetting degree was determined by the ratio of wetted area to
the total membrane area (see Equation[7.3).

> Wetted pixels
> Wetted pixels + | Non-wetted pixels

Wetting degree WD = (7.3)

Sensitivity analysis of wetting degree towards variations of the
threshold To identify a reasonable threshold, a membrane was fully wet-
ted with aqueous solution, and the MRI signal strength within the wetted
membrane matrix was measured. A signal strength of 0.8 was then set as
the threshold for distinguishing wetted and non-wetted membrane areas.
The wetting degree appears to be robust to variations in the threshold. By
changing the threshold by +10 % of its original value, the obtained wetting
degrees differ by only two to six percent, which can be seen in Table

Table 7.4: Wetting degree evaluation of MRIs from Figure of single-, seven-
and 16-fiber modules at different applied thresholds to consider a pixel as wetted.
These evaluations were done to evaluate the sensitivity of wetting degree towards
variations of the threshold.

Wetting degree
Minimum signal strength 0.8-10% 0.8 0.8+10%

Single-fiber module 0.75 0.72 0.68
100 LMH Seven-fiber module 0.79 0.77 0.75
16-fiber module 0.76 0.75 0.69
Single-fiber module 0.84 0.81 0.78
200 LMH Seven-fiber module 0.76 0.73 0.70
16-fiber module 0.91 0.89 0.87
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7.4 Results and discussion

7.4.1 Reproducibility of wetting experiments

Although only one experiment per configuration is presented in the follow-
ing, it is assumed that the observed results are representative as clear
trends between several experiments can be seen. A high number of man-
ual steps is needed for module assembly, which in itself causes slight vari-
ations in the setup. This is why some variations in the observed wetting
degrees between single experiments are expected. Still, the characteris-
tics of the applied hydrodynamic stresses remain the same. Tables[7.5]and
present wetting degrees of all single fibers inside a single-fiber mod-
ule, a seven-fiber module, and a 16-fiboer module obtained from the MRIs
in Figure for 100 and 200 LMH, respectively. Here, all phenomeno-
logical wetting patterns observed in the membrane fibers are similar within
one experiment. This is coherent with the wetting degrees calculated for
the single fibers. These wetting degrees differ by only three to five per-
cent. Hence, this observation indicates that the formed wetting pathways
are reproducible for similar applied hydrodynamic stresses.

Table 7.5: Evaluation of the wetting degree (WD) for each single fiber in a module
containing one, seven, and 16 fibers (fib.) at 100 LMH.

1 fib. WD | 7 fib. WD 16 fib. WD 16 fib. WD
1 0.72 | 1 0.81 |1 0.74 9 0.68
2 075 |2 0.69 10 0.68
3 0.82 |3 0.67 11 0.69
4 0.81 |4 0.71 12 0.72
5 0.77 |5 0.73 13 0.74
6 072 |6 0.81 14 0.69
7 072 |7 0.73 15 0.76
8 0.70 16 0.70
100 LMH Average 0.77 | Average 0.71
+0.04 +0.04
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Table 7.6: Evaluation of the wetting degree (WD) for each single fiber in a module
containing one, seven, and 16 fibers (fib.) at 200 LMH.

1 fib. WD | 7 fib. WD 16 fib. WD 16 fib. WD
1 0.81 | 1 0.72 |1 0.86 9 0.82
2 0.77 |2 0.86 10 0.88
3 0.70 |3 0.90 11 0.85
4 0.71 |4 0.88 12 0.91
5 0.76 |5 091 13 0.91
6 0.75 |6 0.86 14 0.92
7 0.72 |7 0.84 15 0.92
8 0.87 16 0.94
200 LMH Average 0.73 | Average 0.88
+0.03 +0.03

7.4.2 Aqueous solution wetting delivery-state
membranes

Single fiber wetting Figure shows MRIs of the progression of mem-
brane wetting over time for a single-fiber module at an inside-out flux of
200 LMH. The signals were detected close to the feed inlet of the module
(position A-A).

The image depicted in Figure [7.4] (a) is taken directly after filling the mod-
ule with the aqueous solution and starting the permeation experiment. The
membrane area appears to be non-wetted with aqueous solution. The
membrane is surrounded by the electrolyte but not positioned centrally.
Compared to images taken later during the wetting progress, the mem-
brane is initially found in a different position in the module cross section.
This shift in position is induced by swelling of the polymer material that
causes strains and bending of the membrane [Wypy2019]. The lumen
channels cannot be seen as circular light structures but show crescent-
shaped light areas. One reason is the membrane’s movement that causes
artifacts in the MRI measurements and thereby the same position of the
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light areas inside the lumen channels.

Throughout the permeation experiment presented in Figure [7.4] a bright-
ening of the membrane area is detected, which expands from the lumen
channels outwards. This brightening depicts the wetting areas inside the
membrane polymer structure. Thereby, domains associated with smaller
pore sizes, as demonstrated in (a), tend to be wetted earlier during
the permeation process than domains with larger pore sizes. This is un-
expected as the Young-Laplace equation predicts earlier wetting of bigger
pore sizes. Additional to the wetting of smaller pores, flow paths through
domains associated with larger pore sizes have formed after two hours.

A-A; 200 LMH

Figure 7.4: Magnetic resonance images of a delivery-state single-fiber module
during the wetting process at 200 LMH at position A-A (a) at the beginning of the
experiment, after (b) two hours, (c) four hours, and (d) six hours of permeation.

However, even after four hours of permeation, macroscopic non-wetted ar-
eas can still be detected, as shown in Figure (c). Only after approxi-
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mately six hours, no distinct non-wetted areas remain. This period is in the
same range as filtration cycles in commercial applications of SevenBore™
fibers. Hence, the initial effect of membrane wetting might significantly im-
pact the processes’ filtration performance and potentially exacerbate foul-
ing and inhomogeneous backwashing phenomena in industrial-scale appli-
cations.

