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Abstract

The thesis examines rotating dynamic filtration for applications in biotech-
nology. Dynamic filtration is an innovative filtration technology, enabling
microfiltration of slurries ill-suited for separation by filtration. The technol-
ogy relies on rotary motion of circular membranes to improve the separa-
tion capabilities of a filtration process. This thesis accounts the investiga-
tions of the dynamic filtration technology conducted, with an emphasis on
process modeling and scaling.
Both experimental work and modeling using computational fluid dynamics
(CFD) were employed to investigate the technology. This has resulted in
new insights into the technology, which made it possible to formulate an
engineering model, which can be used to scale processes from laboratory
to production.
In the thesis, the process of filtration was broken down into simpler compo-
nents, which were analyzed separately to gain a better understating of the
individual component.
First, filtration of particle free solvents was described in detail. During this
study, the equation for counter pressure, a pressure arising from the cen-
trifugal forces in a rotating system, was clarified. The need, for a factor
correcting the rotation velocity, in the equation was confirmed. The knowl-
edge of the solvent system was then used to understand the filtration of
particles. It enabled the quantification of the particle resistance during the
filtration. This led to the identification of a strong correlation between parti-
cle volume fraction, membrane disc rotation speed, and particle resistance.

CFD was used to investigate parameters not easily measured in the phys-
ical world. In the thesis, two principles for CFD Simulations of filtration
processes were used.
The first entailed simulating the membrane discs as objects in full 3D,
with multiple layers of material. For this, an algebraic representation of
the membrane structure was developed. Using this approach, the unit used
for laboratory experiment was simulated, and improvements to the design
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Abstract

of the unit were identified. In this approach, the particle resistance was
considered a property of the liquid. The second approach used algebraic
equations to determine the flux across the membrane surface, simplifying
the simulation at the cost of increased abstraction. The equation controlling
flux lumped together the contributions from membrane and particle resis-
tance. Using these simulations it was shown that particles migrate against
the net flow in the filtration unit, due to mixing induced by the rotation of
the membrane discs.
The thesis also encompasses the description of protein transmission in a ro-
tating filtration setting. The description uses both experimental data, as well
as mathematical considerations, to describe the significance of transmission
to the recovery of proteins through filtration.
Finally, the thesis consolidates the knowledge produced throughout the
work in an engineering model. The model was applied to process scaling,
from laboratory scale to production scale. Using the engineering model,
the last disc problem was identified and described. The problem outlines
the difficulty in scaling from an one disc laboratory model, without parti-
cle gradients, to a multi disc production model, where the particle content
transition gradually from feed to retentate. It was illustrated, how the differ-
ence in particle distribution influences the flux from each disc, and how this
can be a challenge to scaling. Additionally, it was shown, how the model
can be expanded with additional functionalities, exemplified through flux
dependent fouling.
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Resumé

Dynamisk filtrering er en nyskabende filtrationsteknik, som giver mulighed
for at foretage mikrofiltrering af opslæmninger, der normalt ikke ville være
mulig at adskille ved filtrering. Denne afhandling dækker undersøgelser
af den dynamiske filtreringsteknologi med vægt på procesmodellering og
skalering.
Både eksperimentelt arbejde og modellering ved hjælp af computational
fluid dynamics (CFD) er blevet anvendt til at undersøge teknologien. Dette
resulterede i nye indsigter i teknologien, hvilket har gjort det muligt for
at formulere en ingeniørmodel, der kan bruges til at skalere processer fra
laboratorieskala til produktionsskala.
I afhandlingen er filtreringsprocessen blevet opdelt i simple komponenter,
som er blev undersøgt separat, for at få en bedre forståelse af de enkelte
komponenter. Først blev filtreringen af væsker beskrevet i detaljer. Som en
led i dette studie blev ligningen for modtryk, det tryk skabt af centrifu-
galkræfterne i et roterende system, præciseret, og behovet for en korrigerne
faktor blev bekræftet.
Forståelsen af væskesystemet kunne derefter bruges under undersøgelser af
filtrering af partikler, hvor det var muligt at isolere partikeltrykket fra andre
fænomener. Kendskabet til partikeltrykket gjorde det muligt at identificere
en stærk korrelation mellem partikel-volumenfraktionen, membranskivens
rotationshastighed og partikelmodstanden.
CFD blev brugt til at undersøge parametre, der ikke var muligt at isolere i
den fysiske verden. I afhandlingen er der blevet anvendt to vejledende prin-
cipper for CFD-simulering af filtreringsprocesser. Den første involverede
en fuldkommen simulering af membranskiven som et 3D-objekt med der-
tilhørende forskellige lag af materiale. Til dette blev der udviklet en alge-
braisk repræsentation af membranstrukturen.
Denne fremgangsmåde blev brugt til at simulere den enhed, som blev benyt-
tet til laboratorieeksperimenterne. Simuleringerne førte til forbedringer af
enhedens design. I denne fremgangsmåde blev partikel modstanden be-
tragtet som en væske egenskab.
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Resumé

Den anden fremgangsmåde anvendte algebraiske ligninger til at beregne
fluxen over membranoverfladen, hvilket forenklende simuleringen på bekost-
ning af øget abstraktionsniveau. Ligningen, der kontrollerer fluxen, samlede
bidragene fra membran- og partikel modstanden. Ved anvendelse af disse
simuleringer blev det vist, at partikler kan vandre imod de overordnede
strømmen i enheden på grund af den opblande som rotation af membran-
skiverne skaber.
Afhandlingen omfatter også beskrivelsen af protein transmission i en roterende
filtreringsenhed. Beskrivelsen bruger både eksperimentelle data og matem-
atiske overvejelser til at beskrive betydningen af transmission ved opren-
sning af proteiner med hjælp af filtrering.
Endelig konsoliderer afhandlingen den viden, der er opsamlet gennem hele
processen til en ingeniørmodel. Modellen er blevet anvendt til skalering af
processer, fra laboratorieskala til produktionsskala. Ved hjælp af ingeniør-
modellen blev sidste disk problemet identificeret og beskrevet som en vigtig
kilde til vanskeligheder ved skalering. Derudover vises det, hvordan mod-
ellen kan udvides med yderligere funktionaliteter, eksemplificeret ved flux
afhængig tilstopning.
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Chapter 1

Introduction to the Thesis

Motivation 1.1
The recovery and purification of bio-pharmaceutical products is an elabo-
rate process. From the cultivation of the therapeutic molecule inside a cell,
until the product is purified into a drug is a long and complex process. In
this project we have worked with the initial steps of this journey: The sep-
aration of the microbial cells from the fermentation broth containing the
drug molecule.

Microbial cell broth has poor filtration characteristic, such as high cake
compressibility and the present of cell debris which impedes filtration. Cen-
trifugation is therefore typically utilized for the separation of cells from
fermentation broth. Though centrifugation separates the cells, it does not
ensure the complete removal of all particular matter and the impurity level
in the fermentation broth is carried forward to the supernatant.
Performing the cell separation as a membrane process, makes these charac-
teristic achievable. The membrane functions as an assurance barrier, com-
pletely blocking all particular matter from the recovery stream, and a well
tailored membrane will reduce the amount of impurities carried forward.
Rotating dynamic filtration is a membrane technology, which relies on ro-
tary motion of circular membranes to improve the separation capabilities of
a filtration process. The rotation of the membranes generates surface shear,
which keeps the membrane free from fouling. By utilizing rotating dynamic
filtration, it is possible to perform membrane separation on difficult micro-
bial cells.
Process development for dynamic filtration has been driven by empirical
knowledge. The lack of scientific understanding of dynamic filtration, par-
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Chapter 1. Introduction to the Thesis

ticularly the effect of scale dependent parameters, makes it hard to scale
from development experiments to industrial scale production. For instance
can even small changes in the feed material or in the desired process con-
ditions entail redevelopment of the process, at the cost of additional exper-
iments and project delays.

Aim of the project 1.1.1
With this project we aim to advance the understanding of rotating dynamic
filtration, focusing on how the operation of a dynamic filtration unit in-
fluences its filtration properties. In order to achieve this goal, the project
will study the fundamental properties of dynamic filtration. Among these,
the effect of the rotating movement at the surface of the membrane discs
will be studied. Additionally the project will investigate the transport and
accumulation of particles between rotating discs.
In order to determine the significance of the quantified properties, as well
as facilitating the application of the obtained insights, we will construct a
generalized engineering model of rotating dynamic filtration units. An en-
gineering model is a mathematical tool describing a recovery process. It
can be used without deep understanding of dynamic filtration, and helps to
form a comprehension of the resulting filtration processes. An engineering
model will facilitate the comparison between different operational proce-
dures, and will help generalize experiments conducted at laboratory scale
to industrial scale. It will also be a tool for process development and aid in
the identification of process control parameters.
By addressing some of the unknowns and unexplained factors in dynamic
filtration, it will become possible to describe a filtration process in a struc-
tured manner. In doing so, the development of dynamic filtration processes
should become easier for everybody.
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1.2 Structure of the Thesis

Structure of the Thesis 1.2
The thesis has been divided into parts to help the reader to enjoy and un-
derstand the work. An overview of the parts and their associated chapters
are given in Figure 1.1.
The first part outlines the foundation of the thesis. It is in this part the gen-
eral concepts of dynamic filtration will be presented, as well as elements
persistent throughout the entire project, such as the engineering model, and
the experimental unit.
The second part revolves around the experimental work conducted to char-
acterize the dynamic filtration process, as well as the knowledge extracted
from these experiments. Also included in this part are the articles published
during this project.
The third part focuses on the work done with computational fluid dynamics
(CFD). Two approaches to the simulation of dynamic filtration process are
presented, and the pros and cons are discussed, as well as the results derived
from the simulations
The fourth part covers more abstract topics of dynamic filtration. Here pro-
tein recovery will be explored through the transmission of proteins. The
engineering model of dynamic filtration constructed in the thesis will be
consolidated. The implications of the model will be examined through case
studies.
The fifth and final part is the compilation of all the knowledge gained. Here
the conclusion of the work will be summarised and the stepping stones for
further work presented.
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Figure 1.1: Reading Guide. A breakdown of the topics covered in this thesis
and the associated chapters.
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1.3 Approach

Approach 1.3
The work in this project was conducted as a combination of theoretical
work with CFD simulation and practical experimental work. To maintain
order in the work, the structure indicated in Figure 1.2 was adopted. Cen-
tral to the structure was the formulation of an engineering model for rotat-
ing dynamic filtration processes, see Section 2.2. Placing the engineering
model in the center of the structure anchors both the experiments and the
simulations in a shared conceptual setting. Realizations made within one
part of the project could then be relate to the other part through the engi-
neering model.
For instance, when experimental results became part of the engineering
model, they served as guidelines for the next iteration of CFD simulations.
The engineering model could also be used to estimate operational param-
eters and anticipate the results for upcoming experiments. Likewise, for
insights gained from CFD simulations; they were incorporated into the en-
gineering model, which added to the design of new experiments.

Figure 1.2: Architecture of the project. The engineering model is at the
center of the work, and it supplied with information from both experiments
and CFD simulations. Likewise the engineering model is used to inform
experimental design and decisions in the simulations.
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Complexity in Microfiltration 1.3.1
Filtration processes are on paper very simple unit operations, in reality how-
ever, they can be hard to understand, to predict, and to scale. This can partly
be attributed to the complexity of the interactions between the filtration me-
dia, the filtration membrane, and the operation of the filtration module.
Figure 1.4 depicts a recovery process, where microbial cells are separated
from fermentation broth to facilitate later purification of dissolved thera-
peutic proteins. The figure illustrates some of the challenges in controlling
such a filtration process. For the first seven hours of the filtration, the pro-
cess was controlled by the permeate flow rate. In Figure 1.4c this can be
seen, as a series of steps in flow rate. During this time, the pressure rises,
both as the concentration of cells increases and in response to the increased
permeate flow rate.
At P1 = 1.5 bar, the automation restricts the pressure increase, and the flow
starts to decrease. Here, the rotation speed of the membrane disc is in-
creased, as shown in Figure 1.4b. Increasing the rotation speed results in a
drastic drop in the permeate flow rate, see Figure 1.4c at the 7.5 hour mark.
The drop occurs despite the assumption, that high rotation speed should
relieve fouling.
The permeate flow rate decreases slowly for the next 18 hours, when the
next intervention takes place; the limitation on pressure is lifted to 2.5 bar.
Almost doubling the operating pressure results in a minute response in the

Figure 1.3: The filtration performance is the result of a multitude of dif-
ferent components. Each influences the filtration in a different way. The
prediction of the filtration performance becomes better, if more of these
factors are taken into account, but the complexity increases.
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(b) Membrane disc rotation speed as a function of time.
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(c) Permeate flow rate as a function of time.

Figure 1.4: Illustration of a filtration run conducted for separation of yeast
from fermentation broth. The filtration run can be separated into three
phases: The startup phase, the first constant pressure phase, and the sec-
ond constant pressure phase.
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permeate flow rate, owning to a high degree of membrane fouling.
The filtration run depicted in Figure 1.4 illustrates how complex filtration
can be. For instance, when the disc rotation speed was increased, the perme-
ability of the membrane fell, in contradistinction to the expected response.

The complexity is illustrated in a different manner in Figure 1.3. The fig-
ure displays different examples of components, linked to filtration perfor-
mance. Starting form the left, the first three components are required in any
filtration process. Without a filtration unit, and a way to operated it, and a
liquid to filtrate, it is not a filtration.
Moving further to the right in the figure, more complex components are in-
troduced to the filtration problem. The presence of large particles, retained
by the membrane, increases the complexity by including a source of resis-
tance to the filtration.
Proteins, in the form of either desired (therapeutic) proteins or undesired
host cell proteins ,are even more challenging. They can be partly retained
by the membrane, allowing only a fraction to migrate into the permeate
stream, while the remaining is retained by the membrane, or worse yet,
accumulated within the membrane, where they can add to the resistance to
filtration.
In this project, the complexity was addressee by isolating the components.
This means, the filtration problem was separated into smaller problems,
which could be investigated and understood, before being combined into a
general understanding of the complex problem.
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Chapter 2

General Concepts

General Knowledge 2.1

This section is an introduction to the body of knowledge which serves as a
foundation for the project. It should, however not be seen as an exhaustive
literature review. It is intended as an introduction to the specific terminol-
ogy and knowledge employed in this work.

Membrane Filtration 2.1.1

A membrane filtration is a separation process where a permeable barrier
separates two phases. Certain species are able to pass from one phase,
though the membrane, and into the other phase, while other species are
retained by the membrane. Due to the retention a concentration difference
over the membrane develops. The concentration difference can only de-
velop and be maintained if an outside force is applied to the system. Most
often the driving force is applied in terms of a pressure difference.

Membranes used for size separation, e.g. microfiltration, can be divided
into types based on their cut-off size, a measurement of the largest parti-
cle size that can pass through the membrane. As a result, the cut-off size
is an indication of the selectiveness of the membrane. Four common types
of filtration techniques are listed in Table 2.1. In this thesis, the work re-
volves around microfiltration of microbial cells. Consequently, most of the
knowledge presented here will concern microfiltration, but most of it can
be extended to ultrafiltration.

Figure 2.1 illustrates a generic membrane filtration module. Three flows are
shown in the figure; the feed, the permeate, and the retentate. The feed is
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Chapter 2. General Concepts

Table 2.1: Common operational parameters for different types of mem-
brane separation technologies [1]

Cut-off size TMP Cross-flow speed
Microfiltration > 100 nm 0.2 - bar 2 - 6 m s -1

Ultrafiltration 10 - 100 nm 2 - 10 bar 1 - 6 m s -1

Nanofiltration 1 -10 nm 5 - 30 bar 1 - 2 m s -1

Reverse osmosis 103 g mol -1 20 - 200 bar < 2 m s -1

the stream going into the module, which in microfiltration, normally entails
a suspension, i.e. a mixture of particles and a solvent. The permeate is clean
feed solvent, no longer containing particles. The retentate is concentrated
particle slurry, retained by the membrane.

Figure 2.1: Sketch of a generic filtration module. Feed enters the module,
is separated by the membrane, and two streams leave the module. The re-
tentate, which contains retained species, and the permeate, which ideally is
free from retained species.

The flow of material through a membrane is often measured in terms of
volumetric flux, J [m3m -2s -1], which is proportional to the volumetric flow,
Q [m3s -1] and inversely proportional to the cross-sectional area of the filter,
A [m2].

J=
Q
A

(2.1)

As a measurement, the flux enables comparison of different membrane op-
erations across scales, as the membrane area is taken into account. Two
different membrane systems with similar flux have similar performance,
despite differences in membrane area. This characteristic is extremely use-
ful when membrane systems are scaled from laboratory to production.
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2.1 General Knowledge

Pressure Driven Filtration 2.1.2
Darcy’s law is a classic equation, which relates the flux through a porous
medium with the pressure drop over said medium. In its most simple form
it links the pressure drop over the porous medium, δP [bar], with the volu-
metric flux, J, through the term permeability, Lp [m3m -2s -1bar -1]. The per-
meability expresses how much energy is required to force the liquid though
the porous medium.

J= Lp δP⇔ Lp =
J

δP
(2.2)

In membrane filtration the pressure drop is often given as transmembrane
pressure, TMP [bar], a comparative measurement of the pressure difference.
It it often an average of the pressure difference applied across the membrane
surface.
This can be exemplified in a tangential flow filtration system such as the
one illustrated in Figure 2.2. Three distinct pressures are indicated in the
figure, Pin [bar] and Pout [bar] which both are found on the feed side of
the membrane, as well as P0 [bar], which is found on the permeate side
of the membrane. Classically, the TMP used to evaluated such systems is
calculated as the permeate pressure, P0, subtracted from the average of the
inlet, Pin and outlet pressure, Pout :

TMP =
Pin +Pout

2
−P0 (2.3)

In other filtration systems the deviation of TMP can be different but the
essence will be conserved: TMP represents the pressure difference across
the membrane averaged over the membrane surface.

Figure 2.2: Illustration of a tangential flow filtration system. The pressure
is indicated at three positions. Pin, the pressure at the inlet of the system.
Pout , the pressure at the outlet of the system. P0 the pressure at the permeate
side of the membrane.
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Resistance to Filtration 2.1.3

In membrane filtration the permeability can be expressed using a prop-
erty of the permeating liquid, the viscosity, µs [Pa s], and a property of
the porous membrane, the resistance, R [m -1].

LP =
1

µs R
(2.4)

The resistance is the agglomeration of factors which can hinder filtration.
Some of these factors are intrinsic to the membrane system, while others
are a result of the separation operation.

In Figure 2.3 different sources of resistance are illustrated. The membrane
resistance, Rm [m -1], is a property of the membrane itself, e.g. the tortuosity
and size of the membrane pores. The membrane resistance can be seen as
the lower limit of resistance in any membrane system. The other types of
resistance are all examples of membrane fouling, i.e. degradation of mem-
brane performance as the filtration progresses.
Fouling can be divided into two classes, reversible and irreversible fouling.
The reversible fouling depends on the instantaneous filtration conditions, it
will disappear if the filtration stops or if the feed material is changed into
pure solvent. Irreversible fouling results from the accumulation of fouling

Figure 2.3: Illustrating different types of resistance to filtration. Starting
from the left: Membrane resistance, an intrinsic property of the membrane.
Concentration polarization, the accumulation of material at the membrane
surface due to diffusion limitations. Cake Layer, a firm layer of particles
accumulated on the membrane surface. Pore blocking, the blockage of in-
dividual membrane pores by a single particle. Absorption, the constriction
of pore diameter by absorption of material within the pores.
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components in the membrane over time, and is not easily removed. Me-
chanical or chemical cleaning is normally required to restore the original
properties of the membrane.
Concentration polarization and the formation of a cake layer on top of the
membrane are examples of reversible resistances, as their existence requires
continued permeate flow. These phenomena exists in an equilibrium be-
tween the particle transport to the membrane surface, by convection, and
the transport away from the surface, primarily by diffusion.
Irreversible fouling occurs inside the membrane, where the pores are modi-
fied in some way. An example, could be the complete blocking of a pore by
a trapped particle, or the reduction in pore size by absorption of molecules
on the pore walls.

Viscosity 2.1.3.1

The viscosity of a fluid, µ [Pa s], is a measure of its resistance to deforma-
tion. Specifically in regards to membrane filtration, viscosity is a measure
of the friction the fluid applies, as it is passing though the membrane.
As illustrated in Equation 2.4, viscosity is multiplied by the resistance to
yield the permeability. A system with constant resistance properties can
therefore change permeability, if the viscosity of the fluid changes, for in-
stance with increasing temperature.
In microfiltration the feed fluid is a suspension of particles in a liquid. For
such suspensions, the apparent viscosity depends on the concentration and
type of particles, in addition to the viscosity of the liquid. This means the
suspension will have a higher apparent viscosity, than the particle free liq-
uid. However, since only the liquid passes though the membrane, the vis-
cosity used in Equation 2.4, is the liquid, i.e. solvent viscosity, µs.

Continuous Filtration 2.1.4
Filtration operation can be separated into two modes, dead-end filtration
and cross-flow filtration. In dead-end filtration, the feed suspension is forced
though a membrane or filter bed. The particles are caught in the filter, and
the filtrate is free to pass though the filter. The accumulation of particles
persists as the filtration progresses, until the filter is completely blocked
and has to be discarded. Dead-end filtration is an example of a batch pro-
cess.
In cross-flow filtration most of the feed solution flows tangentially along
the membrane surface, not through it. The flow along the membrane sur-
face carries particles away, this curtails the accumulation of particles on
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(a) A spiral wound module with woven shear
promoter on the feed side. Picture from [2]

(b) Illustration of a hollow fiber module. Pic-
ture from [3]

Figure 2.4: Examples of shear promoters in cross flow filtration system.

the surface. A cross-flow filtration unit can be operated continuously, i.e.
with stable resistance to filtration and permeate flow rate, during operation
fouling is controlled. For continuous operation the ratio between the cross
flow and the permeate flow has to be controlled, such that the cross-flow
removes the same quantity of particles as the filtration adds to the surface.

Most of the feed material becomes retentate, consequently, the retentate
from a cross-flow module is recycled as feed. For true continuous opera-
tion part of the recycled stream is mixed with the feed stream to ensure a
constant inlet concentration, the remaining retentate is removed as bleed.
Alternatively, the retentate is recycled by sending it back to the feed tank,
this leads to a slowly increasing particle concentration in the feed tank.
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In cross-flow filtration, the shear force at the membrane surface is a mea-
surement of the capacity, of the membrane module, to counteract fouling.
A system with high shear forces, can operate continuously at a higher fil-
tration capacity, than one with low shear forces. The shear in a cross-flow
module is generated by the drag of the liquid flowing along the membrane
surface. Cross-flow filtration modules are often design to promote local
shear at the membrane surface.
Promoting local shear increases the pressure drop over the module, mean-
ing an higher feed pressure is needed to ensure high cross flow velocity. A
well designed cross-flow module is balanced between high shear rate and a
low pressure drop. In Figure 2.4 two different examples of shear promoting
cross-flow filtration modules are shown.
An example of a shear promoting technique is shown in Figure 2.4a, where
shear promoters are installed on top of the membrane. This technique is of-
ten applied to plate modules, where a loosely woven mesh is stacked on top
the membrane. As the flow meanders though the woven mesh, turbulence
around the mesh increases the shear rate.
Hollow fiber membranes, shown in Figure 2.4b, are another class of cross-
flow systems. Here the feed material are forced into narrow fibers, which
has a high surface to area ratio. The result is very high cross flow speed,
generating very high shear rates at the surface. The pressure drop is kept at
an acceptable level by the high number of fibers.

Shear Enhanced Filtration 2.1.5
Shear enhanced filtration is a further development of the cross-flow filtra-
tion technology. In cross-flow filtration systems the movement of the feed
flow generates the needed shear forces, while shear enhanced filtration sys-
tems feature separate arrangements for the generation of shear forces.
Several techniques for shear enhanced filtration exist; vibrating systems or
rotating systems, where either the membrane itself or an impeller rotates
above the membrane to generate shear forces. Common for all shear en-
hanced techniques are the decoupling of the feed flow from the shear force
generation.
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Vibrating Systems 2.1.5.1

In a vibrating filtration system the shear is generated by a membrane, which
moves with an oscillating motion. Figure 2.5 illustrates a vibrating filtration
system. The direction of travel for the membrane is reversed with a high
frequency, meaning the membrane changes direction several times a sec-
ond. The oscillations are so rapid that the inertia of the suspension prevents
the liquid from following the membrane. The acceleration difference be-
tween membrane and liquid generates extremely high shear forces, which
allows the vibrating system to function. Vibrating systems often incorporate
springs or air cushions to recuperate the energy expended to accelerate the
membrane. This also serves to minimize the wear and tear on the filtration
module, which arises from the oscillating motion.

Figure 2.5: Illustration of a vibration type filtration system. The membrane
vibrates in an up and down directing, which generates the shear needed to
keep the membrane clean. Picture from [4]

Impeller Systems 2.1.5.2

In systems with an impeller the membrane is static, the shear is generated
by a movement of an element above the membrane surface. The design of
an impeller system is illustrated in Figure 2.6. The normal configuration of
an impeller system is a rotor spinning above a round flat membrane. The
momentum generated by the impeller rotation is transferred to the liquid,
which moves over the membrane surface. The moving liquid generates the
shear forces, which cleans the membrane.
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Figure 2.6: Illustration of a impeller type filtration system. The disc (in
blue) rotates above the membrane (in red), keeping it clean. Vans on the
disc improve the effectiveness of the rotating disc. Picture from [5]

Since the membrane is static and the generation of forces occurs at a dis-
tance, the transfer of momentum is incomplete. The shear forces at the
membrane surface is therefore not a function of rotational speed alone, but
also the effectiveness of the transfer. The effectiveness is a function of the
design of the impeller and the distance between the membrane and the im-
peller. The design of the impeller is therefore essential to the effectiveness
of such systems. Elements such as vanes on a rotating discs or the shape of
the blades on a impeller can improved the effectiveness of the system. A
benefit of these systems is the mixing promoted by the rotation of the im-
peller, ensuring that the volume between the membrane and the impeller is
well mixed. The static membrane has an addition advantages, a broad range
membrane materials can be used in these systems, since the membrane is
exposed to low levels of mechanical stress.

Rotating Membrane 2.1.5.3

In systems with rotating membranes, it is the movement of the membranes
themselves, that generates the shear at the membrane surface. These sys-
tems are in many ways similar to impeller type systems, however since it is
the membrane which rotates, the problem of effective momentum transfer
is eliminated. The design of a rotating membrane system is illustrated in
Figure 2.7.

17 / 210



Chapter 2. General Concepts

Figure 2.7: Illustration of a rotating membrane type filtration system. A)
Drawing of a two shaft rotating membrane setup. The permeate leaves the
system thought the hollow shaft. B) Picture of a two shaft rotating mem-
brane setup. C) Internal structure of a membrane disc, showing the per-
meate channels leading fluid to the hollow shaft. The membrane discs are
placed on two rotating axis. Picture from [6]

The forces of rotation imposes a heavy requirement on the mechanical
strength of the membrane, as it has to be able to withstand the forces gen-
erated by the rapid rotation. Consequently, most designs of rotating mem-
brane systems uses ceramic materials for the membrane discs. For addi-
tional stability at high rotation speed, the rotating membranes are made
with a circular shape and attached to a central rotating shaft.

In order to collect the permeate, the center of the membrane have permeate
channels, which encourages the flow of permeate out of the membrane.
From the channels within the membrane, the permeate is evacuated through
the shaft. The shaft is therefore hollow and requires complex bearings to
separate the permeate from both the chamber and the power unit.

Dynamic Crossflow Filtration 2.1.6
The systems investigated in this project have all been of the rotating mem-
brane type, and all have been manufacture by the company Andritz. An-
dritz offers a system for shear enhanced filtration under the product name
Dynamic Crossflow Filtration or DCF.
Production scale models are available with two or four shafts, mounted
with membrane discs. The smallest production unit holds 16 membranes
on two overlapping shafts, the largest unit holds 256 discs on four pairwise
overlapping shafts. Figure 2.8 displays an example of a production scale
DCF unit. In the figure, two shafts with overlapping discs can be seen.
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Figure 2.8: Industrial scale Dynamic Crossflow Filtration (DCF) unit from
Andritz. Left: The internal structure of a DCF filtration with 128 discs on
two shafts. Right: The full process skid of a industrial DCF Unit.

The overlapping of membrane discs is a feature of the DCF system, which
is supposed to enhance the filtration capacity compared to a system with
freestanding membrane shaft.

Most of the experiments conducted during the project were done on the
DCF 152/S laboratory model. This model contains a single membrane disc,
mounted onto a single rotating shaft. The laboratory model is designed in-
tentionally as a scaled down version of the larger production scale units.
To achieve scalability, the laboratory model contains elements to mimic the
effects of overlapping discs, in the larger units.

However, the proclaimed scalability was not observed for bio-pharmaceutical
recovery processes. This means that scaling between a laboratory model
and production scale models are challenging.
In this project a model that can help in scale processes from a laboratory
unit to production scale units, will be developed.

The Ceramic Membrane Disc 2.1.6.1

The membrane is a critical part of the rotating dynamic filtration tech-
nology. As the membrane is spinning, high rotational forces are gener-
ated, which tears at the membrane and could destroy it. High mechanical
strength, as found in ceramic or metal membranes, is therefore required for
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Figure 2.9: The internal structure of a ceramic membrane disc. Note the
ribbons, which forms the edge of the permeate channels. Photo digitally
modified to enhance visibility.

sustained operation.
In this thesis, ceramic membranes from the company Kerafol were used.
These membranes have an internal structure made mainly from Al2O3,
which gives the membrane its mechanical strength. The pore size of the
internal support structure is 2.0 µm.
To ensure easy passage for the permeate, the membranes are fashioned with
channels in the center, as seen in Figure 2.9. The channels direct the per-
meate from the surface into the center of the membrane.
On the surface of the membrane is a filtration layer, which is important for
the rejection properties of the membrane. In addition to Al2O3, the filtration
layer can be made from a range of ceramic materials such as; ZrO2 TiO2,
MgAl2O4, which all gives different surface properties, mainly controlling
the pore size of the membrane surface.
Two size of membrane discs have been used during this thesis. The labora-
tory scale disc have an outer diameter of 152 mm, inner diameter of 25.5
mm, and a thickness of 4.5 mm. For production scale, discs with an outer
diameter of 312 mm, inner diameter of 91 mm, and a thickness of 6 mm.
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Setting up the Engineering Model 2.2
The engineering model is at the center of this work and need a proper intro-
duction. Here the words engineering model signifies a mathematical model
which can represent the actual filtration process as experienced both in the
laboratory and at industrial scale, without becoming cumbersome to work
with. The model representation has to conform to the experimental observa-
tions to hold any worth, however the model can easily become too complex
to have any practical value.
The engineering model should be seen as a practical model, which can be
used to predict filtration processes. It should be applicable for the design
of filtration processes, untested in industrial scale, based on data gain at
laboratory scale.
The process of formulating the engineering model was an iterative process,
where new knowledge was incorporated when available. The first iteration
of the model was formulated based exclusively on text book knowledge. As
experiments where conducted and CFD simulation started converging the
engineering model was amended, to improve its credibility.
The engineering model was implemented in MATLABr, as a compart-
ment model. This means, that the filtration unit was dividend into a suitable
number of well-defined compartments and the transfer of material between
the compartments was modelled. Within each compartment homogeneity
of materials and energy was assumed.
In a compartment model the interactions are expressed by lumped param-
eters, which are assumed to be representative for the compartment as an
entirety. Compared to a CFD model, where the concentration gradient at
the membrane surface can be modelled, the compartment model is a much
coarser model. Local features, such as concentration gradients, are ignored
or lumped together, such that the behaviour of the compartment corre-
sponds to the observed behaviour of the real system.
The advantages are a simpler problem configuration and a substantial re-
duction in computational time. Likewise, in experiments it is often hard or
infeasible to resolve the local micro scale features. Experimental data will
consequently mostly be lumped as well. A compartment model is therefore
often adequate to capture the measured experimental data.
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The Basic Engineering Model 2.2.1
The initial engineering model was formulated based on textbook under-
standing of filtration, in addition to the geometry of an industrial scale dy-
namic filtration unit. The DCF unit presented in Figure 2.8 is an example
of the geometry. The two columns of membrane discs can be seen as a
series of connected compartments, which only ever interact with the two
compartments that enclose it, see Figure 2.10.

The boundaries between compartments are defined by the center plane of
the membrane discs. This means, for a single disc unit, such as the labora-
tory model, there will be two compartments, i.e. N = 2. This approach is
advantageous, as a concentration difference between two sides of a mem-
brane can be depicted.
The center plane partition was chosen, in favour of compartments defined

Figure 2.10: Translation from real unit to engineering model for a generic
dynamic rotational filtration unit. Left: Sketch of an generic two shafted
filtration unit. Right: Compartment model of the engineering model. Each
compartment only interact with the two compartments around itself. Note
the mapping of compartments to the membrane disc. Each disc is present
in two compartments.
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around the membrane discs, with boundaries at the midpoint between two
discs, as this configuration would dictate uniform condition in the single
disc model.
The capacity to describe a local difference in a single disc model is required
for the accumulation effects demonstrated in the article published in Dansk
Kemi, see Section 5.2.
For multi disc units, the choice of center plane boundaries means, that the
two membrane surfaces facing each other will have similar conditions, de-
spite being part of two different discs, since homogeneity in the volume
between the discs is assumed.

Mass transport in the filtration system can be defined using differential
equations, where each compartment is defined from a liquid balance. The
differential equation keeps track of the flow of solvent from one compart-
ment to the next, as well as accounting for the permeate flow:

dVi

dt
= Qi -1−Qi−Ji Ai for i = 1 . . .N (2.5)

Here Vi [m3] is the volume of solvent contained inside the compartment,
Qi−1 [m3 s -1] the volumetric flow too compartment i, Qi [m3 s -1 the volu-
metric flow from the compartment, and Ji [m3 s -1 m -2] the volumetric flux
though the membrane surfaces within the compartment, and Ai [m2] the
membrane area within the compartment.
The volume of the compartments can be assumed to be constant, as the
solvent is incompressible. Thus Equation 2.5 can be simplified to a steady
state expression:

Qi = Qi -1−Ji Ai for i = 1 . . .N (2.6)

This equation describes, how the liquid, which enters the unit propagates.
At i = 1, Q0 denotes the inlet flow rate, and at i = N, QN denotes the flow
leaving the unit as retentate.
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Volumetric Flux 2.2.2
The main functionality in the engineering model is anchored in Darcy’s law,
which links the transmembrane pressure, TMP [bar] to the flux of a solvent
through a porous material:

J=
TMP

µs Rtot
⇐⇒ TMP = Jµs Rtot (2.7)

Here µs [Pa s] is the solvent viscosity. For the engineering model, the chal-
lenge is to calculate an accurate estimate for TMP and the total resistance,
Rtot [m -1].
When Darcy’s law is applied in the engineering model, each compartment
has a unique flux, Ji [m3 s -1 m -2]. The total flow thought the modelled unit
is distributed between all membranes, in accordance with the resistance
to filtration at the individual membrane surfaces. The total flux of the mod-
elled unit can be computed by summing Ji of each individual compartment.

Qtot =
N

∑
i=1

Ji Ai (2.8)

Depending on the operation of the unit, the process can either be controlled
by the pressure or by the permeate flow rate. In each case, the other pa-
rameter can be determined by combining Equation 2.8 and 2.7 into a single
expression, presented here isolated for both Qtot and TMP:

Qtot = ·
TMP

µs
·

N

∑
i=1

(
Ai

Ri

)
(2.9)

TMP =
Qtot

1
µs
·

N
∑

i=1

(
Ai

Ri

) (2.10)

These two editions of the equation constitute the core of the engineering
model, allowing translation of a fixed pressure or flow to the reciprocal
parameter while accounting for filtration resistance.

24 / 210



2.2 Setting up the Engineering Model

Capabilities of the Initial Engineering Model 2.2.3
The engineering model outlined in this section is a framework, upon which
the full engineering model will be build. It represents the extent, to which
a model can be deduced based on general filtration theory, without any
special knowledge about the dynamic filtration system.
At this stage, the model only describes foulant free filtration on a station-
ary membrane stack. This is, however, sufficient to show the significance
of the number of membrane discs, i.e. the filtration area. For the example,
a membrane resistance of Rm = 4×1011 m -1 was used. Figure 2.11, illus-
trates how the needed transmembrane pressure, TMP, changes as a function
of the number of membrane discs in the filtration unit. As one could expect,
the required TMP falls as the number of disc increases. The effect is most
apparent at a small number of discs, as pressure scales with the inverse area
according to Equation 2.10.
The processes, which are in scope for the final application of the engi-
neering model, are significantly more complex, thus the model has to be
extended with additional functionality.
In this thesis we aim to systematically expand the engineering model with
functionalities, which makes the engineering model a practical tool for pro-
cess description and design.
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Figure 2.11: Illustration of the relationship between the number of mem-
brane discs, filtration rate and operational pressure. Stationary membrane
discs with a diameter of 312 mm and a resistance of Rm = 4× 1011 m -1

were used for the modelling.
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The Experimental Unit 2.3

A dynamic filtration skid was dedicated to the Ph.D. project and the major-
ity of the experiments presented in this thesis were conducted on this unit.
The experimental skid was of our own design, assembled from individual
components as an element of the project. It was rebuild multiple times dur-
ing the project, facilitating different experiments, as well as integrating new
knowledge.
At the heart of the skid, was the laboratory scale dynamic cross-flow fil-
tration model from Andritz, denoted DCF 152/S. The model has a single
rotating membrane disc, with a membrane diameter of 152 mm, and it is de-
signed deliberately for laboratory experiments. The DCF 152/S is presented
in Figure 2.12, shown in different ways, to highlight different features.
Since the DCF 152/S model was designed with experiments and scaling
in mind, it has several features, which should ease experimental work, and
subsequent process scaling. The chamber can be accessed via five different
connection points, four of them in the edge, see Figure 2.12b, and one in the
front plate. This ensures plenty of space for measuring equipment and tube
connections. In the same figure, the shaft which the ceramic membrane is
attached to, can be seen. It is hollow to allow permeate to leave the unit.
The membrane is locked in place by two o-rings and a nut, which ensures
the separation of permeate from the chamber.
Inside the ceramic membrane are channels, which enables the evacuation
of permeate from the membrane, see Figure 2.9 below. The permeate flows
from these channels into the hollow shaft, and can be collected at the back
of the unit, see Figure 2.12c. To enable rotation while maintaining water-
tight barriers between the chamber and the permeate, as well as between the
permeate and the moving parts, the shaft is supported by two ball barrings
and two mechanical seals.

Data Acquisition and Control 2.3.1
Automation of the experimental procedure was a desired from the begin-
ning of the design phase. This meant, a computer was needed as a central
processor, to keep tack of the experiment and record experimental data.

