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1. Introduction

In submerged membrane bioreactor (SMBR)
processes, air is injected into the stationary suspension
to induce flow and to generate shear at the surface of the
membrane [1]. Besides this, the bubble-induced move-
ment of hollow-fibres is contributing to the removal of
the cake layer [2]. This air bubbling sequence is inves-
tigated at different scales (single fibres, small fibre bun-
dles) and under different operating conditions (permeate
fluxes, aeration rates, solids concentrations) within the
framework of this study. The overall objective is to eval-
uate the impact of operating parameters, characteristics
of the model suspension and membrane module design
parameters on the efficiency of air bubbling.

Within previous experiments [3], cross-flow filtration
tests at constant transmembrane pressure (TMP) have
shown that the long-term permeate flux is increasing with
an increasing cross-flow velocity, a decreasing solids concen-
tration, a decreasing average particle size (for small particle
size to pore size ratios) and a decreasing dynamic viscosity,
whereas the long-term permeate flux is independent of feed
pressure variations. These trends are consistent with pub-
lished theories which demonstrate that the thickness of the
reversible cake layer increases with a decreasing cross-flow
velocity and an increasing feed pressure [4]. While an increase
in cross-flow velocity is leading to an enhanced entrainment
of deposited matter and thereby to a higher permeate flux,
a higher feed pressure is leading to a temporary increase in
permeate flux only. However, this benefit is compensated by
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an increased filtration resistance due to a thicker cake layer,
so that the long-term permeate flux is, within a certain range,
independent of the driving force of the process [5].

This paper reports about lab-scale experiments con-
ducted in submerged mode with different degrees of
simplification. In comparison to the well-defined hydro-
dynamic conditions within the above-mentioned cross-
flow test cell equipped with a single, not moving fibre, the
complexity of the system is increased stepwise by apply-
ing air bubbling to induce a tangential flow and by taking
fibre movement and fibre-fibre interactions into account.

2. Materials

For all filtration tests, single hollow-fibre membranes
and small hollow-fibre bundles of the PURON® system
provided by Koch Membrane Systems GmbH (KMS)
were used. According to the manufacturer, these micro-
filtration membranes consist of polyether sulphone
(PES) as a source material and show an outer diameter
of 2.6 mm, an inner diameter of 1.2 mm and a nominal
pore diameter of 0.04 ym. An average pure water per-
meability of a virgin hollow-fibre membrane of approxi-
mately 1400 L/(m? h bar) was determined [6].

As a model substance, an alkaline, aqueous dispersion
of colloidal silica particles (B9950) with a size distribution
in-between 20 and 150 nm was used. The stock suspension
was kindly provided by eka AKZO NOBEL and consists of
amorphous spherical SiO, particles with a slightly negative
surface charge at pH =9. The desired solids concentration
was adjusted by adding pure water to the stock suspen-
sion (stock solids concentration =31.8 vol. %). According
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Fig. 1. Experimental setup for submerged filtration and direct observation.

to own rheological measurements [3], the model suspen-
sion consisting of silica particles in water shows Newtonian
characteristics and water viscosity in a range of particle con-
centration of up to 3.2 vol. %. Moreover, it was found that
xanthan solutions as a dispersant are capable of representing
shear-thinning characteristics of activated sludge according
to the Rosenberger model [7] properly. However, model
suspensions of silica particles in xanthan solutions were not
used for these filtration tests since the xanthan molecules
cause membrane fouling and permeate through the mem-
brane leading to an unrealistic permeate viscosity.

3. Methodology

An existing experimental setup was modified, see
Fig. 1, and the respective test protocols were adapted
from [2]. The filtration tests were conducted at con-
stant permeate flux and constant aeration rate while the
transmembrane pressure (TMP) was monitored versus
time. The membrane bundle prototypes were fixed at
the bottom end only, so that the fibres were free to move
laterally at the top end, which is characteristic for this
module configuration. In complementary test series,
fixing elements were connected to the loose ends of the
membranes to avoid fibre movement. Each submerged
filtration experiment was lasting for approximately
2.5 h. No permeate backwashing sequences have been
conducted.

Besides the silica filtration tests, a video camera was
used to monitor the bubble-induced fibre movement.
Since the model suspension containing silica has a milky
appearance, pure water without silica particles was fil-
trated during the second period of investigations in order
to facilitate a direct observation of fibre motion. However,
the overall hydrodynamic conditions inside the tank are
assumed to be independent of the solids content since the
impact of particle concentration on the dynamic viscosity
of the suspension was found to be negligible [3].