A hypothesis for the unexpected chronology of pore wetting is the used
setup control and the series connection of multiple pore sizes along the fluid
pathway. In the setup, the applied pressure is adjusted to achieve a con-
stant flux across the membrane. Thereby, the pressure distribution inside
the membrane fibers varies over the cross section, as shown in
[Single Multibore Membrane with Porosity Gradients. High pressure gradi-
ents are observed at the membrane interfaces, while a low pressure drop
within the support structure is monitored. However, no study has been pre-

sented so far on the dynamic pressure distribution during initial membrane
wetting.

To form a wetted pathway from the lumen to the shell side, a series of pores
with different pore sizes needs to be wetted subsequently. First, the pores
of the active layer at the lumen interface need to be wetted. Second, the
larger pores of the support regions need to be traversed. Third, the pores at
the shell side interface are flown through. In this last region, narrow pores
are predominant due to the phase inversion process used for membrane
fabrication. Besides surface energies, viscous forces to displace the higher
viscous glycerol need to be overcome. These viscous resistances decline
during the displacement process. This is why, initially, a higher pressure
needs to be applied to obtain the desired flux. Once the pores of the active
layer on the lumen side are wetted with aqueous solution, a lower number
of pores in the support domain wetted is necessary to obtain the desired
flux as stated by Equation [7.2] In contrast, numerous pores in the mem-
brane shell need to contribute to fluid transport. Presumably, the pressure
distribution during the dynamic membrane wetting also causes steeper gra-
dients at the layers with smaller pore sizes. Hence, a lower driving force
for fluid displacement is expected in the support structure, causing the un-
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expected succession of pore wetting. Longer-term wetting of the support
domain is then probably driven by incidental interface instabilities and dis-
solving effects.

Packing density The previous chapters showed the sensitivity of flow
patterns inside membranes and modules towards small pressure distur-
bances. Pressure disturbances increase with non-uniformity in the flow,
which can be induced by changing packing density (see |Chapter 6: Hy-
|drodynamics in Multi-Multibore Membrane Modules). Therefore, the influ-
ence of membrane packing density on the initial membrane wetting behav-
ior was investigated. Magnetic resonance images for one-, seven-, and

16-fiber modules containing membranes in delivery state are displayed in
Figure [7.5. Experiments were conducted for 100 LMH and 200 LMH, re-
spectively. The signals were obtained close to the permeate outlet at the
C-C plane defined in Figure[7.1] (c). As initial wetting state and entirely wet-
ted membranes have the same appearance in MRI for all packing densities,
the wetting pathways at their maximum divergence are compared, which is
at approximately three hours of permeation.

Considering the wetting progression of multiple packing densities at
100 LMH, it can be noted that with increasing packing density, air entrap-
ment between the fibers on the shell side becomes more prominent (no
residual air in Figure[7.5] (a.i), air at the top of the module in Figure[7.5 (b.i),
air entrapment between fibers in Figure (c.i)). This air might accumu-
late due to incomplete module flooding, or it might be displaced air from
the lumen channels, pores that are not wetted with the pre-wetting agent,
or temperature enhanced degassing effects, respectively. The latter two
phenomena might especially arise if the porous network structure is not
fully filled by the pre-wetting agent in delivery state. In this case, most
probably, air is contained in the larger pores of the mechanical support do-
mains. This might induce additional resistances for displacement and have
significant effects on the evolving flow patterns.

However, it also can be noted that the wetted pattern inside the membranes
looks the same for one, seven, and 16 membranes at 100 LMH. The area

174



7.4. Results and discussion

100 LMH

200 LMH

Figure 7.5: Magnetic resonance images of (a.i-ii) single-fiber modules, (b.i-ii)
seven-fiber modules, and (c.i-ii) 16-fiber modules containing delivery-state mem-
branes at position C-C taken after approximately 3 hours during the wetting pro-
cess at 100 LMH (top) and 200 LMH (bottom) with flow rate dependent differences
in the wetting behavior highlighted by white-circled areas. These images were
taken to evaluate the reproducibility, see Table[7.5 and Table[7.6|

surrounding the middle lumen channel in each membrane is fully wetted. In
contrast, the outer regions of the fibers’ support structure and a large part
of the area close to the outer membrane skin remain non-wetted. The white
circles in Figure (top) indicate these non-wetted areas. Areas that are
wetted with aqueous solution can be found where the outer lumen channels
are closest to the outer membrane skin. Since the aqueous phase can only
pass the membrane through wetted areas, it is assumed that the total feed
flux across the membrane is transported through these small wetted parts
of the membrane. When comparing this to the results by Schuhmann et
al. [Schu2019], a loss in membrane performance, as well as an inhomoge-
neous flow distribution due to incomplete wetting, can be assumed, as all
parts of the membrane significantly contribute to the overall mass transport
when in a fully wetted steady state.
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Applying a flux of 200 LMH to the same number of membranes in the same
module geometry has a significant effect on the evolving wetting patterns,
as can be seen in Figures [7.5| (a.ii), (b.ii) and (c.ii). In general, a trend of a
higher wetting degree with increasing packing density is observed. While
the area surrounding the inner lumen channel is fully wetted for all pack-
ing densities, especially for the module containing 16 fibers displayed in
Figure (c.ii), the increase in wetting degree is very prominent. This in-
creasing wetting degree can be reasoned with the effect of changed shell
side flow conditions in the module and a generally higher TMP level for
higher packing densities. Although maintaining a constant flow per mem-
brane area, the permeate flow per shell side volume drastically increases.
In turn, this leads to higher flow velocities at the shell side. Combined with
an increased feed pressure level to supply a sufficiently high mass flow
to the lumen channels, this leads to a variation of pressure conditions with
changes in the packing density. However, the prevalent pressure conditions
mainly determine the local wetting behavior, as described in Equation [7.1]
Hence, the breakthrough pressure is exceeded in more pores for higher
packing densities at sufficiently high overall flow rates.