Computers are exclusively digital machines, that communicates with binary
signals. Whereas measurement equipment are analogue devices, outputting
signals of varying strength, as a consequence there is a need for translation.
This translation is commonly refereed to as DAQ, or data acquisition and
control. The term describes the action of acquiring signals from sensors and
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(a) An exhibition unit. The front plate,
normally made of metal, is here replaced
by an transparent acrylic, to grant view
into the unit. In the center of the picture,
one can see the white rotating membrane.

(b) Open unit, without the front plate and
membrane. In the center, the hollow shaft,
which supports the membrane and evac-
uate the permeate. Also seen are four
flanges in the membrane chamber. Here
inlet, outlets, and sensors can be attached.

(c) Laboratory scale DCF setup shown from the side. Elements of the setup has been
marked and named.

Figure 2.12: Illustration of a Laboratory scale DCF unit.
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controlling actuators. In this project the interface between analog and digi-
tal data was managed by a LabJack T7 module, from LabJack Corporation.
The sensor readings obtained through DAQ have to be interpreted, output
values for the actuators have to be determined, and all of it has to be saved
for further analysis. The program LabVIEW was used to facilitate this pro-
cess. It is a commercial software from National Instruments made to sim-
plify DAQ, experimental control, as well as the making of user interfaces.
The user interface is shown in Figure 2.13, it features four distinct func-
tionalities:

1. Operational log: Here manual intervention, as well as programmed
actions performed during the experiment are listed.

2. Experimental controller: For loading and controlling the planed ex-
periment. The planned control actions, as well as process limits are
shown to the user.

3. Storage module: Here the user can specify where the data should be
saved. The filename is also defined here.

4. Manual buttons:. Allows for manual control of all actuators. Used
to prepare the setup for experiments, as well as for corrective action
during experiments.

Figure 2.13: The user interface in LabVIEW. Framed in blue: Operational
log. Framed in red: Method display and control. Framed in green: Data log-
ging control. Elements outside frames: Instantaneous values for controllers
and transmitters. All controllers can be manually controlled from the user
interface.
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0 ExampleStep
1 START TIMER_3 = 0
1 START P101_RMP = 300
1 END TIMER_3 > 600
1 LIM PT102 > 2
0 NextStep
1 START TIMER_3 = 0
1 START P101_RMP = 200
. . .

Figure 2.14: Illustration code for programming the experimental procedure.
For the step ExampleStep, the code outlines the following behavior: The
reference time is reset, the feed pump speed is set to 300 RPM, and the step
is set to run for 600 seconds. If the pressure measured by the transmitter in
the chamber exceeds 2 bar, the experiment is terminated. When TIMER_3
surpasses 300 the program continues to step NextStep, where the pump
speed is reduced.

The program have been written in a modular approach, which means it is
easy to add or remove components from the program.
The experimental procedure has to be programmed before the start of the
experiment, as a series of steps. A sample of one such procedure can be
seen in Figure 2.14, where a small sequence of steps are presented. In each
step of the procedure, any number of input parameters can be changed. In
the example, the pump speed of the inlet pump was changed to 300 RPM. In
addition, each step includes at least one trigger, which causes the controller
to jump to the next step of the sequence, often time spend in the current step
was used. For safety, each step included limits for critical process variables,
such as a maximum pressure or torque, which lets the procedure terminate
the experiment safely if needed.
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Clean In Place 2.3.2
To ensure a clean membrane for each experiment, the setup, and particu-
larly the membrane, had to be cleaned before the experiment. The clean-
ing was done without disassembling the unit, a principle called Clean in
place (CIP). The cleaning procedure was designed, such that it removes
any foulants from the system, especially from the membrane, since foulants
affect the permeability measurably. Some of the foulant comes from the
conducted experiments, and includes things such as CaCO3 particles, yeast
cells, or proteins. Beyond residue from the experiments, foulants can come
from many sources. For example, if the system is left uncleaned for a pe-
riod of time microorganisms will begin to grow within the membrane, and
an alkaline solution will be needed to remove this bio-fouling.
The cleaning procedure was generated based on limitations set by the equip-
ment and improved over time based on experience. Keeping with the over-
all scope of the project, the cleaning procedure should be applicable in
a pharmaceutical production setting, meaning the cleaning fluids should
be bulk chemicals. For cleaning, two chemicals were chosen, NaOH and
HNO3, as they are already available in the production facilities.
Elevated temperatures result in better cleaning, as it increases the reaction
rate and diffusion. However, the membrane begins to degrade if is exposed
to high pH at temperatures over 50 °C. This is the main restriction im-
posed on the cleaning procedure, and consequently the temperature is kept
at 50 °C throughout the cleaning cycle. The final cleaning procedure is pre-
sented in Appedix A, as a list with 12 steps.
The CIP procedure is rather laborious, with a lot of different steps, in to-
tal it takes over two hours to complete. Doing it manually, would take up
much of a laboratory day, as a result the CIP procedure was automated. This
meant the CIP Program could be run through the night, freeing up time for
experimental work during the day.
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Chapter 3

Filtration in Pure Liquid Systems

Introduction to Pure Liquid Systems 3.1

Some of the earliest experiments conducted on the experimental unit aimed
at determining the membrane resistance, Rm [m -1], an intrinsic property
of a membrane, using deionized water. In these experiments the operating
pressure, ∆P [bar], the difference between chamber pressure, P1 [bar], and
permeate pressure, P2 [bar], was recorded under different operational con-
ditions.
In rotating dynamic filtration, the rotation of the membrane disc generates
a undesirable effect, which counteracts filtration. This effect is called the
counter pressure, Pc [bar], and it arises from the centrifugal force of the
rotation. In the presence of rotation, ∆P can be link to the TMP [bar] as:

TMP = ∆P−Pc (3.1)

A generic equation for the counter pressure was known before the project,
its derivation is presented in Section 3.3.2.

Pc =
ρs

4
ω

2 ·
(

r2
1 + r2

2

)
(3.2)

Where r1 [m] is the inner and r2 [m] the outer radius of the membrane
surface. ρs [kg m -3] the density of the solvent, and ω [rad s -1] the rotational
speed of the membrane disc. The theory presented in Chapter 2 establishes
the relationship between the flux and the TMP as:

J=
TMP
µs R

(3.3)

31 / 210



Chapter 3. Filtration in Pure Liquid Systems

For a rotating membrane, the operating pressure is reduced by the counter
pressure to yield the TMP.

J=
∆P−Pc

µs ·Rm
(3.4)

As the counter pressure increases, the effective TMP is reduced. When ∆P=
Pc the flux is reduced to zero, and if ∆P < Pc the flow will be reverse, such
that the unit acts as a pump.

However, when measuring ∆P and establishing Rm the calculated values
for Pc did not align with the values expected from Equation 3.2. This was
unexpected, as Equation 3.2 had been employed undisputed until this point.

This prompted a comprehensive investigation of the counter pressure as
a phenomenon, and how it relates to membrane rotation. In the investi-
gation mixtures of deionized water and ethanol in different compositions
were used as solvent, as this produced solvents with different viscosities,
µs [Pa s]. Experiments with different viscosities, membrane rotational speed
and permeate flow rate were used to separate the contribution from Rm and
Pc to ∆P.

The paper presented here also includes the initial work with CFD simu-
lations. The relatively simple correlation linking ω and Rm to ∆P and Pc
was tested in the simulations. The simulations tested the ability of the CFD
model to mimic the membrane resistance and to capture the effects of rota-
tion by replicating the counter pressure.
The article reproduced here is the product of this investigation:

Paper on Pure Liquid Systems 3.2
The paper Investigation of the velocity factor in a rotational dynamic micro-
filtration system was published March 2019 in the journal Separation and
Purification Technology. The paper combines a larger experimental study
of the effects of membrane disc rotation and solvent system with a CFD-
study of the same experimental unit.
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A B S T R A C T

This work aims to advance the understanding of rotational dynamic filtration by investigation of the counter
pressure generated by rotation. The counter pressure was experimentally evaluated with a series of experiments.
The experimental conditions were varied by using mixtures of water/ethanol, different module geometries,
various permeate flows, and rotational speeds for a total of 416 experiments. In addition computational fluid
dynamic (CFD) simulations of the experimental setup were performed, leading to a better understanding of the
experimental results. The results were assessed with a simplifying engineering model. It was demonstrated, that
the experimental counter pressure diverges from the theoretical values. The experimental results suggest that a
velocity factor should be included in the equation for counter pressure in rotating membrane systems. This
finding was supported by evaluation of the CFD simulations, where the velocity factor also was found to diverge
from theory. The study of module geometries also indicates that there is a small impact from geometry of the
housing on the counter pressure, suggesting a need to determine the velocity factor for each system. This study
provides new information on the influence of geometry and operational conditions on the counter pressure in
rotating systems, a key parameter in the design and operation of such units.

1. Introduction

Membrane filtration has shown superior efficiency in many se-
paration applications, such as lower energy demand in desalination of
water by reversed osmosis compared to distillation [1]. However, for
some applications membrane separation is not suitable. One of the
factors limiting the implementation of membrane filtration in new ap-
plications is fouling. For many separation applications, membranes foul
too easily for the process to be economically sound [2]. It has been
repeatedly shown, that there is a strong link between the shear force at
the membrane surface and the capacity of a membrane to resist fouling
[3]. Crossflow filtration is an example of a technique that promotes
filtration performance by shear forces. Here the shear is generated by
the flow of the solvent over the membrane surface. The technique is
however limited by the pressure drop generated at high flow rates and
the stress on solids and equipment by pump work.

Dynamic filtration, an alternative to crossflow filtration, has gained
attention as a technology that can enable filtration of heavy fouling
solutions as very high shear force is attainable. In dynamic filtration,
the generation of shear force is decoupled from the flow generated by
the feed pump. This gives the dynamic filtration system a distinct

advantage over regular crossflow filtration systems, as a higher shear
force is achievable, without excessive energy consumption [4]. Dif-
ferent types of dynamic filtration have been described, such as vibrating
systems [5] or rotating systems, where either the membrane or an
impeller rotates to keep the membrane clean [6]. However the higher
shear rate comes at a cost; in rotational dynamic filtration the motion of
the membrane gives rise to a centrifugal force, working against the
driving pressure of the filtration. This counter force hampers the fil-
tration, and has to be accounted for when describing the filtration.

In its most simple form the impact of the rotation speed ( ) on the
flux J( ) can be described as:

=J a P b( )2 (1)

where P is the pressure drop between the feed pressure and the
permeate pressure, a the solvent permeability, and b an empirical
coefficient [7]. In Eq. (1), the parameter b links the rotational speed to
the counter pressure P( )c as:

=P bc
2 (2)

G. Belfort et al. [7] determined the value to be = ×b kg m1.8 10 /4 ,
for their system with a rotating annular membrane. For a different type
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of systems, the value will be different. For instance in dynamic systems,
where an impeller moves over the membrane to generate the shear
forces, the expression for b has been reported as [8]:

=b Rk
4

( )r
2

(3)

where is the density of the liquid, R the outer radius of the rotor, and
kr the velocity factor, an empirical constant indicating the how effec-
tively the power from the rotor is transferred to the membrane surface.
For these systems the values for kr are generally less than 1. For smooth
discs kr are typical found to be between 0.30 and 0.45. For systems with
vanes or blades values up to 0.8 have been reported [9,10].

For systems where the membrane itself is rotating, as the one stu-
died in this work, b is ordinarily determined from the system geometry
according to the following expression [4]:

= +b r r
4

( )1
2

2
2

(4)

where r1 and r2 is the inner and outer radius of the rotating membrane,
respectively. It is worth noticing that the expression is fully defined,
meaning all values are easily measured, the equation is without any
empirical constants.

The understanding of counter pressure has been incorporated into
studies of dynamic filtration systems. As an example, Dal-Cin et al. [11]
accounts for the counter pressure P( )c by correcting the measured flux
by the ratio of the operational pressure P( ) over the effective pressure:

=J J P
P PVC V

c (5)

This is done in order to obtain the corrected flux J( )VC based on the
measured flux J( )V . The corrected flux is a theoretical abstraction, al-
lowing results obtained at different rotational speeds to be compared.
Another way to account for the counter pressure, is to establish the
theoretical TMP of the system. This was done in both the work of P.
Meyer et al. [9] and W. Zhang et al. [12] by calculating:

=TMP P Pc (6)

By expressing all data as a function of TMP vs flux, Pc can be
eliminated from the experimental evaluation. By taking Pc into account,
the flux from different filtration conditions are comparable. This en-
ables a better insight into membrane fouling, as the pressure resulting
from membrane rotation is separated from the pressure related to
fouling. It is therefore essential to know the magnitude of b from Eq. (1)
to draw valid conclusion form experiments.

Evaluation of the parameter b has been done before for systems with
an overhead rotor, but for systems with rotating membranes, only one
study was found. Here Y. Taamneh and S. Ripperger [13] found a sig-
nificant derivation from Eq. (4). This conflicts with the usual approach,
where Eq. (4) is assumed valid. Therefore it was decided to explore the
b parameter for systems with rotating membranes.

The parameter b was investigated by a set of equations, an en-
gineering model describing the dynamic filtration system in terms of
simple mechanisms. The proposed engineering model was tested ex-
perimentally and evaluated to demonstrate its validity. The engineering
model was also used to define which features to include in the CFD
simulation of the experimental setup. The CFD simulation was eval-
uated using the same approach as the evaluation of the experimental
system. The results from both the experimental setup and the CFD
model, were compared and analyzed in order to gain an understanding
of the b parameter.

1.1. Model introduction

A generic membrane filtration system can be described with a model
linking the flux through the membrane to the driving pressure. One
such model is the Darcy’s law, as described in [14].

=J TMP
µRm (7)

where J is the flux through the membrane, TMP, the transmembrane
pressure, µ the dynamic viscosity, and Rm the resistance to flux in the
membrane system. TMP in Darcy’s law is determined as the pressure
difference between the pressure at the membrane surface and the
pressure at the permeate side of the membrane. Eq. (7) is only valid for
solvent systems, i.e. in the absence of concentration polarization and
fouling.

Reiterating, for rotational dynamic filtration, the operating pressure
P( ), i.e. the pressure difference between inlet pressure and permeate

pressure is not equal to the TMP, as the rotation of the membrane
generates a counter pressure P( )c , as shown in [9]. The pressure drop
associated with the rotation of the membrane depends on the rotational
speed of the membrane ( ), the liquid density ( ), and the geometry of
the membrane r( ) and is given as:

= = +P b k r r
4

( )c
2

1
2

1
2

2
2 2

(8)

In Eq. (8) the parameter k1 has been included in order to quantify
the deviation from ideality. It is similar to the velocity factor, and here
it indicates the efficiency, by which the rotation of the membrane
generates counter pressure. For these systems the velocity factor is
usually absent in the expression, i.e. the expected value is unity
[4,11,15]. The proposed engineering model for P is given as the sum
of Pc and TMP:

= + = + +P P TMP k r r JµR
4

( )c m1
2 2

1
2

2
2

(9)

In the experimental section the results will be evaluated using the
proposed engineering model. Eq. (9) has to be modified such that the
parameters corresponds to the values measured in the experiment. The
Flux can be calculated from the volumetric permeate flow rate F( ), by
accounting for the membrane area A( ),

as =J A F· . This allowed for the following expression to be ob-
tained:

= + +P k r r k µJ
4

( )inner outer1
2 2 2 2

2 (10)

where k1 the velocity factor, and k2 the membrane resistance. As Rm is
an inherent property for the membrane, k2 is expected to be in-
dependent of the solvent and the rotation velocity of the membrane,
furthermore it should be constant over time. By conducting experiments
with a stationery membrane =( 0) the effects of counter pressure can
be removed. This simplifies the assessment of k2, as PC from Eq. (9) can
be omitted. To get the interaction between J and k2 the equation is
further simplified by normalizing with the viscosity:

=P
µ

J k· 2 (11)

1.2. Introduction to the CFD model

In addition to the experimental work, a CFD model of the experi-
mental installation was established. In order to evaluate the validity of
the CFD model, the experimental data was compared to the simulations.
The CFD simulation were performed in ANSYS CFX ver. 17.2 and the
evaluation of the simulations were performed in ANSYS CFD-Post ver.
17.2.

A sketch of the liquid geometry was generated in SolidWorks based
on the physical dimensions of the experimental unit. In Fig. 1 the
geometry is shown to scale with the important features highlighted. To
better show how the parts of the geometry interact, a conceptual sketch
of the geometry is given in Fig. 2. The liquid geometry was meshed with
a combination of unstructured meshes for the bulk liquid and structured
meshes for the liquid in and around the membrane. The frame of
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reference and number of elements for each domain is listed in Table 1.
Important for the CFD model is the simulation of the membrane,

and its ability to mimic the properties of a real membrane. The mem-
brane and liquid near the surface was meshed as structured domains,
with the membrane domain model as a porous domain. The resistance
to flow in the membrane was included as a momentum loss in the
source term of the Navier-Stokes equation. At low speed the flow
through the membrane is laminar and the momentum loss can be found
using Darcy’s law, thus it depends linearly on the flow rate. The total
momentum loss S( )M i, was assumed isotropic and given by the following
expression:

=S µ
K

UM i
perm

i,
(12)

Here Ui is the velocity in direction i, Kperm the Darcy’s loss coeffi-
cient, equivalent to Rm.

The structure of the real membrane is complex. It has an intricate
support structure, with internal channels to drain permeate. The surface
is coved by a skin layer, with a very small pore size. To replicate the
characteristics of the membrane, the porosity was implemented as a
compounded mathematical expression, where the porosity ( ) of the
support layer was set independently of the skin layer. It was chosen to
model the internal composition as consisting of three distinct regions,
an skin layer, with = 0.025, a larger support layer with = 0.05, and a
channel region where liquid flows unimpeded, i.e. = 1, as seen in

Fig. 3. To model the increased resistance in the skin layer, Kperm was
estimated as having an exponential correlation with the porosity ac-
cording to Eq. (13):

=K exp 1
perm (13)

The thickness of the surface layer was defined to 0.443 mm, the
supporting layer to 1.03 mm, and the channel to 1.65 mm, for a total
thickness of 4.60 mm. The value of in Eq. (13) was adjusted, such that
the overall resistance in the system was comparable to the experimental

Fig. 1. Scaled Drawing of the simulated geometry. Half Plane of the simulated
geometry. Features; Dark Blue: Inlet. Purple: Outlet. Light Grey: Housing, sta-
tionary walls. Dark Grey: Shaft, rotating walls. Light Blue: transition domain
interface. Orange: Rotating membrane. Teal: Permeate outlet. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 2. Conceptual sketch of the simulated geometry. Outlining the conceptual parts in the simulated geometry. In green colors: Inlet and outlets. In blue colors: Free
flowing liquid domains. In yellow: The membrane. In grey: Steel parts. The red line denotes the transition from a stationary frame of reference to a rotating frame of
reference. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Mesh Elements for the parts of the CFD model. The frame of reference, mesh
type, and number of elements in the different parts in the CFD model.

Mesh Part Frame of
Reference

Mesh Type # of Elements

Membrane Domain Rotating Structured 390 456
Near membrane Liquid

Domain
Rotating Structured 335 308

Permeate Domain Rotating Structured 390 456
Liquid Domain, without

insert
Stationary Unstructured 1 413 849

Liquid Domain, with insert Stationary Unstructured 1 309 803
Total without insert Combination Combination 2 530 069
Total with insert Combination Combination 2 426 023

Fig. 3. Modelled Structure and Porosity of the Membrane. The internal struc-
ture of the membrane in the simulation seen from the side. X-axis scale with log,
to better show the porosity at the skin layer. Black Line: Porosity in the model.
Red Area: Skin layer, Green Area: Support layer, Blue Area: Permeate Channel.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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system. This resulted in a value of = 0.0315.
The model was separated into two frames of references, a stationary

and a rotating frame. The stationary frame encompasses the housing
domain. This domain describes the behavior of the bulk liquid, and
contains the feed inlet and the retentate outlet. The rotating frame
encompasses the membrane domain, the permeate domain, and a
transition fluid domain between the membrane surface and the bulk
liquid. The membrane was defined as a porous domain with a rotating
frame. The transition domain was included in the rotating frame, to
isolate the boundary between the porous and liquid domain, from the
change in reference frame. This reduces the numerical errors associated
with the change in frame of reference at the important transition from
porous media to free flowing liquid. All simulation was done as steady
state simulations.

For the CFD simulation the boundary conditions were set to mirror
the experimental conditions as closely as possible. This means a fixed
inlet mass flow of 298 kg/h/m2, and a retentate outlet flow of 178 kg/
h/m2, corresponding to 60% of the feed flow. The permeate outlet was
defined as an opening with a constant absolute pressure of 1 bar. This
allowed for the CFD simulation to find the feed pressure needed to
equalize the mass balance. All the walls in the model were modelled
with a no-slip condition. The static walls in the rotating domain were
additionally defined as counter rotating, such that they become sta-
tionary.

A theoretical estimate for the Reynolds number, can be made based
on water viscosity, the distance between membrane and module house
as critical length. The Reynolds number, at the outer edge of the disc
depends on the rotational speed as: =Re RPM·526 1. The rotational
speeds used in this work gives Reynolds number sufficiently high, that
turbulence is expected in the module. For the liquid phase, Shear Stress
Transport (SST) model was chosen to model the turbulence, due to its
superior resolution of the flow near to the walls.

In order to ensure the quality of the mesh two controls were per-
formed. Mesh independency was studied by constructing a refined
mesh, containing 30% more elements, than the mesh employed for the
regular simulations. Comparison at 190 RPM showed no difference in
evaluated P with the refined mesh. Additionally Y+ value at different
positions along the membrane surface was evaluated. For the SST
model to be correct a Y+ value below 5 is recommended for the first
note element over the surface. In Fig. 4, the actual values for Y+ is
shown, for the fastest (worst) simulated case, i.e. = 1150 RPM. For all
locations on the membrane surface the Y+ value is < 3, fulfilling the
requirement.

2. Experimental

2.1. Equipment

The dynamic filtration experiments were conducted using the in-
stallation showed in Fig. 5. At the core of the installation is the DCF
152/S laboratory unit (ANDRITZ KMPT), which houses the dynamic
membrane. The feed liquid was drawn from the reservoir tank (T1), and
circulated through the system. Both retentate and permeate were re-
turned to the reservoir tank to ensure constant feed composition. The
permeate flow (FT2) was controlled by the difference in pump speed
between the feed pump (P1) and retentate pump (P2) both peristaltic
pumps (Watson-Marlow 323Du), and measured by a volumetric flow-
meter (omega, FLR1008-D). This ensured a stable flux for each ex-
perimental setting. The house pressure (PT1) was measured (JUMO
MIDAS), immediately before the inlet to the membrane house, its
measurement reflecting the pressure in the house. The permeate pres-
sure (PT2) was also measured (JUMO MIDAS). The operating pressure

P( ) was defined as the difference between the house pressures and the
permeate pressure. To control the experiment and to collect the trans-
mitter data the installation was connected to a computer via a LabJack
T7 module and the data was recorded with help of LabVIEW (ver. 2017
SP1). The temperature in the membrane housing, and thereby in the
experiment, was kept constant (20 °C) using a water bath connected to a
cooling jacket around the membrane housing.

The membrane chamber has a mount for metal inserts, designed to
imitate the effects of additional discs overlapping the rotating disc.
Having overlapping spinning discs have been shown to increase filtra-
tion performance [16]. The metal inserts provided an opportunity to
study the effects of a disturbance in the bulk flow. In Fig. 6 the geo-
metry with and without the insert are shown, a similar insert is present
at the front plate (not shown). Experiments have been done with and
without the insert, in order to evaluate how P is affected by disturbed
flow paths.

2.2. Membranes

The membranes used in the experiments were circular ceramic
(Al2O3) membranes (KERAFOL) with an outer diameter of =d 152outer
mm, a shaft diameter of =d 25.5shaft mm, and a thickness of 4.6 mm.
Due to fittings, the inner working diameter of the membrane was

=d 38inner mm. Before each experiment, the membrane and the in-
stallation were cleaned with a cycle containing a sodium hydroxide (0.5
w/w %, at 50 °C) soak for one hour and a nitric acid (0.5 w/w %) wash.
Membranes with two different pore sizes were used in the experiments.
One with a pore size of 0.5 µm and one with a pore size of 0.2 µm.

Fig. 4. Y+ values in the liquid domain over the membrane surface. The Y+
value calculated for the spinning disc of the simulations, at 1150 RPM. Four
different positions shown, to show the change from the center of the membrane
to the edge. For all cases, the Y+ is below 5.

Fig. 5. Schematic diagram of experimental apparatus. Sketch of the experi-
mental installation. Named components: P1 Feed Pump, P2 Retentate Pump,
PT1 Feed Pressure Transmitter, PT2 Permeate Pressure Transmitter. FT2
Permeate Flow Meter, T1 Reservoir tank.
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2.3. Materials

For the experiments purified-water and ethanol (70 v/v%) was
used. As only solvents was used, the membrane was expected to have no
retention, curtailing any polarization in the experiment. The ethanol
was added to the solvent to alter the viscosity. The ethanol water
mixture was prepared shortly before use, in order to minimize eva-
poration. The resulting mixture had a realized ethanol concentration
between 12 w/w% and 17 w/w%. The viscosity of the ethanol water
mixture was measured to be 1.53 ± 0.06 cP, using a cone-and-plate
viscometer (Brookfield™, DV2T CPA-40Z).

2.4. Experimental conditions

The experiments were conducted in series, within each series the
experiments had the same conditions, i.e. constant geometry, mem-
brane disc, and feed solvent. For each series the installation was stepped
through a set of parametric values for the rotational speed and the
permeate flux. For each set point, the system was allowed to equili-
brate. After equilibration the effective permeate flow rate and opera-
tional pressure were recorded, with a data sampling rate of 15 Hz. After
a complete experimental series, the module was drained and cleaned.
Then the experimental conditions were changed as needed, and a new
experimental series were started. The conditions and parameter values
of the experiments are shown in Table 2. The experiments are separated
into two runs. The first run was done with 10 parameter sets, here the
system was allowed six minutes for equilibration and two minutes for
data collection. After the first experimental run, it was realized, that

6 min for equilibration was needlessly long time. The second run was
therefore executed with one minute for equilibration and one minute
for data collection. This meant 42 parameter sets could be included in
the experimental series within the same timeframe. For both runs, the

A: Membrane module without insert B: Membrane module with insert

Fig. 6. Overview of membrane module geometry. The position and size of the turbulence inducing insert shown in the module housing. A similar insert was installed
on the front of the module house, not shown in the figure.

Table 2
Experimental Conditions and parameter values. Overview of the experimental conditions and parameter values for the conducted experiments. 8
different conditions and 52 parameter sets give 416 unique experiments. The parameter list for rotational speeds contains the zero, as the first and the
last value, this enables evaluation of fouling within an experimental series.

Run Condition # of conditions Conditions values

Both runs Solvent 2 Water, Water/Ethanol
Geometry 2 Without inserts, With inserts
Disc 2 0.2 µm, 0.5 µm

Permutations of Conditions: 8
Run Parameter # of values Experimental values
1st run Rotation Speed 5 0, 273, 491, 1091, 0 [RPM]

Permeate Flux 2 86, 171 [L h−1m−2]
2nd run Rotation Speed 7 0, 273, 491, 682, 900, 1091, 0 [RPM]

Permeate Flux 6 40, 86, 128, 171, 219, 40 [L h−1m−2]
Permutation of parameters: 52
Total experiments: 52 × 8 416

Fig. 7. Experimental Pressure vs Permeate Flux. Example of an experimental
series from the 2nd run of the conditions. The data was collected under the
following conditions, solvent: Water, Disc: 0.2 µm, Geometry: without inserts.
The vertical bars indicates standard deviation. The color lines indicates ex-
periments of similar disc rotational speed.
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parameter list for rotational speeds contains the number zero twice, as
the first set point, and as the last set point. This was done to enable
evaluation of potential fouling within an experimental series.

3. Results and discussion

3.1. Typical experimental pressure measurements

For each parameter set, the collected steady state data had more
than 800 discrete data points fluctuating around the average mean
value. To facilitate the analytic work the arithmetic mean value and the
standard deviation of each parameter set was calculated. The mean
value was used, as the studied effect is independent of time. In Fig. 7
and Fig. 8 the results of a single experimental series are presented,
showing the average results for 52 experimental set points. In Fig. 7 a

linear relationship between permeate flux and P can be seen, this is
related to Darcy’s law. Likewise, in Fig. 8 the nonlinear relationship
between disc rotational speed and P can be seen, this is linked to the
counter pressure.

3.2. Membrane resistance

By fitting the experimental data to Eq. (11), the k2 value for each set
of conditions could be determined. In Fig. 9 stationary data from four
experimental series are shown as well as the fit of Eq. (11). The four
series were selected, as they all has the same membrane and all have
the insert installed. As shown in the figure, k2 and thereby the mem-
brane resistance, is not a single value, but varies between each ex-
perimental condition. The values found for k2 ranges from

× m3.77 10 [ ]5 1 to × m1.19 10 [ ]6 1 .
This procedure was applied to all experimental series, and the in-

dependent k2 was determined. The computed k2 values are given in
Fig. 10 with their 95% confidence interval. Before conducting the ex-
periments it was expected that a homogeneous and constant k2 would
be obtained, since the membrane was consistently washed as indicated
in the methods section between each experimental series. The range in
determined k2 values shows a variability in the membrane resistance not
included in the model. Looking at the data from one experimental
condition, exemplified in Fig. 7, the variability is not observed within
the experimental series. As it was ensured that the system reached
steady state before the measurements were conducted, illustrated by
the low standard deviation in the recorded data. The variation from one
condition to the next can be significant, exemplified by the change in k2
from series #9 to #12, which all used the 0.5 µm disc. Here the solvent
was changed from water (#9) to water/ethanol (#10), then the module
was open and the inserts removed (#11), before the solvent was
changed again, back to water (#12). The determined k2 values indicate,
that it is necessary to distinguish between the experimental conditions,
by using the specific k2 value for each experimental condition. Based on
the observations, that the changes in k2, were associated with opening
of the unit or exchange of solvent, it is therefore assumed, that either
mechanical effects or a difference in resting days between experimental
conditions, are responsible for the deviations of the values. This effect
has been observed in other works, where the flux has been normalized
with the initial flux, in order to make the ensuing experiments com-
parable [14,15]. This underlines the importance of measuring the initial
membrane resistance before each experiment. Without the correction in
k2, any further evaluation of the experimental system would be flawed
by the difference of initial resistance.

Fig. 8. Experimental Pressure vs Disc rotational Speed. Example of an experi-
mental series from the 2nd run of the conditions. The data was collected under
the following conditions, solvent: Water, Disc: 0.2 µm, Geometry: without in-
serts. The vertical bars indicates standard deviation. The color lines indicates
experiments with similar permeate flux. The line labelled 40 L h−1m−2 re-
present in reality two lines (green and yellow), which are perfectly overlapping.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. Normalized Pressure vs Permeate Flux for a stationary disc. Pressure
normalized over the viscosity of the liquid. Stationary disc data from 4 ex-
perimental series shown. Shared values: 0.2 µm disc plus insert. Points are ex-
perimental values, vertical bars indicates standard deviation, and lines re-
present the fitted model. Solid lines: water, µ = 1 cP. Dashed lines: Water/
ethanol µ = 1.5 cP. Slope equals k2, according to Eq. (11).

Fig. 10. k2 vs Experimental series number. Showing the model parameter k2
determined from experiments with stationary disc. : 0.5 µm disc. : 0.2 µm
disc. The dashed lines represent the 95% confidence interval of the parameter.
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3.3. Velocity factor

Using the determined k2 corresponding to each experimental con-
dition, the velocity factor k( )1 can be studied. Unlike k2 the velocity
factor is expected to be independent of experimental series.
Consequently it is possible to employ the complete data set to de-
termine one value for k1, if the individual k2 are taken into considera-
tion. Therefore was a revised version of Eq. (10) used, where i indicates
the experimental series.

= + +P k r r k µJ
4

( )inner outer i1
2 2 2 2

2, (14)

According to the prevalent representation of the counter pressure k1
is expected to be 1 for systems as the one described in this work [6]. The
validity of this value, can be tested by using =k 11 in Eq. (14) and
examining the residuals of the predicted P. In Fig. 11 the residuals,

calculated as model values over experimental values, sorted by the
rotational speed of the membrane are plotted. If =k 11 was correct the
points should be scatter around one, however this is not the pattern
seen in the figure, rather the data follows a strict downward shape with
increasing rotational speed. This points to an under estimation of the
operational pressure at high rotational speed. It indicates that the
prevailing method of excluding k1 is a simplification of the rotating
membrane system.

To find a better value for the velocity factor, the experimental data
was fitted to Eq. (11) by the least squares method. The computed value
of the velocity factor was fond to be =k 1.131 . In Fig. 12 a parity plot of
the experimental P value plotted against P value predicted by the
fitted model. In the parity plot 353 out of 416 data points, i.e. 85% are
within 10% of the experimental value. This shows the proposed model
explains the data to a high degree.

In order to test if there is an influence of the geometry on the ve-
locity factor, the dataset was separated in two, a collection with insert
and a collection without insert. The separate data collections were
fitted to Eq. (14), and the parameters determined. The procedure was
repeated on the data separated according to the used disc. The de-
termined k1 values are presented in Fig. 13 with their respective con-
fidence intervals. The values indicate that the shape of the module
housing could have an influence on the velocity factor. The installation
of inserts in the module house seems to increase the effect of rotation on
counter pressure. The obtained k1 values are however not statistically
different. A more significant alteration to the module house would be
needed to fully investigate this effect. As expected, the membrane disc
was not found to be a significant factor in the magnitude of k1.

The difference between a k1 value of 1 and 1.13 results in a differ-
ence of the predicted counter pressure of 0.01 bar at 500 RPM, see-
mingly insignificant. However at 1500 RPM the difference in Pc is
0.1 bar. For microfiltration systems this could be significant in relation
to the TMP. Corrections for the counter pressure, as the one done in Eq.
(5) or Eq. (6), could results in an under estimation of the corrected flux,
leading to an unfavorable evaluation of the results when operating at
high rotation.

3.4. CFD simulations

The CFD simulations of the system were evaluated at different ro-
tational speeds. For each simulated case, the pressure data were ex-
tracted. By fitting Eq. (10) to the simulated data, k1 could be de-
termined. In Fig. 14 the data from the simulated systems are shown,
together with the experimental model. In the figure simulated data
from two different geometries are included, one for simulations without
the insert, and one for simulations with the insert. In the CFD simula-
tions rotation of the membrane also generates a counter pressure as
seen in the experimental system. In the simulations the velocity factor
was determined to =k 1.271 for the geometry without insert and

Fig. 11. Residual plot sorted by rotational speed. Residual plot of predicted P
over experimental P using =k 11 in Equation (eq: individual). The data was
sorted according to the disc rotational speed, to show the under prediction at
high rotational speeds.

Fig. 12. Log Log Parity plot, of Experimental P vs model P. Experimental P
and corresponding Model P. Distance from solid centerline reflects deviation
between model and measured data. Dotted line: 20% deviation between data
and model value. Dashed line: 10% deviation between data and model value.
Filled dots falls within 10% deviation, open dots not.

Fig. 13. Computed velocity factors. Determined velocity factors k( )1 with their
95% confidence interval. The dataset have been separated according to the
differences in geometry, i.e. insert, and the membrane disc used. The first
collection has 416 data points, the remaining have 208.
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=k 1.201 for the geometry with insert. Compared to the experimental
value of =k 1.131 , this indicates that the effect is slightly stronger in the
simulation, than in the real system. The discrepancies are between 10%
and 15%, depending on the geometry. In the simulated geometries the
insert increases k1, this is opposite of the effect hinted at in the ex-
perimental system, where the present of the insert reduced k1.

Besides simulating the overall effect of the counter pressure, the
simulations also gives an insight into the forces affecting the filtration
locally within the membrane. One such local value is the local TMP,
determined as the pressure at the membrane surface P( )m subtracted the
pressure of the free permeate P( )p , i.e. at the center of the membrane
channel. In Fig. 15 the radial dependency of Pm and Pp are shown for
two very different rotational speeds, 0 where the membrane is sta-
tionary and 1 where the membrane rotates at high speed RPM(1150 ).
For the stationary membrane, both Pm and Pp is independent of the
radial position, and TMP is therefore uniform for the length of the

membrane. As the rotational speed increases both Pm and Pp takes on a
pronounced slopped shape, as they both are affected by the counter
rotational force. However the effect is not equal, the slope of Pp is
steeper, it is affect more by the rotation. In the simulations the total
permeate flow is constant at all rotational speeds, therefore the overall
driving force must remain constant. However locally it can change if it
is compensated for elsewhere. Fig. 16 shows the local TMP normalized
by the system TMP for a stationary membrane. In the figure it can be
seen, that high rotation leads to a higher local TMP at the inner edge,
presumably to compensate for the lower local TMP at the outer edge.
The shape of the local TMP curve corresponds to the local filtration
performance, i.e. the driving force for filtration is lower at the outer
edge of the membrane.

4. Conclusion

Based on 416 experiments it has been shown that the magnitude of
the counter pressure present in dynamic filtration with rotating mem-
brane can be explained by = +P k r r· ·( )·c 4 1

2
1
2

2
2 2. Literature suggest

=k 11 , but in this work experimental value of =k 1.131 was determined.
Additionally it was shown with CFD simulations that the value of k1
exceed 1 in simulations. This highlight the need to quantify the systems
counter pressure, before more complex experiments are conducted, si-
milar to what is done for dynamic filtration systems with rotor.
Likewise it has been shown, that water permeability can differ between
experiments, despite including a cleaning step. Such observation im-
plies that water permeability is not a constant, but should be measured
before each experiments. Additionally a novel way to model membrane
filtration in CFD has been shown. By defining the porosity and re-
sistance as a function, a complex membrane structure could be re-
produced without constructing a complicated computer geometry or
simplifying the filtration system to a simple boundary condition. Based
on experimental work there are weak indications, that there is a link
between geometry and velocity factor, however more experiments are
required to establish the extent of the effect.
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Fig. 14. Simulation: Rotation vs Counter Pressure. Counter pressure in the si-
mulated system. : Simulation with insert. : Simulation without insert. Solid
Line (▬): Engineering model fitted on simulated systems with insert =k( 1.27)1 .
Dotted Line (●▬): Engineering model fitted on simulated systems without in-
sert =k( 1.20)1 . Dashed Line (▬ ▬): Engineering model fitted on experimental
system =k( 1.13)1 .

Fig. 15. Pressure curves for membrane surface and permeate channel.
Simulated pressure inside the permeate channel P( )P and at the membrane
surface P( )m for a stationary ( )0 and a spinning case = RPM( 1150 )1 . The
difference in pressure profiles are a result of the counter pressure. The differ-
ence between Pm and PP is the local TMP. The grey area is steel, thus there is not
pressure data here. At r cm7.4 the end of the membrane starts influencing the
TMP, hence the sharp decrease in TMP here.