4. Results and discussion

Initial results of silica filtration at a solids concentra-
tion of 0.4 vol. %, a setpoint permeate flow rate of 2.0 mL/
min and a fibre length of 0.75 m are presented in Figs. 2 to
4. In these diagrams, both the TMP and the permeate flux
are plotted versus time for 4 respectively 2 different test
runs under the same operating conditions. During the first
2.5 h of filtration, the permeate flux (determined manually
by weighing the amount of permeate over time) was in
the range of 21 to 23.5 L/(m? h) and was slightly decreas-
ing due to an increasing thickness of the cake layer and by
that increasing backpressure within the permeate extrac-
tion line. However, it was assumed that the decrease in
permeate flux is negligible, i.e. the experiments were con-
ducted under constant permeate flux operation.

The curves are indicating that the evolution of TMP
is sufficiently reproducible for this early stage of experi-
ments. While the initial TMP is nearly the same, a devia-
tion of final TMP at the end of each test run is observable,
particularly with respect to test run 001 in Fig. 3 compared
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Fig. 2. Transmembrane pressure (TMP) and permeate flux
vs. time for a bundle with a single, tight fibre (fibre fixed at
both ends) at 6 L/min aeration rate.
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Fig. 3. Transmembrane pressure (TMP) and permeate flux
vs. time for a bundle with a single, tight fibre (fibre fixed at
both ends) at 4 L/min aeration rate.

to all others. These inaccuracies might be due to differ-
ences in pure water permeability of the virgin membrane
samples and/or the transient character of the multiphase
flow pattern and the bubble-induced fibre movement,
which are affecting the reproducibility of experiments.

With an increasing aeration rate, the bubble-induced
tangential flow of the model suspension is increasing,
which is in turn leading to an enhanced removal of
deposited matter from the surface of the membrane. The
resulting decrease in filtration resistance is observable by
means of a decreasing TMP as presented in Fig. 2 com-
pared to Fig. 3 for bundles with not moving fibres (i.e.
tight fibres fixed at both ends). Furthermore, the stand-
ard deviation of TMP at the end of each test run as well
as the increase of TMP during the experiment is much
lower for an aeration rate of 6 compared to 4 L/min. This
might be due to a complete removal of deposited mat-
ter under non-critical aeration conditions, i.e. nearly no
cake layer was formed on the membrane for an aeration
rate of 6 L/min.

Despite the TMP variations under the same operat-
ing conditions, a significant decrease in final TMP was
observable when the fibres were free to move later-
ally at the top end of the bundle, see Fig. 4 compared
to Fig. 3. This trend is presumably due to the impact of
(i) additional shear forces originating from the lateral
fibre movement within the suspension and (ii) collisions
of the moving fibres with the support frame within the
tank (see also Fig. 1).

5. Conclusions and outlook

Hydrodynamics in submerged membrane bioreactors
(SMBRs) have been investigated with different degrees
of simplification. Since the shear forces at the surface of
the membrane are easier to predict in cross-flow than in
submerged filtration processes [8], a cross-flow setup was
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Fig. 4. Transmembrane pressure (TMP) and permeate flux
vs. time for a bundle with a single, loose fibre (fibre fixed at
the bottom end only) at 4 L/min aeration rate.

used during the first stage of this project. The respective
results, which have been presented within a previous
publication [3], have shown that the cake layer formation
and removal is following the reversible cake layer forma-
tion theory [4].

Moving forward, a submerged filtration setup has been
put into operation and initial results of the start-up period
are presented within this paper. In agreement with the
cross-flow investigations, an increase in aeration rate, fol-
lowed by an increase in bubble-induced liquid cross-flow,
is leading to an enhanced removal of the cake layer and
by that an improved filtration performance of a system
with not moving fibres. Moreover, it was observable that
the TMP is nearly constant in case of an aeration rate of 6
L/min, presumably due to non-critical aeration conditions.

Subsequently, fibre movement was taken into
account. It was found that the final TMP is much lower
if the fibres are free to move laterally at the top end of the
bundle. These optimised filtration conditions are possi-
bly caused by increased shear forces at the membrane
surface due to fibre motion and/or the interaction of the
fibre and the support frame within the tank, which is
consistent with already published results [2].

During the last part of the project, a video camera
was used to determine the intensity of fibre movement
for single hollow-fibres and bundles consisting of more
than one fibre. The overall objective of this approach is
to estimate the impact of aeration conditions and bundle
design parameters on the intensity of fibre movement in
terms of amplitude, frequency and velocity. By that, the
influence of fibre movement and fibre-fibre interactions
on the filtration performance of the system will be inves-
tigated within future studies. For this purpose, a quantita-
tive analysis of the raw data in terms of a frame-by-frame
image processing is currently conducted in MATLAB®.

However, although a quantitative image processing
is still to be done, an increasing intensity of fibre motion
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was observable with an increasing aeration rate and a
decreasing packing density. These trends are most likely
caused by more pronounced interactions of the flow
pattern and the fibres at higher aeration rates respec-
tively less pronounced fibre-fibre interactions at lower
packing densities.
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