A distinct difference can be seen for all packing densities when comparing
the wetting patterns of the permeation experiments conducted at 100 LMH
and 200 LMH. The fibers’ support structure’s outer regions are wetted when
applying a flux of 200 LMH, whereas those domains were non-wetted for a
lower flux of 100 LMH. Again, these domains are highlighted by white cir-
cles in the bottom row of Figure[7.5] The wetting of these domains majorly
contributes to the enhanced wetting degree for the high packing density
module at 200 LMH. As described above, an elevated pressure level, also
at the pore scale, seems most likely to cause this effect. However, no
wetted areas of the fibers’ outer skin can be detected for the seven-fiber
module at 200 LMH flux, whereas wetted areas next to the outer lumen
channels for a lower flux are present. One potential reason for this un-
expected wetting pattern is that the displacement of the glycerol probably
occurs in a radial direction. Therefore, the glycerol formerly trapped in the
polymer structure is displaced towards the outer membrane skin.
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As the data presented in Figure[7.5 only displays a temporal snapshot dur-
ing the wetting process, no conclusion can be drawn from this data re-
garding the exact evolution of these wetting patterns. To investigate the
temporal progress of the membrane fiber wetting, the full data sets of the
experiments displayed in Figure [7.5| were processed with the methods dis-
cussed above. This processed data is displayed in Figure [7.6] Permeation
experiments were performed over six hours each. The initial wetting de-
gree is higher than zero due to spontaneous wetting during the module’s
shell-sided flooding and temporal resolution limitations. Although there is
no concrete physical motivation for a linear correlation between wetting de-
gree and time, linear trend lines are added to allow an easier comparison
of trends.
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Figure 7.6: Evaluation of the wetting degree over time at 100 LMH and 200 LMH at
position C-C of (a) single-fiber modules, (b) seven-fiber modules, and (c) 16-fiber
modules containing delivery-state membranes including linear curves fitted to the
progress of the wetting degree.

For the single-fiber (Figure[7.6](a)) and the 16-fiber module (Figure[7.6](c)),
a significantly higher wetting degree throughout the permeation experi-
ments is observed for higher flow rates. However, no such difference can be
detected for a seven-fiber module (Figure[7.6](b)). The wetting degrees cal-
culated for the single-fiber module and the seven-fiber module show deviat-
ing progress at the beginning of the experiments compared to higher pack-
ing densities. One potential reason is the initial movement of the membrane
due to swelling and bending. This movement causes indistinct MRI signals,
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which leads to an inaccurate evaluation of the wetting degree. These ef-
fects of membrane movement are less pronounced for higher packing den-
sities than for single fibers due to spatial limitations. Nevertheless, the very
similar data obtained for seven-fiber modules at different fluxes cannot yet
be fully explained.

Figure (c) displays the wetting degree over time for a 16-fiber module.
Here, the different slopes of the trend lines for 100 LMH and 200 LMH are
prominent. As discussed above, this might be reasoned with the overall
higher pressure level used for 200 LMH permeation. In general, it should
be noted that the highest possible packing density of 16 fibers in the module
at 200 LMH is the only configuration that reached a fully wetted state within
the six hours of transport study.

Wetting progression along the module length The dominating trans-
port direction inside the porous structure is in a radial direction. However,
due to axial flows of feed and permeate streams as well as inhomogeneities
in the module like eccentric fiber positioning, the flow conditions change
along the module length (see|Chapter 4: Single Multibore Membrane Mod-
lule Performance). Therefore, the wetting state of a 16-fiber module at the
three positions A-A, B-B, and C-C as defined in Figure (c) is inves-
tigated. During one permeation experiment, the MRI signals at all three

positions were measured alternatingly, starting at position C-C and moving
towards the feed inlet. As one MRI measurement takes approximately five
minutes, one data point was taken every 15 minutes at every position. The
results of this experiment are displayed in Figure [7.7]

Figures [7.7] (a.i), (b.i), and (c.i) show MRIs of the three positions after ap-
proximately three hours of permeation at 200 LMH flux. Wetting degrees
at this point in permeation time are indicated in the upper right corner. At
position A-A, displayed in Figure (a.i), the polymer matrix of the mem-
brane fibers appears fully wetted. Only two lumen channels are filled with
air, which can be caused by an unintentional intake of single air bubbles via
the feed flow. At position B-B, displayed in Figure[7.7](b.i), some domains in
the region of the outer membrane skin remained non-wetted. As observed
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before in Figure these areas tend to be between two lumen channels
at the outer membrane skin, whereas the outer membrane skin appears
to be wetted with aqueous solution at domains in the proximity of lumen
channels. At position C-C, displayed in Figure [7.7] (c.i), the non-wetted do-
mains already seen in Figure (b.i) are more pronounced. Hence, the
fiber wetting is less progressed with increasing distance from the feed inlet.
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Figure 7.7: Presentation of (top) magnetic resonance images of a 16-fiber mod-
ule containing delivery-state membranes as complete wetting was obtained at
200 LMH after approximately 3 hours at position A-A (a.i) and (bottom) the cor-
responding evaluation of the wetting degree (dots) and the fitted linear function
(line) at position A-A (a.ii). No complete wetting was achieved at position B-B (b.i)
and C-C (c.i) at this point in time. The slope of the fitted linear functions decreases
from position A-A (a.ii) to C-C (c.ii).