Fig. 16. Normalized Local TMP. Local TMP normalized by the system TMP for
the stationary case. Shown as a function of position (r) and rotational speed ( ).
Higher rotation leads to higher local TMP at the inner edge, and lower local
TMP at the outer edge.
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Chapter 3. Filtration in Pure Liquid Systems

Conclusions from the Paper 3.2.1
In the following section, the findings from the paper will be summarized.
As expected from the initial puzzlement of the counter pressure, the paper
found that Equation 3.2 is not able to explain the observed counter pressure
completely. Both CFD simulations and mathematical analysis of the exper-
imental data indicated that a correction from the ideal equation should be
included in the counter pressure expression. Based on literature of other
types of dynamic filtration system, i.e. systems with a rotating impeller
above a stationary membrane, a concept for this correction was conceived.
In the paper it was shown, that a constant factor is adequate to explain
the counter pressure in a dynamic filtration system. The factor scales the
rotational speed, and in this thesis, it will be denoted velocity factor or kv
[ -]. As the parameter is linked to the rotational speed, it most often appears
in the form k2

v or (ω kv)
2. The corrected expression identified in the paper

is:
Pc =

ρ

4
(ω kv)

2
(

r2
1 + r2

2

)
(3.5)

With a value for kv = 1.13. For a filtration unit it is necessary to determined
kv only once. It can then be used in all further work with that model of
filtration unit. Equation 3.5 can be used to predict the counter pressure in a
dynamic filtration unit with a high degree of accuracy.

In addition to the counter pressure, the membrane resistance, Rm, was in-
vestigated in this paper. Here it was found, that the numeric value of Rm
varied among experiments. This might be ascribed to insufficient clean-
ing, but mostly it highlights the importance of determining the membrane
resistance by measurements before conducting other experiments. As the
membrane resistance was determined for each experiment in the paper, the
effect of Rm and Pc could be separated despite differences in Rm.
Overall the paper have shown, that the following expression can describe
the driving pressure in a dynamic filtration unit in the absence of fouling.

∆P = J µs Rm +
ρ

4
(ω kv)

2
(

r2
1 + r2

2

)
(3.6)
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3.3 Further notes on Solvent Systems

Further notes on Solvent Systems 3.3
The work with solvent systems and the related paper is the result of the
initial work in this project. In the ensuing time, additional insights into
dynamic filtration and the interaction with solvent system have been gained.

Industrial Scale Liquid Filtration 3.3.1
One of the shortcomings of the above paper is the exclusive use of labo-
ratory scale equipment, thus there where no opportunities to observe any
scaling effects. The existence of a counter pressure at large scale is certain,
however the magnitude could easily be different from the one observed in
laboratory scale.
A clear difference between laboratory and large scales is the placement of
the membrane discs. In the industrial and pilot scale units, the membrane
disc are divided among two or more shafts, which can have an effect on the
counter pressure. Moreover, industrial scale units use membrane discs of
a different size. The counter pressure expression depends on radii, which
accounts for the size of the disc, however a confirmation with experimental
data would be preferable.

To test the effect in a larger scale, a limited experiment with deionized water
was conducted on a 128 disc, two shafts, industrial unit. The characteristic
dimensions of the discs are r1 = 0.053 m and r2 = 0.156 m. The experiment
was conducted at a single flow rate, and the rotational speed was step from
static membrane to 343 RPM or approximately 36 rad s−1, which is the
maximum safe operational speed of the industrial unit.
The results of the experiment are displayed in Figure 3.1, where the counter
pressure is shown as a function of the rotational speed. Three different vari-
ants of Equation 3.5 are shown in the figure, each having a different kv, see
Table 3.1:

Table 3.1: Overview of kv for different scales. The color reference a line in
Figure 3.1

Green The ideal solution kv = 1
Purple The value obtained in the paper kv = 1.13

Blue The industrial scale experimental value kv = 1.32
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Figure 3.1: Counter pressure as a function of disc rotation speed.
The red circle, [◦] represent experimental data. The blue line [—] was fitted
to the experimental data, and a value of kv = 1.32 was determined. The pur-
ple line [—] uses kv = 1.13 from the paper (Laboratory scale). The green
line [—] uses the ideal model, i.e. Equation 3.2.

The data shows a stronger counter pressure effect in the industrial unit than
was expected from the laboratory experiments. This reinforces the require-
ment for a preliminary experiment, to determine the system specific kv pa-
rameter before other experiments are conducted.
Contemplating why there is a difference in kv between the various scales.
The obvious difference between the two units is the existence of a second
shaft in the production unit. Figure 15, in the paper, illustrates pressure
curves from both inside and outside the membrane. In the figure, the two
curves rises almost in sync, i.e. with increasing radius the TMP remains
almost constant. One could speculate, that the presence of a counter ro-
tating membrane disrupt the pressure gradient outside the membrane, and
consequently, that the two curves would not rises in sync.
Another answer could be, that the distance between the membrane edge and
the chamber wall has an effect on the magnitude of the counter pressure
observed in the chamber.
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Derivation of the Counter Pressure 3.3.2

The theoretical counter pressure, i.e. the equation presented in Equation 3.2
can be derived in several ways. Presented here is a derivation, which uses
Bernoulli’s principle as a starting point. It is also the source of an alternative
name for the counter pressure, the Bernoulli pressure.

Bernoulli’s principle state that:

v2

2
+ zg+

P
ρ
= Constant (3.7)

Here v [m s -1] is the fluid velocity, z [m] the height, g [m s -2] the gravity, P
[bar] the pressure, and ρ [kg m -3]. The principle are only valid for incom-
pressible flows where the viscous forces are negligible, and are normally
applied to streamlines. For this derivation, the same point in space, will be
related at different disc rotation speeds.

Assuming two states holds similar energy, Bernoulli’s principle can be ap-
plied:

v2
1

2
+ z1 g+

P1

ρ
=

v2
2

2
+ z2 g+

P2

ρ
(3.8)

For rotating geometry, the velocity can be replaced with the circular veloc-
ity:

(ω1 r1)
2

2
+ z1 g+

P1

ρ
=

(ω2 r2)
2

2
+ z2 g+

P2

ρ
(3.9)

The two states are compared at the same physical point, thus z1 = z2 ≡ z
and r1 = r2 ≡ r, which reduces the system to:

(ω1 r)2

2
+ zg+

P1

ρ
=

(ω2 r)2

2
+ zg+

P2

ρ
(3.10)

To further simplify the system the pressure difference is then defined as:
∆P = P1−P2⇒ P2 = P1−∆P, yielding:

(ω1 r)2

2
+ zg+

P1

ρ
=

(ω2 r)2

2
+ zg+

P1−∆P
ρ

(3.11)

Which can be simplified as:

∆P =
1
2

r2
ρ ·
(

ω
2
2 −ω

2
1

)
(3.12)
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Equation 3.12 provides the pressure difference for a single point, when the
rotational speed is changed from ω1 to ω2.

To find the overall pressure difference for the whole membrane surface, the
pressure difference has to be evaluated over the whole area of the mem-
brane. The integration space is illustrated in Figure 3.2, width dr and dθ as
the integration variables. The radius of the membrane stretches from the in-
ner edge (r1), where the membrane connects to the shaft, to the outer edge
(r2). The angle θ is evaluated for the full circle, i.e. from 0 to 2π . The r in
the integration is a result of the coordinate system, which is cylindrical.

F =
∫ r2

r1

∫ 2π

0

(
1
2

r2
ρ ·
(

ω
2
2 −ω

2
1

))
· r drdθ (3.13)

The integration returns the force applied to the whole membrane area. This
force has to be distributed over the area of filtration.

A =
∫ r2

r1

∫ 2π

0
(1) · r drdθ (3.14)

Dividing the force with the area gives the average pressure difference over
the membrane.

Pc =
F
A
=

1
4

ρ ·
(

r2
1 + r2

2

)
·
(

ω
2
2 −ω

2
1

)
(3.15)

Figure 3.2: 90°segment of a membrane disc, showing the two integration
variables, r and θ .
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To find the pressure relative to a static disc, we set ω1 = 0 and ω2 = ω

The resulting equation is the counter pressure equation presented in the
introduction to this chapter:

Pc =
1
4

ρ ω
2
(

r2
1 + r2

2

)
(3.16)

The difference between Equation 3.16 and Equation 3.5 shows, that the
assumptions behind the deviations are, on some level, flawed.

Engineering Model for Solvent Systems 3.4

The basic engineering model, as described in Section 2.2, works based on
the local pressure difference over the membrane, i.e. TMP, and not the over-
all pressure difference, ∆P. This means, that the correlations from the above
paper have to be incorporated into the engineering model to account for the
counter pressure.

In the engineering model, ∆P is assumed to be generalize for the entire
system. This means ∆P is the same in any compartment, since any effects
of the hydrostatics pressure of the liquid level is neglected. The counter
pressure is incorporated in the engineering model as a modification to ∆P,
which returns the TMP. The expression for the model is given below:

TMP = ∆P− ρ

4
· (ω kv)

2 ·
(

r2
1 + r2

2

)
(3.17)

Where kv, r1, and r2 is linked to a specific physical filtration unit, and ρs
linked to the solvent used for the filtration.
In theory, it should be sufficient to measure kv only once for each filtration
unit. The remaining parameters needed to model a filtration run could be
obtained from experiments done on different units.

The engineering model can, in its current form, illustrate how the mem-
brane disc rotation impacts the filtration. Two cases are presented in Fig-
ure 3.3, fixed pressure filtration and fixed flux filtration. In both cases the
impact of rotation is clear.
For fixed flux filtration, the rotation is translated into a higher ∆P, as more
work must be applied to the system to overcome the counter pressure. For
fixed pressure filtration, the reduction in permeate flow at high rotation is
evident, particularly for ∆P = 0.2 bar where the permeate flow becomes
negative.

47 / 210



Chapter 3. Filtration in Pure Liquid Systems

0 50 100 150

Rotation Speed [ rad/s ]

-100

-50

0

50

100

150

200

250

300

350

400
P

e
rm

e
a
te

 F
lo

w
 R

a
te

 [
m

L
/m

in
]

Fixed Pressure Filtration

0.8 bar

0.6 bar

0.4 bar

0.2 bar

0 50 100 150

Rotation Speed [ rad/s ]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

P
 [
b
a
r]

Fixed Flux Filtration

200 mL/min

150 mL/min

100 mL/min

 50 mL/min

Figure 3.3: Illustration of the effects of rotation in two cases; Fixed pressure
filtration and fixed flux filtration. Laboratory unit used geometry for the
simulations, i.e. a single 76 mm membrane disc. In fixed pressure filtration
the reduction in permeate flow can be seen. For the case with ∆P = 0.2 bar,
the permeate flow actually becomes negative at high rotational speed. In
fixed flux filtration the pressure needs to be increased with the rotation in
order to maintain a stable permeate flow rate.

Negative Permeate Flow 3.4.1
Negative permeate flow at high disc rotation speed was also observed in the
experimental system, and should therefore not be seen as an artefact of the
model. Figure 3.4 shows the results of four experimental series illustrating
this effect.
To archive the negative permeate flow, the dynamic filtration unit was op-
erated without any pumps connected, meaning ∆P ≈ 0. The permeate dis-
charge tube was submerge in water, and the reduction in mass over time
was recorded.
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Equation 3.6 gives an indication of how the system should behave when
∆P = 0, and there is free flow through the system:

0 = ∆P = J µ Rm +
ρ

4
(ω kv)

2 ·
(

r2
1 + r2

2

)
(3.18)

Using Qp = J A the expression can be simplified to:

Qp =−
ρ A

4 µ Rm
(ω kv)

2 ·
(

r2
1 + r2

2

)
(3.19)

When the experiments were conducted, the membrane resistance was not
independently determined. It is therefore not possible to distinguish be-
tween the contribution from Rm and kv. The kv was therefore fixed at one,
and the experimental data points fitted to Equation 3.19. The smallest mean
square error (MSR) was found at Rm = 6.32×1017 [m -1] with an adjusted
coefficient of determination of R2

= 0.918. This is a significantly higher
resistance than what was found with a positive permeate flow, indicating
that negative permeate flow is exposed to sources of resistance, which are
neglectable at higher positive flow, such as tube connections, flow meters,
etc.
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Figure 3.4: Negative flow achieve by the rotation of a membrane disc. The
unit was operated without pressurizing and pumps, meaning free flow from
the permeate to the retentate outlet and ∆P≈ 0. Four series of experiments
were conducted, dots of similar color belongs to the same series. The black
line represent Equation 3.19
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Chapter 4

Filtration of Solid Particles

Particles in the filtration media affect the filtration performance by increas-
ing the resistance to filtration. This chapter encompasses the investigation
of particle resistance as a component in the general understanding of dy-
namic filtration. The investigation of particle resistance will be outlined,
starting from the design of the initial experiments, into finding a functional
experimental system, ending with a paper on particle resistance. The chap-
ter closes with an upgrade of the engineering model, based on the knowl-
edge gained about particle resistance.

Experimental Design 4.1

Filtration of particles was addressed following the strategy of reducing
complexity by isolating different mechanism in filtration. For particles this
entailed reducing the complexity by substituting commercial production
yeast culture, containing numerous other substances than cells, with a more
well defined particle slurry.

Selection of Defined Surrogate Particles 4.1.1
The experiments investigating particle resistance required the identification
of a particle type, which could serve as a surrogate for microbial cells.
During the process of identifying a suitable particle, a number of factors
were taken under consideration.

Firstly, the particle should be able to mimic the overall behavior of the mi-
crobial cells. Unfortunately, this is a property which could only be evaluated
by experimentation.
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Moreover, the particles should be easily obtainable, i.e. inexpensive and
available in bulk. This is to ensure, that multiple experiments can be per-
formed, without having to worry about cost and supply.
It should also be feasible to prepare an experiment without spending sig-
nificant time on media preparation. One of the prime reasons for moving
away from fermentation broth is the requirement of a fermentation before
experiment, as this adds a major latency between experimental idea and
execution.
Substituting fermentation broth has another benefit: The variation in the
feed material could potentially be reduced. By choosing particles which
are uniform and have a defined size distribution, the reproducibility of the
experiments increases.
Lastly, the potential particle should be in the same size range as the micro-
bial cells. Yeast (Saccharomyces cerevisiae) is known to have a cell size
around 5 µm [7].
Two different types of particles were taken under consideration. They were
chosen with inspiration from literature, conversation with colleagues and
input from conference lectures.
The potential particle types investigated were:

• Titanium dioxide - TiO2
• Calcium carbonate - CaCO3

Of these, TiO2 was used for the initially particle experiments. The experi-
mental behavior of TiO2 was acceptable for particle experiments, however
cleaning the unit after each experiment proved to be a substantial effort.
Particles of TiO2 are too stable for the permitted cleaning routine, meaning
the CIP fails to dislodge or dissolve the particles. This made TiO2 trouble-
some particles to work with.
Particles of CaCO3 had been under consideration, however, most sources
were unable to supply information about the quality of the particles, i.e.
particle size, distribution, and purity. At a conference, the product Omy-
acarb from Omya was identified as a possible source of CaCO3 particles.
Höfgen et al. [8] had used these particles in their filtration experiments.
The product Omyacarb is sold as an additive to the paint and food indus-
try. It can be procured with different size distributions, with a well-defined
quality. The Omyacarb particles were used for most of the particle experi-
ments, including the paper on particle resistance.
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Preliminary Experiments with TiO2 4.2
Particles of titanium dioxide (TiO2) were used for a range of experiments,
which did not make it into the paper on particle filtration, since the type
of particles were changed. In this section, a selection of these experiments
will be presented to show how TiO2 particles behave, and to illustrate the
process leading to the paper of particle resistance.

Turbidity, Viscosity and Density 4.2.1
The properties of the slurry, made by mixing TiO2 particles in purified wa-
ter, were examined meticulously. The expectation was that a better under-
standing of the particle slurry would result in an equivalent better under-
standing of the particle resistance. For example, that the particle concentra-
tion in a retentate stream could be assessed based on the turbidity.
Three properties of the slurry were examined, the turbidity, the viscosity
and the density. In Table 4.1 is a list of samples given. They form the back-
ground of the experiment, to determine the properties of the particle slurry.

Density 4.2.1.1

The density was directly available based on the sample mass. The sample
points are shown in Figure 4.1(Upper left), as well as the numerical fit. The
density was found to be a function of the particle concentration, c [g mL -1]:

ρ = 0.93 · c+1.02g mL -1 R2
= 0.937 (4.1)

Table 4.1: List of samples used to determine properties of TiO2 slurry. For
each sample the TiO2 was first weigh out, then water was added until the
sample volume was 10 mL. Mass of TiO2 and total sample are listed.

Sample m(TiO2) m(Total) Sample m(TiO2) m(Total)
[g] [g] [g] [g]

A0 0 10.2623 B0 0 10.0698
A1 0.2694 10.5178 B1 0.3350 10.4041
A2 0.5003 10.5781 B2 0.5044 10.6131
A3 0.7437 11.0473 B3 0.7302 10.7637
A4 1.0445 11.0080 B4 1.0157 10.9467
A5 1.5037 11.4810 B5 1.5175 11.3828
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Viscosity 4.2.1.2

The viscosity was obtained by measurement of the undiluted samples. The
measurements were done on a Brookfield DV2T cone and plate viscome-
ter. The cone and plate technique measures the torque required to turn the
cone a certain speed. The speed should be chosen, such that the torque is
as high as possible, without surpassing the limit of the torque meter. This
means the speed in RPM have to be set appropriate for the expected viscos-
ity. The viscosity of TiO2 depends on the stirring of the sample, as it is a
non-Newtonian fluid. More specifically, the slurry is shear thinning, i.e. the
apparent viscosity decreases with increased stress. Accordingly, the viscos-
ity was determined by spinning the cone for 90 seconds, to establish steady
flow within the sample cup, delivering a constant stress to the sample. The
average of the subsequent 30 seconds was then recorded as the viscosity.
The result can be seen in Figure 4.1(Upper right)
It was found, that the the viscosity can be approximated by the follow func-
tion:

µ = µ0 ·
(
a · exp(Ac)+(1−a) · exp(Bc)

)
R2

= 0.992 (4.2)

Where the values of the parameters are given as:

µ0 = 1.005 cP a = 1.785×10 -4

A = 88.5mL g -1 B = 15.39mL g -1

Turbidity 4.2.1.3

The turbidity, a measurement of the haziness of a fluid, was included, as
it was an easiest way to get an indication of the particle concentration in
a sample. Turbidity measures the reflection of suspended solid using light,
and is reported in terms of NTU units, where particle free water have an
NTU below 1. A sample of suspended particles, with a meaningful concen-
tration, can easily saturate the detector. Consequently, the samples must be
diluted to bring the particle concentration within the operating range of the
equipment.

The samples were analysed in a HACH 2100P unit, which has a upper de-
tection limit of 999 NTU. To ensure the suitability of the measurements,
the samples were diluted either by a factor of 2000 or 4000, depending on
the original concentration. The measured NTU values can be seen in Fig-
ure 4.1(Lower left). As indicated in the figure, the diluted concentration of
TiO2 is very low, in the order of 10−5. At this concentration, the turbidity
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Figure 4.1: Determined properties of TiO2. In blue, measurement points.
In red, numerical fit. In black, 95 % confidence interval.
Upper left: Calculated Density vs. original concentration. Upper right:
Measured Viscosity vs. original concentration. Lower left: The measured
turbidity vs. diluted particle concentration. Lower right: Corrected turbid-
ity without dilution vs. initial concentration.
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measurements are quite accurate, as indicated by the low scattering of the
data. The correlation between turbidity and concentration was determined
to be:

NTU = 6.77×106mLg -1 · c+5.04 R2
= 0.974 (4.3)

The turbidity measurements can be corrected, to the original particle con-
centration, by accounting for the dilution. This return the NTU values ex-
pected without dilution. As shown in Figure 4.1(Lower right), the corre-
lation between concentration and corrected turbidity is excellent, thus the
concentration of TiO2 samples can be determined by turbidity measure-
ments.

Complete Solidification 4.2.2
Many of the experiments with particles were conducted without a predeter-
mined time limit. Such a experiment continues until something forces the
termination of the experiment.
The two main reasons for termination of an experiment were pressure and
torque. The torque required by the electric motor to maintain constant ro-
tational speed was monitored. The experiment was terminated, when the
torque surpassed its working limit to protect the electric motor from over-
heating. The feed pressure, P1, was similarly monitored, and the experiment
terminated if the pressure surpassed the safe working limit set for the ex-
periment.

The picture in Figure 4.2 shows the results of one such terminated experi-
ment. During the experiment the concentration of TiO2 particle rose to the
point where the required torque surpassed the safety limit. This tripped the
program for safe termination of the experiment, consequently the rotation
of the membrane ceased. In the absent of agitation, the highly concentrated
slurry of TiO2 particles settled almost instantly, which prompted the solid-
ification of the particle mass.
After solidification the rotation of the membrane disc could not be restarted,
as the disc was enclosed in the solidified slurry. When the unit was dissem-
bled, the solid cake seen in the picture was found.
In order to clean the chamber, it was necessary to disassemble the entire
membrane assembly, and remove the membrane from the unit. The particle
sludge had to be manually scraped off the membrane and the the chamber.
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Figure 4.2: The picture shows an open DCF after a terminated concentra-
tion experiment. The TiO2 particles have solidified inside the unit, after
rotation of the membrane was suspended.
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Having suffered this experimental outcome a few times, the experimental
procedure was modified to include soft termination, when a safety limit
was violated. The soft termination was implemented by changing the feed
material to purified water and starting the retentate pump at the same rate
as the feed pump. The soft termination was also employed for the CaCO3
experiments.

Circulating TiO2 Filtration 4.2.3
Experiments, where both the retentate and the permeate was recycled back
to the feed tank, were one approach followed to find a functional description
of the particle resistance.
The schematics of such an experiment is shown in Figure 4.3. In these ex-
periments, the feed was drawn from the feed tank (T1) and after separation,
into permeate and retentate, returned to T1 again. The particles present at
the start of the experiment are therefore retained throughout the entirety of
the experiment.
A few advantages can be gained, by conducting the experiment in such a
way. Firstly, since retained particles are recycled, the experiment can con-
tinue indefinitely. Therefore, is there time to do measurements at various
operational parameters, e.g. different disc rotational speeds. Likewise, due
to the recycle, the feed volume can be small. A few liters is sufficient for
stable operation. This meant raw material consumption was kept low, ben-
efiting cost and logistics.

Figure 4.3: Schematic of the experimental setup used for experiments with
circulating particles of TiO2. The bulk tank and the chamber are not shown
to scale. The bulk tank (T1) is five times bigger than the chamber (M1).
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However, recycling comes with a major drawback, it can be hard to keep
track of the particle mass in the experiment. Namely, how much of the
particle mass is present in the bulk tank, and how much is present in the
chamber at any given moment. An example of an experiment with recycling
will be outlined here:

Before the start of the experiment 1500.5 g TiO2 slurry, with a concentra-
tion of 0.10 gTiO2/g, was prepared. The experiment was primed by loading
the empty unit, with TiO2 slurry, without any permeate flow. Consequently,
the concentration inside the chamber was identical to the bulk concentration
at the start of the experiment.
To investigate the connection between different process parameters and the
particle resistance, the experiment was planed according to Figure 4.4a.
As illustrated in the figure, the process was examined by varying the disc
rotation speed and the feed pump speed. The retentate pump speed was
kept constant through the experiment. Figure 4.4b shows the permeate flow
rate attained during the experiment. Finally, Figure 4.4c shows to resulting
operating pressure, ∆P [bar].
By taking the leanings from Chapter 3 into account, it is possible to derive
the resistance according to

Rtot =
∆P−Pc

µs J
(4.4)

Here Pc [bar] is the counter pressure and µs [Pa s] the solvent viscosity.
However, in order to relate the resistance to the concentration of particles
within the membrane chamber, the mass balance has to be completed.
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(a) Red: Membrane disc rotation speed. Blue Solid: Feed pump
speed. Blue Dashed: Retentate pump speed.

(b) Attained permeate flow rate

(c) Resulting driving pressure

Figure 4.4: Process variables for an experiment where permeate and re-
tentate are recycled. During the experiment disc rotation speed and feed
pump speed was changed multiple times, to study various operation con-
ditions.
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Frame 4.1: Liquid Mass Balance:

The mass balance is given by the relative pump work of the feed and
retentate pump, as well as the permeate flow. Pump speed, N [RPM],
correlates with pump flow rate, Q [mL min -1], i.e. Q = f (N) and
ideally it should due so linearly:

Q = K N (4.5)

The pump performance was investigated by an independent experi-
ment, where purified water was filtrated. During the experiment mea-
surements of the weight loss from the feed tank, as well as the perme-
ate flow rate were recorded. The feed flow rate, Q f [mL min -1], and
permeate flow rate, Qp [mL min -1], could then be resolved assuming
ρ = 1 [g mL -1]. The data for eight tests are shown in the table below.
Assuming constant volume within the chamber, the retentate flow,
Qr, is equal to:

Qr = Q f −Qp (4.6)

Using Equation 4.5 for Q f and Qr gives the following system:

Q f = K f N f Qp = K f N f −Kr Nr (4.7)

Which was solved for the experiments, see the table below. The
pump efficiency of the feed pump appears to be unaffected by feed
pressure, Pf [bar]. The mean value was found to be K f = 0.563
mL min -1 RPM -1. For the retentate pump, the efficiency varied with
pressure. A simple first order function was sufficient to approximate
the functionality:

Kr = 0.163 bar -1 ·Pf +0.585 R2
= 0.91 (4.8)

N f Nr Pf Q f Qr Qp K f Kr
[RPM] [bar] [mL min -1] [mL min -1 RPM -1]

200 150 0.10 112 89 23 0.56 0.60
200 150 0.14 112 91 21 0.56 0.61
200 150 0.27 113 93 20 0.56 0.62
200 150 0.05 113 90 22 0.56 0.60
350 150 0.50 196 103 94 0.56 0.68
350 150 0.42 199 97 102 0.57 0.65
350 150 0.61 198 102 96 0.57 0.68
350 150 0.48 197 100 97 0.56 0.67
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Mass Balance 4.2.3.1

In order to judge the particle mass balance, samples were taken from the
feed tank and the retentate and analysed by NTU. From Equation 4.3, the
concentration of TiO2 in the samples were determined.
The mass balance for the TiO2 particle system can be formulate by four
equations:

d
dt




V1
V2
m1
m2


=




−Q f +Qr +Qp
Q f −Qr−Qp

−Q f
m1

V1
+Qr

m2

V2
Q f

m1

V1
−Qr

m2

V2




(4.9)

Where the first two equations describe the solvent balance and the last two
describe the particle mass balance. The flow rates, Q, can be obtained using
the method presented in Frame 4.1.

However, if the values of K f and Kr from Frame 4.1 are used, the mass
balance does not converge, i.e. modelling predicts, that the chamber should
empty completely during the experiment, something which did not happen.
This is likely due to discrepancies in the K values determined before the ex-
periment and what was observed during the experiment. The performance
of peristaltic pump changes as the tubing is worn, which could account for
some of the difference. Furthermore, the effect of particles inside the tube
were not tested in the preliminary experiment.
It was therefore necessary to find a new value for either K f or Kr, and then
assume conservation of mass to find the remaining missing value. Based on
the study in Frame 4.1, the K f parameter is less affected by the chamber
pressure, thus is the better parameter to estimate. Assuming incompressible
fluid, the volume of the chamber must be unchanging, consequently V ′2 = 0,
which fixes the bulk tank, such that V ′1 = 0. The mass balances were thereby
simplified to:

d
dt

[
m1
m2

]
=



−N f K f

m1

V1
+
(
N f K f −Qp

)m2

V2
N f K f

m1

V1
−
(
N f K f −Qp

)m2

V2


 (4.10)

Where N f and Qp are known for any time point during the experiment. This
means the process can be modelled with an arbitrary K f value.
Since samples were taken during the experiment, both the feed and retentate
concentration are known, at specific time points. It was therefore possible
to determine the value for K f , which would result in the least deviation
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Figure 4.5: The particle mass balance for a cyclic experiment. The sum
of particles in the system are constant at all times. The model is based on
Equation 4.10, and estimate the particle concentration based on input from
Figure 4.4. The measured concentration are based on NTU measurements
on process samples.

between the sampled concentrations and the modelled concentrations. The
optimization routine found K f = 0.47, which is in the same range as the
value determine in Frame 4.1. Figure 4.5 illustrates the best alignment be-
tween the experimental data and the modelled data.
The alignment is not perfect, but all the general trends of the sample points
are captured in the modelled behavior. For reference, flow rate are given in
Figure 4.4b.
In the initial phase of the experiment, where the feed rate is high, the cham-
ber has an elevated concentration, registered as a high retentate concen-
tration. Likewise, the feed tank had a low concentration, as most of the
particles were captured within the chamber.
In the later stages of the experiment, the increase in permeate flow rate, can
be seen as an increase in chamber concentration and a lower concentration
in the feed tank.
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Resistance 4.2.3.2

By having an estimate for the particle concentration during the filtration
process, it is possible to investigate if a correlation between particle concen-
tration and resistance can be found. The resistance was evaluated according
to Equation 4.4, eliminating the effects of counter pressure from rotation.
The determined resistance is plotted in Figure 4.6 as a function of particle
concentration.
As illustrated in the figure, there is a limited correlation between the con-
centration of particles and resistance. This is in spite of variations in both
the particle concentration and process conditions.
The particle concentration will influence the filtration resistance, if the con-
centration is sufficiently high. The variations in particle concentration dur-
ing the experiment must have been to low to create a measurable impact
on ∆P, and consequently Rtot . The change in concentration was simply to
small for the effect to appear clearly over the noise of the experiment.

Figure 4.6: Filtration Resistance, Rtot , as a function of particle concentra-
tion. The resistance was calculated according to Equation 4.4

64 / 210



4.3 Absorbance of Visible Light

Absorbance of Visible Light 4.3

Keeping with the preference for inline measurements, an accessory to ex-
perimental setup to measure the particle concentration in the retentate was
developed. As NTU was already used for the quantification of particle con-
centration, a form of light absorbance measurement was seen as a possible
method for inline concentration determination. As a proof of concept an
inexpensive NTU transmitter was procured, it is shown in Figure 4.7a. The
transmitter model is TST-10 and is made by Amphenol Advance Sensors.
The transmitter was originally developed for washing machines, to deter-
mine the cleanliness of the wash water, and with it, control the length of a
washing cycle.
It is not a true turbidity measurement, as the transmitter measures the ab-
sorbance of light in a straight path through the liquid medium, and not the
light reflected of particles. However, to make a proof of concept, it was
sufficient.

The sensor requires the transmission of light through the slurry, accord-
ingly, there is an upper limit to the particle concentration, which the light
source can penetrate. For practical applications this entails dilution of the
retentate stream, to ensure sufficient light transmission.
To dilute the retentate stream, a flow of clear water was needed. If fresh
water was to be used, the cycling of retentate back to the feed tank would
not work, as the feed tank would be diluted. Consequently, instead of using
fresh water, the permeate was used as the clear water source. The schematic
of this solution is shown in Figure 4.7b.

As indicated in the schematic, a third pump (P3, Watson Marlow 120u) was

(a) In line light transmitter.
Model: TST-10.

(b) Diagram of the experimental setup used for experi-
ments with light transmitter. It is a modification of the
diagram shown in Figure 4.3. P3, a small pump, and
LT2, the light sensor, have been added.
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used to control the concentration of particles in the light transmitter. This
entails, that the particle concentration in the retentate is determined from
both the speed of P3 and the light absorbance.

Calibration of the Light Transmitter 4.3.1

Initial test of the light transmitter for the determination of retentate concen-
tration had shown, that the idea could work. However, there was a need for
at proper calibration between the particle concentration in the light trans-
mitter and the absorbance. This was done by detaching the light transmit-
ter from the experimental setup, and running a solution through the sen-
sor. Before the experiment, a stock solution with 100 g/L CaCO3 was pre-
pared. Starting from an initial pool of 2L purified water, the stock solution
was added in drops of 1mL. The resulting absorbance is plotted in Fig-
ure 4.8(left) as a function of concentration in the pool.

Figure 4.8: Calibration experiment for the light transmitter.
Left: Absorbance as a function of CaCO3 Concentration. Back points con-
nected with a blue line: Experimental data. Error bars represent one stan-
dard variation of the underlying data. Green circles: Excluded from the fit.
Red: Linear fit according to Equation 4.11.
Right: NTU as a function of CaCO3 Concentration. Blue dots: Experimen-
tal data. Red line: Linear fit according to Equation 4.12
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Based on the experiment, there appears to be a lower detection limit for the
light transmitter, as a concentration above 2× 10 -4 g mL -1 was required
before any shift in the absorbance was observed. Likewise, when the parti-
cle concentration was lowered at the end of the experiment, by the addition
of purified water, the absorbance fails to retrace the curve of the ascend-
ing line. One might suspect, that the sensor had become jaded, and that
lowering the particle concentration was an insufficient alteration to clean
the sensor. Leaving out the mentioned observations, the remaining results
could be explained by a linear correlation.

Abs = 675mLg -1 · c−0.088 R2
= 0.997 (4.11)

This linear correlation, maps the measured absorbance in the sensor to the
particle concentration in the mixed stream.

Additionally, during the experiment, samples were taken from the feed
tank, to establish a correlation between NTU and CaCO3 concentration.
The resulting is plotted in Figure 4.8(right) In the figure, the red line repre-
sent the following fit:

NTU = 1.35×106 mLg -1 · c R2
= 0.969 (4.12)

The equation maps the measured offline NTU to a particle concentration.
It displays a better correlation to particle concentration, than the inline ab-
sorbance sensor.

Inline Concentration Measurements 4.3.2

The use of the inline transmission sensor was tested through multiple ex-
periments, one of which is shown here. For the experiment an initial feed
pool was prepared, it had a volume of 1.7L and a CaCO3 particle concen-
tration of 0.33 g mL -1. The experimental setup was the one illustrated in
Figure 4.7b. To ensure the particle concentration in the mixed flow was
within the measurement range of the light transmitter, the mixing pump
(P3) was operated at a very low rate (1 out of 50).
During the experiment, the disc rotation speed and the feed pump speed
were varied, their instructions are given in Figure 4.9a. The variations in
input parameters should result in fluctuation in output data. The operating
pressure should be affected by both input parameters, whereas the retentate
concentration should only be affected by feed pump speed. The resulting
pressure and light transmission curves are given in Figure 4.9b.
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(a) Input variables during the experimental run. Blue Solid: Disc rotation speed.
Blue Dotted: Pump Speed. Orange: Resulting permeate flow rate.

(b) Output variables during the experimental run. The dots represent measured
data, the lines represent the moving mean over 250 data points. Blue: ∆P. Ma-
genta: Light absorbance.

Figure 4.9: Curves from experiment with circulating particles and light ab-
sorbance for determination of retentate concentration.
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For this experiment to be successful, the input disturbances, in the form
of permeate flow rate and disc rotational speed, should be apparent in the
output curves. The curve of the operating pressure follows the steps seen in
the input parameters:
Lower disc rotation results in lower operating pressure, due to the counter
pressure effect. During the experiment the permeate flow rate was increased
in steps. The steps resulted in an increase in the operating pressure. Towards
the end of the experiment, the rotation speed becomes insufficient to main-
tain a clean membrane. Consequently, a cake of particles starts forming on
the membrane surface, which results in a large spike in operating pressure
around the 450 minute mark.
For the absorbance, there is little to no correlation between the input dis-
turbances and the measured absorbance. Where the pressure spikes, cor-
responding to the highest amount of particles caught on the membrane as
cake, there is a small descend in absorbance curve, indicating a response to
changing process conditions. The effect is however small, and insignificant
compared to the slow and steady absorbance increases over time. Again,
the most likely explanation is contamination of the sensor.
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Paper on well-defined Particles 4.4
Based on the experience gained from working with particles, both of TiO2
and CaCO3, it it clear that working with filtration systems where reten-
tate and permeate are recycled can be problematic. The particle concentra-
tion predicted by the process model often fails to reflect the concentrations
found in the offline samples. More over, the mass balance was often im-
possible to close, i.e. the overall mass determined for the system would
change between initial mass and what could be determined from the of-
fline measurements. Lastly, the difference is particle concentration needed
to produce distinctive steps in the measured resistance proved difficult to
achieve in a recycling setup.
For the experiments which eventually became the article on particle re-
sistance, it was therefore decided to operate the filter in dead-end mode,
i.e. without retentate flow. Using a diluted feed and retaining the particles
within the chamber, the particle accumulation was better controlled, and
the particle concentration could be trusted.
The paper Cake Resistance in Rotational Dynamic Filtration: Determina-
tion and Modeling was submitted to Separation and Purification Technol-
ogy in December 2019, and is of January 2020 under review. The paper
presents the findings on particle resistance and how it develops during a
filtration run. Central to the paper are the effects of membrane disc rotating
speed and accumulative concentration of particles in the chamber.
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Abstract
Dynamic microfiltration, which has proved quite efficient in treating highly concentrated solid streams,
suffers from accumulation of particles on the membrane surface. Such accumulation leads to the formation
of a cake layer on the membrane surface, which causes rapid and severe resistance to filtration. In order to
predict the extent of cake formation at different operational conditions in a rotational dynamic filtration
unit, an understanding of the cake formation was needed. The resistance was investigated in two sequential
experimental steps, which enabled the formulation of an increasingly complex model. First, the operational
conditions were evaluated in a system, which included only solvent (no solutes). Such system permitted
the quantification of the basic system parameters, i.e. Rm and kp, by varying rotation speed and flux.
Second, particles of CaCO3 were added to the solvent and the filtration performance, at increasing
particle concentration, was measured. By comparing the system with and without particles, the cake
resistance was derived. Across multiple experiments, the cake resistance was evaluated under different
experimental conditions, i.e. feed concentration, rotational speed, and permeate flux. By following this
procedure, a good correlation between particle concentration and particle resistance was established. The
correlation could be expressed in the form of a mathematical model, which describes resistance in a
dynamic filtration unit, as a function of particle concentration. The resulting model was generalized, by
incorporating rotation speed, such that it describes all experiments from a single parameter set. Finally,
the model was evaluated with the fermentation broth of an industrial yeast process. Here it was shown,
that the model is suitable for describing cake resistance during filtration of biological material.

Keywords: Dynamic Filtration, Microfiltration, Shear-enhanced Filtration, Resistance Modelling.

1 Intoduction

Membrane separation of macro molecules from mi-
crobial suspensions often results in sever membrane
fouling, reducing the effective filtration rate to a
fraction of the clean water flux. Over time different
approaches to reduce the extent or effects of fouling
have been developed.
Tangential flow filtration is a traditional technol-
ogy for the mitigation of fouling. Here the flow of
the liquid generates shear forces needed to keep the
membrane surface fouling free.

Dynamic filtration or shear-enhanced filtration is
a newer type of filtration where the relative motion
between the membrane and another component cre-
ates shear forces at the membrane surface [1]. It has
been shown to be a very effective filtration method,
particularly for microfiltration of biological suspen-
sions [2, 3]. The superior filtration performance de-
rives from localization of the generated shear forces
to the surface of the membrane. By rotating the
membrane, rather than the fluid, high shear rates
are achieved without the disadvantages of tangen-
tial flow filtration, i.e. large feed pumps and high
tangential pressure drop.

There are several commercial types of dynamic fil-
tration systems available, such as, vibrating sys-
tems or rotating systems, where either the mem-
brane or an impeller rotates to reduce the effect of

concentration polarization and fouling [4]. The com-
bination of low transmembrane pressure (TMP ) and
high shear rates can facilitate separation of micro-
bial material [5].

Most of the work about dynamic filtration systems
have been done on systems with impellers and sta-
tionary membranes, such as in [6, 7]. Systems with
rotating membranes, i.e. rotational dynamic filtra-
tion (RDF) system, are underrepresented in the lit-
erature. This is unfortunate, since RDF systems
have shown promise, as a technology which could
enable filtration of highly concentrated slurries. For
example, in a study by Schäfer et al. [8] the positive
effects of rotation in RDF was demonstrated by the
concentration of skimmed milk.

The aim of this work is to addressee the shortcom-
ings of the literature about RDF systems. Conse-
quently, the experimental work conducted for this
paper, was performed on a RDF system, as the one
illustrated in Figure 1.

Scaling and design of a RDF process can be stream-
lined by having a fundamental understanding of the
progression of resistance during filtration. A model
of the filtration performance could be used to opti-
mize an existing process or assist in the design of a
robust future process. However, one of the hurdles
of modeling biological feed is the complexity and
variability of its composition.
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Figure 1: Sketch of the filtration module from
the side. The geometry has rotational symmetry
around the axis of rotation. The inlet and cham-
ber walls are stationary, the remaining parts ro-
tate with the membrane-disc. The membrane-
disc separates the liquid in the chamber from
the permeate.

To simplify the experimental work, the complex bi-
ological feed can be replaced by a test system. This
method has been done before, for example by Rayess
et al. [9]. They used crude simulated wine, a mix
of cleaned wine and chosen fouling components, to
mimic the fouling mechanisms of real wine.
A test system allows for the characterization of a
specific fouling source, isolated from other fouling
sources, such as excluding adsorption of proteins in
the membrane pores when studying cake resistance.
These test systems have the additional benefit of
ensuring reproducibility in the feed material, as well
as simplifying the preparation of the feed material.
The work of Bouzerar, Ding, and Jaffrin [10] presents
experimental work on a simplified test system. They
experimented with particles of CaCO3 using an im-
peller type system. They found, that for CaCO3

particles the fouling can be considered completely
external. Their paper found a clear correlation be-
tween the impeller rotational speed and sustained
permeate flux.

In this paper we have approached a RDF system
in a new and systematic way, using particles of
CaCO3. By isolating the particle resistance from
the operation of the filtration module, we have, for
the first time, been able to describe exactly how
the particle resistance develops in a RDF system.
By conducting experiments with biological feed, it
was additionally shown, that the model from the
test system can be used to describe filtration of a
commercial biological system.

1.1 Theory

In an idealized RDF system, without the presence
of fouling components, the working pressure (∆P ),
i.e. the difference between the pressure at P1 and
P2 in Figure 1, can be described from the sum of
the counter pressure (Pc) and the TMP[6].

∆P = Pc + TMP (1)

The counter pressure is a crucial property in RDF
systems. It denotes the threshold pressure needed
to overcome the centrifugal forces generated by ro-
tation of the membrane, and reduces the effective
TMP. It can be determined from the following ex-
pression:

Pc =
ρ

4
· (ωkv)

2 ·
(
r2
1 + r2

2

)
(2)

The counter pressure depends on the density of the
permeate (ρ), the rotational speed (ω), the velocity
factor, (kv), an empirical constant, and the inner
(r1) and outer (r2) radius of the membrane [11].
The TMP can be calculated from Darcy’s law, under
the assumption of fouling free conditions.

TMP = JµRm (3)

Here J is the flux through the membrane, µ the
viscosity of the solvent and Rm the resistance of the
membrane. The operational pressure in a foulant
free, pure solvent system can thereby be expressed
as:

∆P = k2
v

ρ

4
ω2
(
r2
1 + r2

2

)
+ JµRm (4)

By experimentation with a solvent and membrane
system, a well-defined baseline system (bl) can be
established. In the baseline system ∆Pbl can be cal-
culated from ω and J alone, as kv, ρ, µ, r1, r2, as
well as Rm are constants of the baseline system.

In the presence of fouling-generating components,
such as particles, the model for the driving pres-
sure has to be extended. This is done by including
at least one fouling term, such as the particle resis-
tance (Rp) to the overall resistance.

Rtot = Rm +Rp (5)

And thus the TMP becomes:

TMP = Jµ
(
Rm +Rp

)
(6)

1.1.1 Experimental Decomposition

In order to evaluate how the particle concentration
affects the filtration performance it is necessary to
decouple the pressure related to the accumulation of
particles, from the pressure related to the operation
of the RDF system.
The measured variables are ∆P , J , and ω, from
these variables the particle resistance can be de-
rived. The pressure linked to the particle concen-
tration (Pp) is isolated from the experimental ∆P
by subtraction:

Pp = ∆P − ∆Pbl(ω, J) (7)

To calculate the correct value for ∆Pbl the parame-
ters Rm, k1, µ, ρ in Equation 4 have to be fitted to
the solvent system before the fouling experiment.
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Figure 2: Sketch of the experimental installation. Approximate location of transmitters shown. Temper-
ature during the experiment controlled by a cooling loop.

Combining Equation 1 with Equation 6 allows for
the transformation of Equation 7 into:

Pp = JµRp + JµRm + Pc − ∆Pbl (8)

Considering that JµRm+Pc = ∆Pbl, the expression
for Rp can be found by rearranging the previous
equation:

Rp =
Pp
Jµ

(9)

The particle resistance will be used to analyze the
experimental results.

1.2 Concentration

The particle concentration in the membrane cham-
ber plays a vital role in predicting the resistance.
However, during the experiment it is difficult to
measure it. Consequently, it has to be estimated
from known parameters. The volume of the module
is Vm = 0.4 L, and at the start of the experiment,
it contains solvent. Assuming a constant volume in
the chamber, the change in concentration during
the experiment can be described by the following
differential equation:

dc(t)

dt
=
F (t)φ0

Vm
(10)

Where is φ0 the inlet volume fraction of particles,
and F the volumetric permeate flow rate. Accord-
ingly, the units of concentration in this paper is
m3
pellet over m3, i.e. a dimensionless quantity. For

CaCO3 particles the inlet volume fraction can be
calculated from the prepared material:

φ0 =
mp

ρp
· ρs
ms

(11)

Where mp is the mass of the wetted CaCO3 par-
ticles, ms the mass of the solvent, ρp the density
of the wetted particles, and ρs the density of the
solvent. The density of the wetted particles are de-
termined in Appendix A. The mass of the wetted
particles can be calculated from the dry mass by

scaling with the solid content of the wetted parti-
cles (ξ = 71.3 %), see Appendix A.

mp ξ = md (12)

Equation 10 can be integrated to give the concentra-
tion as a function of time and volumetric permeate
flow.

c(t) =
φ0

Vm

∫ t

0

F (t) dt (13)

In the experimental evaluation the integration was
done by numerical integration of the measured flow.

2 Experimental

2.1 Equipment

The RDF experiments were conducted using the in-
stallation outlined in Figure 2. At the core of the
installation is the DCF 152/S laboratory unit (AN-
DRITZ KMPT), which houses the dynamic mem-
brane.
The feed was supplied from the reservoir tank (T1),
and propagated through the system. The permeate
flow (FT2) was controlled by the pump speed of
the feed pump (P1), a peristaltic pump (Watson-
Marlow 323Du), and measured by a volumetric flow-
meter (FT2) (omega, FLR1008-D), this ensured a
stable flux.
The chamber pressure (PT1) was measured by a
transmitter (JUMO MIDAS) placed in the mem-
brane chamber. This measurement reflects the pres-
sure in the chamber. The permeate pressure (PT2)
was also measured (JUMO MIDAS). The working
pressure (∆P ) is defined as the difference between
the chamber pressures and the permeate pressure.

To control the experiment and to collect transmit-
ter data, the installation was connected to a com-
puter via a LabJack T7 module and the data was
recorded with help of LabVIEW (ver. 2017 SP1).
The sampling frequency of the control system was
approximately 12 Hz. The temperature in the cham-
ber was kept constant at 21 °C using a water bath
connected to a cooling jacket around the chamber.
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Figure 3: Schematic of the information flow for the calculation of particle resistance. Before
each concentration experiment a preparatory experiment (A) with the solvent only was con-
ducted. From A Rm and kv in Equation 4 was obtained, establishing the baseline system. The
concentration experiment (B) was conducted afterwards. From B the operational conditions
(ω and J) were extracted and applied to the baseline system, returning the baseline pressure
(∆Pbl). According to Equation 7 subtraction of ∆Pbl from the working pressure (∆P ), obtained
through experiment B, returns the particle pressure (Pc). Finally the particle resistance can be
isolated by dividing Pc with the flux (J) from experiment B, see Equation 9.

2.2 Membranes

The membranes used in the experiments were circu-
lar ceramic (Al2O3) membranes (KERAFOL, Ger-
many) with an outer radius of r2 = 76 mm, a shaft
radius of 12.8 mm and a thickness of 4.6 mm. Due to
fittings, the inner working radius of the membrane
was r1 = 19 mm. For the experiments membranes
with a nominal pore size of 0.2 µm were chosen. Pre-
ceding internal experiments had shown, that these
were preferable for the filtration of commercial in-
teresting yeast.
Before each experiment, the membrane and the in-
stallation underwent a cleaning cycle, based on the
suggestions of the unit manufacture. First the mem-
brane was flushed with deionized water. Then it was
washed with a a NaOH solution (0.5 w/w %, at
50 °C), the NaOH was circulated for an hour. The
NaOH was flushed from the unit using deionized
water. Finally, the unit was washed in HNO3 (0.5
w/w %). The HNO3 was also used as storage solu-
tion between experiments.

2.3 Materials

For the experiments chalk (CaCO3) particles where
mixed with deionized water. The chalk particles
were Millicarb™-OG obtained from Omya. The par-
ticles had a mean size of 2.7 µm. The mixture was
prepared half an hour before starting the concen-
tration experiment, to allow for a stable and ho-

mogeneous particle solution to develop. During the
experiments the feed tank (T1) was agitated by a
magnetic stirrer to ensure the homogeneity of the
feed material.

For the additional experiments conducted with bi-
ological material, genetically modified yeast (Sac-
charomyces cerevisiae C.U17 strain) was used. The
strain is commercially interesting as it has been
modified to expresses a valuable protein. Before the
experiment, the yeast slurry was diluted to around
04 % v/v with deionized water.

2.4 Experimental Procedure

Each experiment consisted of two steps, as presented
in Figure 3. First the parameters for the baseline
system were determined. This was done by varying
the parameters ω and J in the desired range of the
subsequent particle experiment. An example of one
such preliminary experiment is given in Figure 4.
The figure shows how multiple combinations of ω
and J have been tested. This allowed an accurate
fit of Rm and kv. The viscosity (µ) and density (ρ)
were derived from the solvent (water) and therefore
assumed to be 1 cP and 1 g mL−1, respectively. Ad-
ditionally shown, in Figure 4b is the measured ∆Pbl,
represented by red dots. The blue line in Figure 4b
shows the calculated baseline pressure, calculated
according to Equation 4.

After determination of the baseline system a parti-
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(a) Input variables used to establish the baseline system.
Blue line, Step-wise change in rotational speed.
Orange line, Step-wise change in permeate flux as a func-
tion of time.

(b) Verification of the established baseline system. Red line,
Recorded operational pressure ∆P . Blue line, Calculated
operational pressure using Equation 4.

Figure 4: Illustration of a experiment with solvent only. One such experiment where conducted before
each concentration experiment. This was done to establish a baseline for the foulant free system, such
that the particle resistance could be isolated.

cle concentration experiment was conducted. This
was done by feeding the particle suspension to the
module, allowing a slow increase in the particle con-
centration within the module. The resulting pres-
sure was recorded as the particle concentration in-
creased.

2.5 Experimental Space

For each experiment a set of operational parameters
were selected, this includes the rotational speed (ω),
the work of the feed pump (P101), and the inlet

Figure 5: Overview of the conducted experi-
ments by chronological order. For each exper-
iment a permeate flow, a feed concentration ,
and a membrane rotational speed are given. The
blue plus denotes experiments with CaCO3.
The green crosses denotes experiments with bi-
ological material.

particle volume fraction (φ0).

Initial studies had shown that for particles of CaCO3

the fouling was time independent, i.e. for a sustain
particle concentration the resistance was stable over
time. Within the filtration module the particles are
expected to arrange themselves according to a equi-
librium between bulk liquid and membrane surface
accumulation. To ensure, that the time constant of
this equilibrium was faster, than the addition of new
particles, a diluted particle feed was chosen.

The limits of the rotational speeds was defined by
the limitation of the experimental unit. Faster ro-
tation would stress the bearings needlessly. And
slower rotation would be comparable to a system
with a stationary membrane. As a result the exper-
iment would become extremely brief, the membrane
would block almost instantly.

The work of the feed pump should correspond lin-
early to the permeate flow rate, however the ratio
varies between experiments. Consequently the real-
ized permeate flow is used as an indicator of the
magnitude of the input variable.

An overview of the experiments are shown in Fig-
ure 5, outlining the variety in the sampled opera-
tional parameter sets. The range of the parameters
was chosen to ensure full coverage of the practical
operational space. In total 26 experiments were con-
ducted, 23 with chalk particles and three with yeast
particles.

2.6 Data analysis

For each experiment the pressure and permeate flow
were recorded. From this data a pressure curve sim-
ilar to the one shown in Figure 6 was obtained.
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The curve shows the relationship between the par-
ticle concentration inside the chamber, calculated
according to Equation 13, and the measured ∆P .

The recorded data have a significant level of noise,
particularly due to the peristaltic pump, which de-
livers a pulsating flow. The noise was reduced by
filtering the data, using the moving median over
250 points (20 seconds). The filtering window was
defined such, as it was sufficient to reduce the noise
level, while still maintaining the quality of the data.
From the pressure curve, the equivalent particle re-
sistance was calculated, as indicated in Equation 9.

The fitting of the individual experiment was done
by minimization of the objective function given in
Expression 14. The objective function is defined as
the sum of the difference between the experimen-
tal resistance (Rp) and the resistance calculated
from the particle concentration, f(c, x) at N dif-
ferent steps. Each step is a time-point, defined as
ci = c(ti) and Rp,i = Rp(ti)

min
x

N∑

i=1

(
Rp,i − f(ci, x)

)2
(14)

Depending on the run-time of the experiment be-
tween 70 and 160 points were used as reference for
each experiment. To ensure a robust optimization
the fitting parameters was scaled with the expected
power e.g.

a1 = x1 × 1012 (15)

A similar procedure was employed for all fittings
done in this paper.

The quality of the fits where primarily evaluated by
plotting each point with the experimental value and
the calculated value, as respectively x and y value.
A high quality fit would be expected to approximate
x = y when plotted in this manner.

3 Results

All of the experiments follow the same overall be-
havior: At the start of the experiment Rp is negligi-
ble. As the experiment progresses, a point is reached,
where the membrane shear is insufficient to con-
trol the accumulation of cake on the surface. From
this point, an increasing resistance is observed. The
main difference between the experiments, is the start-
ing point of significant resistance and the rate at
which it is rising.

The development of the Rp in all of the chalk ex-
periments are displayed in Figure 7 using different
scaling for the x-axis. In the figures the color rep-
resents the magnitude of an input variable, either
membrane rotational speed or permeate flux.

In Figure 7a and Figure 7b the resistance data are
presented as a function of time. From Figure 7a it
can be seen, that experiments with lower flux results
in a longer overall experimental duration. However,

Figure 6: Working pressure (∆P ) as a func-
tion of particle concentration for experiment
#5. Blue Dots: Individual measurements, Red
line: Moving mean (250 data points or approx-
imately 20 seconds) of the measured data.

in the two figures, there is no apparent correlation
between Rp and time. At any given time-point there
is a wide scattering of resistances. The earliest jump
in resistance occurs before 100 minutes, the latest
occurs around 200 minutes.

The standard model and similar models [12, 13]
state, that permeate volume should be a good de-
scriptor for the resistance development. Scaling the
x-axis with the accumulated permeate volume leads
to Figure 7c and 7d. The overall results of the per-
meate volume scaling is a lower scattering of the
resistance curves, i.e. the rise in resistances occurs
around the same volume. However, the effect of the
coloring variables ( Flux and Rotation ) are erratic,
with no straightforward identifiable correlation.

For the last two figures, Figure 7e and 7f the scat-
tering is even lower. By scaling with the particle
concentration, the effect of different φ0 and rates of
concentration can be incorporated into the x-axis,
which aligns the resistances curves. In both figures,
the curves are arranged by shape, in spite of their
differences in the final concentration, the rate of re-
sistance increase, and the maximum resistance. This
indicates, that the chamber concentration is a bet-
ter descriptor of resistance than volume and time.

In Figure 7e the intermixing of the colors indicates,
that the flux is not a primary descriptor of resis-
tance. In Figure 7f a correlation between the colors
and the resistance can be observed, indicating that
the rotational speed is a good descriptor for the re-
sistance.

The rotational speed appears to effect the way the
resistance increases. Slower rotational speed give
rise to a slow but steady resistance increase. At
faster rotational speeds, Rp lags before it starts in-
creasing, however when it starts increasing, it is a
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(a) Colored by Permeate Flux (J) (b) Colored by Rotational Speed (ω)

(c) Colored by Permeate Flux (J) (d) Colored by Rotational Speed (ω)

(e) Colored by Permeate Flux (J) (f) Colored by Rotational Speed (ω)

Figure 7: The development of particle resistance Rp for all CaCO3experiments shown relative to the
experimental time, the collected permeate volume, and the particle concentration in the house. The lines
are colored in accordance with the parameter listed below the individual figures.
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Figure 8: Experimental Rp for four experiments (◦) plotted together with the modelled resistance (−)
and the prediction interval (··), to a 95 % level. Elements of similar color are connected to a single
experiment. From the figure the effect of disc rotation speed can be seen. The slowest rotation, the green
line, demonstrate a slow but early increase in resistance. The fastest rotation, the red line, demonstrate a
highly delayed resistance increase, follow by a very rapid jump in resistance. The blue and magenta lines
demonstrate behaviour between these two extremes.

lot more abrupt. At the fastest rotational speed the
particle resistance is almost imperceptible for most
of the experiment, however it is also here that the
most rapid increase is observed.

3.1 Modelling Particle Resistances

The qualitative explanation of Rp indicates, that
particle concentration and rotational speed are the
two most significant descriptors for the additional
resistance associated with particle accumulation in
the chamber. In order to understand the relation-
ship between those parameters, a model linking these
parameters to the resistance was derived.

The shape of the Rp curves hints to a function,
which remains approximately zero for a broad range

Figure 9: Parity plot of the modelled resistance
vs the experimental resistance. Dashed Lines
indicates 10% deviation from the experimental
value.

of concentration, and then abruptly increase in value.
Different functions of sigmoid and exponential types
were investigated, and the one found most suitable
will be presented here.

Of the numerous evaluated functions the best suited
was found to be a power function of the particle
concentration:

Rp = Rmax · c(α) + ke (16)

where α, Rmax and ke are fitting parameters. The
parameter α controls the shape of the resistance
curve, Rmax is the theoretical maximum resistance
for a fully compressed cake. The term ke is included
to correct for any error in the baseline, and should
ideally be zero.

A few examples of the fitted model can be seen in
Figure 8, whereRp from four experiments are shown
together with the fitted model. Overall the model
has a good correlation with the displayed experi-
ments, see Figure 9 where the experimental resis-
tance is plotted against the modelled resistance. By
evaluation with help of Pearson correlation coeffi-
cient a correlation of 0.993 between the experimen-
tal and the modelled resistance was found. Most
crucially, the model describes the start of cake for-
mation, which happens at different concentrations
depending on the experimental conditions.

The determined value and confidence interval of the
fitted parameters are shown in Figure 10. The size
of the confidence interval varies a lot between the
individual fits, especially for Rmax, where the ap-
pears to be connection between the size of the es-
timate and the size of the confidence interval. The
values of ke are orders of magnitude smaller than
Rmax and appear normal distributed around zero,
(µ = 4×109, σ = 2.9×1010), as would be expected
by the error correcting term.
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Figure 10: Individually fitted value of the pa-
rameters in Equation 16. Showed as the 95 %
confidence interval.

Fitting the experiments individually results in 23
sets of fitting parameters. In order to derive a more
generalized model, a connection between the fitted
parameters and one or more of the input parameters
would be needed.

Based on qualitative description of Figure 7f a cor-
relation should exists between the rotation speed
and the shape of the resistance growth. In Figure 11
the α parameter is plotted as a function of the ex-
perimental rotational speed. The figure illustrates
that a systematic correlation between α and ω ex-
ists.

A linear correlation was the obvious first attempt
for a descriptor, however the function values pre-
dicted at low rotational speeds was infeasible, i.e.
α values under 1, that would result in a different
shape of the resistance function. Moreover a linear

Figure 11: Fitting parameter α, as a function
of rotational speed. Black Dots: α values, size
and shade indicates weight. Red Line, fitted to
Equation 17. Dashed line, 95% predicting inter-
val of the α correlation

fit to the α data would at ω = 0 result in negative
α values, which is unfeasible.
The second iteration of the correlation was an ex-
pression containing the rotation speed squared:

α(ω) = kαA ω
2 + kαB (17)

This correlation is able to describe the general trend
in the experimental data. At high rotational speeds,
the correlation returns a high α value. And at lower
rotational speeds the correlation results in a low,
but bounded value for α, i.e. fouling control fades
away at low rotation, and only the effect of parti-
cle concentration in the house remains. Equation 17
was fitted to the α data obtained through the indi-
vidual fit. To account the for difference in certainty
the confidence interval was used to weight α in the
fitting routine.

Wi =

∣∣∣∣
αi,max − αi,max

αi

∣∣∣∣ (18)

Here αi,max is upper bound of the confidence inter-
val, and αi,min the lower bound.
A value of kαA = 8.76×10−4, kαB = 2.65 was found,
with an adjusted R2 value of 0.76. The resulting
expression is plotted in Figure 11.

A similar procedure was applied to Rmax, shown in
Figure 12, which also has a strong dependency on
ω. Equation 19 was found to have a indication of
correlation to the individual Rmax values.

Rmax(ω) = kR · ω2 (19)

The parameter fit for Equation 19, also evaluate
with weights, was found to have an adjusted R2

value of 0.53, and a value of kR = 1.26 × 1010. The
resulting expression is plotted in Figure 12. The cor-
relation between Rmax and rotation is not particu-

Figure 12: Fitting parameter Rmax, as a func-
tion of rotational speed. Black Dots: Rmax val-
ues, with uncertainty. Red Line, fitted to Equa-
tion 19. Dashed line, 95% predicting interval of
the Rmax correlation
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Table 1: Fitting parameters for the com-
bined model. Parameter sets given for two Ap-
proaches:

Experiments
All All but #8 Power

Approach 1: Fit to Equation 20
kαA 8.67 7.11 ×10−4

kαB 1.57 1.87 −
kR 3.45 3.41 ×109

rxy 0.943 0.946

Approach 2: Fit to Equation 21
kαA 1.63 1.49 ×10−4

kαB 3.65 3.42 −
Rmax 8.48 7.61 ×1012

rxy 0.949 0.966

larly good, so while Rmax looks to be heavily corre-
lated with rotation speed, the dependency between
α and ω might be the significant contributor.

With this understanding it was possible to change
Equation 16 into a generalized function, that should
be valid for all experiments together:

Rp = (kR ω
2) · c(kαA ω2+kαB) (20)

Two approaches were used to map Equation 20 to
the experimental data: The first approach was to fit
all three parameters in Equation 20 directly to the
experimental data. In the second approach Equation16
was used once more, i.e. with Rmax as a constant,
however this time α was replaced by Equation 17.

Rp = Rmax · c(kαA ω
2+kαB) (21)

Figure 13: Parity plot of the modelled re-
sistance vs the experimental resistance. Con-
nected dots are from experiment #8. Red dots
represent approach 1 from Table 1, Green dots
represent approach 2. Black Dashed Lines in-
dicates 15% deviation from the experimental
value.

The resulting parameters for the two approaches are
given in Table 1 together with the Pearson corre-
lation coefficient (rxy) for the correlation between
the experimental and modelled resistance. In Fig-
ure 13 a parity plot of the combined model using
both approaches are given. The figure shows a gen-
erally good correlation between the experimental
resistance and the calculated resistance. However,
in the figure, there is a line of data points, which
indicates a single experiment having a low correla-
tion between the experimental and modelled resis-
tance. It was determined, that experiment #8 was
the deviating experiment.
The deviation for experiment #8, distorts the fit of
the other experiments, as the fitting routine has to
compensate for the one bad experiment. A review
of the raw data and laboratory notebooks did not
suggest a reason for deviation.
Also presented in Table 1, are the cases where ex-
periment #8 was omitted from the fitting routines.
The result is a better correlation between the exper-
imental and modelled resistance for the remaining
22 experiments. See also Figure 14.

3.2 Biological Evaluation

The value of the developed resistance model de-
pends on its power to describe a practical biolog-
ical system. This was tested in three experiments,
where yeast was concentrated in a manner similar
to the CaCO3 experiments. The resistances were
computed with the same method, i.e. based on the
baseline system. In Figure 15 their resistance curves
are presented.

The overall shape of the yeast resistance curves are
similar, to the observed shape of the CaCO3 curves.

Figure 14: Parity plot of the modelled resis-
tance vs the experimental resistance. Modelled
data based on all experiments omitting experi-
ment #8. Red dots represent approach 1 from
Table 1, Green dots represent approach 2. Black
Dashed Lines indicates 15% deviation from the
experimental value.
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Figure 15: Particle Resistance under con-
centration of microbial material. Experimental
data (◦). Fitted Model (-).

However, there is a distinct difference. With yeast as
feed material there is an increases in the resistance
in the first part of the experiment. Meaning, that
in Figure 15 initial fouling is observed, something
not observed in the CaCO3 systems, illustrated in
Figure 8.
This is most likely due to the presence of proteins
or cell debris in the fermentation broth[14].

This highlights the benefits of using a simplified
test system, to derive a specific mechanisms. In the
complex microbial system the effects of particle ac-
cumulation would have been hidden by the initial
fouling and it would have been harder to derive the
proposed model.

The presence of initial fouling hinders the fitting
of Equation 16, as the error at low concentrations
becomes significant. To address the initial fouling,
the error correcting term (ke) from Equation 16 was
modified:

Rp = Rmax · c(α) + ke

(
c

c+ kc

)
(22)

This functionality enables an initial ramping of the
resistance, without influencing the final resistance
induced by the increased concentration.

The experimental biological data was fitted to the
modified Equation 22. The fitted parameters are
shown in Table 2. As shown in Figure 15, the func-
tion ensures a good match with the biological sys-
tems. The fitted parameters are far from the ones
identified for the CaCO3 system. This can be ex-
plained by the difference in material properties for
the two particles types, such as difference in com-
pressibility and cake density.

4 Discussion

In most studies, the effect of rotational speed pre-
sented in this work, is seen as an change in flux at
constant pressure.
Exemplified by Schäfer et al. [8] who showed that
the flux at 1 bar constant pressure could be in-
creased from 3.3 × 10−6 m3m−2s−1 to 1.6 × 10−5

m3m−2s−1 by adjusting the rotational speed from
around 25 rad s−1 to 100 rad s−1. This shows that
the resistance can be significant reduced with rota-
tion.

A shortcoming of constant pressure filtration was
seen in [15]. With rising disc rotation speed, a reduc-
tion in resistance is expected. However, when apply-
ing constant pressure, a drop in resistance leads to
increased flux, consequently more particles reaches
the membrane, which increases the resistance. If a
constant flow is applied to the system, the equilib-
rium on the membrane surface is unaffected by the
changing resistance.

In the above study Ding et al. [15] filtrated CaCO3

particles in a RDF type system with two shafts of
overlapping membranes. In the double shaft sys-
tem they achieved a sustained flux above 1.4×10−4

m3 m−2 s−1, at a TMP around 1.5 bar.
The maximum concentration of particles tested was
0.28 g mL−1, i.e. a comparably thin slurry. The per-
meability ( J

TMP ) found here was similar to the val-
ues found in this paper.

The capacity for filtration in a CaCO3 system in an
impeller type system was evaluated [10]. At differ-
ent particle concentrations the resistance, with an
impeller rotating at 200 rad s−1, was determined.
At low concentrations (< 0.1g mL−1) the resistance
was around 0.7×1011, which is just above the mem-
brane resistance. At higher particle concentration
(0.7 g mL−1) the resistance was found to be around
9 × 1011. Compared to the values found in this pa-
per, i.e. around 2.5× 1011 at 0.7 g mL−1, this high-
lights the efficiency of the rotating membrane over
the impeller type systems.

In addition to rotational speed, one would have ex-
pected to see an influence of flux (J) on the cake
resistance. Because Equation 20 computes the resis-
tance, the flux will have an impact on the resulting
operating pressures, however no effect linking flux
to the formation of resistance was found within the
investigated flux rates.

For systems with biological feed material, it was
shown that the proposed cake resistance model de-
scribes the resistance increase in the end of the ex-
periment. In the initial phase of the experiments the

# 1 2 3 Power Unit
Input:

J 2.85 2.62 3.40 ×10−5 m3m−2s−1

ω 60 88 88 - rad s−1

Output:
Rmax 808 3.12 3.28 ×1018 m−1

α 51 31 42 − -
ke 2.01 2.05 1.40 ×1012 m−1

kc 1.52 0.93 1.18 ×10−1 -

Table 2: Fitting parameters for Equation 22,
modeling resistance during yeast concentration.
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resistance incenses in a way not seen with CaCO3

particles.

The biological feed contains several different foul-
ing components, including microbial cells, extra-
cellular proteins, and other cell fragments. The re-
sistance behavior of the microbial cells are expected
to be mirrored in the CaCO3 particles. However the
other biological solid did not have an equivalent in
the test system, thus there is nothing in the test
system which can mimic the additional resistance
sources.

In order for the test system to include the inertial
fouling, additional components in the feed material
are needed. If one was to maintain the desired of a
well-defined test system, the additions should be a
purified bulk proteins, such as bovine serum albu-
min or whey proteins.

The identified expression for the particle resistance,
given in Equation 20, contains two terms, which are
scaled by ω2. The two terms kR ω

2 and kαAω
2 are

responsible for the resulting shape of the resistance
curve.

We speculate, that the exponent term, kαA ω
2, is

linked to the capacity of the rotary movement to
homogenize the camber. At high rotation the parti-
cles are expected to be well homogenized. Here the
sudden increase in resistance is possibly a result of
the overall concentration in the chamber exceeding
the shear induced cleaning rate of the membrane.
At low rotation particles could be accumulating in
the chamber, most likely on the membrane, thus
the overall concentration in the chamber is of less
importance, and resistance of the particle cake be-
comes significant.

The pre-exponent term Rmax is linked to the resis-
tance characteristic of the particle material, CaCO3,
and correlates the accumulation of particles on the
membrane surface to the resistance. Based on the
presented data, it is questionable if Rmax is a con-
stant for the material, or if Equation 19 is correct.
Figure 12 indicates, that there is a strong correla-
tion between Rmax and rotation, but the fitting of
Equation 20 and 21 shows, that a constant Rmax
explains the system better. As ω appears twice in
Equation 20, it is hard to isolate the effects of ω
completely.

5 Conclusion

In this study solid liquid separation by a rotational
dynamic micro-filtration system was investigated.
The correlation between filtration performance and
different input parameters, i.e. feed concentration,
membrane disc rotational speed, and permeate flux
was explored.

The methodology of separating the operational pres-
sure (∆P ), into Pc and Pp by the baseline system,

was decisive in understanding the effects of increas-
ing particle concentration.

Using defined particles of CaCO3 it was shown, that
it is possible to model cake resistance as a function
of the accumulated particle concentration in the
membrane chamber. It was found, that the model
could be generalized to encompass all conducted
CaCO3 experiments with a single parameter set, by
including the disc rotational speed in the model.

An interpretation of the resistance model, suggests
that, at low rotation the resistance rises slowly due
to accumulation of particulate matter on the mem-
brane disc. The rotation is insufficient to completely
remove the cake, however, the cake depth is still
controlled and in equilibrium with the particle con-
centration in the chamber.
At high rotational speed the interpretation is dif-
ferent, here the membrane seems cake free at lower
concentrations. The rotation of the membrane sus-
tains the clean membrane. At a threshold concen-
tration in the chamber the resistance rises rapidly,
indicating, that particles abruptly started accumu-
lating in an uncontrolled way, leading to a dense
cake layer.

The merit of using a test system to develop a model
was further shown by the results of the microbial
filtration. As the formation of cake resistance can
be described by the same functionally, the proposed
model can be used to describe cell filtration.
The test system used in this work was to simpli-
fied to mimic the microbial system investigated, as
it could not reproduce the initial fouling. To imi-
tate the microbial system a more complicated test
system, with a defined protein source, is needed.

Long-term, the proposed model can be used as an
estimator for the cake resistance during a solid liq-
uid separation in an industrial process. This would
be beneficial in the design of industrial scale pro-
cesses.
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8 Appendix

A Wetted Particles

The CaCO3used in the experiments are measured
out as a dry powder. When this powder is mixed
with water it becomes a slurry. Even when isolated
this slurry has a larger mass than the original added
CaCO3. To measure this increase a small experi-
ment was conducted.
The wet mass of CaCO3was measured by wetting
a dry powder and then isolating the wet slurry by
compacting on a centrifuge. Each measurement done
by measuring dry CaCO3into a centrifuge tube, and
filling it to 14 mL with deionized water. The sam-
ples were then centrifuged for 10 min at 5000G. The
free water (supernatant) was then removed and the
mass of the pellet recorded. The results for 6 mea-
surements are given in Table 3. Based on the mea-
surements a factor of ξ = 71.3 %, between the dry
powder mass and the wetted particles mass, was
used in this work.

Table 3: Mass of CaCO3 before and after wet-
ting.

m(Dry) m(Wet) V(liquid) V(pellet) ξ ρpellet
g g mL mL - g mL-1

1.00 1.47 13.5 0.53 68.0 % 2.79
1.53 2.17 13.0 1.01 71.6 % 2.15
2.02 2.82 12.7 1.34 71.6 % 2.11
2.49 3.67 12.3 1.68 71.7 % 2.06
3.17 4.56 11.8 2.24 72.4 % 1.96
3.61 4.91 11.6 2.37 73.5 % 2.07

Average 71.3 % 2.19
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Conclusions from the Paper 4.4.1
In the following section, the findings from the paper will be summarized.
This paper builds upon the foundation laid out in the first paper, applying
the established understating of the liquid system to isolate the effects of
particle addition. From the first paper, Section 3.2, Equation 3.6 was used to
defined an estimator for the pressure in a filtration system without fouling.
In this paper, this estimator was refereed to as the baseline system, ∆Pbl
[bar]. It can be used to estimate what the operational pressure would have
been without particles at any practical operational condition. By comparing
the measured operational pressure, ∆P [bar], with ∆Pbl , the particle pressure,
Pp [bar], could be determined:

Pp = ∆P−∆Pbl (4.13)

And from Pp the particle resistance, Rp [m -1], is easily found. By applying
this methodology to a range of experiments with CaCO3 it was possible to
show that particle volume fraction, w [m3 m -3], is the best estimator for Rp.
It was shown that the correlation between Rp and w could be described by
a power function:

Rp = Rmax ·wα (4.14)

Where Rmax [m -1] is the theoretical resistance of a fully compressed cake
and α [-] defines the shape of the resistance curve.
Additional analyses of the experimental data allowed for an expansion of
the correlation to include the effect of disc rotation speed. Equation 4.14
was generalised to cover all the conducted experiment with only one set of
fitting parameters. Two ways to expand the resistance model were found.
Firstly, the α parameter was expanded by accounting for disc rotation speed,
ω [rad s -1].

Rp = Rmax ·w(kαAω2+kαB) (4.15)

Secondly, the resistance model was further expanded by scaling Rmax with
rotation squared.

Rp = kR ω
2 ·w(kαAω2+kαB) (4.16)

Both equations describes the resistance as a function of particle volume
fraction in the chamber.
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Particle Concentration 4.4.1.1

The paper also introduces a new way to calculate the particle content. While
reporting concentration as g mL -1 is fine for diluted species, it becomes in-
convenient at the high particle concentrations reached in the paper. The
particles of CaCO3 used for the paper have a volumetric mass density
of ρsolid = 2.9 g mL -1. Since, the density of the yeast particles is around
ρsolid = 1.1 g mL -1, it makes it difficult to compare the concentration of
different particle types.
In the paper, particle volume fraction as a measurement of particle content
is introduced. It is calculated based the volume of the pellet, Vp [m3], over
the total volume, Vt [m3].

w =
Vp

Vt
[m3 m -3] (4.17)

The pellet is the solid precipitate in a sample of slurry, isolated by centrifu-
gation. Meaning, liquid is still trapped within the pellet. The pellet volume
can be calculated based on the density of the pellet, ρp [g mL -1], and pellet
mass.

Vp =
mp

ρp
(4.18)

In the paper, the volumetric concentration is used for both CaCO3 and yeast.

The method of estimating particle content as volume fraction requires con-
sistent compression of the pellet. The samples in this thesis was separated
on a centrifuge at 4000 RCF (relative centrifugal force) for 10 minutes. This
was sufficient for a reliable compacted pellet.
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Engineering Model For Particle Filtration 4.5

Building on the results from this chapter, the engineering model was up-
dated, to include transport of particles inside the chamber, as well as the
resistance arising from the presences of particles in the system.

Particle Transport 4.5.1

As outlined in Section 4.2.3, vital information can be gained by tracing the
particle concentration in the filtration module.
Consequently, the engineering model should be able to account for the pres-
ence and transport of particles inside the system. This was done by defining
a set of differential equations for the transport of particles. In each compart-
ment there is a volumetric flow of particles, from the prior compartment.
The magnitude of the incoming flow depends on the volume fraction, wi -1
[ -], in the prior compartment, and the size of the incoming liquid flow, Qi -1
[m3 s -1].

IN = Qi -1 wi -1 = Qi -1
Vp|i -1

Vc|i -1
(4.19)

Here Vp [m3] is the volume of pellet and Vc [m3] the volume of the com-
partment. Going out of the compartment and into the next is a similar flow
of material:

OUT = Qi wi = Qi
Vp|i
Vc|i

(4.20)

Since all compartments have the same volume, Vc|ii = Vc|i -1 ≡ Vc, the dif-
ferential equation can be collected:

Vc
dVp|i

dt
= Qi-1Vp|i-1−QiVp|i for i = 2 . . .N (4.21)

The equation applies to all compartments, but one, for i = 1, where the inlet
term is different, in order to account for the feed flow:

dVp|1
dt

= Qin win−Q1 ·
Vp|1
Vc

(4.22)

For the retentate, the concentration can be found as wr =Vp|N ·V -1
c .