This trend of decreased wetting degree with increasing distance from the

feed inlet can also be seen in the temporal resolution of the observed wet-
ting degree at the three monitored positions in the module, shown in Fig-

179




Chapter 7. Initial Wetting Patterns in Multibore Membrane Modules

ures (a.ii), (b.ii), and (c.ii). At all three positions, the initial wetting de-
gree at the beginning of the permeation experiment is almost identical. As
discussed above, the initial wetting degree is significantly higher than zero
due to initial wetting during the module flooding by capillary effects and
small pressure fluctuations. Also, the effects taking place in the first con-
tact with the liquid system cannot be resolved in MRI measurements due to
the measuring time of approximately five minutes and the signal averaging
over the entire measuring time.

Linear trends of the wetting degrees over time are indicated. It can be noted
that the slope of these trends decreases with increasing distance from the
feed inlet. At position A-A, complete wetting is obtained after approximately
three hours. For reference, this point in permeation time is indicated with a
vertical line in all three graphs showing the wetting degree over time. At po-
sitions B-B and C-C, the fibers are not fully wetted after three hours. While
a complete wetting was obtained shortly after at position B-B, a wetting de-
gree close to one at position C-C could only be obtained after more than
five hours of permeation.

The difference in wetting kinetics along the module length is puzzling at
first sight. Since the experiments are conducted in dead-end mode, little
pressure drop along the lumen length is expected. Also, the membrane
fibers are expected to be uniform in the module length direction. Addition-
ally, the membrane packing density prevents strong membrane bending
and movement inside the module. Therefore, uniform flow distribution and,
hence, uniform wetting is expected over the module length. However, two
phenomena can be hypothesized that lead to this wetting gradient over the
module length.

First, pressure drops occur both at the shell and the lumen side. The pres-
sure drop inside the lumen channels is expected to be higher due to their
smaller flow diameter and, more importantly, the used dead-end perme-
ation mode. This means that the applied TMP as the driving force for mem-
brane wetting is non-uniform over the membrane length, which is well in
line with the observation of a decrease in lumen side velocity over the filtra-
tion length of the membrane fiber in dead-end mode (see|Chapter 4: Single
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[Multibore Membrane Module Performance). This would explain an earlier
wetting at the inlet of the membrane module. As a hypothesis, the axial
wetting progression is caused by stochastic events that locally exceed the
breakthrough pressures of the neighboring pores (see Equation [7.1)). Ad-
ditionally, the flow entering the membrane matrix possesses impulse in the
axial direction, increasing the local kinetic pressure in axial direction.

Second, there might be an axial transport of the aqueous phase inside the
polymer matrix of the membrane fibers. On the one hand, this might be

induced due to shear flows at the membrane lumen and shell side. On the
other hand, part of the feed flow might enter the membrane at the feed side
through the open polymer matrix cross section. Although the pressure drop
across the membrane in the axial direction is very high, local mixing effects
and miscibility of feed solution with the pore-stabilizing glycerol might lead
to a more preferential wetting in the first part of the module.

As commercial membrane modules mostly possess a module length sig-
nificantly higher than the module investigated here, it seems likely that this
effect is even more pronounced in commercial membrane modules. In in-
dustrial applications, filtration cycles may lie in the same order of magni-
tude as the wetting processes observed in the scope of this study. Hence,
the findings regarding the wetting progress revealed in this chapter can
significantly affect the membrane performance in industrial membrane pro-
cesses. However, the gradient in the wetting degree over the module length
needs further investigation in future studies to understand the axial progres-
sion of membrane wetting fully.

7.4.3 Aqueous solution wetting ethanol-washed and
dried (air-filled) membranes

The wetting behavior of the membrane pores depends on the invading
fluid’s properties, as well as the defending fluid that is displaced during the
wetting procedure. After investigating influence parameters on the invading
fluid, namely flux and packing density, this study also aimed to examine
effects arising from the defending fluid properties. Therefore, the factory-
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filled glycerol inside the pores was removed by washing the membranes
with ethanol. The air inside the polymer matrix was displaced with the
same experimental parameters described in Section [7.3.2. As indicated
in literature [Koch2009], the material system is stable in ethanol. In Fig-
ure[/.8] results are displayed for permeation experiments at 100 LMH (top)
and 200 LMH flux (bottom) in the initial state (left), as well as after three
hours of permeation (right). The temporal evolution can be seen in the

Appendix Figure [7.11]

100 LMH

Figure 7.8: Magnetic resonance images of seven-fiber modules containing ethanol
washed and dried membranes operated at 100 LMH (top) and 200 LMH (bottom) in
the initial stage of the experiment (left) and after approximately three hours (right).
White-circled areas highlight the different wetting behavior compared to untreated
membranes (see Figure .
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Initially, the membranes swell during the first contact with aqueous solu-
tion. This swelling causes significant bending of the fibers, which results in
blurred visualization from MRI measurements, as shown in Figure [7.8| (a.i).
The initial wetting pattern distinctly differs from the behavior observed with
delivery-state fibers. Here, the circular region next to the outer membrane
skin is immediately wetted with aqueous solution, independent of the ap-
plied flux. The rest of the polymer matrix remains non-wetted.