Incorporating these equations into the engineering model means that the
particle concentration can be tracked though a filtration run.
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Particle Resistance 4.5.2
As reported in the paper, the particle resistance can be describe as a function
of the particle concentration and disc rotation speed. As indicated by Equa-
tion 4.21, the concentration in each compartment can be determined inde-
pendently, meaning a unique resistance can be calculated for each compart-
ment. To determine the resistance, Equation 4.15 was used. Accordingly,
the particle resistance within each compartment can be found as:

Rp|i = Rmax · (w)(kαA ω2+kαB) (4.23)

Here Rmax [m -1], kαA [s2 rad−2], and kαB [-] are empirical constants, deter-
mined by experimentation, and w the volume fraction of particles. Since the
permeate flux, J [m3 s -1 m -2] depends on the resistance, the flux equation
can be updated:

Ji =
TMP

µs ·
(

Rm +Rp|i
) (4.24)

Which can be incorporated into the engineering model by updating Equa-
tion 2.10, such that it includes the resistance term:

TMP = Qtot µs ·
N

∑
i=1

(
Rm +Rp|i

)

Ai
(4.25)

Which means the engineering model is able to replicate the effect of particle
filtration.
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Capabilities of the Particle Engineering Model 4.5.3
The particle transport can be illustrated by modeling the advancement of
particles in an industrial scale unit operated in continuous mode, i.e. with
retentate flow.
Starting from an particle free unit, the accumulation of particles over time
can be traced. This is shown in Figure 4.10, where the concentration of
particles in each compartment are illustrated. The filtration unit operated
according to the parameters given in Table 4.2.

Table 4.2: Process parameter used to illustrated the engineering model. The
unit was modelled as having fixed permeate flow and free ∆P.

Process Unit Constants
QP 1000 L h -1 N 128 - Rm 4.7 ×1011 m -1

w f 0.24 m3 m -3 kv 1.32 - Rmax 7.61 ×1012 m -1

wr 0.75 m3 m -3 V 1.4 L kαA 1.49 ×10 -4 s2 rad -2

ω 25 rad s -1 r1 0.156 m kαB 3.42 -

Figure 4.10: Illustrating the particle concentration in each compartment as
it changes with time. The graphs shows the start-up phase of a continu-
ous filtration, starting from a particle free unit. The process parameters are
given in Table 4.2
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The accumulation of particles starts from the inlet, i.e. compartment 1, and
slowly propagates through the system. The first compartments reaches their
equilibrium particle fraction before any increase can be seen in the last
compartments. However, as the system approaches steady state, the fraction
in the final compartments increases far beyond the inlet fraction.

Resistance Modelling 4.5.3.1

The resistance aspect of the updated engineering model can be presented
by a filtration run in the industrial unit presented in Figure 2.8, i.e. a 128
discs unit with a total membrane area of 13.4 m2. The filtration run was
modelled using the process variables given in Table 4.2. The unit was free
from particles at the start of the filtration process. The retentate concentra-
tion, wr, as a function of time is shown in Figure 4.11. The figure illustrates
how the process advances from the start of the filtration until steady state
is reached. Since the particle model only captures reversible resistance the
model predicts no resistance increase, once the particle content have reach
equilibrium.
In Figure 4.12 the components of ∆P are illustrated. The pressure result-
ing from both the membrane resistance, Pm [bar], and the counter pressure,
Pc [bar], are constant through the run. The particle pressure, Pp [bar], in-
creases in response to the particle accumulation within the unit. The shape
of the Pp curve is distinctly different from the wr curve, since the particle
front has to reach the outlet before wr shows a change, whereas Pp response
to the advancing particle front within the unit.
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Figure 4.11: Example of a filtration run, modelled by the engineering
model. The line depicts the particle fraction in the retentate, wr, during
the start up period, i.e. until steady state is reached.
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Figure 4.12: Illustrating the pressure predicted by the engineering model
during the start up period of a filtration run. Operating Pressure ∆P [—].
The total pressure is the combination of three pressure sources: Membrane
Pressure Pm [—], Counter Pressure Pc [—], and Particle Pressure Pp [—].

Figure 4.13 offers a look into the modelled unit at steady state. The figure
depicts the particle fraction, w, particle resistance, Rp, and membrane flux,
J, at compartment level.
The particle fraction graph is similar to the final time shown in Figure 4.10.
It illustrates how the particle fraction increases with compartment number.
The increase is not linear. In the initial compartments the the particle frac-
tion increases faster than at the end of the unit, where the particle fraction
levels off since the permeate flow is lower here.
This can be linked to the particle resistance, which only surpass Rm around
halfway through the disc stack. This means that for the first half of the com-
partments the particles are a minor hindrance to filtration and Rm dominates
the resistance. However, for the final 40 compartments Rp provides a major
resistance to filtration. Consequently, most of the permeated is removed in
the beginning of the unit. This is apparent in the flux graph, where the first
compartments have a much higher than average flux. The later compart-
ments have a much lower flux, but the draining they provide are crucial to
reach the high retentate concentration in the retentate.
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Figure 4.13: Showing the w, Rp, and J for each compartment at steady state.
The magenta line in the particle resistance plot is the membrane resistance.
The red line in the flux plot is the average flux.
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Resistance Defined Flux Shift 4.5.3.2

The flux and how it is distributed through the unit is especially interesting,
as it summarizes the effects associated with particle transport and particle
resistance. In Figure 4.14 the relative flux for each compartment is shown
for several disc rotation speeds. The figure illustrates, how the flux is dis-
tributed through the disc stack, and how rotation affects this distribution.
The total flux is the same for all the curves, but how the flux is distributed
on a compartment level differs. At low rotation speed, the particle frac-
tion which give rise to an appreciable resistance is lower, and as a result
more compartments are affect by Rp. As a consequence the initial com-
partments, where the resistance is the lowest, have a particularly high flux.
At high rotation speeds, the particle fraction can get higher before parti-
cle resistance becomes appreciable. This means that the permeate can be
better distributed among the compartments, resulting in a lower flux in the
otherwise most strained compartments.

While the counter pressure implies that high rotation speed could be prob-
lematic in terms of high ∆P, the effect of rotation on particle resistance is
more vital. By reducing the particle resistance, rotation enables filtration at
higher concentration than would have been otherwise possible. The rotation
is particularly important at high particle content, where Rp is substantially
higher than Rm.
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Figure 4.14: Relative flux as it is distributed throughout the disc stack. The
effects of rotation speed on the distribution is illustrated. The red line indi-
cates the average flux.
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Chapter 5

CFD Simulation of Membranes

Computational Fluid Dynamics (CFD) was included in the project as a
way to gain insight into the internal mechanism of dynamic filtration. Two
approaches for the simulation of membrane filtration processes were ex-
plored. In the first approach, covered in this chapter, the filtration process
was simulated by attempting to mimic the properties of a porous membrane.
In the second approach, covered in the next chapter, the filtration process
was approximated using an algebraic equation to calculate the flux across
the membrane surface.

Intro to Computational Fluid Dynamics 5.1

In this section, the subject of computational fluid dynamic simulations will
be presented in a general from. This ensures a common frame of reference
for the subsequent reporting of the work with CFD simulations. The CFD
simulations conducted for this project were done using a software package
from ANSYS, mainly the program CFX. Accordingly, the introduction will
use CFX as point of reference for the review.

The idea of CFD arises from the Navier-Stokes equations, which describe
the motion of a viscous fluid. It holds a scientific interest, as the equation
can be used to describe a multitude of phenomena with scientific interest or
engineering applications. For a non-compressible Newtonian flow, meaning
a fluid with constant viscosity, µ [Pa s], and density, ρ [kg m -3], the Navier-
Stokes equations can be formulated as:

ρ

(
∂v
∂ t

+[v ·∇v]
)
=−∇P+µ∇

2v+S (5.1)
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Here v [m s -1] is the velocity field, v = [vx,vy,vz] , P [Pa], the pressure, and
S [Pa m -1] the momentum source, i.e. external forces, such as gravitation
acting on the system.
The Navier-Stokes equations belong in the class of nonlinear partial dif-
ferential equations (PDE), and can generally not be solved analytically. An
analytic solution for the Navier-Stokes problem only exist for special cases,
where the problem has been simplified.
Classical simplifications include the assumption of steady state, as well as
reduction of the dimensions of the problem, i.e. solving a 1D or 2D problem
instead of the full 3D problem.
In addition, simplifications can be made for very slow flowing fluids, where
the acceleration term can be neglected, which simplifies Equation 5.1 to:

0 =−∇P+µ∇
2v+S (5.2)

This form is called the Stokes flow equation, and has applications, for in-
stance within lubrication theory.
Likewise, for inviscid fluids, where the viscous forces are relatively unim-
portant, the viscous term can be neglected, which simplifies the Navier-
Stokes equation to:

ρ

(
∂v
∂ t

+[v ·∇v]
)
=−∇P+S (5.3)

This form is called the Euler equation, and has applications for the air flow
around airplane wings and the flow of ocean currents.

If a Navier-Stokes problem is too complex to be simplified, making it im-
possible to derive an analytical solution, it has to be solved numerically.
Computational Fluid Dynamics refers to the the standardized framework
developed to solve the numerical Navier-Stokes problem.
On account of to the many practical applications for CFD, the framework
has been developed by both the scientific community, as well as commer-
cial enterprises. This means that a range of methods, toolboxes, and even
complete programs are available for the formulation and solution of CFD
problems.
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Numerical Solution Strategy 5.1.1

To simulate the CFD problem, the system of PDEs has to be solved. To
achieve this, the system has to be discretized, and solved using a numeric
algorithm. Over time a multitude of algorithms have been derived, however,
since CFX uses finite volume method (FVM), it will be the focal point for
this review.
The basic concept of FVM can be thought of as subdividing the complete
system into small individual parts, called elements, and then finding local
solutions that satisfy the differential equations within the boundary of the
elements. By stitching the individual solutions on the elements together, a
global solution can be found.

There are two ways to formulate a CFD problem with respect to time, ei-
ther steady state or transient. A steady state formulation denotes a prob-
lem where the simulation is independent of time. Using the finite volume
method the PDE problem is approximated as a system of local algebraic
equations. In a steady state problem the size of the time-step regulates the
convergence behavior.
A transient CFD problem is solved for a defined period, simulating how it
evolves with time. Here the finite element method approximates the system
as a set of ordinary differential equations, which can be solved using stan-
dard numerical integration methods, such as Euler’s method or the Runge-
Kutta method. As often in CFD, there is a trade-off between accuracy and
computational load, since the accuracy of transient simulations depends on
the length of the time-step and the number of iterations permitted for each
time-step.

The formulation of a CFD problem involves specific steps, which are sum-
marized in the list given here:

Fluid volume: The isolation of the geometry relevant for the CFD prob-
lem. Technical drawings are often made of the solid parts of the ge-
ometry, however for CFD, it is the space between the solid parts, i.e.
the fluid domain, which are of interest.

Discretization: The discretization of the fluid volume by dividing it into
discrete elements. This enables the numerical solution of the PDE
systems.

Physical model: The definition of the physical models. Fluid motion, dif-
fusion, turbulence, and so on are defined.
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Boundary conditions: Fluid behaviour and properties for all bounding sur-
faces of the fluid domain are specified. For transient problems, the
initial conditions are also defined.

Simulation: Based on the meshed fluid domains the established physical
models are simulated. The simulation runs until an acceptable level
of convergence is reached.

Post process: After the simulation the solution to the CFD problem must
be analysed and visualized in order to extract information from the
simulation.

Ultimately the design and analysis of a CFD problem is an iterative process,
it is often necessary to retrace several steps and correct something based
on better understating of the problem, or due to errors, that only reveal
themselves in later steps.

CFD Article in Dansk Kemi 5.2
As part of the Ph.D. project an article was published in the danish trade
magazine "Dansk Kemi". The article was published in Dansk Kemi 100,
Number 1, 2019, page 24 - 26 The original article is appended as Ap-
pendix B.

The article was written in Danish, and as such, it is not convenient to in-
clude it here. The story presented in the article is still interesting, thus it is
reproduced here, with minor modification to place the story in context to
the thesis. CFD is a major part of the article, as a result, it can be used as
scaffolding for detailed descriptions of the individual steps in the formula-
tion of a CFD problem.
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Experimental Design for Dynamic Rotating
Filtration Optimized by CFD
Process development for a laboratory scale separation process in Novo
Nordisk led to a filtration process for yeast recovery, which was economi-
cally interesting. To illustrate the developed process the flux, pressure, and
permeability averaged over multiple experiments are shown in Figure 5.1.
Based on the promising results in laboratory scale, experiments in pro-
duction scale were requested, and a production scale unit was henceforth
procured. The production scale unit featured 128 discs, split between two
rotating shafts. It it similar to the model shown in Figure 2.8.

By comparing the available filtration area, the laboratory experiments could
be scaled, to estimate the capacity of the production model. The supplier
stated, that the performance per m2 could be expected to be lower in the
production scale unit than in the laboratory unit. Surprisingly the contrary
was observed, at production scale the performance per m2 was significantly
higher, as illustrated in Figure 5.1.

The difference was unexpected, but as the capacity in production scale was
better than predicted, it was not problematic for the developed process.
However there was still the question of why?
Based on previous CFD simulations, we had indications, that material could
be accumulating in an undesirable manner inside the laboratory scale unit.
Consequently a CFD study of the laboratory unit was undertaken. For the
simulations the geometry presented in Figure 5.2a was used.

Figure 5.1: Average pressure, flux and permeability for the three studied
cases. A) Data from production scale experiments. B) Data from labora-
tory scale from before the experiments in production scale. C) Data from
laboratory scale after the redesign. The vertical lines indicate the uncer-
tainty of the values.
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(a) Illustration of the laboratory scale filtration equipment. On the sketch the front and
back side, as well as the inlet and outlet marked. The membrane and the axis constitute
the rotating parts of the equipment. The membrane and the axis are shown transparent to
show how the permeate exits the unit.

(b) Illustration of the flow in radial and axial directions. Color indicates flow velocity, red
being highest.

(c) Illustration of the particle concentration within the filtration module. The inlet particle
fraction was defined to 0.2. In the figure, the concentration difference between the front
side and back side is evident.

Figure 5.2: Illustrations of the filtration unit, based on a CFD simulation of
a continuous filtration process.
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The simulations were performed for a continuous process, which meant it
could be simulated as a steady state process. Results of the simulations are
shown in Figure 5.2. The half plane shown in Figure 5.2b is the radial and
axial vector field, colored by flow velocity. By suppressing the tangential
flow, one can perceive the principal flow directions in the rotating liquid.
The figure shows four distinct vortices, two on the front side and two on
the back side of the membrane. They show the liquid movement, that keeps
the two sides of the membrane homogeneous. Between the front and back
side, there is almost no flow, meaning a concentration difference between
them can arise.
In Figure 5.2c the concentration at steady state is shown, and it is clear from
the figure, that a significantly higher concentration is found at the front of
the membrane. Based on what was learned in Chapter 4, this increase in
concentration can have a colossal impact on the resistance on the front of
the membrane.
A contributing factor in enabling the particle accumulation, is the position-
ing of both the inlet and outlet port on the back of the membrane. In the

Figure 5.3: Experimental permeability for the verification experiment. The
Green line represent the run with inlet at the back of the membrane. The
Red line represent the run with inlet at the front of the membrane. Solid
line, 2 minute average of the permeability. Colored area, the variation of
the value.
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absence of rotation, the feed can flow straight from the inlet to the outlet,
without interacting with the front of the model. If the rotation, as shown
with help of CFD, fails to promote interactions between the two sides of
the membrane, particle accumulation on the front of the membrane is un-
avoidable.
To avoid the particle accumulation, it was proposed to move the inlet to the
front of the chamber, shown in Figure 5.2a.
Two studies were conducted to verify the expected benefits of moving the
inlet. First, the problem was studied by two parallel experiments. For these
experiments particles of CaCO3, similar to the ones described in Section 4.4,
were used. The same experiment was conducted twice, first with the inlet
in the original position, then the inlet was moved, and the experiment re-
peated. The result can be seen in figure 5.3. At low flux, the position of
the inlet doesn’t influences the permeability. However, at high flux, faster
degradation of the permeability is observed for the case with the original
inlet position. This indicates, that the membrane is stressed more in this
case.
The second verification experiment was done with a yeast feed, similar
to the one used in production scale. The results are shown in Figure 5.1.
The figure clearly shows, that the permeability obtained with the improved
design, is closer to the production scale values.
However, despite the improvement, the performance is not equivalent be-
tween laboratory and production scale. The remaining difference can, in
part, be attributed to the last disc effect, which will be covered in Sec-
tion 8.2.
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CFD Methodology 5.3

The article in Dansk Kemi is an example of how CFD can be used to im-
prove an established experimental design. With CFD it was possible to get
a snap shot of the conditions inside the unit. This gives an an approximate
idea about what takes place within the filtration unit, a location that is nor-
mally inaccessible.

How was the CFD problem designed, such that the information presented
in the article could be extracted? In this section the methodology used to
construct the CFD problem will be covered.

Fluid Volume 5.3.1

In the article the laboratory DCF unit, as presented in Section 2.3, was
replicated in the CFD problem. This was done by constructing a digital
representation of the actual physical item.
Drawing the digital model starts by scoping the CFD problem. Here the
simulations only consider the filtration unit itself, pumps and attachments
were omitted. Based on measurements of the real unit, as well as technical
drawings the unit was drawn in SolidWorks, a 3D solid modeling computer-
aided design (CAD) program. The three dimensional model can be seen in
Figure 5.4, it is a simplified rendering of the real unit, since minor fea-
tures, deemed inconsequential for the result of the simulations, have been
removed. Such minor features complicate the spatial discretization mas-
sively without affecting the resulting simulation.

Next the digital model was separated into domains aligning with features in
the geometry. Domains are regions of the geometry, which internally have
consistent uniform physical qualities.
In Figure 5.4 the different domains are indicated. The reason for separating
the geometry into domains, is to give each domain distinct properties. The
membrane domain is an example, it imitates the ceramic membrane, there-
fore it is isolated as a separate domain. This means it can be modelled as a
porous domain, where the rest of the model can be fluid domains.

In the physical model, there is a complicate system of bearing and mechan-
ical seals, which enables rotation of the disc, within the stationary machine.
For the CFD model steps were also taken to accommodate the rotating ge-
ometry of the disc. In the simulations this was done by defining some do-
mains as existing in a rotating frame of reference. In Figure 5.4 the rotating
domains are indicated.
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Figure 5.4: Section view of the DCF unit drawn in SolidWorks. The left
half-plane is transparent to show the inner layers. Features of the geometry
labeled, and their freame of reference indicated in brackets, (Stn) Station-
ary, (Rot) Rotating:
A: Bulk fluid domain (Stn) B: Transition fluid domain (Rot) C: Membrane
domain (Rot) D: Permeate domain (Rot) E: Steel part, excluded from the
CFD model. F: Feed Inlet (Stn) H: Retentate Outlet (Stn) I: Permeate Out-
let (Rot)

In addition to the membrane and permeate domain, the third rotating do-
main is the domain which surrounds the membrane domain. This means
that the transition in frame of reference was moved away from the mem-
brane surface and into the bulk. It is done to improve the simulation of the
particle accumulation on the membrane surface, as well as enabling Oth-
erSide, see Section 5.3.3

Space Discretization 5.3.2
Having defined the geometry and the domains of the digital filtration unit,
the domains were meshed, or discretized, in a manner, which facilitates
numerical solutions of the non-linear partial differential equations. The dis-
cretization of the problem in space and time is a cornerstone in the CFD
method.

The discretization of space is done by representing the large geometric
shape by a number of smaller elements, in what is called a mesh. The
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Table 5.1: Overview of common mesh types.

Structured Unstructured
Primary 2D element Quadrilateral Triangle

Primary 3D element Hexahedron Tetrahedron

Construction method Semi-automatic Fully automated
Design effort High Low

Computational efficiency High Low

mesh is used to partition the geometry into elements over which the Navier-
Stokes equations can be solved. The size of the individual elements deter-
mines the degree of discretization, smaller elements affords a better dis-
cretization, leading to higher accuracy in the solution at the cost of longer
computational time, as more elements are needed to represent the geometry.
There are two main ways to design a mesh of a geometry, structured and
unstructured, and both have been utilized in this project. An overview of
the two types are given in Table 5.1.
For structured meshes the design process starts from the largest geometric
features, and subdivides these into subdomains until each subdomain can
be meshed easily by hexahedrons. The main benefit of the structured mesh
is superior computational performance and a higher solution accuracy for
the same number of elements. However, the design of a structured mesh
is a mostly manual process, where significant user input is required to ob-
tain a high quality mesh. Moreover not all geometries are well suited for
structured meshes, as complex geometry can be extremely labor intensive
to mesh correctly.
For unstructured meshes the design is automated, and the design of the
mesh is done by an algorithm. The required user input is limited, mostly
related to the desired size of mesh elements. An unstructured mesh is gen-
erated based on the lines and surfaces of the geometry, which are meshed
first by triangle surface elements. The meshing algorithm then fill the vol-
ume with tetrahedral elements, connecting the different surface elements.
The process is finished by algorithmic smoothing of the elements, which
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ensures a uniform quality of the mesh. Local improvement, refinements
and correction can be imposed on the meshing algorithm, ensuring a better
mesh around interesting features of the geometry.
An example of the two mesh types can be seen in Figure 5.5, where a 2D
pipe bend has been meshed using different methods.
Figure 5.5a demonstrates a low quality unstructured mesh. Here the geom-
etry of the pipe is drawn by only 17 triangles, and consequently, the inner
wall of the pipe is defined by only three triangles, resulting in a misalign-
ment between the mesh and the actual geometry. The misalignment give
rise to a discretization error, which affects the accuracy of the solution.
All the elements in the unstructured mesh touch the walls of the pipe, mean-
ing wall effects have to be incorporated in to all the triangles. Comparing
this to the structured mesh in Figure 5.5b, where half the elements are suf-

Figure 5.5: A bend 2D pipe discretized by different types and quality of
flat meshes. The inner wall of the pipe is colored red. Observe how the
different approaches follow the curvature of the inner wall.
a) Low quality unstructured mesh, consisting of 17 triangle elements.
b) Low quality structured mesh, consisting of 16 quadrilateral elements.
c) High quality unstructured mesh, consisting of 138 triangle elements.
d) High quality structured mesh, consisting of 100 quadrilateral elements.
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Figure 5.6: Illustrating of the meshes used for the simulation of the labora-
tory DCF model. The meshes are shown as the surface mesh on different
surfaces in the model. The interface: transition-bulk have two entries, as
two different surfaces meshes exist, one for the structured domain and one
for the unstructured.

ficient to outline the walls. In general the structured mesh, which contains
one element less than the unstructured mesh, describes the shape of the pipe
better. The outer wall is outlined by only four elements, on account of the
regularity of the structured mesh, which means the largest misalignment be-
tween geometry and mesh is found here. In Figure 5.5c and d, both meshes
have a significant higher element count. As a result the alignment between
the mesh and geometry is better, illustrating the value of a more refined
mesh. To construct these more refined meshes 7-8 times the number of el-
ements had to be included in the mesh, this entails a significant increase in
the computational requirement, as well as data storage requirement, since
the values in each element has to be loaded, updated and saved again for
each time-step.
The advantage of a finer mesh is a lower discretization error, leading to
a more accurate final solution. In addition the lower error can facilitate a
faster convergence, meaning fewer iterations are required to reach a con-
verged solution.

The mesh resulting from the discretization of the filtration unit is illustrated
in Figure 5.6. As seen in the figure, both structured and unstructured meshes
have been used. A structured mesh was used for the membrane disc, the per-
meate domain, as well as the transition domain. The regular shape of these
domains, meant that they easily could be mapped with a structured mesh.
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Also, the mesh on the two sides of the interface, between the membrane
domain and transition domain, had to be identical, due to the limitations
of OtherSide. In Appendix D several more illustrations of the mesh have
been included, to support the comprehension of the 3D mesh on a 2D paper
surface.

Physical Model 5.3.3

The commercial origin of CFX means most of the physics needed to formu-
late a CFD problem comes with the software. This means CFD problems
can be constructed rapidly and with a high degree of confidence in the re-
sult. In the current case, this includes an applicable turbulence model. But,
if the CFD problem has elements outside the standard specifications, addi-
tional functionalities have to be added to the problem.
Extra functionalities were added to the CFD problem in the form of a poros-
ity depending membrane resistance, and a concentration limitation.

Turbulence Model
Turbulent flow is characterised by chaotic formation of vortices in a fluid
where the kinetic energy surpasses the damping effect of the fluid viscosity,
this introduces irregular changes in pressure and flow velocities. The two
main effects turbulence has on a fluid is increased energy dissipation and
diffusion.
The increased energy dissipation arises from the generation of vortices,
which by their rotational movement expend energy. The increased energy
dissipation can be described as an additional viscosity, called turbulent eddy
viscosity. The formation of vortices also promotes mixing, via the fluctua-
tions in the fluid velocity, leading to an increased effective diffusion.

Turbulence flow is too chaotic and fluctuating to be modelled exactly in the
classical CFD framework. The normal solution, is to approximate the tur-
bulence based on the Reynolds Averaged Navier-Stokes (RANS) equations.
This is a class of equations that predict the evolution of turbulent flows
statistically. Where turbulence normally is very time variant, the RANS
equations simplify the problem by approximating a time invariant values of
turbulence.

For this work Menter’s Shear Stress Transport (SST) model was used.[9]
It is a computationally light model, that combines two older classic turbu-
lence models, the (k−ω) and the (k− ε) model. This is done to achieve
good resolution both near walls and in the free flowing liquid. Further in-
formation is available in ANSYS informational material.
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Membrane Resistance
The resistance of the membrane was modelled by taking advantages of the
porous material model integrated into CFX. In the model, the porosity of
the membrane can be specified, as well as the resistance to flow in the mem-
brane.
In CFX, the momentum loss for a flow through a porous region is incor-
porated as a negative source term, i.e. an external force acting on the fluid,
described as a function of fluid viscosity, µ [Pa s], density, ρ [kg m -3], and
fluid velocity, Ui [m s -1], by the following equation:

SM|i =−
µ

Kperm
Ui−Kloss

ρ

2
|U|Ui (5.4)

Where Kperm [m2] is the permeability and Kloss [m -1] the quadratic loss
coefficient. In the expression Kperm arises from Darcy’s law, resembling
Equation 2.7, and explains the pressure drop due to laminar flow. This term
scales linearly with the fluid flow rate.
Kloss comes from the Forchheimer term, it represent the inertial losses, e.g.
the loss due to turbulent flow. The Forchheimer term is an expansion to
Darcy’s law, which adds a second order scaling with the flow rate.
Given that Kperm is found in the denominator, smaller values results in a
higher resistance, for Kloss the opposite holds true:

lim
Kperm→0+

Sm = ∞ ∧ lim
Kloss→∞

Sm = ∞ (5.5)

The momentum subtracted from the fluid by Equation 5.4 is a function of
the fluid velocity. However, in porous systems the velocity is an unclear
definition, as it can reference two different velocities; The superficial ve-
locity, U [m s -1], and the true velocity, U ′i [m s -1]. The superficial velocity
is what CFX saves between iterations, and it indicates the flow rate over
the volume, disregarding the porosity. The true velocity, which is the ac-
tual speed of the fluid, is calculated from the superficial velocity and the
porosity:

U ′i = γ Ui (5.6)

In CFX both values can be used in Equation 5.4. For the membrane simu-
lations the true velocity was used.
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For a porous membrane the flow through the membrane is distributed be-
tween many extremely narrow tubes, the flow can reasonably be assumed
laminar, thus only Kperm is needed to simulate the filtration process. The
numerical values for Kperm required for an applicable pressure drop over
the membrane are in the order of 10−10 [m2].

Membrane Definition
The design of the digital membrane was based on the real world equiva-
lent, as presented in Figure 2.9. In the digital abstraction of the ceramic
membrane there are three layers. The first layer is the filtration layer, γ f [-],
where the rejection occurs, it is also the layer with the smallest porosity
and highest resistance. The second layer is the membrane support, γs [-],
mainly there to give the membrane mechanical strength and as a result it
has a higher porosity. The third layer is the permeate channels, γw [-], there
to ensures free passage for the permeate. The three layers were assigned
porosity:

γw = 1 γs = 0.05 γ f = 0.025 (5.7)

The three layers are presented graphically in the liquid system paper, Sec-
tion 3.2, figure 3 in the paper.

Figure 5.7: Cut-out of the membrane, seen from the side. Dark orange;
filtration layer (γ f ). Light orange; support layer (γs). Blue; Channel layer
(γw). Grey: Steel sections. r0 is at the center of the membrane, which also
marks axes of rotation and h0 is the reference height for the center of the
membrane. rs and hs denotes the start of the supporting layer in r and y
direction, respectively. Likewise, r f and h f denotes the start of the surface
layer in r and y direction. At rm the membrane begins, before there is per-
meate channel in the full height of the domain.
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The next step was to determine where in the membrane domain to apply
each γ . As mentioned in Section 5.3.1, each domain should have uniform
properties. Accordingly, the membrane should be constructed from a min-
imum of three domains, one for each porosity. However these domains
would have to be tiny, making them cumbersome to work with, and the
meshing very difficult. To solve this problem, we found that an equation
could be used to describe the porous material, such that the surface layer
could have a different porosity, than the support layer.
The basic element in the description is a tanh function, it serves as a con-
tinual and differential if statement, comparing x to a critical value xc, i.e.

IF x > xc THEN 1 ELSE 0

becomes:
ψ(x,xc) = 0.5+0.5 · tanh

(
(x− xc) ·Λ

)
(5.8)

In the expression Λ [m−1] modifies the aggressiveness of the if function,
higher values results in a swifter change from 0 to 1.
The tanh( ) function was parried with length scale approximations, as pre-
sented in Figure 5.7. In the figure, two local length scales are defined, ra-
dius, r [m], and height, h [m]. The length scales are defined based on [x, y, z]
coordinates, which are easily obtained from CFX.

h(x,y,z) =
√

(y− y0)2[m] (5.9)

r(x,y,z) =
√

(x− x0)2 +(z− z0)2[m] (5.10)

The parameters [x0, y0, z0] are defined at that the center of the membrane,
i.e. (x0,z0) is placed in the rotational axis, and y0 a point in the center of
the permeate channel. The thickness of the different layers, are given in
Table 5.2. From these definitions simple statements can be constructed.

Table 5.2: Significant parameters for the membrane model. DCF152 used
as reference for positions and sizes. The axial and radial parameters are
comparative quantities, whereas [x0, y0 z0] are locations in space.

Axial Radial Other
Name [mm] Name [mm] Name
hmax 2.30 rmax 76.00 y0 12.25 mm
h f 1.86 r f 75.56 x0 0 mm
hs 0.83 rs 71.65 z0 0 mm

rw 13.88 Λ 103 -
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Figure 5.8: Representation of the three test functions, Ψ|i used to determine
which layer a point belongs to. The vertical extent of the membrane goes
from y = 9.95 mm to y = 14.55 mm. As indicated by Equation 5.13, the
sum of the three graphs will always be one.

One such a statement is Ψ(x,y,z)| f ,y, which returns 1 if a point is placed
in the filtration layer on the y-axis, i.e. the top or bottom of the membrane,
and 0 if the point is placed anywhere else.

Ψ| f ,y = ψ
(
h(y),h f

)
(5.11)

= 0.5+0.5 · tanh

((√
(y− y0)2−h f

)
·Λ
)

Likewise, it is possible to define a statement, which tests if a point is placed
in the support layer, again on the y-axis:

Ψ|s,y = ψ
(
h(y),hs

)
−Ψ| f ,y (5.12)

And then finally, to determine if a point is placed in the channel layer:

Ψ|w,y = 1−Ψ|s,y−Ψ| f ,y (5.13)

The three test functions are illustrated in Figure 5.8. As the y value ad-
vances, the functions turns on and off, individually, at any y value, only
one statement is true, i.e. returning 1. This functionality enables CFX to
determine the layer based on the y value alone. Isolating the problem to the
y-axis only, the porosity of a single point can then be found as:

γ = γw ·Ψ|w,y + γs ·Ψ|s,y + γ f ·Ψ| f ,y (5.14)
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However, the radial position also influences the porosity. For the radial di-
rection five additional test statements are needed, for the full membrane
definition. At the end of the membrane, the filtration layer should encapsu-
late the membrane, i.e. the supporting material should not touch the domain
boundary anywhere. At the inside of the membrane, the membrane edge is
not aligned with the end of the domain. A section of the domain is therefore
represented as a channel in the full height of the membrane.

Ψ| f ,r = ψ
(
r(x,z),r f

)
Identifies filtration layer at the end

Ψ|s,r = ψ
(
r(x,z),rs

)
−Ψ| f ,r Identifies support layer at the end

Ψ|w,r = 1−Ψ|w,r−Ψ|w,r Identifies where the y-axis controls
Ψ|m,r = ψ

(
r(x,z),rm

)
Identifies what is membrane

Ψ|p,r = 1−Ψ|m,r Identifies that is permeate only

The membrane domain is now fully defined, all that is left to do is to con-
struct a uniting expression, combining every statement.

Ψ(x,y,z) =γw Ψ|p,r +Ψ|m,r ·
(

γ f Ψ| f ,r +Ψ|s,r ·
(
γ f Ψ| f ,y + γs · (1−Ψ| f ,y)

)

+Ψ|w,r ·
(
γ f Ψ| f ,y + γs Ψ|s,y + γw Ψ|w,y

))
(5.15)

The resulting expression is massive, and better explained graphically. In
Figure 5.9 the membrane domain is shown, with the different layers colored
in. The layout at the end of the membrane is highlighted in Figure 5.9b,

(a) Full membrane, shown with free aspect
ratio.

(b) The end of the membrane, shown with
uniform aspect ratio.

Figure 5.9: The three layers of the membrane domain mapped by Equa-
tion 5.15. The blue area: Permeate channel (γw). The green area: supporting
layer (γs). The yellow area: filtration layer (γ f ).
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where the encapsulation by the filtration layer and the extended support
layer observed in the physical membrane.

Having defined the porosity for the entire membrane domain from a single
equation, the link from porosity to resistance was still missing. To mimic
the higher resistance in the surface layer, it was decided to express Kperm as
an exponential function of the porosity according to:

Kperm = exp
(

γ−1
α

)
[m2] (5.16)

The end result of this approach is a significant pressure drop at the mem-
brane edge, a small pressure drop in the support layer, and free flow in the
channel layer.
The value of α was determined by comparing the simulated resistance to
the experimental resistance, and adjusting α until the values aligned. Typi-
cal values was around α = 0.0325.

Additional Variables
In CFX additional variables are non-reacting scalar components that can be
transported by the fluid flow. They can be used to model, for example, the
distribution of a tracer through a liquid. CFX normally interprets additional
variables as either a concentration within the fluid domain, or as the result of
an algebraic equation. An additional variable can be transported with both
convective and diffusive process, including laminar and turbulent diffusion.

In the model of the dynamic filtration process, the particles were included as
an additional variable, rather than a separate phase. A system with a single
phase and an additional variable result in a lighter computational problem
than a simulation of a multi phases system. The better computational per-
formance comes at the cost of a higher degree of abstraction from the real
experimental conditions.

The additional variable representing the particle concentration, ConcA [-],
was included in the CFD problem. In CFX Pre it was specified, that for
ConcA the conservation equation was calculated according to the Trans-
port equation, meaning both diffusion and convection can transport ConcA
around in the domain.

The rejection of ConcA on the membrane surface can not be implemented
in CFX Pre, the graphical user interface used to define simulations, as the
options needed are hidden from the user. To circumvent this restriction the
CFX Command Language (CCL) was used. Using CCL files command
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Frame 5.1: CFX code Injection: Code to modify CFX at run-time.
Grants access of options not presence in the GUI, CFX Pre. In red
code about diffusivity. In blue code about rejection.
Comments in the code is prefaced with #

# Allows diffusivity to be calculated
# based on any parameter
RULES:

PARAMETER: Kinematic Diffusivity
Dependency List = ANY

END
END

# Modifies the boundary conditions
FLOW: Flow Analysis 1

DOMAIN: House_Rot # Name of domain
BOUNDARY: Memface Top Side 1 # Name of Boundary

BOUNDARY CONDITIONS:
ADDITIONAL VARIABLE: ConcA

# Sets-up the rejection of ConA
# on the membrane surface
Option = Zero Flux

END
END

END
BOUNDARY: Memface End Side 1

# Continues for each membrane boundary
...

END
END

END

line arguments can be used to alter the physics in the CFD problem. In
Frame 5.1 an extraction of the ".ccl" file used to modify the CFD physics
are shown. As shown in the code, the rejection was implemented by setting
the flux of ConcA on each membrane surface to "Zero Flux", an option
normally restricted to wall boundary conditions. This blocks any flux of
ConcA over the surface, making it a perfect membrane.
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The main problem identified with ConcA, as an additional variable, was
the absence of a natural numerical upper limit. This lead to the accumula-
tion of ConcA in a single point during the simulation, an impossible sce-
nario in the real world. The expected behaviour is the formation of a cake,
which grows in size, as ConcA, or the particles, start to accumulate. The
intended behaviour was engineered through the diffusion expression of the
additional variable. The diffusivity of ConcA, Diff_A [m2 s -1], was formu-
lated as a function, where ConcA is compared to a critical concentration,
ConcA_Lim [-]. If the concentration rise above ConcA_lim the diffusivity
rises exponentially, diffusing the accumulation away:

Diff_A =

{
ConcA < ConcA_Lim 0

ConcA >= ConcA_Lim Da
(5.17)

Da = exp((ConA−ConcA_Lim) · alpha)−1

Where alpha, [-], is a scaling parameter, its value should be as high as
possible while still maintain numerical stability, in order to ensure ConcA
remains around ConcA_lim. The diffusivity function is illustrated in Fig-
ure 5.10, also illustrated are the effects of varying alpha and ConcA_lim.

Figure 5.10: Illustration of the particle diffusivity model, see Equa-
tion 5.17, employed to limited the maximum particle concentration around
ConA_lim. The figure illustrates the effects of ConA_lim which moves the
unset of diffusivity, and alpha, which controls the gradient of the diffusivity
curve.
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However in the standard configuration CFX will not accept a diffusivity
calculated based on an additional variable. To lift this restricting CCL is
used. In Frame 5.1 the code lines needed to allow any parameters to be
used in the calculation of diffusivity is shown.

User Defined Functions
The algorithms used in the CFD solver routinely access values, such as
pressure, velocity, or temperature, from adjacent elements, this is what al-
lows for the resolution of the ODE system. When working with CFD prob-
lems spanning multiple domains, each domain is calculated isolated from
each other, as it improves the computational efficiency of the problem.
Information is transfer between the different domains through interfaces, a
special boundary condition, which can link two domains. Momentum and
mass conservation can be specified at the interface, linking the domains
seamlessly together. However, information from one domain is in general
not available in another domain.

Modelling, for instance transmission, where the concentrations on both side
of a barrier are need, this can be problematic. A Solution was obtained
through a CFD consulting firm, CFX Berlin Software GmbH. The solution
uses what is called user defined functions, a method to program additional
properties into CFX using FORTRAN routines.
The function is called OtherSide, and using it, values from the other side
of an interface can be obtained, in the first domain.

In the project OtherSide was used to find the pressure difference over the
membrane surface, in order to estimate the flux over the membrane, as well

Figure 5.11: Illustration of how mesh elements relates to the OtherSide
function. Each color represents a different domain, and the red line repre-
sent the domain boundary. The small circles represent nodes, contact points
between mesh elements. Blue circles are nodes present in only blue domain
only, likewise the green circles are in the green domain only. The multicol-
ored circles are shared between the domains.
Left: Structured mesh with similar element size on the boundary. Center:
Structured mesh with different element size on the boundary. Right: Struc-
tured and unstructured mesh meeting on the boundary.
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as finding the particle concentration on the membrane surface for resistance
estimation. In order for OtherSide to function in the simulations, the mesh
had to be designed in a specific way.
In Figure 5.11 the principle for the limitation to OtherSide is illustrated.
OtherSide works by identifying each node on the domain boundary and
mapping it to a corresponding node in the other domain. The mapping func-
tion only works if there is a clear opposite node for every single node on the
boundary. In Figure 5.11 the left example illustrates a well designed struc-
tured mesh, as all the boundary nodes have a present in both domains. The
center illustration is also a structured mesh, however due to size difference,
not all the nodes align, making it unusable for OtherSide. The left illustra-
tion shows the joining of a structured and an unstructured mesh. While the
nodes are closely positioned, the difference in generation method makes
boundaries of this type unusable for OtherSide.
Summarizing, in order to extract the opposite pressure at a domain bound-
ary using OtherSide, the edges of the two mesh have to be identical. In
practice, this is achieved by making a mesh that encompasses both domains,
and then specifying which elements belongs to which domain. The limita-
tion on the mesh design makes OtherSide cumbersome to work with, but
its features are crucial to the filtration model.

Boundary Conditions 5.3.4

The solution of a CFD problem requires the discretized fluid domain to be
bounded, meaning the boundaries of the domain must be well defined. For
the continuous filtration simulation the boundaries can be summarized as:

Feed Inlet: The feed inlet was set to the boundary type Inlet. Such a bound-
ary only allows for mass entering the domain, any flow with an out-
going vector will be blocked. For the specific case, the inlet was de-
fined as having a constant mass flow rate of Fin = 200 g min -1, which
is similar to the flow rate encountered in the real experiments. The
dimensionless concentration of particles in the inlet was defined as
cin = 0.2 [-].

Retentate Outlet: The retentate outlet was set to the boundary type Outlet.
Such boundary only allows for mass to leave the domain, any flow
with an in-going vector will be blocked. for the specific case, the out-
going flow was set to Fret = 50 g min -1, corresponding to 25 % of the
feed flow.
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Permeate Outlet: The permeate outlet was set to the boundary type Open-
ing. Such a boundary allows flow into, as well as out off the domain.
The local direction of the flow is determined by the fluid pressure
compared to the specified opening pressure. For the specific case, the
opening pressure was set to P0 = 1 bar, i.e. approximate atmospheric
pressure.

Interfaces: Two sets of interface boundaries were defined. The first in-
terface was set between the stationary bulk domain and the rotating
transitional domain. This interface translates the momentum from the
rotational frame of reference to the stationary frame of reference. The
second interface was set between the rotating transitional domain and
the membrane domain. This interface was defined as Conservative In-
terface Flux, i.e. free mass and momentum transport. In addition the
transport of particles over the interface was set to: Zero Flux, signi-
fying that no particles could cross the interface.

Walls The remaining boundaries were set to the boundary type Wall. A
wall boundary defines the edges of the simulation, and are imperme-
able boundaries. At the walls a no-slip condition is assumed, meaning
the fluid is stationary at the wall surface. For stationary walls placed
in a rotating Frame of Reference, the walls were defined as having
counter-rotating movement, effectively making it stationary.

The CFD problem must be well-defined and bounded before it can be
solved. Meaning, the problem must be formulated such that the boundary
conditions make physical sense, i.e. a steady state problem cannot bounded
by inlets and walls only, an outlet would be required. Here the inlet and
outlet were both defined with fixed mass flow. The difference between them
must leave the simulation elsewhere. Since the permeate outlet was defined
as an opening, the simulation can find an inlet pressure, that results in a flux
though the membrane, which completes the mass balance.

CFD Simulation 5.3.5
Once a CFD Problem is formulated, with geometry, physics and boundary
conditions, it can be solved. For steady state problems this means iterating
the final algebraic system, derived from the original PDE system, until the
problem is solved sufficiently accurate.
There are several ways to assess the quality of a solution. The most com-
monly used way is to monitor the residual root mean square (RMS) error
of the normalized relevant finite volume equations. In an exact solution the
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residual would be zero for all elements. In reality the residual RMS error
should drop below a threshold value, for instance 10 -4 or 10 -5, before the
solution is accepted to be numerically converged.
The quality of a solution can also be expressed through the domain imbal-
ances, i.e. the balance between in-going and out-going flows. If the imbal-
ance is large, there is an undesired accumulation in the steady state solution.
In general one should aim for an imbalance below 1% of the flow values.
Specially for steady state problems the parameters of interest, e.g. the pres-
sure, or particle concentration in the domain, should have reached a steady
value before the solution can be assumed to be converged.

Illustrating CFD Results 5.4
The following section presents a scenario investigated through simulation,
using the presented CFD geometry and methodology.

Visualization of the Inside of a Membrane 5.4.1
The inside of a membrane disc is inaccessible during normal operation of a
dynamic filtration unit, consequently there is no way to know with certainty
what is happening. Using CFD, a small window can be opened, and some
insides can be gained.
To illustrate this, a CFD problem with the following parameters was defined
in the established geometry. The integrate material water was used as the
fluid for the simulation:

Table 5.3: Definition parameters for simulation in Figure 5.12

F_in 169 g min -1

F_out 101 g min -1

alpha 0.0315
Rotation 80 rad s -1

For the membrane the technique covered in Section 5.3.3 was used to de-
scribe the porosity of the membrane. The solution of the simulations are
illustrated in Figure 5.12.
The membrane porosity is illustrated in Figure 5.12a. The sharp edge of the
membrane can be seen as a dark line in the figure. As explained during the
definition, the filtration layer at the exterior of the membrane has the lowest
porosity. The illustration is very similar to the theoretical porosity function
illustrated in Figure 5.9.
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(a) Illustration of the simulated porosity inside the membrane, based on Equation 5.15 The
colors and legend are logarithmically spaced to increase clarity.

(b) Showing the Pressure drop for the stationary membrane. The figure shows the pressure
as it drops from the 1.18 bar in the chamber to the 1 bar at the permeate outlet.

(c) Showing the pressure drop for the rotating membrane. The membrane is rotating at ω =
80 rad s -1. The pressure gradient inside the membrane is mirrored by a similar gradient in
the chamber.

Figure 5.12: Illustration of simulated values shown on the Y Z-Plane. Only
the left half-plane is shown, as the values are mirrored at the axis of rota-
tion. The grey areas represent the steel parts, which fixates the membrane
and isolates the permeate. The boundary between membrane and chamber
is marked by a black line.
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To isolate the effect of the membrane resistance, Figure 5.12b shows the
pressure for a stationary membrane. The effect of counter pressure is there-
fore absent, allowing a clearer view inside the membrane. The pressure in
the chamber is uniform, only at the membrane surface a pressure gradient
is observed. As a result of the strongly defined filtration layer, most of the
pressure drop is observed at the surface. The pressure along the center of
the membrane is therefore uniform and approximates the permeate outlet
pressure.
In Figure 5.12c the pressure field of a rotating membrane is shown. Both
in the chamber and inside the membrane a pressure gradient is seen in ra-
dial direction. This is the effect which give rise to the counter pressure, as
indicated in Chapter 3.

Resistance in the Fluid 5.4.2
With the CFD simulations, the goal was to simulate the resistance to filtra-
tion as it correlates to particle concentration. In this scenario, an attempt to
achieve this will be explained.
The approach make use of the CFX functionality, subdomain, which allows
for the specification of volumetric sources, such as mass, momentum, or
energy sources. To simulate resistance to filtration, the subdomain is used
to generate a negative momentum source. The subdomain was defined in
the entire chamber, i.e. wherever particles are present.
At high particle concentration, such as at the membrane surface, a signifi-
cant resistance and thereby pressure loss is expected, while at low particle
concentrations the pressure loss should be minimal.
The presented simulations make use of a simple correlation between parti-
cle concentration and resistance:

RLC = BoundConcA ·75m−1 (5.18)

Here BoundConcA is the dimensionless concentration of "A" bounded be-
tween 0 and 1. and the resistance loss coefficient, RLC [m -1], is a resistance
term mentioned in Equation 5.4. Higher values of RLC results in higher re-
sistance, and it scales quadratically with the fluid velocity.
To show how the resistance function interact with particle accumulation and
disc rotation, 8 cases were simulated. The set-up for each case was identical
except from the rotation speed, which varied between zero and 43 rad s -1

according to this list:

ω = [0, 6, 9, 14, 23, 29, 37, 43]rad s -1
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The parameters shared among the cases were:

• Fixed inlet mass flow rate: Fin = 169 g min -1

• Fixed outlet mass flow rate: Fout = Fin ·0.6
• Fixed permeate mass flow rate: Fperm = Fin−Fout
• Maximum Concentration of A: clim = 0.45
• Membrane resistance factor: alpha = 0.0331

In Figure 5.13 the velocity field of four selected simulations are shown. The
figure illustrates how increasing rotation speed affects the velocity of the
fluid. At high fluid velocities, the membrane is expected to more resistance
to particle accumulation.

Since the permeate flow is the same in each simulation, ∆P must be a func-
tion of the particle resistance, as well as the counter pressure, arising from
the rotation of the disc. Figure 5.14 displays the ∆P for each simulation. At
high rotation, the pressure can be described by:

∆P = ∆P0 +ω
2 · k (5.19)

Which is a simplified version of Equation 3.5 from Chapter 3, expressing
the correlation between membrane resistance, counter pressure, and ∆P.
At lower rotation, i.e. ω < 15 rad s -1, ∆P is higher than what would be
expected from Equation 5.19, indicating that the accumulation of particles
on the membrane surface is significant.
However, the connection between rotation speed and ∆P is not straightfor-
ward. ∆P was expected to be highest for the case with a stationary mem-
brane, however this is not what is shown.
For ω = 0 to 9 rad s -1 the pressure, and consequently the resistance, in-
creases. This indicates a higher accumulation of material on the membrane
surface as rotation increases, which is not in alignment with the general
understanding of dynamic filtration.
Starting from 9 rad s -1 and up, the behavior of ∆P is as expected, faster
rotation leads to lower ∆P until the effects of counter pressure becomes
dominant.

Using Figure 5.15 the observations of ∆P can be explained. The figure
shows both the particle concentration in the unit as well as the simulated
pressure field.
For the particle concentration, the left side of the figure, the dark areas at
low rotation illustrate how material is accumulated around the membrane.
Particular matter is carried with the fluid to the membrane surface and set-
tles here. At low disc rotation speed the system is unable to clean the mem-
brane, since the particle removal depends on diffusion and the flow between
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Figure 5.13: Uniformly scaled velocity field for four selected simulation.
The rotation speed of each simulation is stated in the center of the figure.
The remaining input parameters are shared between the simulations.
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Figure 5.14: Working pressure, ∆P, as a function of rotation speed. The red
line represents a numerical fit of the last 4 points to Equation 5.19.
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inlet and outlet alone. At higher disc rotation speed, the shear forces in-
duced by rotation dominates the removal of particles.
In the figure, the effect of particle resistance can be seen as a reduction
in the simulated pressure, before the edge of the membrane. Where there
is a strong accumulation of material on the membrane surface, the edges
of the pressure drop becomes blurred, indicating a loss of momentum, i.e.
pressure, in the cake layer.
Going back to the non monotonic behavior of ∆P seen in Figure 5.14. It can
be interpreted through Figure 5.15, where the three simulations for ω =
[0, 6, 9] rad s -1, all show a heavy accumulation of particles. However, the
distribution of the cake is not identical in the three cases. For the two lowest
cases, the bottom cake is concentrated towards the inside of the membrane.
In the "9 rad s -1 case", the bottom cake is distributed along the entire length
of the membrane.
We speculate, that it can be attributed to the rotation distributing the cake.
For the stationary case, the inlet/outlet flow keeps a section of the mem-
brane clean. For the rotating case, the area cleaned by the inlet flow moves,
meaning the cake is not removed. As a result, the cake layer formed on the
membrane surface covers more of the surface in the "9 rad s -1 case", than
in the slower cases.
In the right side of the figure, the pressure profiles reflect what is observed
with the cake formulation. In the third case, the permeate channel is colored
the deepest blue, indicating the lowest pressure is found in this case. For
both the 6 rad s -1 and the 14 rad s -1 case, the permeate pressure is higher.
This illustrates, the additional TMP need due to the cake layer.
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Figure 5.15: Illustrating the effect rotation has on particle accumulation
on the membrane surface, as well as absolute pressure. The turquoise line
denotes the rotational axis, and separates the view of particle concentration
from the pressure. Left: Uniformly scaled particle concentration. Right:
Uniformly scaled Absolute Pressure.
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Evaluating the CFD Model 5.5
In this chapter different aspects of membrane simulation are. Some interest-
ing concepts are devised in the pursuit of the perfect membrane simulation.

Particularly interesting is the algebraic description of the membrane do-
main. Making a formulation of the membrane porosity and resistance, which
can be described by Ψ(x,y,z), simplifies the meshing and formulation of
porous membranes. By changing the value of the reference point, i.e. [x0,y0,z0],
the function can be translated to different discs. This means, the approach
can be used to describe more complex units, such as a four discs unit, with-
out significant changes to the function.
The concept of defining domain properties by functions is presumably not
novel, but the power of the concept has been shown here. As an idea, it
could be used in numerous other problems, where it is easier to describe the
property with an algebraic expression than meshing the volume in detail.

Employing an additional variable as a substitute for a solid phase proved
challenging, yet it let to some interesting solutions. The diffusion expres-
sion for "A" is a good illustration. To control the local accumulation of A
the expression was refined multiple times. Equation 5.17 is the final itera-
tion in a succession of equations trying to ensure numerical stability.

The simulation of a membrane, as presented in this chapter, is a full volu-
metric approach. Both the membrane material and the particle resistance,
takes advantage of the strengths of CFD, using local volume based values.
However, the geometry and mesh need for these simulations are large, re-
sulting in high computation requirements. Meaning they either take a long
time to solve, or require significant capacity on a high performance com-
puter cluster. Within the scope of this thesis, there was not sufficient re-
sources to work exclusively with this approach.
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Chapter 6

CFD Simulation of Filtration

This chapter will cover an alternative approach to CFD simulation of fil-
tration processes. Abandoning the idea of resistance as a property of the
liquid, and that the pressure loss happens between the particles, this ap-
proach makes use of flux functions defined at the membrane surface. This
increases the level of abstraction in the simulation, but results in faster and
more stable simulations.

Simplified Geometry 6.1
The 3D representation of the laboratory dynamic filtration unit with cor-
rectly placed inlet and outlet as well as a general complicated geometry
provided good results for the simulations. However, due to the high number
of elements in the mesh, the computational requirement for any simulations
were immense. This was especially problematic for transient simulations,
where time-stepping required prolonged computation time on the cluster.
To simplify the computational problem, an alternative geometry was con-
structed. The aim was to design a geometry, fitting for a structured mesh
and to reduce the number of elements needed to mesh the domain. Overall
the effect should be reduced computational time, allowing for more simu-
lation in the same time. The alternative geometry is shown in Figure 6.1.
The membrane and fluid domain around it display a high degree of rota-
tional symmetry, it is therefore feasible to depict the filtration unit, by only
meshing a slice of the full geometry. This was done by meshing a 45◦ slice
of the filtration unit.
The aspects of the filtration unit, which are not rotational symmetrical, are
the openings in the chamber. This was addressed by moving them into the
center of the unit.
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Figure 6.1: Illustration of the alternative geometry used to simulate dy-
namic filtration processes. The figure shows key features of the digital
model. The top, end, and right wall are transparent, the remaining walls
are colored grey.
Membrane boundaries: Yellow. Inlet boundary: Blue. Retentate outlet:
Bright red. Permeate outlet: Dark red. Rotational wall: Magenta.

The inlet was placed in the top of the domain, this also corresponds with
the new layout of the experimental unit, which was adjusted to the finding
in Section 5.2. The outlet was similarly moved towards the center.
At the rotational axis the domains were reduced, such that the mesh ends
with a surface rather than a sharp line. This makes the geometry easier to
follow with a hexahedral mesh. The axial-wall was defined as a free-slip
boundary, such that it would not impact the simulations.

Flux Defined Filtration 6.2

An alternative way to simulate filtration in CFD is to calculate the flux on
the membrane surface using an algebraic equation. In the approach first
used to simulate filtration, the resistance to filtration arises from volumetric
properties, i.e. properties of the domains. This holds true for both the mem-
brane resistance, defined as a function of the membrane porosity, and the
particle resistance, defined by the particle concentration.
In this approach, the flux is calculated based on surface properties, i.e. the
pressure and the particle concentration, both at the membrane surface. This
eliminates one of the strengths of CFD, the ability to simulate a fluid vol-
ume, keeping track of the local concentration and pressure gradients. The
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surface technique is however often used in CFD, since it is easier to imple-
ment.
In the surface centered approach, the membrane is defined on the domain
boundary between two domains, the House domain and the Permeate do-
main. The boundary is defined as a no slip wall, meaning the two domains
are functionally disconnected, shearing no information. However, by defin-
ing a continuity source on a surface, a flux within the domain can be mim-
icked.
The boundary continuity source is set to have a Fluid mass flux, see Ap-
pendix C. The equation used to define the mass flux at the membrane sur-
face is the ever-present Darcy’s law:

J=
TMP
µ R

(6.1)

For the CFX implementation, the expression was heavily modified.

Driving Pressure
In order to use Equation 6.1 to calculate the flux, the pressure difference
across the membrane has to be obtained. In the House domain, the House
pressure is readily available, since it is a property of the domain. However,
the Permeate pressure is not available, since the two domains are discon-
nected. To resolve the pressure on the membrane side, the function Other-
Sideis needed. As described in 5.3.3 the function can extract information
across a boundary, as long as the two domains share nodes in the mesh.
In the CEL code, used to expand the functionally in CFX, the TMP can be
determined by:

TMP = 10−5×Function_Otherside(1.)︸ ︷︷ ︸
Pressure Permeate

−Absolute Pressure︸ ︷︷ ︸
Pressure House

(6.2)

The House pressure is obtained through Absolute Pressure, a domain vari-
able with the units [bar]. The Permeate pressure is obtained using the Oth-
erSide function calling index 1, which returns the absolute pressure in [Pa],
therefore the need for scaling with a factor of 10−5.
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Hydrodynamic Permeability
The remaining parameters from Equation 6.1 are collected in the hydro-
dynamic permeability, H [s m -1]. The resistance, R, is the sum of all re-
sistance sources. In the surface flux implementation there are two types of
resistance, the membrane resistance and the cake resistance. In CEL the
constant membrane resistance is refereed to as Cont_Rm and the cake re-
sistance Func_RCakeHouse. Since the cake resistance is calculated from
the particle concentration, it is specific to a domain. The expression for the
House domain:

Func_HHouse =
Density

1[Pa s] · (Cont_Rm+Func_RCakeHouse)
(6.3)

The variable Density is extracted from the domain. The cake resistance is
calculated using a function inspired by the findings in Section 4.4, i.e. the
resistance is described as a power function of the particle fraction.

Func_RCakeHouse = Cont_Rp0 ·
(

Func_BoundA
Cont_LimA

)Cont_RpPower

(6.4)

Where Func_BoundA is the particle concentration, ConcA, bounded be-
tween zero and Cont_LimA, Func_RCakeHouse is the maximal particle
resistance, and Cont_RpPower defines the shape of the resistance growth.
The code used on the permeate side is similar, with one vital difference.
Since the particle concentration in the house is needed, OtherSide is needed
again. Here OtherSide is called with index 2 to return ConcA.
In Frame 6.1 the CEL code developed to implement the surface mass flux
is reproduced. Please note that every function exists in two versions, one
for the House domain and one for the Permeate domain.

To increase the stability of the simulation it is advantageous to define a
Mass Flux Pressure Coefficient, for the boundary source, see Appendix C.
In essence, it is the pressure gradient of the flux. The hydrodynamic perme-
ability, H, can be used for this purpose.
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Frame 6.1: CFX CEL Expersion for surface flux:
Overview of CEL code used to create a surface flux at the mem-
brane surface. Bold typeface denotes functions. Italic typeface de-
notes domain variables.
Function_Otherside(x) returns for x = 1: Absolute pressure, for
x = 2: ConcA.

1 Cont_Rm = 3 e8 [m^−1]
2 Cont_LimA = 150
3 Cont_RpPower = 10
4 Cont_Rp0 = 6 e9 [m^−1]
5 Cont_Viscos = 1 [ Pa s ]
6 Func_BoundA = min ( max ( ConcA , 0 ) , Cont_LimA )
7 Func_BoundAOthers ide = min ( max ( Funct ion_Others ide ( 2 . )

/ 1 e5 [ kg /m^ 1 / s ^ 2 ] , 0 ) , Cont_LimA )
8 Func_FluxHouse = Func_HHouse * ( (1 e−5) *

Funct ion_Others ide ( 1 . ) − A b s o l u t e P r e s s u r e )
9 Func_FluxPerm = Func_HPerm * ( (1 e−5) *

Funct ion_Others ide ( 1 . ) − A b s o l u t e P r e s s u r e )
10 Func_HHouse = D e n s i t y / ( ( Cont_Rm + Func_RcakeHouse )

* Con t_Viscos )
11 Func_HPerm = D e n s i t y / ( ( Cont_Rm + Func_RcakePerm ) *

Cont_Viscos )
12 Func_RcakeHouse = ( Func_BoundA / Cont_LimA ) ^

Cont_RpPower * Cont_Rp0
13 Func_RcakePerm = ( Func_BoundAOthers ide / Cont_LimA ) ^

Cont_RpPower * Cont_Rp0
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Simulation of Particle Separation 6.3
Using the simplified geometry and the algebraic defined flux the concentra-
tion of particles could be simulated in a different way.
To simulate accumulation of particles in the chamber during a filtration
run, a transient simulation is needed. Best practice is to have a fully con-
verged steady state simulation, that can define the initial conditions for the
transient simulation. The initial conditions define the pressure and velocity
field, such that they are established at the start of the transient simulation.
The steady state solution was produced by simulating the particle free sys-
tem. For the mass balance of the system, five input parameters were defined,
see Table 6.1.
The solver resolved the mass transport problem, obeying the boundary con-
ditions. The positive pressure at the inlet boundary results in a flow to the
permeate, its magnitude is determined by the energy lost to membrane re-
sistance, as well as counter pressure. The boundary flows found at conver-
gence are given in Table 6.1. At convergence the error in the overall mass
balance, Ferror, was found be 5.5×10 -1 % the feed flow.

Table 6.1: Input and resulting output parameters for the simulation of the
steady state initial condition.

Input Parameters Output Parameters
Pin 0.25 bar Fin 31.99 g min -1

Pperm 0 bar Fperm 21.36 g min -1

FRet 10.62 g min -1 Ferror 0.002 g min -1

ω 25 rad s -1

Rm 3×108 m -1

In addition to the holistic solution, the local velocity field was also estab-
lished as part of the solution, it is illustrated in Figure 6.2. In the center of
the figure, the spinning disc can be seen shining brightly, indicating that
the highest velocities are found here. This shows, that the rotating mem-
brane dominates the flow profile, and as expected from the general idea of
dynamic filtration, the feed flow is insignificant.
In the figure, the tangential flow is indicated by black arrows. As it was
seen in the full scale CFD simulations, there are two vortex zones in the
unit, one above and one below the membrane.
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6.3 Simulation of Particle Separation

Figure 6.2: Velocity field in stationary frame of reference. The slice is seen
from the side. The spinning disc can be seen in the center as a bright rect-
angle. The black arrows indicate the flow direction of the tangential flow.

Transient Simulation 6.3.1
Having defined the initial system, the transient process of particle separa-
tion could be simulated. For the transient problem, the inlet boundary was
changed, such that flow contained particles with a volume fraction of 33 %.
The system was simulated for 15 minutes (900 s), advancing in time-steps
of 0.1 seconds. This was sufficient to reach steady state for the separation
process. Figure 6.3 shows the average particle fraction of particles within
the unit. The concentration profile follows a classical exponential behavior,
as would be expected the initial phases of a continuous process. In Fig-
ure 6.4 and Figure 6.5 the same process is shown as a series of snap shots.
Here the local accumulation of particles within the unit can be examined.
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Figure 6.3: Particle accumulation in the chamber as a function of time.
Volume fraction calculated as the average fraction of the whole unit.
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Figure 6.4: Illustration of the development in the solid fraction within a
laboratory DCF unit. Shown for T = 0, T = 18 [s], T = 30 [s], and T = 60
[s].
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Figure 6.5: Illustration of the development in the solid fraction within a
laboratory DCF unit. Shown for T = 120 [s], T = 240 [s],T = 480 [s], and
T = 900 [s].
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In Figure 6.4 four snapshot from the first 60 seconds of the simulation are
shown. The cartoon strip illustrates how the particles migrate from the inlet
position and into the chamber. Initially, the particles are contained above
the membrane, as the upper vortex catches the particles. Consequently, the
particle fraction increases above the membrane before the particles migrate
below the membrane. At t = 60 s, the particle fraction in the chamber have
started to equalise, i.e. the particles caught in the vortex above the mem-
brane, have partly migrated around the membrane with the down-going
flow.
In Figure 6.5 four additional snapshots from 120 seconds to 900 seconds
are shown. This second cartoon strip illustrates what happens when the
filtration unit approaches steady state. At 120 seconds the particle fraction
has with certainty equilibrated, and at later time-steps, the particle fraction
is highest below the membrane.
At 900 seconds, the membrane surfaces above and below both display inter-
esting phenomena. The particle fraction along the top membrane is lower
than the fraction in the bulk of the feed compartment. Based on the vor-
tex indicated in Figure 6.2, the particle fraction is lower, since the feed to
the left is pulled along the membrane surface, diluting the slurry. In the
retentate compartment, the particle fraction is higher along the membrane
surface, than in the bulk. Here, the vortex pulls the slurry to the surface at
outlet conditions, and it is further concentrated along the membrane.
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Figure 6.6: Permeate flux through three different membrane surfaces at
fixed feed pressure.
Top: The membrane surface in the feed compartment. Bottom: The mem-
brane surface in the retentate compartment. End: The membrane surface
describing the out edge of the membrane.
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Since the simulation was performed with fixed feed pressure, the presence
of particles in the chamber influences the filtration rate. In Figure 6.6 the
changing flux through the different membrane surfaces in the chamber are
illustrated. Comparing the development in the flux curves, with the particle
fraction in Figure 6.3, the correlation with particle fraction is evident.
The presence of particles affects the flux in the two compartments differ-
ently. Before the particle accumulation becomes significant the flux is iden-
tical for the bottom and top side of the membrane. However, as the simu-
lation progresses, the higher particle fraction in the retentate compartment,
seen in Figure 6.5, results in a lower flux through the bottom membrane
surface.
The decline in flux with increasing particle fraction is a reflection of the
increasing TMP with particle fraction, see Chapter 4. The experiments con-
ducted in Chapter 4 were done with fixed flux, whereas these simulations
have been done with fixed pressure. The effect seen in both approaches
are identical, since the correlation between transmembrane pressure, TMP,
resistance, R, and flux, J can be stated as:

TMP
J
≈ R (6.5)

The expression can be interpreted as follows: As the resistance increases,
either TMP or J must change. As the experiment was done with constant
J, the TMP changed. For the simulation, the TMP was constant, thus the J

changed.
For simple comparison it would have been better to simulate the separa-
tion process at fixed flux, and not fixed pressure. However, by posing the
CFD problem with fixed flow involved significant challenges, which will
be covered in the next section.
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Discrepancy in the CFX Solver 6.4

One of the more interesting aspects of defining the membrane as a boundary
source was the identification of an problem, which in CFX is unsolvable,
but can be solved by analytically. The problem is reproduced here as a
minimal working example (MWE), in order to illustrate this shortcoming
in CFX.
The MWE is designed as a dead-end filtration in a pipe, see Figure 6.7. The
setup is designed to find the inlet mass flow, Fin [kg s -1], which satisfies
the momentum and mass balance for a specified inlet pressure, Pin [bar].
Alternatively, for a specified Fin, to find the corresponding Pin.
The problem is sufficiently simple, that it can be solved analytically, if
the right assumptions are made. The mass flow through the membrane, Fm
[kg s -1], is calculated from the pressure difference between the pressure at
the membrane surface, Pm, and the reference permeate pressure Pperm:

Fm = H ·A · (Pm−Pperm) (6.6)

Here A [m2] is the membrane area and H [kg m -2 s -1bar -1] the permeabil-
ity. In the MWE the permeate pressure is fixed at Pperm = 0. For the MWE
the length of the pipe has been chosen, such that the pressure drop along the
pipe is negligible compared to the expected pressure drop over the mem-
brane. Therefore it can be stated that: Pin≈ Pm. And since there are no other
outlets from the pipe, but the membrane wall, conservation of mass dictates
Fin = Fperm in the MWE.

Figure 6.7: Sketch of the geometry of the minimal working example. Red:
Inlet boundary condition, defined with either fixed mass flow or fixed pres-
sure. Orange: Membrane boundary condition, defined with a pressure de-
pending flux. Black: Wall boundary conditions.
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The momentum balance of the MWE can therefore be stated as:

Fin = Pin ·H ·A (6.7)

Where H and A are given as:

H =
ρ

µ Rm
= 0.4985 kg s -1 m -2 bar -1

A = 1×10 -6 m2

In Table 6.2 two scenarios of the MWE are given, one with fixed Pin and
one with fixed Fin. The table also lists the expected corresponding value for
each scenario.

Table 6.2: Specification of the fixed parameter in the MWE, the expected
corresponding output parameter according to Equation 6.7. The resulting
values from the simulation are also given.

Fixed Expected Simulated

Fixed Pressure 0.33 bar 1.6×10 -7 kg s -1 1.6×10 -7 kg s -1

Fixed Flow 2.0×10 -7 kg s -1 0.40 bar 0 bar

The sketch in Figure 6.7 was worked into a structured 2D mesh, see Fig-
ure 6.8, and the two scenarios formulated as steady state CFD problems
in CFX. The scenarios were simulated for 1000 iterations. The fixed pres-
sure case was converged after less than 25 iterations, the fixed flow never
converged.
The values extracted from the simulation are also given in Table 6.2. For the
fixed pressure scenario, there is full agreement between the analytical and

Figure 6.8: CFD Mesh for the MWE. The mesh is designed as a pseudo 2D
simulation, consequently only 3 nodes are needed for the z-dimension. The
mesh is refined before the membrane surface, to increases the accuracy of
the boundary layer.
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the simulated solution. For the fixed flow scenario, there is no connection
between the two values.
In Figure 6.9 the fluid velocity field is shown for both scenarios. For fixed
pressure the velocity field appears normal, for the length of the pipe the flow
approximates Poiseuille flow, i.e. flowing fastest in the center and stationary
at the walls. At the membrane surface, the flow is distributed over the full
membrane area, a response to increased flow resistance.
For a fixed flow rate, the velocity field appears strange, the initial veloc-
ity from the inlet boundary disappears into nothing, the momentum is not
carried to the membrane surface. CFX is not able to close the mass and
momentum balance. In the simulation liquid enters the domain at a rate of
2× 10 -7 kg s -1 without impacting the simulation, i.e. there is no pressure
increase or outgoing flow.
The algebraic flux is therefore limited to CFD problems, that can be for-
mulated as fixed pressure problems. The procedure used for the real world
experiment, i.e. fixed permeate or feed flow is unavailable.

Figure 6.9: Illustration of the fluid velocity for both the fixed pressure and
the fixed flow scenario. For fixed pressure, the velocity field appears nor-
mal. For fixed flow, the momentum of the fluid disappears.

142 / 210
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Back Mixing in the Engineering Model 6.5

After the resistance model developed in Section 4.5 was implemented in
the engineering model its performance was tested with experimental data.
Figure 6.10 illustrates an attempt to reconcile the experimental data with
the model. As shown in Figure 6.10a, there is little correlation between
experimental ∆P and modelled ∆P. This is, despite the fact that membrane
resistance, rotation speed, and cake resistance parameters were all taken
from the specific experiment, i.e. this is an ideal case for the model.

In the engineering model, the laboratory dynamic filtration unit has two
compartments, one above the membrane and one below the membrane. In
the experiment, as well as in the model, the feed was introduced behind the
membrane, and permeate drawn from both sides of the membrane. During
the experiment the retentate was closed off. Since the engineering model is
designed as a compartment model, the particle concentration in each com-
partment during the filtration can be estimated, see Figure 6.10b.
As illustrated in the figure, the concentration in the two compartments devi-
ates significantly from each other. In the retentate compartment, the particle
concentration is approaching the density of the dry CaCO3, which should
be impossible. Moreover, the particle concentration in the feed compart-
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Figure 6.10: Replication of a single experiment (Experiment 9) from the
particle paper, meaning the unit was operated without retenate flow. In
green, the pressure as recorded. In blue, engineering model values. The
engineering model used without back mixing.
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ment is very low, not much higher than the feed concentration.
A potential interpretation of the scenario; particles could, in the engineering
model, accumulate in the retentate compartment, practically blocking any
flux from the compartment. However, the same accumulation, meant that
the filtration in the feed compartment was unaffected, no particles in the
feed compartment meant that the resistance remained low.
This conflicted with our understanding of the technology. For instance, in
the CFD simulations, such a high level of particle accumulation had never
been observed.
Based on this insight, the idea of back mixing was devised. Back Mixing is
the idea of a local stream, which flows against the overall direction of the
flow.
In the original formulation of the engineering model plug flow through the
disc stack was assumed. The information from one compartment was ap-
plied forward, i.e. from compartment i to compartment i+1, and the com-
partments could be calculated sequentially. The concept of back mixing
departs from these assumptions, by inserting a flow from compartment i
back to compartment i−1.
Before back mixing could be implemented in the engineering model, an
approximation of its magnitude was needed. As back mixing occurs within
the filtration unit, it is difficult to measure with an experiment. But CFD,
where the internal flows and concentrations are freely available, is well
suited to answer the question.

Quantification of Back Mixing by CFD 6.5.1
In order to investigate the existence and magnitude of any back mixing
CFD was used. In the one disc system, the existence of back mixing would
show as a transport of particles from the retentate compartment to the feed
compartment. During normal operation this effect would be hard to observe
and measure. However, in CFD it was possible to design a simulation to
investigate back mixing.
For the investigation the system presented in Section 6.1, with algebraic
flux, was used. The geometry is shown in Figure 6.1.
The simulation was initialized with a high concentration of particles in part
of the chamber, see Figure 6.11(top). The additional variable "ConcA" was
defined as having a value of 75 in the volume below the membrane center
plane, and in the volume above the membrane center plane it was defined
as 0.
At the inlet the fluid was defined as a a particle free liquid, with a con-
stant pressure. The membrane surface was defined as using the filtration
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equations presented in Section 6.1. In the permeate domain the outlet was
set as a constant pressure opening. No additional outlet was defined in the
simulation.
Consequently, the pressure difference between the inlet and the permeate
outlet determines the membrane flux and therefore the feed flow. The sys-
tem was simulated as a transient CFD problem until steady state, evaluated
based on the local particle concentration, was reached.
Since all particles are rejected at the membrane surface and no further par-
ticles are added to the simulation, the average concentration in the system
must remain constant.
If there is any back mixing in the simulated system, a portion of the parti-
cles, placed below the membrane at the start of the simulation, will migrate
to the volume above the membrane with time. In Figure 6.11(bottom) the
particle concentration at steady state is shown. The particle concentration
clearly demonstrates that particles migrated from below the membrane to
the top of the membrane, revealing the existences of back mixing.

Figure 6.11: 2D representation of the particle concentration in the fluid
domain. Note the color scale was limited to 55, to improve visualisation at
steady state.
Top: Initialized particle concentration. The concentration was fixed at 75
in the purple area and zero in the blue area.
Bottom: Steady State particle concentration.
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Figure 6.12: 2D Illustration of the fluid domains in the CFD simulation of
back mixing. The blue area is the fluid domain. The cyan area is the perme-
ate domain. The fluid domain is separated into two compartments, marked
by the red boxes. Fluid flows between the compartments and properties of
interest are shown in the figure.

Since the average concentration in the system is constant, the distribution
of the particles can be used to infer information about the magnitude of the
back mixing flow. In Figure 6.12, the simulation has been partitioned into
compartments according to the procedure used in the engineering model:
The feed compartment, with a concentration of c f [-], and the retentate
compartment, with a concentration of cr [-]. Between the two compartments
two flows, the forward flow, F↓ [g min -1], and the back mixing flow, F↑
[g min -1], are present. Additionally, the permeate flow, Fp [g min -1] through
the bottom of the membrane was monitored. The mass balance for the re-
tentate compartment can be formulated, both for the liquid balance and the
particle balance:

F↓ = F↑+Fp (6.8)
F↓ · c f = F↑ · cr (6.9)

Through substitution the back mixing flow can be determined as:

F↑ = Fp ·
c f

c f − cr
(6.10)
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Table 6.3: Simulation specific input variables and the resulting output for
the simulation shown in Figure 6.11.

Input Output
∆P 0.33 bar c f 34.1 -
ω 55 rad s -1 cr 39.7 -
Fp 83.1 g min -1 F↑ 507 [g min -1]

F↓ 590 [g min -1]

For the simulation shown in Figure 6.11, the simulation specific input pa-
rameters are listed in Table 6.3, together with the resulting output. The
magnitude of the back mixing flow identified by Equation 6.10, is more
than twice the volume of the retentate compartment, 200 mL, entailing a
residence time of around 24 s.
Given that, making multiple simulations of an established CFD system is
easy, the back mixing flow was investigated by independently varying two
parameters, which were suspected to influence the magnitude of the back
mixing flow. The varied parameters were the disc rotational speed and the
permeate flow rate through the lower membrane, regulated by changing ∆P.
For the disc rotation seven different speeds between 10 and 100 rad s -1 were
investigated. For the permeate flow rate, seven different values between 24
and 142 g min -1 were investigated. In Figure 6.13 the grid of investigated
parameters set are shown. For each parameter set the magnitude of the cal-
culated back flow is indicated by the size of the circle. The figure clearly
shows that the disc rotation speed is a significant parameter in determining
the back mixing flow. The permeate flow rate has a minor impact on the
back mixing flow, imperceptible in the bobble plot.
The impact of permeate flow rate was disregarded, and the impact of rota-
tion analyzed. It was found that the back mixing flow could be explained by
Equation 6.11. The symbol was changed from F↑ to QB to signify the shift
from simulation data in mass flow for single disc system to an estimation
for the general compartment model in volumetric flow.