After three hours of permeation, non-wetted domains remain in the mem-
brane fibers for both applied fluxes, as shown in Figures[7.8] (a.ii) and (b.ii).
For a flux of 100 LMH, the remaining non-wetted domains are unevenly dis-
tributed. This asymmetry is in contrast to the reference experiments with
delivery-state fibers. One potential reason for these non-uniform wetting
patterns is a partial collapse of the active skin pore system throughout the
washing procedure. As glycerol is assumed to be factory-filled as a pore
stabilizer, the drying step after glycerol removal might have led to a me-
chanical change of the polymer matrix. A change in some parts of the
polymer matrix can lead to non-uniform transport resistances in the mem-
brane. These non-uniformities would cause uneven flow distributions and,
hence, non-uniform wetting patterns. A potential second cause is the more
distinct membrane movement observed at the beginning of the experiment
with 100 LMH flux. However, the wetting pattern observed after three hours
of permeation with a flux of 200 LMH is symmetric. Like before, the outer
membrane skin is entirely wetted. Similar to the experiments discussed
before, this leads to fully wetted areas between the outer lumen channel
and the outer membrane skin. In contrast to the reference experiments
with delivery-state fibers (see Section [7.4.2), the polymer matrix domains
with larger pore sizes remain non-wetted. For reference, these specific
domains, again, are highlighted by white circles in Figure[7.8]

Especially the observation of non-wetted domains with large pore sizes
even for high fluxes is unexpected. With PES being a hydrophobic mate-
rial, it would be more intuitive to wet larger pores more easily than narrow
pores, where the necessary local pressure gradient needs to be higher. It
is concluded that the feed flow bypasses the polymer matrix domains with
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larger pore sizes that are mainly contributing to the mechanical stability
of the fiber to a large extent. This way, the local fluid pressure acting on
the air-filled pores does not reach the breakthrough pressure. Also, the
difference in wetting patterns might be explained if the feed flow enters the
membrane fibers in the axial direction through the open cross section of the
polymer matrix at the feed inlet. For the glycerol pre-wetted fibers, aqueous
feed solution and glycerol’s miscibility might lead to a steady axial wetting
of the membrane fiber in the axial direction. As air macroscopically is not
miscible with the feed solution, this mixing effect cannot contribute to the
overall fiber wetting. However, the exact flow conditions during wetting in
radial and axial direction need further investigation in future studies. Setting
a corresponding CFD model would be useful to estimate temporal pressure
and flow distributions, and thus, draw conclusions on the wetting behavior.

7.4.4 Aqueous solution wetting ethanol-filled membranes

In the section above, the membrane pore system might have been altered
due to the drying procedure. To observe the feed wetting progression with-
out any distortion by pore system altering, the wetting behavior with aque-
ous solution in ethanol-filled membranes was investigated.

An ethanol flux of 100 LMH was applied to the membrane module. This
washing step represents a displacement procedure of glycerol by another
fluid. However, the attempt to investigate the wetting kinetics and wetting
patterns for this displacement procedure failed. Monitoring this displace-
ment in MRI lead to results that are not suitable for image processing
analysis (see Appendix Figure [7.12). Three reasons explain this reduc-
tion in image quality for ethanol displacing glycerol. First, the measuring
time needs to be increased to approximately 40 min per image as the MRl
signal of ethanol is only about a tenth of the water signal. Second, wetting
kinetics are faster for ethanol displacing glycerol than for aqueous solution
displacing glycerol. Hence, the temporal resolution is not sufficient for mon-
itoring this wetting process. Third, the membranes bend significantly when
flushed with ethanol due to swelling effects. This induces membrane move-
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ment during the MRI measurement, which leads to further signal noise in
the obtained data.

(a.ii)
t =15 min

100 LMH

Figure 7.9: Magnetic resonance images of seven-fiber modules containing ethanol
filled membranes taken during the initial stage of the displacement process of
ethanol with aqueous solution at 50 LMH (top) and 100 LMH (bottom) at position
C-C.

After full wetting of the membrane fibers with ethanol, aqueous solution was
used for ethanol displacement with 50 and 100 LMH, respectively. In Fig-
ures (a.i) and (a.ii), results are shown for aqueous solution displacing
ethanol with a reduced flux of 50 LMH. At the first contact with the aque-
ous solution, the membranes start to move significantly due to swelling
effects. This movement causes the blurry image shown in Figure (a.i).
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After approximately ten minutes, the movement of the fibers has ceased.
The subsequent measurement shows an evenly strong signal throughout
the whole cross-sectional area of the SevenBore™ fibers. With a flux of
100 LMH, even the initial MRI measurement after shell-sided module flood-
ing revealed thoroughly wetted polymer structures.

Two reasons were identified for this tremendously faster wetting with aque-
ous solution compared to differently pre-treated membranes. First, ethanol
has a significantly lower viscosity than glycerol, a lower surface tension,
and a lower contact angle on PES surfaces [Koch2009]. This lower sur-
face tension reduces the necessary breakthrough pressure for pore wet-
ting. Second, the polymer matrix itself mechanically reacts to the immer-
sion in ethanol by swelling. The swelling leads to more free volume inside
the polymer matrix and increases the permeability for a water-rich phase by
diffusion. This increase, in turn, causes faster transport of aqueous solution
throughout the membrane and, hence, faster wetting kinetics. However, a
remaining membrane swelling causes a transport resistance for the con-
vective aqueous flux and might lead to lower fluxes compared to differently
pre-wetted membranes.

7.4.5 Temporal evolution of obtained flux,
transmembrane pressure, wetting degree, and
membrane resistance

Besides the phenomenological observation of local membrane wetting pat-
terns, the macroscopic quantities flux and TMP of the permeation were
also observed. Figure [7.10[shows the course of flux (Figure[7.10|(a)), TMP
(Figure (b)), calculated membrane resistance (Figure (c)), and
wetting degree obtained from MRI data (Figure (d)) over time for a
seven-fiber module with a target flux of 100 LMH for the investigated mate-
rial systems. Inside the polymer matrix, glycerol is displaced by the aque-
ous solution (»), air is displaced by the aqueous solution (&), and ethanol
displaced by the aqueous solution (¢). For reference, the measured data
during the initial displacement of glycerol by ethanol is dispayed (e). For
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a higher flux, the graphs’ characteristics remain the same, although the
absolute values change (see Appendix Figure and Figure(/.14).
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Figure 7.10: Temporal evolution of (a) the measured flux, (b) the measured corre-
lating TMP, (c) the monitored wetting degree in C-C, and (d) the calculated mem-
brane resistance during the wetting of seven-fiber modules at 100 LMH with an ini-
tial value of 85 LMH. Investigated material systems are delivery-state membrane
fibers wetted with aqueous solution (»), washed and dried (air-filled) membrane
fibers wetted with aqueous solution (o), untreated membrane fibers wetted with
ethanol (e), and ethanol-filled membrane fibers wetted with aqueous solution (¢).