QB = k1 ·
√

ω + k0 R2
= 0.975 (6.11)

k1 = 86.3mL min -1 (rad s -1) -1/2 k0 =−137mL min -1

The fit is overlaid on the simulation data in Figure 6.14, and shows a good
correlation between the back mixing estimate and the simulated data.
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Figure 6.13: Bobble plot of the investigated input parameters in the CFD
simulations and the resulting back mixing flow. The area of each bobble
represent the magnitude of the back mixing flow.
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Figure 6.14: Illustration of the back mixing flow as a function of membrane
disc rotational speed. The blue circles represent the mean and standard
deviation of 7 simulations at different permeate flow rates. The red line
shows the fit to Equation 6.11.
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Updating the Engineering Model 6.5.2
The new understanding of the back mixing flow means the engineering
model has to be updated. This is done by including back mixing in Equa-
tion 4.21. The original volume balance expression was:

Vc
dVp|i

dt
= Qi -1Vp|i -1−QiVp|i for i = 1 . . .N (6.12)

Here Vc is the compartment volume and Vp the pellet volume. Back mixing
was defined as a flow going opposite the primary flow, denoting a particle
transport from compartment i+ 1 to i. However, in order for the overall
liquid mass balance this means that the forward flow from i to i+1 must be
larger than the net flow between the compartments, see Equation 6.8. For
compartment i the forward flow, can be written as: QF = Qi +QB. And the
new equation system can be written as:
For the feed compartment:

Vc
dVp|1

dt
= Q f w f Vc− (Q1 +QB)Vp|1 +QBVp|2 for i = 1 (6.13)

For a general compartment:

Vc
dVp|i

dt
= (Qi -1 +QB)Vp|i -1− (Qi +QB)Vp|i

+QB ·
(

Vp|i+1−Vp|i
) for i = 2 . . .N−1

(6.14)

And for the retentate compartment:

Vc
dVp|N

dt
= (QN -1 +QB)Vp|N -1−QN Vp|N−QBVp|N for i = N (6.15)

These equations can be extended to protein transport, by the addition of a
term to account for the mass lost through the permeate.
The benefit of back mixing flow can be seen in Figure 6.15. The modelled
pressure, with back mixing, shown in Figure 6.15a resembles the recorded
pressure much better than the pressure model without back mixing.
The particle concentration in each compartment, shown in Figure 6.15b, are
more balanced with back mixing. Yet, the retentate compartment still has
the highest particle concentration. This aligns with our process understand-
ing, for instance from the Dansk Kemi article.
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Figure 6.15: Replication of a single experiment (Experiment 9) from the
particle paper. In green, the pressure as recorded. In blue, model values
without back mixing. In red, model values with back mixing.
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Chapter 7

Proteins and Transmission

Introduction to Transmission 7.1

To recover a bio-pharmaceutical product, it is not sufficient to separate the
cells from the liquid phases. In order for the recovery process to be suc-
cessful, the therapeutic proteins must also be separated from the cells. If
the proteins are not found in the permeate, the recovery process might have
removed the cells, but the product was not recovered.

In filtration, the ability of the protein to follow the permeate is described by
the transmission, T [-]. It is a relative measure, that compares the concen-
tration of a species in the permeate, cp [kg m -3], with the concentration of
the same species on the membrane surface, cm [kg m -3].

cm ·T = cp⇔ T =
cp

cm
(7.1)

Rejection, R [-], is a comparable concept. It is used to describe how well
a species is withheld by a membrane. One can calculate transmission from
rejection as T = 1−R, and vice versa.

The transmission of a therapeutic protein can be hard to predict, as nu-
merous factors effect transmission. In fact, just measuring the transmission
can be difficult since the value of cm is difficult to obtain. For instance,
can the polarization of proteins at the membrane surface increase the local
concentration compared to the bulk concentration. The concentration in the
retentate, cr [kg m -3], is often the only practical obtainable measurement.
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The transmission is therefore often given as the apparent transmission

Ta =
cp

cr
(7.2)

For practical applications Ta is sufficient to describe the filtration process.
Since cm > cr due to polarization, it must follow that T < Ta, meaning the
real transmission is often lower that the measured apparent transmission.

Redefining Concentration 7.1.1
The protein concentration in a particle slurry can be reported in two ways,
either as the total concentration or as the liquid concentration. The total
concentration is the amount of protein over the total volume of sample.
The liquid concentration is the protein concentration in the liquid volume
fraction of the sample. Of these two concentrations, it is the liquid concen-
tration, which holds the most interest. It can be determined by HPLC or
similar methods. It is also the liquid concentration, which is employed in
Equation 7.2, to calculate the permeate concentration.
A key property of the liquid concentration is that, it can be defined inde-
pendently of the particle concentration in the sample.
Section 4.4 presented the idea, that a slurry is comprised of a liquid phase
and a pellet phases. In addition, the pellet itself contains both liquid and
solid. No matter how compressed a pellet is, there will still be a void be-
tween the particles, which can be occupied by the liquid phase. Through
experience, the solid content in a pellet, φ [ -], is known to be approximated
by:

φ =
Vs

Vp
= 0.63[-] (7.3)

Where Vs [m3] is the solid volume, and Vp [m3] the pellet volume. Using
φ , the liquid volume Vl [m3], in a sample of size V [m3], can found as a
function of the particle volume fraction, w [ -]:

Vl =V · (1−wφ) =V −Vp φ =V −Vs (7.4)
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The protein concentration, c [kg m -3], in the sample can be defined from
the mass of protein, m [kg], and the volume of liquid:

c =
m
Vl

=
m

V · (1− wφ)
(7.5)

Adopting this definition for protein concentration means the actual protein
concentration can be determined at all times, even for system where the
solid content changes considerably, as during a microfiltration run.

Mathematical Reflection for Transmission 7.2
An exact mechanistic model of protein transmission in a system, with all
its different dependencies would be the best case for process development.
However, it is most likely a dream, as transmission is hard to predict. In the
absence of a good transmission model, a rough approximation can still be
used to gain understanding of how transmission affects a recovery process.

Introduction Scenario 7.2.1
Using the system in Figure 7.1 as reference, a study in transmission will
be made. The system is a simple representation of a filtration system, con-
sisting only of a chamber and a membrane. The chamber is assumed well
mixed, i.e. having uniform particle and protein content.

Figure 7.1: Illustration of a simple filtration setup, with feed inlet, retentate
outlet and permeate outlet. The retention of particles is assumed perfect,
and the resistance to filtration is not considered.
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Given the following expression for transmission:

cp = cc ·T (7.6)

That is, if the chamber concentration, cc [kg m -3], is known, the permeate
concentration, cp [kg m -3], is given by the transmission, T [-], which itself
is described by an yet undetermined function.
In the system, three species are found; a solvent, solid particles, and dis-
solved proteins. As done in Chapter 4, the particles are accounted for as
pellet volumes, Vp [m3]. The volume balance of the particle system can be
stated as:

dVp

dt
= Q f w f −Qr wc = Q f w f −Qr ·

Vp

Vc
(7.7)

Here Q f [m3 s -1] and Qr [m3 s -1] are the feed and retentate flow, w [ -] the
pellet volume fraction, and Vc [m3] the volume of the chamber.
The protein mass balance is slightly more complex. As the proteins are
only present in the liquid phases, the liquid volume fraction must be kept in
mind at all times. For the inlet, the protein feed concentration, c f [kg m -3],
must be multiplied by the liquid fraction of the feed flow. Likewise, for the
retentate outlet, where the proteins have the same concentration as in the
chamber, cc [kg m -3], but only a fraction of retentate is liquid. The amount
of proteins removed by the permeate is controlled by cc and the transmis-
sion.

dmc

dt
= Q f · (1−w f φ) · c f −Qr · (1−wc φ) · cc−Qp · cc ·T (7.8)

The expression can be formulated using only the inlet values (index f ) and
known terms:

dmc

dt
= Q f · (1−w f φ) ·c f −

mc

Vc−Vp φ
·
(

Qr ·
(

1− Vp φ

Vc

)
+Qp T

)
(7.9)

Using these differential equations, the system can be solved for hypotheti-
cal transmission functions.
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Different transmission function can be imagined. The most simple is the
linear relationship, where the transmission is described by a constant:

T = k k = [0;1] (7.10)

Here k = 0 corresponds to complete rejection of the proteins, and k = 1 to
full transmission of the proteins. More complex transmission functions can
be contemplated, for example, the particle concentration, wc, could influ-
ence the transmission in a negative way:

T ∝ (1−wc) (7.11)
T ∝ exp(−wc) (7.12)

or the amount of protein, that has passed through the membrane as perme-
ate, could hinder the transmission.

T ∝ exp
(
−k ·

∫ t

0
Qp cpdt

)
(7.13)

Transmission expressions which features an integration, or similar time de-
pendency terms have the property of ending the transmission. For constant
or particle concentration depending transmission, the transmission of pro-
teins can, in theory, reach a steady state and continue eternally. This is
not the case for the time dependent transmission, which will never reach
a steady state, consequently, the filtration time will be finite.
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Constant Transmission Scenarios 7.2.2

The effect of different transmission expression and constants are illustrated
here. First by using Equation 7.10, the simple constant transmission, an idea
about the impact of transmission on the overall yield of a filtration process
can be gained. For the modelling, the system presented in Figure 7.1 was
employed. The following process parameters were kept constant for all sce-
narios.

Qp = 200 mL min -1 Vc = 400 mL w f = 0.2m3 m -3 c f = 1 g L -1

(7.14)
For each scenario, the retentate flow was determined based on the desired
volume concentration factor, VCF, i.e. wr/w f , according to:

Qr = Qp ·
1

VCF−1
= Qp ·

1
wr
w f
−1

(7.15)

And the feed flow was defined as:

Q f = Qp +Qr (7.16)

This allows for a solution of each scenario, such that the effect of transmis-
sion and concentration on the process can be evaluated. For the evaluation
yield, defined as protein mass recovered in the permeate over the total feed
protein mass, will be used.

In Figure 7.2 the steady state results of different scenarios are given. In the
scenarios the transmissions, T and the volume concentration factor VCF,
were varied.
In the figure, the chamber protein concentration, cc, can be seen to depend
strongly on the transmission. At low transmission cc reaches concentrations
almost 2 times the inlet concentration and the effects of VCF on cc becomes
imperceptible when T > 0.7. For the permeate concentration, cp, the same
picture can be seen. Here cp is far beneath c f at low T , and at high T
the VCF shows minimal effect on cp. Overall, the two graphs indicate, that
transmission plays a vital role in determining the overall performance of a
filtration recovery run.
However, the yield graph in Figure 7.2, shows a different image. To achieve
a high yield, the VCF has considerably more impact. Despite having almost
perfect transmission, the scenarios with low VCF have poor yield. Contrary
for the high VCF scenarios, where even at low transmission, an reasonable
yield can be achieved.
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Figure 7.2: Modelled protein concentration in the chamber, cc, and in the
permeate, cp, as well as the yield for the filtration process depicted in Fig-
ure 7.1. For transmission Equation 7.10 has been employed. The graphs
illustrates different scenarios where the transmission, T , and the volume
concentration factor, VCF have been varied.
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For the scenario with T = 0.6 and VCF = 3, the protein concentration in the
retentate cc is high and the concentration in the permeate stream cp is low.
At first glance, this should indicate an inferior process. However, the yield
curves show something else. This is due to the draining of liquid at high
VCF, as the solids are concentrated, the amount of liquid in the chamber
decreases. This means, that the quantity of liquid leaving the system with
the retentate is very low. Therefore, in spite of its high cc concentration,
the absolute mass lost as retentate is low. Additionally, the high cc con-
centration partly counteracts the low transmission, sustaining a reasonable
concentration in the permeate.

Transmission Functions Scenarios 7.2.3

To illustrate the effects of different transmission expressions the filtration
system in Figure 7.1 was modelled with four different transmission expres-
sions inspired by the functions listed in Section 7.2.1. In addition to the
already given constant, the following parameters were kept constant for all
transmission expressions.

VCF = 4 mL/min wc(0) = 0 v/v cc(0) = 0 g/L (7.17)
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(a) Permeate concentration as a function of
filtrated volume.
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(b) Transmission as a function of filtrated
volume.

Figure 7.3: Illustration of the effects of different transmission functions.
Constant transmission: [—] T = 0.75. Direct relation to w: [—] T = 1−wc.
Indirect relation to w: [—] T = exp(−wc). Dependency on akkumulated
permeate flow: [—] T = exp

(
−∫ Qp cp ·10 -4

)
.
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Figure 7.3 illustrates how the filtration system develops from an empty ini-
tial state, depending on the controlling transmission expression.
The initial behavior for the permeate concentration of all four transmis-
sion expressions are identical. They all increases as the concentration in the
chamber increases, however they start leveling off at different stages. For
the two expressions, that depends on w, a steady level of transmission is
reached, as the particle concentration reaches its steady state. Seen over a
long time frame, these functions behave similar to a constant transmission,
as w becomes constant if the system is operated with a retentate flow. This
would also hold true if the transmission function depended on the instanta-
neous protein concentration. Only the accumulating function, purple in the
figure, results in a ever decreasing permeate concentration and transmis-
sion.
Therefore, disregarding the transition into the steady state, constant trans-
mission can account for most transmission expressions.

Transmission Experiments 7.3
A series of experiments was conducted to investigate how the transmission
of proteins evolves during a filtration run, with the aim of establishing a
correlation between process conditions and transmission for the engineer-
ing model.

Experimental Setup 7.3.1
For the experiments two protein systems were used, a test system, like the
one used for the particle resistance investigations, and a commercial yeast
fermentation broth, with a therapeutic protein.
The test system was made using particles of CaCO3 as particle surrogates,
and bovine serum albumin (BSA) proteins as the protein surrogate. BSA
was chosen, based on the same principles as CaCO3, inexpensive, available
in bulk quantities, and easy to prepare for experiments. To stabilize the pro-
teins the pH was controlled by a tris-buffer (tris(hydroxymethyl)aminom-
ethane) system, stabilizing the pH at 8. In addition to the protein surrogate,
NaNO3, a UV active salt, was originally included in the test system, as the
salt was expected the have full transmission during a filtration, independent
of the fouling. However, the experimental series using the test system never
progressed enough for the NaNO3 salt to be relevant.
For the transmission experiments the skid was rebuild to include a UV-
absorption monitor on the permeate outlet. This enabled online measure-
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Figure 7.4: Illustration of the over-range functionally on an ÄKTA Monitor.
As the sensor reading rises above the 1 V limit, the output signal jumps to 0
V, and rises from there. Likewise, if the sensor reading falls below 0 V, the
output signal jumps to 1 V, and falls from there. The lines [· · · ] represents
the limits of the output signal.

Figure 7.5: UV Spectra of BSA (blue) and NaNO3 (green) dissolved in
deionized water. The absorbance was recorded for every 5 nm. The values
shown are averaged over three measurements. The red lines indicate the
wavelengths chosen for the ÄKTA UV monitor.
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ment of the UV-absorption in the permeate, which should correlate with
the protein concentration. The UV-monitor was a ÄKTA Monitor UV-900
from GE Healthcare. The monitor can measure the UV absorbance at three
distinct wavelengths between 360 and 700 nm, in steps of 1 nm.
For each wavelength the monitor outputs an analogue 0-1V signal. To cover
a larger measurement range, the instrument has an over-range function, see
Figure 7.4. The output signal drops to 0 V if the signal reaches its full scale
value, 1 V, and then continues increasing from 0 V, this can happen multiple
times. The reverse happens for falling absorbance, a jump from 0 V to 1 V.

The UV-spectra of BSA and NaNO3 was measured offline, see Figure 7.5,
by dissolving BSA proteins or NaNO3 salt in deionized water. Based on the
spectra, three wavelengths were chosen for the inline measurements:

λ1 = 280nm, λ2 = 254nm, λ3 = 240nm (7.18)

280 nm was chosen, since it is a classical wavelength for protein concentra-
tion estimation. The other wavelengths were chosen based on position in the
spectra. The signal from NaNO3 disappears above 250 nm, consequently a
wavelength of 254 nm was chosen, to get a signal without a NaNO3 sig-
nal. The final wavelength of 240 nm, was chosen, since both species have a
strong and clear signal here.

Preliminary Transmission Experiment 7.3.2

The first experiment with transmission is described in the following, as an
example of a transmission experiment with the test system. In this experi-
ment only BSA was used, to simplify the UV measurements.

Monitor Calibration
The first step was to establish a rough calibration of the UV-sensor, to pro-
vide a background upon which an expectation for the transmission exper-
iment could be formulated. This was done by mixing BSA protein into
deionized water containing tris-buffer and running the solution through the
UV monitor, bypassing the filtration equipment. The concentration of BSA
in the solution was 0.72 g L -1 The resulting signal is shown in Figure 7.6.
The three wavelengths give different signals, as expected by the UV spec-
tra of BSA. As the concentration of BSA was known, three correlations
between the BSA concentration and the absorbance could be determined.

cp = A280 ·a1 cp = A254 ·a2 cp = A240 ·a3
a1 = 8.18 a2 = 16.58 a3 = 6.23 (7.19)
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Figure 7.6: Plot of the calibration experiment, done by bypassing the feed
liquid around the filtration unit before addition of particles. Left: The ab-
sorbance over time for three wavelengths. Right: Box-plot of the measure-
ments, showing the mean and noise level.

This should facilitate the calculation of the protein concentration in the
permeate during the filtration.

Particle Filtration
Particles were then added to the bulk liquid, and the filtration started. The
filtration unit was operated in dead-end mode, similar to the approach used
in the particle resistance paper, see Section 4.4.

Over the course of the filtration, the concentration of particles within the
chamber grew, and consequently, the resistance to filtration increased. In
Figure 7.7a ∆P as a function of particle concentration is shown. The in-
creasing pressure follows the functionality, described in the particle resis-
tance paper, Section 4.4, for yeast filtration, i.e.:

Rp = Rmax ·wα + ke

(
w

w+ kw

)
(7.20)

The addition of BSA to the test system has changed the resistance proper-
ties of the system. This can be seen as an indication of additional properties
of the test system. By BSA addition it might be possible to mimic the initial
resistance increase observed with microbial cells.
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(a) The rise in ∆P over the course of the filtration, shown as a function
of particle concentration. Blue: Recorded data. Red: Resistance Model
fitted to Equation 7.20.
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Figure 7.7: Plots of the filtration process. Experimental Conditions:
Feed Flow Q = 80 mL min -1, Disc Rotation ω = 88 rad s -1, Particle Con-
centration w f |0 = 0.0215 m3 m -3 Protein Concentration c f |0 = 0.72 g L -1
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Protein Transmission
The UV absorbance recorded during the experiment is displayed in Fig-
ure 7.7b. The initial increase corresponds to the displacement of water in
the chamber. The subsequent stable period indicates a constant protein con-
centration in the permeate.
Using the correlations defined in Equation 7.19, the concentration in the
permeate can be estimated. The resulting concentration curves are displayed
in Figure 7.7c. The estimate from the three different wavelengths reassur-
ingly returns the same concentration in the permeate, showing that there is
no apparent discrepancy between them. However, the estimated concentra-
tion is far lower than the feed concentration, also indicated in the figure. A
possible explanation for this behavior is either an extremely low transmis-
sion, an error in the estimation, or degradation of the protein.
Based on the mathematical reflections in Section 7.2, one would expect an
operation at low transmission to produce strong bulk concentration. This
would drive the permeate concentration towards the feed concentration as
the filtration progresses. This effect is not observed, on the contrary, the es-
timated concentration moves away from the feed concentration during the
stable period. Since the estimated concentration falls during the filtration,
it could indicate a degradation of the BSA molecules. However, since the
estimated BSA concentration falls 0.1 g L -1 over 140 minutes in the exper-
iment, insufficient time have passed between the calibration measurements
and the start of the concentration experiment to explain the drop. Lastly,
the addition of CaCO3 particles to the bulk tank, could have disturbed the
BSA system, such that the estimation becomes incorrect. Given that the in-
strument measures absorbance, additional species in the permeate should
increase the signal, not lower it.
The reason for doing this experiment with the test system was to iden-
tify, if there was any correlation between the resistance to filtration and the
transmission, and based on the experimental results, no such effect can be
justified.

Subsequent Experiments
After the initial experiment with the test system several additional experi-
ments were conducted, all failing to produce any correlation between trans-
mission and operational pressure. The most significant difference between
the first experiment and the subsequent experiments was a change in BSA
concentration, which meant that the over-range function was activated.
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Transmission of Therapeutic Proteins 7.4

Having failed at provoke a transmission response in any experiment on the
test system, experiments on real proteins were needed. A commercially rel-
evant yeast strain, producing a therapeutic protein was chosen.

Experimental Setup 7.4.1

The setup illustrated in Figure 7.8 was used for the investigations of trans-
mission of therapeutic protein. The feed of yeast cells was separated on the
DCF membrane module operated in continuous mode, i.e. operated with a
constant feed and retentate flow rate. To facilitate the investigation of trans-
mission the retentate flow was collected in fractions.
The fraction was separated based on time, with each fraction collected over
a fixed time, t f [s], of 210 s. The volume of the collected fractions, Vf [mL],
were around 48 mL, which means the retentate flow rate, Qr [mL min -1],
was 14 mL min -1. The effective permeate flow rate, Qp [mL min -1], was
found to be 51 mL min -1. Resulting in a feed rate, Q f [mL min -1], of 65
mL min -1.

Figure 7.8: Setup for the experiments with protein transmission in a yeast
system. The microbial feed was drawn from T1 and fed through P1. In
the filtration module, M1, the yeast was separated from the permeate. As
the permeate left the unit, its pressure, PT3, flow-rate, FT3, as well as the
UV absorbance, LT3, were measured, finally the permeate was collected
in T3. The removal rate of the concentrated yeast slurry, the retentate, was
controlled by P2, and it was was collected in fractions, FC3.
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Material Preparation 7.4.1.1

The feed material was biomass diluted with deionized water to a solid vol-
ume fraction of w f = 11 %. Next the pH was adjusted with NaOH to pH
10.5 to ensure the stability of the protein. The concentration of proteins
in the diluted biomass was measured using high-performance liquid chro-
matography (HPLC), and the protein concentration in the feed was defined
as having a concentration of 1 [ - ].

Experimental Results 7.4.2

Yeast Particle Balance 7.4.2.1

The experiment was evaluated using the engineering model, consequently,
the particle volume fraction, w [ -] could be estimated from the input pa-
rameters. In order to align the model values with the collected fractions,
the model was evaluated by integrating the individual fractions.

Vp|i =
∫ i·t f

(i−1)·t f

Qr ·wr(t)dt for i = 1 . . .N (7.21)

Where N is the number of fractions. From the integrated pellet volumes,
Vp|i [mL], the pellet volume fraction of the collected retentate fractions,
wr|i, could be determined based on the modelled process as:

wr|i =
Vp|i
Vf

(7.22)

Here Vf is the total volume of the fraction. The yeast cell balance of the ex-
periment is illustrated in Figure 7.9, where the particle fraction as a function
of time is given.

The figure shows that there is a good but not perfect correlation between
the modelled and the measured particle fraction. Both series show the same
tendency, as time progress, the yeast content in the retentate approaches a
steady state value, weq. The value should match the ratio between w f , Q f ,
and Qr:

weq = w f ·
Q f

Qr
= 0.52%[m3 m -3] (7.23)

The model overestimates the particle fraction compared to the measured
values. since both Qr and Qp were known in this experiment, the discrep-
ancy can not be explained by incorrect flow rates, but must arise from some-
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Figure 7.9: Measured yest fraction in the retentate as a function of experi-
mental time. The x-axis indicates the time-point when the collection of the
fraction stopped. The y-axis indicates the pellet fraction in the collected
fraction. Both experimental and pellet fraction are indicated in the graph.
The experimental point at x = 31.5 deviates significantly from the trend in
the experimental points, and is most likely unreliable.

thing else. A small error in the initial estimate of the feed fraction could
explain this discrepancy. Working backwards from an assumed steady state
content based on the maximum observed yeast concentration gives:

ŵ f = max(wi) ·
Qr

Q f
= 9.2%[ -] (7.24)

Which should be compared to the 11 % [ -] measured before the start of the
experiment. The small correction is sufficient to make the model predict
the particle fraction significantly better, as shown in Figure 7.9. This shows
how much impact the initial particle fraction has on the modelled system.
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Protein Balance 7.4.2.2

To model the transport and transmission of protein using the engineering
model a transmission approximation was needed. For this, constant trans-
mission was assumed, meaning T = k, and the permeate concentration, cp
[-], depends on the chamber concentration, cc [-], as:

cp = T · cc (7.25)

Figure 7.10 illustrates the concentration of protein in both the retentate and
the permeate during the experiment. The protein mass, mi [kg], in the re-
tentate was determined according to the following integration:

mi =
∫ i·t f

(i−1)·t f

Qr ·
(
1−w(t) ·φ

)
· c(t)dt for i = 1 . . .N (7.26)

Where, w is the particle volume fraction, φ the solid fraction of the pellet,
and, c the concentration of protein in the liquid.
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Figure 7.10: Illustrating the protein concentration as a function of time for
different locations. The feed concentration, in green, is given as reference,
it was measured before the start of the experiment. The permeate concen-
trations, in blue, are continuous variables, the experimental values are the
instantaneous values. The retentate concentrations, in red, are fractionated
variables.
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The protein concentration in each fraction were then evaluated as:

ci =
mi

Vf −φ Vp|i
(7.27)

Since the permeate is particle free, the protein concentration can be deter-
mined directly from the HPLC samples.
As indicated in Figure 7.10, the simple transmission function in Equa-
tion 7.25 is sufficient to explain most of the observed behavior in the figure.
The only trend not captured by the model is the decrease in protein con-
centration in the retentate samples in the later half of the experiment. This
can probably be ascribed to the degradation of proteins either during the
experiment or after the experiment, before the samples were analysed.

Transmission in the Engineering Model 7.5
Based on the understanding of protein concentration and transmission cov-
ered in this chapter, the engineering model is updated.
In order account for proteins in the system, the differential system has to be
twice as big, since each compartment must hold a value for both particles
and proteins.
The protein concentration, c [kg m -3], is a assessment of the protein concen-
tration in the liquid phases of a given volume. The concentration is defined
as the protein mass, m [kg], divided with the liquid volume, Vl [m3]. The
liquid volume can be determined from either the solid volume, Vs [m3], or
from the particle concentration, w [m3 m -3].

c =
m
Vl

=
m

V −Vs
=

m
V · (1−wφ)

(7.28)

Where w is calculated as described in Section 6.5.2. Knowing how w gov-
erns the interpretation of concentration, the transport stream in the differ-
ential equations can be written in known terms. For instance, for the inlet
mass flow of proteins in compartment one:

IN = Qin · (1−win φ) · cin (7.29)

169 / 210



Chapter 7. Proteins and Transmission

For a generic steam, Qx|i [m3 s -1], in a generic compartment, the mass flow
of protein can be calculated as:

ṁx|i = Qx|i · (1−wi φ) · ci = Qx|i · (1−wi φ) · mi

Vc · (1−wi φ)
(7.30)

Which can be simplified by cancellation of terms:

ṁx|i = Qx|i ·
mi

Vc
(7.31)

The permeate stream of proteins leaving the compartments depends on the
transmission, T , as well as the liquid concentration:

ṁP|i = QP|i ·
mi

Vc · (1−wi φ)
·T (7.32)

Here T is a function, that returns a value between 0 and 1.
Using the above expressions as guidelines, the total protein mass balance
for compartment i can be stated as:

Vc ·
dmi

dt
=(Qi -1 +QB) ·mi -1− (Qi +QB) ·mi +QB · (mi+1−·mi)

−QP|i ·
mi

(1−wi φ)
·Ti for i = 2 . . .N−1 (7.33)

By implementing these equations in the MATLABr program it is possible
to model how both particles and proteins migrate in the filtration system.
The total recovery of proteins can be calculated as the sum of the permeate
streams, each with the individual transmission and permeate flow.

mp =
N

∑
i=1

QP|i ·
mi

Vc · (1−wi φ)
·Ti (7.34)
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Illustration of Protein Recovery 7.5.1

The engineering model has now been improved such that it can describe
the recovery of proteins found in the feed stream. To illustrate recovery of
proteins during solid liquid separation of particles, a transmission function
is needed. Assuming the transmission is linked directly to the particle con-
centration in the chamber, wc, gives the most apparent effect. This makes
it easier to understand the effects of transmission on the overall system.
Consequently, to demonstrate transmission and protein recovery, the fol-
low Transmission formula was used:

T = 1−wc (7.35)

For the demonstration of the engineering model, the continuous recovery
of a protein from a particle slurry was modelled, using the input parameters
listed in Table 7.1.
To illustrate how the transport of proteins develops during a recovery run,
Figure 7.11 shows the protein mass flux, i.e. the protein mass leaving each
compartment in the permeate normalized by the filtration area of the com-
partment.
In the initial phases, before the particle concentration reaches its steady
state, the mass flux increases with time. As seen in Figure 4.10, from the
chapter about solid concentration, there is a wave like pattern to the mass flux.

Figure 7.11: Illustrating how the protein mass flux across the membrane
changes during the initial phases of the modelled filtration run. Modelled
with input parameters given in Table 7.1.
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Table 7.1: Input parameters for the engineering model to illustrate protein
recovery and transmission.

Parameter Value Unit Parameter Value Unit
Qp 600 L/h Qr 200 L/h
w0 0 v/v c0 0 g/L
w f 0.2 v/v c f 1 g/L

Vunit 0.18 m3 ndiscs 128 discs
VCF 4 -

This occurs, as the front of feed material travels through the unit. For the
proteins, this front results in a temporary increased flux, which disappears
when the particle concentration catches up with the protein concentration.
In the right side of the figure, when the process approaches steady state,
most of the protein recovery occurs through the first discs, with the later
discs contributing little to the overall recovery of proteins.
Figure 7.12 shows different output parameters as a function of the com-
partment number. In the figure, the removal of permeate can be seen by
the increase particles fraction in the compartments, wc. This results in a
decreasing transmission along the disc stack, ending in a transmission of
T = 0.2 in the last compartment.
The protein concentration in the permeate, cp|i, follows the same trend as
the transmission, dropping off at high compartment numbers. The effect
is least pronounced, as the increasing concentration in the compartments,
cc counteracts the falling transmission. The overall permeate concentration
reaches cp = 0.76 g/L, when the individual compartments are aggregated.
For the retentate, the protein concentration reaches cr = 2.44 g/L, resulting
in an apparent transmission of Ta = 0.3. This is despite the transmission
was higher in 104 of the compartments. Comparing the incoming mass of
protein to the mass of protein recovered in the permeate stream, the process
modelled here has a yield of 0.65 %.
By this demonstration, the significance of transmission has been exempli-
fied, and the engineering model capabilities for modeling protein transport
has been shown.
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Figure 7.12: Illustrating how the transmission, and consequently the pro-
tein concentration, changes with the particle volume fraction in the com-
partments, along the disc stack in an industrial scale DCF unit (128 Discs).
The transmission is assumed to depend on wc in the chamber, and is de-
scribed by the expression in Equation 7.35. The graphs shown are for a
system in steady state, with input parameters given in Table 7.1.
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Chapter 8

Applying the Engineering Model

In this chapter the engineering model, created in this project, will be demon-
strated using different case studies. With the case studies some of the possi-
ble applications of the engineering model will be illustrated, showing how
the engineering model might be used in an process development setting.
In addition, the engineering model will be used to evaluate different hypo-
thetical mechanisms in filtration. In Section 8.4 the engineering model is
assembled its entirety.

Process Scaling 8.1

The engineering model was designed as a tool for process scaling. Starting
from a few laboratory scale experiments, it should be feasible to model a
production scale process, and forecast its performance.

This case study describes the scaling of a continuous particle separation.
The study is performed for dynamic filtration systems, of the DCF type, and
revolves around scaling laboratory experiments to production estimates, as
well as comparing different scaling techniques.
For the case study, a laboratory scale process has already been established,
i.e. the separation process has been sufficiently investigated for a suitable
process design to be available.
The feed to the separation process comes at a fixed particle content of w f =
20 %, and cannot be changed. Laboratory experiments determined that the
highest sensible outlet concentration of particles is 70 %, at a set rotation
speed of 50 rad s -1.
At these conditions a total permeate flow rate of Qp|tot = 86.5 mL min -1

could be sustained for an extended time period. The described conditions
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result in a process, which can operate continuously at a ∆P of 0.94 bar.
Table 8.1 lists the parameters for the laboratory scale process, giving an
overview of the laboratory results.
For this case study the effects of counter pressure is known and applied in
all scaling techniques. This means, that the shift in ∆P from laboratory scale
to production scale due to the effects of counter pressure is included in all
estimates, and the processes are compared based on their TMP.

Table 8.1: Established parameters for the laboratory scale process at steady
state. The scaling of the process will be done based on these parameters.

Unit Physical Process
N 2 - Rm 4.20 ×1011 m -1 Qp 86.5 mL min -1

Vc 200 mL Rmax 7.60 ×1012 m -1 w f 0.2 m3 m -3

r1 1.9 cm kαA 1.49 ×10 -4 s2 rad -2 ω 50 rad s -1

r2 7.6 cm kαB 3.42 - Qr 34.6 mL min -1

Atot 340 cm2 kv 1.13 - wr 0.7 m3 m -3

∆P 0.94 bar
TMP 0.90 bar

Scaling by Membrane Area 8.1.1
For membrane processes the simplest technique for process scaling is scal-
ing by membrane area. Experiments at laboratory scale establish a set of
suitable operation parameters for a membrane filtration process. By ex-
pressing the determined filtration performance for the membrane setup in
terms of sustained flux at specified TMP, J|TMP [m3 s -1 m -2], the process can
be scaled to any filtration rate, Qp|tot [m3 s -1] by simply scaling the area of
filtration, A [m2], according to:

A =
Qp|tot

J|TMP
(8.1)

This technique works for simple scaling, particularly when the membrane
area can be scaled in a parallel way, i.e. combining several spiral-wound or
plate and frame membranes. If experience is available from preceding up-
scaling trials, an empirical scaling factor. i.e. a constant multiplied to the
area, could be included to help aligning the estimations to the experience.
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Scaling the process by area requires the flux to be determined.

J|TMP =
Qp

A
= 2.54 L min -1 m -2 (8.2)

In this case, the process was scaled to a known production scale unit, the
128 disc unit mentioned in Section 2.1.6. This production unit has a filtra-
tion area of 16.38 m2, which is approximately 481 times the area of the
laboratory unit. Scaling returns a projected sustained filtration rate of 41.6
L min -1, when operated at the same conditions as the laboratory process.
The output parameters for the process is listed in Table 8.2, column A.

Extrapolation by the Engineering Model 8.1.1.1

Scaling the process by area gives an estimation of the performance for the
production scale process. However, the engineering model can be used to
give a more accurate estimation of the production scale process. The flow
rates, determined by area scaling, was used as input parameters to the en-
gineering model. The process was modelled with fixed flow and TMP as an
output variable. The process, predicted by the engineering model, is a fore-
casts of the production process, provided the area scaled flows are used. The
estimate predicts that a operating pressure of ∆P = 0.53 is needed the drive
the production scale process. The remaining forecasted output parameters
are given in Table 8.2, column C.

Scaling with the Engineering Model 8.1.2
The engineering model offers an alternative way to scale the process, by ap-
plying the laboratory scale experiments to a larger extend than when scaling
based on area alone. To use the engineering model for scaling, any restric-
tions on the process conditions must first be identified. From the laboratory
experiments, the maximum verified TMP is known to be 0.90 bar and the
maximum verified particle fraction known to be 70 %. At these conditions
the setup could be operated in steady state. Flow rates and ∆P are all output
parameters, and as such they could change upon scaling.
As indicated in the table the particle resistance was estimated using Equa-
tion 4.15, restated here:

Rp = Rmax ·w(kαA ω2+kαB) (8.3)

The parameters for the resistance function were determined as part of the
laboratory experiments.
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The process limitations provies sufficient information to estimate a viable
process in the engineering model. The TMP from the laboratory experi-
ment was used as the controlled variable, since the permeate flow rate for
the scaled process is unknown, i.e. the filtration operation was modelled as
pressure controlled, as presented in Section 2.2.2. The scaled output param-
eters are given in Table 8.2, column B.

Comparing Scaling Techniques 8.1.3

The two introduced techniques for process scaling lead to two very different
processes. The third modelled process, where the permeate flow from the
area scaled process is used in the engineering model, to determine how the
process might perform according to the engineering model.

The three different production scale processes and control strategies, which
were modelled in this case study are:
Process A (Area): The laboratory process scaled with area and per-

meate flux.

Process B (Pressure): The laboratory process scaled using the engi-
neering model and fixed pressure.

Process C (Flow): The estimate of a process, where the permeate
flow rate computed by area scaling is modelled using the engi-
neering model with fixed permeate flow.

Table 8.2 lists the three processes, with their modelled process parameters.

Table 8.2: Process parameters for three different estimated production scale
processes.

Scaled Process UnitA (Area) B (Pressure) C (Flow)

Atot 16.4 16.4 16.4 m2

Q f 58 177 58 L min -1

Qp 42 127 42 L min -1

Qr 17 51 17 L min -1

J 2.5 7.7 2.5 L min -1 m -2

TMP 0.90 0.90 0.30 bar
∆P 1.13 1.13 0.53 bar
wr 0.70 0.70 0.70 -
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Comparing process A and C, the actual process deviates in terms of pres-
sure from the area estimate. The TMP needed to drive the process is much
lower than the original laboratory process. This indicates that excess capac-
ity is available, i.e. the separation could be performed at a higher rate.
Comparing process A and B, the difference in permeate flow is substantial.
Operating under the same restrictions as the laboratory, i.e. limited pressure
and retentate particle fraction, method B predicts a production scale process
capable of outputting 127 L permeate per minute. This is three times the
permeate flow predicted by method A, thus the unit can be expected to
separate three time more feed than the area scaling estimated.
Comparing Process B and C, they appear to originate from different sources,
not form the same laboratory data on the same production unit. The values
for ∆P, TMP, all the flows, as well as the flux are all different.
Overall, the two scaling techniques lead to different processes. In this case,
scaling by membrane area and flux, leads to an underestimation of the
separation capacity. This illustrates the advantage of using the engineer-
ing model to generate large scale process forecasts. Since the model can
include more information, from the laboratory experiments, in the scaling
procedure, the predictions are more refined.
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Experimental Scaling Data 8.1.4
Doing process scaling in the real world is similarly difficult, exemplified
here. Figure 8.1 shows filtration performance in terms of permeability, LP
[L h -1 m -2 bar -1], for two situations, from laboratory and from production.
The data is aggregated from multi filtration runs, and illustrates the process
at the two scales. The laboratory data forms a stable curve, hovering around
25 L h -1 m -2 bar -1. The production scale data indicates a less stable process.
Starting from a value of 100 L h -1 m -2 bar -1, with time the permeability
falls to around 65 L h -1 m -2 bar -1.
At the start of the process, the difference in permeability is approximately
4, falling to around 2.5 at the end of the process. This difference in per-
formance is in the range predicted by scaling with the engineering model.

The figure also illustrates a different complication when it comes to scaling.
The behavior with time, of the two separation runs, is different, indicating
that something is happening at production scale, which is not happening at
laboratory scale.
To explain the difference in estimated capacity, as well as the difference in
time depending behavior, the internal conditions in the filtration unit have to
be investigated. This leads to an discussion of the last disc problem, which
will be covered in the next section.
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Figure 8.1: Performance data for microbial cell separation, the same strain
was used in both cases.
Comparison of Production scale, i.e. a 128 discs DCF unit [—], and labora-
tory scale, i.e. a one disc DCF unit [—]. Data anonymized by aggregation
and normalization.
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Last Disc Problem 8.2

The last disc problem is an interesting perspective on the difference be-
tween laboratory experiments and industrial production. It is, in part, what
leads to the significant difference in performance across scales shown in the
preceding section.

The problem arises from the way experiments normally are conducted in a
laboratory setting. Two objects have to be balanced, the desire for high ca-
pacity and high yield. Consequently, process development involves finding
the highest concentration factor where a sustainable process can be con-
ducted. It was shown, that a high retentate concentration it good, not only
for the capacity of the separation process, but it also leads to a higher re-
covery of transmitted products.
In addition, a sustainable flux also has to be determined. This is done by
increasing the permeate flow stepwise, maintaining the retentate solid frac-
tion, until irreversible fouling becomes significant, i.e. when the resistance
grows despite constant solid content.
This establishes a feasibly set point for the operation of the filtration pro-
cess. However, this means that the operational parameters, determined in
the laboratory, were established with the highest feasible solid fraction in
the chamber. The set point describes a feasible operation for the worst case
chamber condition.

Figure 8.2 illustrates the internal values for two steady state separations
from the scaling case study; the original laboratory experiment and the pro-
cess scaled with the engineering model, i.e. process B.
In the figure, the particle fraction in each compartment is shown, as well as
the estimated flux for each compartment. For the two cases, the condition
in the final compartment are identical. They both have an particle fraction
of wr = 70 %, and a flux of J= 2.26 L min -1 m -2.
In the laboratory unit, the two compartments, have roughly the same parti-
cle fraction, consequently they have approximately the same resistance to
filtration and flux.
For the industrial unit, the particle fraction is described by a gradient go-
ing from the inlet at compartment one, rising through the unit and ending
at compartment 129 with a volume fraction of wr. This translates into a
decreasing flux through the unit. In the first compartment, where the par-
ticle fraction is approximately equal to the inlet fraction, the flux is 12.3
L min -1 m -2, five times higher than the final compartment.
The state depicted in Figure 8.2, for the laboratory model, is representative
of a design confirmation run, i.e. the experiment could be used to estimate
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Figure 8.2: Illustration of the last disc problem. The steady state solution
for two units shown: Left: A one disc, i.e. two compartments, laboratory
unit. Right: A 128 discs production unit. Top: Showing the internal parti-
cle volume fraction in each compartment. The [· · ·] line indicates the feed
fraction. Bottom: Showing the flux from each compartment. Process pa-
rameters given in Section 8.1

process performance for production scale. However, as it is easily seen in
the figure, it is only the last few discs in the industrial unit, which operates
at experimental conditions.

The difference in conditions across the disc stack causes a majority of the
membrane discs to operate at different conditions, than the ones described
in the laboratory experiment. In the scaling case, and in Figure 8.2 this
results in a higher performance at production scale than expected based on
the preliminary experiments.
However, the high flux seen in the first compartments could be problematic,
since the flux can surpass the critical flux. This would make the filtration
unsustainable, since it would give rise to irreversible fouling.

The experiments and resistance model identified in the particle paper, Sec-
tion 4.4, are well-suited for addressing the last disc problem. By describ-
ing the particle resistance as a function of particle fraction, the resistance
throughout the unit, even at low particle content, can be described by the
model.
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Summarizing the last disc problem: Since laboratory experiments are con-
ducted to identify the worst conditions a successful separation can be con-
ducted, the majority of the membrane discs in a production unit will op-
erate at conditions not captured by the laboratory experiments. To address
the last disc problem, additional experiments should be conducted at other
operational conditions, such as lower particle content and higher flux. The
knowledge gained through such experiments could improve the production
scale estimate.

Flux Dependent Fouling 8.3

The following section covers a hypothetical experiment, describing the ef-
fect of a flux dependent resistance. The case will highlight new aspects of
the last disc problem, as well as showing the potential of the engineering
model.
In this example, the fouling will be assumed to depend on the amount of
filtrated material, i.e. the permeate volume. This corresponds to a fouling
mechanism, where material deposits within the membrane, as the permeate
migrates through the porous material. Since resistance is a area normalized
quantity, this means the change in resistance due to fouling with time, can
be described from the flux.

dR f (t)
dt

= k? ·J (8.4)

Here k? is a constant, which causes resistance to rise at an appropriate rate.
It describes the fouling characteristics of the liquid being filtrated. Ideally
its value should be determined by fitting to experimental data.

The engineering model was upgraded to include the above resistance ex-
pression. Since the flux was already calculated for each compartment, the
fouling differential expression could easily be included as:

dR f |i
dt

= k? ·Ji for i = 1 . . .N (8.5)

Including R f |i in the differential system increases the size of the system to
3× the number of compartments. The fouling resistance can be seen as an
additional resistance source, meaning it can be added to the expression for
total resistance:

Rtot|i = Rm +Rp|i +R f |i (8.6)
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Table 8.3: Process Parameters for modelling of a production scale filtration
with fouling present.

Unit Physical Process
N 129 - Rm 4.20 ×1011 m -1 Qp 1100 L h -1

Vc 1.4 L Rmax 7.60 ×1012 m -1 w f 0.20 -
r1 6.3 cm kαA 1.49 ×10 -4 s rad -1 w0 0 -
r2 15.6 cm kαB 3.42 - Qr 314 L h -1

Atot 16.4 m2 kv 1.32 - wr 0.85 -
k? 1.00 ×1012 s m -2 ω 50 rad s -1

The updated total resistance expression could be seamlessly integrated into
the engineering model, since Equation 4.24 determines the flux based on
total resistance and Equation 4.25 the TMP on total resistance.

To show the effects of implementing flux dependent fouling, a filtration run
with fouling was modelled, using the parameters listed in Table 8.3.
Figure 8.3 shows the TMP as a function of time for the modelled filtration
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Figure 8.3: TMP as a function of time during the filtration run with irre-
versible fouling. Two types of resistance contribute to form the graphs:
Particle resistance and fouling resistance. The vertical dotted line, [· · · ], in-
dicates the point where the steady state particle concentration is reached,
after which the resistance increase is dominated by the fouling resistance.
The main parameter set is shown as [—], with a value of k? = 1e12 s m -2.
Other values of k? are included in the graph: [ - -]: k? = 0. [ - ·]: k? = 0.5e12.
[ - ·]: k? = 2e12. [ - -]: k? = 4e12.
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run. The figure illustrates the difference between particle resistance and
fouling resistance, as well as the effect of different values of k?.
When the process starts, the unit is free from particles, and Rm dominates
the resistance. It takes around an hour before the particle content within the
unit stabilizes, and the particle fraction in the retentate reaches the specified
wr. During this first hour, the dominating source of resistance growth is
particle resistance, i.e. TMP increases in response to the increasing particle
resistance, Rp.
When the particle distribution within the unit has stabilized, Rp has like-
wise stabilized. The subsequent increase in TMP is the result of irreversible
fouling, i.e. R f . In the figure different strengths of fouling are shown, illus-
trating how different values of k? affect TMP.
Figure 8.4 provides a look into the formation of resistance at compartment
level. It illustrates how and where the two types of resistances, Rp and R f ,
increases with time for each compartment. The particle resistance is shown
in Figure 8.4a. It illustrates, that the resistance increases greatly within the
first hour. However the resistance growth is mostly confined to higher com-
partment numbers, i.e. the compartments with high particle content. As it
was also seen in Figure 8.3, the particle resistance settles after the initial
increase.
The fouling resistance is shown in Figure 8.4b. The figure reveals how R f
increases with time. As indicated in Section 8.2, Last Disc Problem, the
majority of the permeate passes through the membrane in the first com-
partments. This means, that fouling resistance increases faster here, that in
the compartments with high particle content. Also seen is the persistent in-
crease in R f , which will eventually increase the resistance to a level where
filtration must come to an end.
Figure 8.4c is the last graph in the figure. It illustrates the total resistance,
Rtot , i.e. the combination of Rm, Rp, and R f . The figure shows how the two
dynamic sources of resistance affect the disc stack from opposite ends, i.e.
Rp affects the final compartments and R f affects the initial compartments.
During a long filtration run, this means that the lowest total resistance will
be found in the middle of the disc stack.
The addition of a irreversible fouling model to the engineering model,
should be seen in connection with the last disc problem. Since the effec-
tive permeate flow is concentrated to the initial compartments, the fouling
will effect these compartment quicker than the other compartments.
For systems where fouling is significant, this effect could be problematic,
as it could clog the membranes faster than expected from laboratory exper-
iments.
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(a) Contour plot of the particle resistance, Rp.

(b) Contour plot of the fouling resistance, R f .

(c) Contour plot of the total resistance.

Figure 8.4: Contour plots of the resistance development in a 128 disc filtra-
tion unit. The development in time is shown for each compartment.
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Figure 8.5: The individual flux for each compartment after 6 hours of op-
eration. Show for five different values of k?.

The flux dependent fouling also has an interesting effect on the distribution
of flux between the compartments. In Figure 8.5 the situation after 6 hours
of operation is shown for the five strengths of k? presented before. The
figure illustrates, how the fouling equalise the flux in each compartment. By
comparing the case where k? = 0 with the other cases, it is clear how much
fouling can affect the flux distribution. The higher the fouling constant is,
the more pronounced is the effect on flux. The evidence of lowest Rtot at
the middle of the unit, can be seen in the heaviest fouling case. Here the
yellow line has a vague maximum around compartment 80, sloping down
in either direction.

Learning from the Engineering Model 8.3.1
As shown in this chapter, the difference between laboratory experiments
and industrial scale production, is derived from the difficulty in recreating
all the conditions observed in the production scale unit.
If a laboratory experiment has identified excellent conditions for its own
operation, the experiment only describes the conditions for one disc. The
remaining discs have different conditions, and reacts differently to the im-
posed process.
For instance, if the feed material contains no or a very low amount of foul-
ing components, such as a CaCO3 particle slurry, the remaining discs could
operate at a higher permeate flow rate. This effect is behind the extra ca-
pacity identified in the scaling section.

For a heavy fouling feed material, the opposite would be true. Here the
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difference in particle resistance will shift the flux towards to inlet end of
the unit. By consolidating the flux to fewer membrane discs the local flux
can increase significantly. If the fouling depends on the volume of filtered
permeate, this would result in premature fouling of initial membranes.
Even operating the multi disc unit at the low flow identified in the labora-
tory, would not eliminate the shift in flux. Since the first disc has the lowest
particle resistance, it will have the highest fraction of the flux, at least until
it has fouled.

Protein transmission adds an additional interesting perspective to the last
disc problem. It is not hard to envision transmission as having a dependency
on the degree of membrane fouling:

T ∝ exp(−R f (t)) (8.7)

This would entail, that the transmission could diminish for the initial discs,
long before the same happened at the final discs.

Experiments for process development should, in addition to identifying the
ideal conditions for its own operation, seek to describe the conditions found
in the production scale unit. This means conducting experiment at a higher
flux and a lower concentration factor than the optimum steady state found
for the laboratory unit itself. The experiments at lower particle content
would help to identify the expected particle resistance in the initial com-
partments of the large unit. And experimenting with higher flux could iden-
tify problems with fouling and transmission decay, which only appear at
higher flux.

The Consolidated Engineering Model 8.4

In this section, the equations which combine into the engineering model
are collected. The model is split into state equations, which are calculated
in each time step, and differential equations, which accounts for change
with time. The differential system accounts for the particle volume, Vp(t)
[m3], the protein mass, m(t) [kg], and the fouling resistance, R f (t) [m -1],
tracking their value in each compartment:

d
dt




Vp
m
R f


=




fV (x)
fm(x)
fR(x)


 (8.8)
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8.4 The Consolidated Engineering Model

The differential system is solved using numerical methods. In order to solve
the system, the state equations first have to be solved, then the differential
equations can be updated. The function fV is given by Equation 8.23-8.25,
the function fm is given by Equation 8.27-8.29, and the function fR is given
by Equation 8.31. In the following the supporting equations to fV , fm and
fR are recapitulated, from elsewhere in the thesis, to make a computer im-
plementation of the engineering model easier.

State Equations 8.4.1

Since the differential system is solved numerically, the values of the vectors
~Vp, ~m, and ~R f are available in each iteration. Each vector have the size
N×1, where N is the number of compartments. From the vectors the state
variables can be calculated:
The membrane area, ~A [m2], of each compartment:

A1 = (r2
2− r2

1) ·π Ai=2...N -1 = 2 · (r2
2− r2

1) ·π AN = (r2
2− r2

1) ·π (8.9)

The counter pressure, Pc [bar], is the same in all compartments:

Pc =
ρ

4
· (ω kv)

2 ·
(

r2
1 + r2

2

)
(8.10)

The back mixing, QB [m3 s -1], is likewise the same in all compartments:

QB = k1
√

ω + k0 (8.11)

The particle resistance, Rp [m -1], calculated for each compartment:

~Rp = Rmax ·
(
~Vp

Vc

)(kαA ω2+kαB)

(8.12)

The particle fraction, wi [ -], calculated for each compartment:

wi =
Vp|i
Vc

(8.13)

The next step is to determine the permeate flow from each compartment,
~QP [m3 s -1]. For this two approaches are available: Fixed flow filtration and
Fixed pressure filtration
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Chapter 8. Applying the Engineering Model

Fixed Flow Filtration 8.4.1.1

For fixed flow, the total magnitude of the permeate flow, Qp|tot [m3 s -1] is
known. The object is to find the TMP, which corresponds to Qp|tot :

TMP = Qp|tot ·µs ·
N

∑
i=1

(Rm +Rp|i +R f |i)

Ai
(8.14)

Here Rp|i is given by Equation 8.12, and R f |i is given by Equation 8.31. Rm
is the resistance of the clean membrane. The compartment level permeate
flow, Qp|i, can then be calculated:

Qp|i =
TMP

µs · (Rm +Rp|i +R f |i)
·Ai (8.15)

Finally the operating pressure, ∆P [bar], can be determined:

∆P = TMP+Pc (8.16)

Fixed Pressure Filtration 8.4.1.2

For fixed pressure filtration ∆P is given, and ~Qp has to be calculated. This
is done by first finding the TMP

TMP = ∆P−Pc (8.17)

Then the permeate flow can be found on a compartment level.

Qp|i =
TMP

µs
· Ai

(Rm +Rp|i +R f |i)
(8.18)

The total permeate flow is then determined as:

Qp|tot =
N

∑
i=1

Qp|i (8.19)
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8.4 The Consolidated Engineering Model

Net Transport Flow 8.4.1.3

The net transport flow, ~Q, is the realized flow from one compartment to the
next. To calculate it ~Qp and the retentate flow, Qr [m3 s -1], are needed. As-
suming the feed particle content, w f [ -], and the retentate particle content,
wr [ -], are given Qr can be determined by:

Qr =
w f ·Qp|tot

wr−w f
(8.20)

Alternatively, Qr can be a fixed input variable, which makes wr an output
variable.
Knowing ~Qp and Qr means ~Q can be calculated iteratively, starting from
compartment N and calculating backwards to the feed.

Qi−1 = Qi +Qp|i for i = N . . .1 (8.21)

Where QN = Qr and Q0 is the inlet flow, i.e. Q f = Q0.

Protein Transmission 8.4.1.4

The protein transmission, ~T [ -], can be calculated in different ways. If it
is assumed to be a localised variable, calculated on compartment level, it
could be expressed as:

Ti = exp
(
−kT ·Vp|i ·V -1

c

)
(8.22)

Alternatively it could be a constant, i.e. ~T = kT .
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Chapter 8. Applying the Engineering Model

Differential Equations 8.4.2

Once the state equations have been solved, the differential equation can be
updated for the current time-step:

Particle Volume Balance 8.4.2.1

The general equation for the particle volume change:

Vc
dVp|i

dt
= (Qi -1 +QB)Vp|i -1− (Qi +QB)Vp|i +QB ·

(
Vp|i+1−Vp|i

)

(8.23)

It is valid for compartment i= 2 . . .N -1. For the two compartments at either
ends of the unit, special equations are needed:
For compartment 1:

Vc
dVp|1

dt
= Q f w f Vc− (Q1 +QB)Vp|1 +QBVp|2 (8.24)

And for compartment N

Vc
dVp|N

dt
= (QN -1 +QB)Vp|N -1−QN Vp|N−QBVp|N (8.25)

The retentate particle flow is given by:

Qr wr = QN
Vp|N
Vc

(8.26)

Protein Mass Balance 8.4.2.2

The general equation for the protein mass change:

Vc
dmi

dt
= (Qi -1 +QB) ·mi -1− (Qi +QB) ·mi +QB · (mi+1−mi)

−Qp|i ·
mi

(1−wi φ)
·Ti (8.27)

It is valid for compartment i= 2 . . .N -1. For the two compartments at either
ends of the unit, special equations are needed:
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For compartment 1:

Vc
dm1

dt
= Qin (1−winφ) · cinVc− (Q1 +QB) ·m1 +QB ·m2

−Qp|1 ·
m1

(1−w1 φ)
·T1 (8.28)

And for compartment N

Vc
dmN

dt
=(QN -1 +QB) ·mN -1−QN ·mN−QB ·mN

−Qp|N ·
mN

(1−wN φ)
·TN (8.29)

The retentate protein concentration is given by:

cr =
mN

Vc · (1−wN φ)
(8.30)

Fouling Resistance Balance 8.4.2.3

The resistance balances change for the fouling resistance is identical for all
compartments and given as:

dR f (t)
dt

= k? ·
Qp|i
Ai

(8.31)

These are the equations which make up the engineering model. In addition
to the equations, support functions, unit conversions, as well as plotting
functions have been written to facilitate the use of the engineering model.
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Chapter 9

Conclusion

The engineering model can be seen as the main output of this thesis, since it
consolidates the knowledge collected during the project. It was assembled
from the individual fragments of knowledge produced through experimen-
tal laboratory work, through computational fluid dynamics simulations, and
finally through modeling. The engineering model provides a solid frame-
work for modeling of rotating dynamic filtration and can be expanded with
additional functionalities.
In this thesis liquid filtration by rotating dynamic filtration units was in-
vestigated. Through experiments with different liquids the expression for
counter pressure, Pc was clarified. It was shown that, contrary to the preva-
lent understanding, rotating dynamic filtration needs a velocity factor, kv,
to correct between the ideal counter pressure equation and the observed Pc.
The value of kv increased with the scale of the filtration unit, emphasising
the need for the correction in scaling.
The resistance arising from particles in the filtration unit was subsequently
investigated. Using particles of CaCO3 a correlation between the particle
content and particle resistance was identified. By concentrating CaCO3 un-
der different conditions, it was shown that the primary descriptors of parti-
cle resistance are the particle volume fraction, w [ -] and the rotating speed
of the membrane disc, ω [rad s -1].
Using both BSA and therapeutic proteins the mechanisms for transmission
of proteins in a rotating membrane process was probed. It was shown, how
simple expressions could account for the observed transmission in rotating
membrane processes. Additionally, the connection between process param-
eters, transmission, and yield was demonstrated.

195 / 210



Chapter 9. Conclusion

Computational Fluid Dynamics has been a vital part of this thesis. It has
produced insights difficult to extracted from the physical system. Through
the work with CFD, a number of interesting concepts have been developed.
In order to simulate a membrane consisting of layers, each with an indi-
vidual porosity, the concept of algebraic domain specification was devised.
With this approach the multilayered membrane could be simulated as a sin-
gle domain, simplifying the geometry, the problem configuration and the
simulation.
The simulation of membrane filtration was approached in a second way.
Through the concept of algebraic defined filtration, individual surface bound-
aries were given membrane-like properties. This concept was combined
with the user defined function , which can extract information across a do-
main boundary. It was shown that the combined scheme could simulate the
filtration of particles, including responding to the particle concentration at
the membrane surface. It was also shown, that the system only works for
pressure defined system, as CFX was unable to solve a system with fixed
mass flows.
As part of the CFD investigation of the laboratory filtration unit, it was
found, that the original placement of the inlet resulted in inferior filtration
conditions. Using both CFD simulation and experiments a better position
for the inlet was identified. This compelled the reconstruction of experi-
mental setups, both the one used in this thesis, and similar setups.
CFD was also used to investigate how particles are distributed in the fil-
tration unit. It was shown, that despite a significant net-flow from the inlet
through the membrane, there is a strong back mixing, working to equilibrate
concentration. Including back mixing in the engineering model produced a
more accurate model.

Starting from a laboratory scale process, it was shown how the engineering
model can be used to scale the process to an industrial unit. For the inves-
tigated yeast process, the performance estimated by the engineering model
was approximately three times higher that the laboratory scale process. A
similar result was found in the experimental data.
The engineering model was also used to illustrate the Last Disc Problem,
i.e. the issue arising from the difference in filtration conditions between the
development phase in the laboratory unit and the large disc stack of the
production unit.
Including irreversible fouling in the engineering model was done both to
show the modularity of the engineering model, as well as showing the ef-
fects of accumulating fouling on the filtration process.
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9.1 Future Work

Future Work 9.1

The work presented in this thesis gives rise to a number of ideas for further
studies, which would be interesting to perform, as they would further im-
prove the knowledge about dynamic rotation filtration. In addition some of
them would elevate the quality and usefulness of the engineering model.

Experimental 9.1.1
The most evident shortcoming in this thesis is the lack of high quality exper-
imental data from large scale. An experiment performed with the intention
of investigating scaling would verify the engineering model or reveal any
problems it might have.
Since production scale experiments are expensive and the hardware can be
hard to access, scaling experiments between the one disc laboratory unit
and the 4 discs pilot unit could be a way to gain additional information
about scaling.

In the laboratory it would be beneficial to investigate both irreversible foul-
ing and transmission in depth. A correlation between the rate of membrane
fouling and the flux would improve the forecast of the engineering model,
particularly working with the last disc problem. Applying the methodology
of a test system would be a way to gain initial insights. In the course of this
thesis, indications that BSA could be used in a test system was observed.
With BSA added to the feed solution, initial fouling was seen, similar to the
observed behavior of the production yeast.
In relation to transmission, offline samples appear to be required. The ap-
proach with the UV detector in the permeate stream did not contribute much
to the experiments.

CFD Simulation 9.1.2
For the CFD section of the thesis the largest potential is found around sim-
ulations of different scales of filtration units. Simulations of larger units
could quantify the back mixing flow in production scale. It should be possi-
ble to solve this CFD problem, without simulating the complete production
unit, a few disc should suffice.
The four disc pilot unit has the potential to be a stepping stone to a full
production scale simulation. It is an accessible unit, and as such it would
be easier to obtain experimental data, which can be compared to simulated
data.
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Chapter 9. Conclusion

The resistance models used in the CFD simulations for this thesis, could
be significantly improved by an effort to align the simulated data to the
experimental data, not only on a qualitative level, but also on a quantitative
level. This holds true for both the volume defined system, as well as the
algebraic defined flux system.

Engineering model 9.1.3
For the engineering model, the potential for further work is derived from
its modular structure. Since the filtration phenomena included in the model
are described by individual models, it is easy to realise what is included and
what is omitted from the model.
For example could the expression for irreversible fouling be replaced with
an expression identified experimentally.
This thesis deal with systems of the DCF type from Andritz. It would be of
interest to test how well the engineering model translates to similar systems
from other suppliers. Due to the mechanistic properties of the engineering
model it should be easily transferable. An adjustment for geometry would
be needed, but the physics should be identical.
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Chapter 11. Appendixes

Cleaning in Place Recipe A
The final cleaning procedure developed through the project is presented
here, as a series of steps:

1: Flush with water until the discharge is visibly clear and particle free.
This step can be accelerated by temporally emptying the unit during
the flushing process.

2: Drain the water to empty the unit.

3: Fill the unit with a NaOH solution, the first cleaning fluid.

4: Flush with the NaOH solution, allowing readily soluble substances to
clear out of the unit.

5: Circulate the NaOH solution as retentate and through the membrane as
permeate. Allow minimum one hour for the circulation, in order to
dissolve any organic fouling in the system.

6: Drain the NaOH solution to empty the unit.

7: Flush with water, to removed the NaOH solution.

8: Drain the water to empty the unit.

9: Fill the uinit with a HNO3 solution, the second cleaning fluid.

10: Flush with the HNO3 solution, neutralizing any NaOH left in the unit,
as well as dissolving CaCO3 and other inorganic residue.

11: Circulate the HNO3 solution.

12: The unit should be stored in the HNO3 solution, until the next experi-
ment.

Article in Dansk Kemi B
See next page for the article.
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Forsøgsdesign til 
dynamisk roterende 
filtrering optimeret 
med CFD
Eksperimentelle undersøgelser af dynamisk filtrering i 
produktionsskala viste en stor forskel i filteringskapaciteten mellem 
laboratorie- og produktionsskala – til produktionsskalaens fordel. 
Efterfølgende modellering med CFD gav spændende resultater.

Af Henrik S. Marke1, Ernst Broberg 
Hansen2, Martin P. Breil2, Manuel 
Pinelo1 og Ulrich Krühne1

1 Institut for Kemiteknik, 2 Novo Nordisk A/S

Modelleringen med Computational 
Fluid Dynamics (CFD) afslørede nemlig 
en lokal ophobning af materiale, med en 
reduktion af membranens permeabilitet. 
Med baggrund i CFD-modellen blev 
laboratorieopstillingen ændret, således at 
den lokale ophobning af materiale blev 
undgået. Med det nye design modsvarer 
laboratorieforsøgene produktionsskalaen 
bedre.

Introduktion
Ved produktion af proteiner udtrykt 
ekstracellulært i mikroorganismer er det 
værdifulde produkt at finde i fermen-
teringsvæsken, derfor kan fjernelsen 
af celler være nødvenlig for den vi-
dere oprensningsproces. Forsøgsvist 
er separationen udført ved hjælp af en 
filtreringsproces. Udfordringen ved at 
filtrere mikroorganismer er deres dårlige 
filtreringsegenskaber; for eksempel kan 
cellerne komprimeres til en tæt kage på 
membranoverfladen. Dette besværliggør 
en kontinuerlig produktion, da filtrene 
hurtigt tilstoppes og skal rengøres. For 
at kunne anvende filtrering i produkti-
onsskala er det nødvendigt at benytte 
teknologier, som minimerer tilstopning 
(eng: fouling) af membranen. Det kunne 
eksempelvis være tangentiel flow filtra-
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Figur 1. Skitse af laboratorieudstyrets geometri. På tegningen er forsiden og bagsiden, 
samt ind- og udløb indikeret. Membranen og aksen udgør de roterende dele af udsty-
ret. I figuren er membranen og aksen vist transparent for at vise, hvordan permeatetet 
forlader udstyret.

Figur 2. Gennemsnitligt tryk, flux samt permeabilitet for de tre undersøgte situationer. A) 
Data fra test i produktionsskala. B) Data fra laboratorieforsøg foretaget før testen i pro-
duktionsskala. C) Data fra laboratorieforsøg foretaget efter ombygning. Linjerne indikerer 
usikkerheder på værdierne.
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tion, hvor væskeflowet langs membranen 
genererer den forskydningsspænding 
(eng: Shear force), som er nødvendig for 
at holde overfladen ren.

Dynamisk filtrering er en alternativ 
teknologi til at kontrollere tilstopningen 
af membranen. I teknologien bevæges 
selve membranen for at generere for-
skydningsspændingen, som begrænser 
tilstopning af membranen. Roterende 
Dynamisk Filtrering (RDF) benytter cir-
kulære membraner, der roteres omkring 
en akse, se figur 1. I RDF er det kun 
membraner, der skal bevæges, derfor kan 
der genereres en højere forskydnings-
spænding, end der kan opretholdes ved 
tangentiel flow filtration, hvor al væsken 
skal holdes i kraftig bevægelse. Dermed 
muliggør RDF filtrering af mikrobiolo-
gisk materiale. 

Overraskelsen i 
produktionsskala 
Før teknologien blev overført til produk-
tionsskala, blev den grundigt testet i labo-
ratoriet. Laboratorieopstillingen havde en 
enkelt membranskive med et filterareal på 

0.034 m2. For de testede produkter blev 
permeabiliteten bestemt til 25 L/(h m2 
bar) på baggrund af 17 forsøg.

På baggrund af de succesfulde 
laboratorieforsøg, blev udstyr til test i 
produktionsskala anskaffet. Udstyret er 
monteret med 128 overlappende mem-
branskiver for et totalt filtreringsareal 
på 16,4 m2. Eksperimenterne i produk-
tionsskala blev foretaget med samme 
organismer og procesbetingelser som i 
laboratoriet. Ved testen i produktions-
skala blev der foretaget tre eksperimen-
ter, der resulterede i en gennemsnits-
permeabilitet på 89 L/(h m2 bar), dvs. 
ca. tre gange højere end forventet med 
baggrund i laboratorieforsøgene. Dette 
var stærkt overraskende, særligt fordi 
producenten (Andritz) havde indikeret, 
at der skulle forventes en lavere kapa-
citet i produktionsskalaudstyret end i 
laboratorieudstyret.

Skaleringen af laboratorieforsøgene 
antager, at hele filterarealet har den 
samme permeabilitet, da der skaleres 
med det totale membranareal i udsty-
ret. Hvis dele af membranen ikke har 

optimale filtreringsbetingelser, vil det 
nedjustere forventningen til kapaciteten i 
produktionsskala.

Numerisk simulation
For at afdække forskellen i kapaciteten 
mellem produktions- og laboratorie-
skala, blev laboratorieudstyret model-
leret ved hjælp af CFD. Geometrien 
blev genskabt digitalt i ANSYS CFX, se 
figur 1. På baggrund af de eksperimen-
telle forsøg blev problemet beskrevet 
matematisk, for eksempel blev ind- og 
udløbshastigheder defineret, så de var 
sammenfaldende med de udførte forsøg. 
Selve membranen blev modelleret som et 
porøst materiale, uigennemtrængeligt for 
partikler. Igennem CFD-modellen er det 
muligt at evaluere, hvordan partiklerne 
fordeler sig i filtreringsmodulet.
Resultaterne af simulationerne ses i figur 
3 og 4. Som det ses i figur 3, er der to 
tydeligt definerede cirkulationsområder 
i modulet. Begge er velomrørte, men der 
er ikke nævneværdig udveksling mellem 
cirkulationsområderne. I figur 4 ses 
fordelingen af partikler ved ligevægt-
stilstand, dvs. efter længere tids drift. 
Partikelkoncentrationen på forsiden af 
membranen er højere end på bagsiden. 

Figur 3. CFD-simulation af de radiale og aksiale strømninger i filtreringsmodulet. Man kan 
se cirkulationszonerne på begge sider af membranen.

Figur 4. CFD-simulation af partikelkoncentration i filtreringsmodulet. Indløbskoncentration-
en er sat til 0,2. De to adskilte områder, med forskellige koncentrationer, ses tydeligt.

Figur 5. Eksperimentel permeabilitet for 
kontrolforsøgene. Den eksperimentelle 
data viser en gennemsnitsværdi over to 
minutter, spredningen er indikeret som 
det farvede areal.
Grøn: Indløb på bagsiden, Rød: Indløb 
på forsiden. Orange: Fluxen, for begge 
eksperimenter.
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Situationen opstår, fordi både indløbet og udløbet er placeret på 
bagsiden af membranen, hvilket betyder, at væsken på bagsiden 
kan strømme fra indløbet til udløbet uden at påvirke væsken på 
forsiden af membranen. Udvekslingen mellem de to områder er 
minimal, primært drevet af behovet for at erstatte det permeat, 
der forlader membranen gennem forsiden. Det minimale tilba-
geløb fra forside til bagside betyder, at partiklerne kan koncen-
treres på forsiden. En højere partikelkoncentration medfører 
en forøget opbygning af kage på membranen, hvilket giver en 
forhøjet modstand mod filtrering. Dermed leder højere partikel-
koncentration til reduceret permeabilitet. 

Permeabilitetsreduktionen på forsiden af membranen, som 
følge af forskellen i partikelkoncentration, er en rimelig for-
klaring på forskellen mellem de forskellige forsøgsopstillinger. 
Simulation af produktionsskalaudstyret blev fravalgt, da om-
kostningerne til beregning af fuldskalamodellen blev vurderet 
for høje. Til gengæld kunne effekten af indløbets placering let 
testes eksperimentelt. I laboratorieudstyret kunne muligheden 
for lokal koncentrationsforøgelse reduceres ved at flytte indlø-
bet fra bagsiden til forsiden af membranen. 

Ombygning af laboratorieopstilling
For at teste betydningen af indløbet blev laboratorieopstillingen 
ombygget; indløbet blev flyttet fra bagsiden til forsiden og placeret 
over skivens centrum, se figur 1, side 24. Herved skulle mulighe-
den for lokale koncentrationsforøgelser være fjernet. For at under-
søge effekten af placeringen blev der udført to forskellige forsøg. 

Først blev effekten af indløbets placering undersøgt med et 
materiale, der var sammenligneligt med materialet fra de oprin-
delige laboratorieforsøg. Disse forsøg resulterede i en permea-
bilitet på 69 L/h(m2 bar), som vist i figur 2, på side 24.

Dernæst blev der udført to kontrolforsøg, med ens materialer, 
hvor indløbet blev flyttet mellem for- og bagsiden. Her kunne 
udviklingen af permeabiliteten ved forskellige filtreringsha-
stigheder undersøges. Udviklingen i filtreringshastigheden og 
permeabiliteten for de to kontrolforsøg er vist i figur 5. For 
lavere filtreringshastigheder er permeabiliteten identisk for 
begge indløbsplaceringer. Ved 28 L/(h m2) falder permeabili-
teten tydeligt i forsøget med indløb på bagsiden. Dette skyldes 
sandsynligvis, at fluxen er større end udstyrets evne til at flytte 
materiale fra forside til bagside ved konvektion. Dette medfører 
forøget tilstopning af membranen på forsiden. Det underbygges 
af det videre forløb, hvor permeabliliten ikke kommer tilbage 
til samme niveau som i forsøget med frontindløb, til trods for at 
fluxen falder til 21 L/(h m2). 

Konklusion 
På baggrund af en afvigelse mellem laboratorieskala- og pro-
duktionsskalaforsøg er laboratoriemodulet blevet modelleret 
med CFD. Her er det blevet vist, at der sker en uhensigtsmæssig 
koncentrationsforøgelse på den ene side af membranen på grund 
af manglende udveksling mellem for- og bagsiden af membranen. 
Ud fra CFD-modellen blev der udarbejdet et muligt løsningsfor-
slag: at flytte indløbet fra forsiden til bagsiden af membranen.  

På baggrund af de efterfølgende kontrolforsøg er væskens vej 
gennem modulet blevet forbedret, således at der ikke længere 
sker en uhensigtsmæssig koncentration af materiale på forsiden 
af membranen. Ændringen af indløbsplaceringen forbedrer ka-
paciteten fra 25 til 69 L/(h m2 bar), en klar forbedring. Ændrin-
gen af geometrien med baggrund i CFD-modellen, har dermed 
forbedret sammenhængen mellem resultaterne i laboratorie-
skala og forventningerne til produktionsskala.

E-mail: 
Ulrich Krühne: ulkr@kt.dtu.dk
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Nyt om …

… Kampen mod  
Gram-negative bakterier

Bakterier inddeles i Gram-positive og Gram-negative, opkaldt 
efter den danske patolog Christian Gram. Infektioner med 
Gram-negative bakterier er ofte svære at bekæmpe. Gram-nega-
tive bakterier er beskyttet af en ekstra membran, som antibio-
tika har svært ved at trænge igennem, og kommer de endelig 
igennem, bliver de verfet ud igen. En gruppe ved University of 
Notre Dame i USA har nu fundet en ny strategi. De kombinerer 
en siderophor (rød), en chelatiserende forbindelse, som bakte-
rier bruger til at skaffe sig jern fra omgivelserne, med en oxazo-
lidinon (blå), der normalt bruges mod Gram-positive bakterier. 
Disse to bindes sammen via en cephalosporin (sort). Sideropho-
ren får nu bakterien til at optage denne kombination. Når den er 
kommet indenfor, nedbryder bakterien cephalosporinen med et 
lactamaseenzym, som er en del af bakteriens forsvar mod anti-
biotika; men i dette tilfælde frigøres oxazolidinonen, som nu 
er kommet ind i cellen og dræber bakterien. Forsvarsenzymet 
bliver på denne måde årsagen til bakteriens undergang.

Carl Th.

A Synthetic Dual Drug Sideromycin Induces Gram-Negative Bacteria To 
Commit Suicide with a Gram-Positive Antibiotic, Journal of Medicinal 
Chemistry, 61 2018) side 3845. DOI:10.1021/acs.jmedchem.8b00218.
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Chapter 11. Appendixes

Screen shot from CFX C

Figure 11.1: Screenshot from CFX, illustration how the boundary continu-
ity source is defined in the program.
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D Single Disc Mesh

Single Disc Mesh D

Different views of the mesh used for simulation on the 152DCF unit. Only
the left half-plane is shown, such that the internal volume mesh can be
inferred. The mesh is shown at diffident angles and zoom levels to add the
understanding of a 3D object on a 2D surface.

View of the complete mesh, showing the membrane domain, as well as
the rotating and stationary chamber domain.

Close up for the complete mesh, showing the mesh at the center of the
unit. This shows how the mesh is constructed at the interface between
the different meshes.

207 / 210



Chapter 11. Appendixes

Zoomed out picture of the unstructured mesh outlining the stationary
part of the chamber volume.

Close-up of the inlet and space between the membrane edge and the
chamber wall. Illustrates the refinement of the mesh at theses two loca-
tions.
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D Single Disc Mesh

Zoomed out picture of the structured mesh outlining the rotating part of
the chamber volume.

Close-up of the center area. Illustrates how the mesh follows the shape
of the underlying elements, such as membrane and the steel nut.
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Chapter 11. Appendixes

Zoomed out picture of the structured mesh outlining the membrane and
permeate channel volume

Close-up of the out edge of the membrane, showcasing the refined mesh
used for the membrane to ensure the resolution in the simulation of
membrane resistance.
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