Since a gear pump was used for all experiments conducted in this study
without any other control loop, neither an ideal constant flux nor an ideal
constant pressure mode was realized. The initial flux at the beginning of
the experiment was set to 85 LMH. During the experiments, wetting of the
membranes led to changes in flux as well as in TMP. However, the behavior
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of flux and TMP over time can still be used for qualitative wetting character-
ization. From this data, the membrane resistance R can be calculated as
described in Equation [7.4] as a function of the applied TMP, the measured
flux J, and the viscosity of the invading fluid ».

_ TMP

R
J-n

(7.4)

Figure [7.10] (a) shows the flux over time for the three investigated material
systems with a target flux of 100 LMH. Also, the progression of flux during
the displacement of glycerol by ethanol is displayed for reference. The flux
remains mostly constant over time for aqueous solution perfusing washed
and dried membranes (o, air-filled) and ethanol-filled membranes (¢). In
contrast, flux increases significantly for the delivery-state membranes per-
meated with the aqueous solution (»). In general, this is in good agree-
ment with the optical analysis discussed above since the air-filled and the
ethanol-filled membranes show mostly wetted membrane skins from the
beginning of the experiments. Hence, the active membrane area does not
increase over time, resulting in stable membrane performance. During the
permeation with ethanol (e), the flux constantly decreases, which can be
accounted for polymer swelling.

Concerning the course of the applied TMP displayed in Figure (b) for
the ethanol permeation (e), only the drop in flux between two and three
hours of permeation time can be reasoned. At the beginning of the exper-
iment, the TMP slightly increases before returning to the initial value, as
does the membrane resistance. It is concluded that flux and TMP courses
are mainly dominated by swelling and altering phenomena of the polymer
matrix immersed in ethanol. After four hours of permeation, a steady state
is reached in all experiments displayed in Figure [7.10] Here, the perme-
ation with ethanol through delivery-state membranes (e) shows the lowest
flux at a similar applied TMP. The transport resistance is highest as dis-
played in Figure (d), which is caused by an altered pore size distri-
bution caused by swelling effects. In contrast, no change in flux and TMP
over time was observed for the aqueous solution displacing ethanol (¢). In
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combination with the MRI results presented in Figure (c), this hints
at a fast and complete wetting progression due to good miscibility and low
viscosity.

No significant change in either flux or TMP was observed for the ethanol-
washed, dried, and subsequently perfused membranes (o, air-filled mem-
branes). Although the optical evaluation via MRI revealed large parts of
the membrane domains with larger pore sizes as non-wetted (see Fig-
ure [7.8), these appear to be no limiting factor for the mass transport in
the absence of a particular matter. However, drying the membrane with-
out a pore-stabilizing agent might have altered the active membrane skin
morphology. Potentially, the pore network system in the active layer has
collapsed, leading to larger pore diameters. This collapse would reduce
the necessary breakthrough pressure (see Equation and explains the
low membrane resistance (see Figure[7.10](d)) at the beginning of the per-
meation experiments compared to other fluid systems. Towards the end
of the permeation experiments, the resistance of the air-filled fiber (o) re-
mains the same, whereas the resistance of the delivery-state fiber (») has
dropped. The higher resistance level might be caused by the non-wetted
areas that locally require higher flow rates inducing an additional transport
resistance. Also, the reduced flux of the air-filled compared to delivery-
state membranes at steady-state of permeation might be reasoned with a
reduced number of pores in a collapsed pore network system. However,
this reasoning requires spatial resolution of flow patterns and in-depth ac-
tive layer investigation, which need to be addressed in future studies.

The increase in flux for the delivery-state membranes (») at the beginning of
permeation with aqueous solution complies with a decrease in TMP. As well
as in the evaluation of the wetting degree over time (see Figure (c)),
a flattening of the curve displayed in Figure (a) can be observed after
approximately two hours. At this point in the permeation experiment, the
optical evaluation via MRI shows the first macroscopic connection of wet-
ted domains between the lumen channels and the shell side of the module
(see Appendix Figure [7.75] wetting degree as a function of time and ap-
plied flux for delivery-state membrane fibers wetted with aqueous solution).
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From this point onward, the further increase in flux can be reasoned with
a broadening of the existing wetted fluid flow pathways in radial and axial
directions.

7.5 Conclusion and outlook

In this chapter, MRI was used as an in-situ characterization of macroscopic
wetting patterns inside polymeric hollow fiber multibore membranes. The
effects of packing density, applied flux, lateral position, and membrane pre-
treatment are elaborated. For quantitative analysis, an image processing
tool is developed to calculate the membranes’ wetting degree. This study
helps to understand (a) complex wetting phenomena inside multibore mem-
branes in dead-end permeation, (b) the membranes’ interaction with their
surroundings due to neighboring membranes, and (c) the effect of the used
fluid system for displacement on the resulting wetting patterns.

It is highlighted that the wetting procedure of these commercial membranes
takes several hours when conventionally flushed with aqueous solution,
even with high fluxes of 200 LMH. The membrane performance is tremen-
dously decreased, as not all theoretically possible active area is available
for mass transport for the duration of this displacement procedure.

In general terms, the wetting progresses inside-out while building wetted
short-cut pathways between the outer lumen channels and the membranes’
outer skin. Wetting patterns change drastically by changing the flux from
100 LMH to 200 LMH, and the wetting kinetics increase with increasing
packing density. This increase in wetting kinetics can be reasoned with
higher flow rates at the shell side, inducing different pressure gradients
across the membrane.

In addition to a successive wetting in the radial direction, an axial wetting
direction is revealed by comparing the wetting patterns at different lateral
positions inside the module. This axial wetting, again, can be reasoned
with changing shell-sided flow conditions along the module length. This
phenomenon needs further in-depth investigation and will be subject to fu-
ture studies.
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To compare wetting patterns and kinetics, the wetting behavior of ethanol-
washed, dried, and subsequently filtrated membranes are investigated.
The arising wetting patterns differ in two striking ways. First, the resulting
wetting patterns have a less symmetric shape. Second, the membranes’
outer area was immediately wetted, while some inner parts of the mem-
brane remained air-filled. In contrast, the complete membrane cross sec-
tion is almost immediately wetted when displacing ethanol inside the poly-
mer matrix by aqueous solution. However, the initial immersion in ethanol
causes significant polymer swelling that displays an additional transport re-
sistance.

This chapter reveals the importance of flow conditions during the first cy-
cle of membrane filtration on membrane wetting efficiency. The resilient
patterns of non-wetted membrane domains hint towards an optimization
potential for current industrial modes of operation. Hence, this work pio-
neers finding strategies for membrane performance optimization by more
active wetting control.

191




Chapter 7. Initial Wetting Patterns in Multibore Membrane Modules

7.6 Appendix

7.6.1 Wetting progression in air-filled membranes
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Figure 7.11: lllustration of the wetting degree over time at the module center (posi-
tion C-C) in modules containing seven washed and dried (air-filled) membranes at
100 LMH (o) and 200 LMH (=). The four data points not following the trend lines are
were excluded from the trend line calculation because of temporal malfunctions of
the MRI device during the experiment.

7.6.2 Magnetic resonance imaging of ethanol displacing
glycerol

t =40 min
.l:;'".:

100 LMH

Figure 7.12: Magnetic resonance images of a seven-fiber module during the wet-
ting process at 100 LMH with ethanol at position A-A (a) after approximately 40
minutes, and (b) after approximately 1:20 hours of filtration.

192



7.6. Appendix

7.6.3 Flux and TMP behavior at higher applied fluxes
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Figure 7.13: lllustration of (a) the measured flux during aqueous solution perfus-
ing washed and dried (air-filled) membranes in seven-fiber modules at 100 LMH
and 200 LMH, and (b) the measured trans membrane pressure correlating to the
volume flow rate applied to the membrane modules.
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Figure 7.14: lllustration of (a) the measured flux during aqueous solution perfusing
glycerol filled membranes in seven-fiber modules at 100 LMH and 200 LMH, and
(b) the measured trans membrane pressure correlating to the measured flux.
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7.6.4 Wetting degree as a function of time and applied
flux
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Figure 7.15: Wetting degree and magnetic resonance images of the module cen-
ter (position C-C) of seven-fiber modules during investigations with a flux of: 1a-c)
50 LMH, 2a-c) 100 LMH, 3a-c) 200 LMH.
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Conclusion and Future
Perspectives

Parts of this chapter have been published as:

Denis Wypysek, Matthias Wessling, "MRI in membrane filtration processes" in "Magnetic
Resonance Microscopy: Instrumentation and Applications in Engineering, Life Science
and Energy Research", John Wiley & Sons, Ltd (2022). ISBN: 978-3-527-82725-1

To reach the United Nations sustainable development goal of 'ensure[d]
access to water and sanitation for all’, membrane processes have proven
as versatile techniques to achieve this target. One approach to analyze
membrane processes is MRI. MRI can spatially resolve flow velocity distri-
butions and, at least partially, porosities and permeabilities in any selected
plane. Furthermore, its noninvasiveness allows elucidating structures and
different components in opaque systems in-situ. This information is of high-
est interest as it uncovers how fouling can be controlled and minimized and
how backwashing and cleaning processes should be designed.

In recent years, multibore membranes have emerged as promising can-
didates for drinking water production, although their flow behavior is not
understood in full detail. This thesis aimed to reveal hydrodynamic condi-
tions in multibore membranes and membrane modules by comprehensive
CFD simulations and MRI measurements and answer questions raised in
Section[1.1): Open Research questions and thesis goals.

Single multibore membranes with homogeneous properties in the mem-
brane’s cross section were investigated inside a module with 3D Comsol
simulations. In these kinds of modules (also applicable for higher-packed
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modules), shell-sided axial flow inhomogeneities arise as the fluid flows
continuously through the module and always seeks the areas with lower
packing, which present the path of least resistance due to small local pres-
sures differences. These pressure differences are also the reason for a
radial secondary flow development on the shell side in modules where the
membrane is not aligned concentrically. A bent membrane that results from
swelling phenomena in self-made membrane modules shows radial veloci-
ties in all lumen channels that point in one direction. The reason for this is
the negative or positive slope of the membrane’s middle axis that results in
drag forces on the lumen channel’s inner side. This Comsol analysis gives
first assumptions that flow phenomena change close to the permeate outlet
position.

2D OpenFCST simulations provided insights into fluid flow and pressure
distribution in multibore membranes with gradients in porosity and perme-
ability. Flow fields obtained by OpenFCST better resemble the obtained
MRI results by Wypysek et al. than Comsol simulations. The
contribution of each lumen channel to the overall mass transport varies, and
the central lumen channel contributes the least. Also, the flow through the
separation layer is unequal over its circumference leading to drag forces
that can influence particle deposition on the inner lumen side. However,
even in the simulations that mimicks fouling, the backwashing flux reached
every lumen channel, showing that backwashing can be effective.

The behavior of backwashing flow that reaches all lumen channels also
applies to membrane modules with more than one membrane. Therefore,
the interaction of membranes with their surrounding (membranes as well as
the membrane housing) was studied via MRI measurements. Even though
challenging flow phenomena on the shell and lumen side are observed (jet
stream or recirculating flows), the hypothesis of an effective backwashing
process is still valid since the backwashing flow reaches all lumen channels.
This study also highlights the role of the permeate outlet position as flow
phenomena at and behind the outlet change drastically. From that point
on, non-uniformities on the shell and lumen side increase, affecting particle
filtration performance of the whole membrane module.
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The mentioned results were obtained after the multibore membranes
reached steady-state. However, the first filtration cycle is a dynamic pro-
cess in which the pre-wetting fluid is removed. Therefore, the initial wetting
evolution until the membranes reached this steady-state was investigated.
Preferential flow paths at the radial direction and wetting along the module
axis were elucidated. Thereby, long wetting times of over 6 hours show
that the first filtration cycle is a crucial step towards a continuous steady-
state membrane filtration process and that fluxes, pre-wetting agents, and
invading fluids have to be known to optimize the process.

This thesis answered many open questions regarding multibore mem-
branes, the interplay between each membrane in a membrane module and
module design aspects. Although multibore membranes and modules are
better understood now, new findings always raise further questions:

» While polymeric membranes are soft and possess porosity gradients,
ceramic multibore membranes with homogeneously distributed
porosity (not presented here) show a different flow distribution. As
these membranes are stiff, they will not bend, and therefore other flow
phenomena regarding the positioning of membranes like an eccentric
position could be investigated. A recirculating flow inside the lumen
channels was observed in such membranes, just like on the shell side
of the highly-packed polymeric multibore membrane modules. Could
these recirculating flows in ceramic as well as in highly packed
membrane modules be utilized somehow as the fluid passes the
membrane several times with increasing internal residence times?

» Since the OpenFCST simulations resemble the MRI measurements
better than Comsol simulations, an OpenFCST 3D model of a whole
membrane module should be pursued. Modeling the membrane in
combination with the housing is essential, as it was shown that flow
fields develop due to the membrane’s position in the module. Thereby,
other membrane properties such as the distribution of functional
groups, for example, can be investigated in future studies in equiv-
alence to the porosity and permeability studies. Furthermore, mem-
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Chapter 8. Conclusion and Future Perspectives

branes with several damaged zones at various locations should
be simulated to better understand the interplay between such zones.
Also, a model for particle transport can gain new insights and a
better understanding of fouling physics in hollow fibers and multibore
membranes. At last, modeling a membrane module with several
membranes would lead to the complete picture and leave space for
optimizing membrane modules.

« As shown by Wypysek et al. [Wypy2019], a multibore membrane mod-
ule with one membrane could not be entirely recovered during the

backwashing process. Also, Yan et al. analyzed a 400-
membrane module via MRI and stated that not every membrane was
recovered after backwashing was performed. That is why future stud-
ies should focus on particle filtration and subsequent backwash-
ing experiments in highly packed multibore membrane modules
to qualitatively and quantitatively analyze the efficiency of backwash-
ing processes.

« This thesis indicated that module design is a crucial parameter in the
performance of membrane modules. On the one hand, inlet flow con-
ditions like too small inlets may influence membrane module perfor-
mance negatively. On the other hand, the permeate outlet seems to
play an essential role in module design. Future work should focus on
the permeate outlet amount and position, and inlet flow design.
Especially concerning backwashing efficiencies, it could be favorable
if the permeate outlet is located in the middle of the module or two
outlets are installed. Two outlets are beneficial for the backwashing
process as one half of the module is cleaned with each fluid entrance.
Measuring flow distribution with MRI will unravel unknown flow phe-
nomena in such modules.

As this work has demonstrated, the combination of MRI measurements
and CFD simulations is a powerful tool for fluid flow analysis. Due to its
flexible methodologies, especially MRI is beneficial for many different pur-
poses in chemical engineering, such as characterizing material or rheo-
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logical properties of fluids, investigating dynamic systems and reactions,
analyzing electrochemical systems, and measuring porous media and flow
in membranes and membrane modules.

This thesis highlights the strengths of MRI for studying membrane pro-
cesses. However, as effects on the membrane surface can occur very fast
and on a smaller scale, MRI suffers from its spatial resolution of some
microns and its time resolution in the range of up to several minutes. In
addition, the use of metallic/magnetic parts inside an MRI tomograph is
challenging due to high magnetic fields. Still, the development of faster and
more robust pulse sequences to increase temporal and spatial resolution
does not stop.

For investigations where MRI comes to its limit, other techniques may
be deployed, including the experimental microfluidic observation of foul-
ing layer behavior [Link2016 Link2019] or CFD-DEM simulations of foul-
ing and backwashing mechanisms [Loha2018} [Loha2020]. These stud-
ies give insights into the spatio-temporal behavior of filter cake deposits
in relevant hydrodynamic conditions. Additionally, computed tomography
for in-situ measurements of concentration distributions [Fran2000], or light
deflection, radioisotope labeling, electron diode array microscopy, and di-
rect pressure measurement for in-situ monitoring of concentration polar-
ization layers can be used [Chen2004a]. In-situ monitoring of cake forma-
tion and membrane fouling can be realized via direct observation meth-
ods using microscopy approaches, laser triangulometry, optical laser mea-
surements, ultrasonic time-domain reflectometry, and electrical impedance

spectroscopy [Chen2004a]. Small-angle neutron and X-ray scattering may
reveal pore blockage and cake structures [Chen2004al].
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