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Abstract

This paper is concerned with the capture and release of flowing biomass in high voidage fibre networks, and the work is relevant to a numbe
areas including filtration and biomass growth within scaffold structures. Experiments were carried out using a micro scale visualisation dow cell g
a laboratory scale filter with similar hydrodynamic conditions and these apparatus were used to establish the dominant modes and mechanisr
deposition during steady flow, and also the efficacy of oscillatory fluid flow for the re-suspension of deposited biomass. Numerical simulation w
used to elucidate the flow characteristics through a ‘clean’ fibre network. Quantitative image analysis of in situ confocal laser scanning microsc
data from the flow cell was conducted, obtaining both the local void fraction and surface area exposed to flow as the filtration progressed. -
laboratory scale filter apparatus gave the overall filtration efficiency and pressure difference data, and also provided model parameters to esti
the filter coefficient. as a function of the deposit level in the filter. By combining these model parameters with the image analysis results, it we
possible to obtain the deposit profile in the filter bed as the filtration progressed and also the average shear stress acting on the biomass dt
as a function of fluid drag. The experimental results showed that the high voidage fibre network was an effective way of capturing biomass, :
that filter ripening, steady-state capture and breakthrough are all present during the course of a filter run. During biomass filtration, the aver
shear stress acting on the biomass started at approximately 1.0 Pa and gradually rose to a peak of 6.5 Pa, which was the maximum sustaina
the deposit. Thereafter, a reduction in the shear stress indicated rearrangement of the deposit to zones further downstream in the filter. Subse
high intensity oscillatory fluid flow was partially effective at removing the biomass deposit both in the micro flow cell and the laboratory filter
experiment, with shear stress levels during this high intensity oscillatory flow starting at approximately 65 Pa with a fully loaded fibre networl
and decreasing to 7.5 Pa as the filter medium approached a ‘clean’ state.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to accomplish this, it is important to establish the predominant
mechanisms for particle capture for each system of particle sus-
The filtration of particle suspensions through porous media ipension and porous media.
of interestin areas as diverse as pharmaceutical prody2apn In deep-bed filtration of hydrosols, particle capture in
oil production from subsurface well$6,33,37,19]ground wa-  idealised systems have previously been identified to be a
ter seepagf27,2,28]and purification of molten metalg,38]. consequence of Brownian motion, electrostatic interactions,
The principal objectives of these filtration operations are to reinterception, hydrophobic effects and gravity settlifi].
move particulates and/or to maximise filter runs by preventingrhe predominance of these mechanisms over mechanical pore
clogging of the filter medium. One of the main research ob-clogging by large particles assumes that the filter pore size
jectives has been to create or modify porous media (see, e.. substantially larger than the suspension particles, which is
[21,35) or particle suspensions (see, §423,30,34] to max-  generally how deep-bed filters are desigiii28]. Model sys-
imise particle capture and the solids holding capacity withoutems with various liquid phase properties (e.g. ionic strength,
the development of high flow resistance in the filter. In ordertemperature) and spherical or essentially non-deformable
particles have often been used both in experimental (see, e.g.
_— [6,9,15,26] and theoretical studies (see, §29,31] on capture
* Corresponding author. Tel.: +47 47332466/+47 52713362; s . . . . .
fax: +47 52700471, within porous media. However, in biological systems, biomass
E-mail address: bustnes@polytec.no (T.E. Bustnes). aggregates are rarely rigid or spherical structures, and can be
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described as ‘fractal’ in natufé1]. For this class of particulate wherer is time andh is the filter coefficient, and depends on the
systems, where particles are highly deformable and have diiter medium, the fluid suspension and the state of deposition
appreciable internal permeability to fldd/7,36], the dominant  of the filter medium. The difference between the time variable
capture mechanisms and resulting deposit morphology mayand ‘corrected time’ variable is the interstitial time of travel
differ significantly from idealised cases. of a fluid element between the filter entry and deptand this

On startup, most deep-bed filters initially show a gradual im-difference is in most practical cases negligifd2].
provementintheir ability to capture solids. Thisis known asfilter One importantimplication of an analysis where the rate equa-
ripening, and has been attributed to the initial capture of particleson is first order inc is that the gradient of deposit with depth
leading to an increased surface area of capture, together with @constant at a given level of deposi{12]. This implies that
improvement in surface interactiof@. This is followed by a  the specific deposit curves through the filter are interchangeable
steady-state period, and thereafter particle breakthrough, whidby translation32], and that a ‘deposit front’ should exist that
is characterised by arise in the effluent solids concentrf2i@n  travels with a constant velocity through the filter. The ‘deposit
The precise mechanisms for these observations are dependémint’ velocity is given by
on the fluid-particle-medium system and the prevailing hydro-
dynamic conditions. In the practical operation of filter systems,y — (az> — (90/90) - (o7 89)1. (3)
pressure difference measurements are commonly used to stop  \90/,  (30/92)s ro

filter runs before the onset of breakthroygB], but it has been This theoretical framework allows a deposit profile and in

suggested that for some filtration systems, wall shear stress megsiter section to be estimated, provided the specific deposit is
surements show better correlation with filter performad€d.  qyn with time at a particular depth in the filter section.
In our research, we have established that various high void

fraction fibre materials are generally better than granular or foarg. Micro flow cell visualisation
media at capturing biomass from domestic wastewdiei his

means that the detailed internal geometry of the filter medium i§
important in biomass particle capture. We have also explored the
use of oscillatory fluid flow for the detachment and re-suspension

of these biomass aggregates. We have briefly reported on VISt a polyester fibre section, a flow cell was constructed as shown

alisation studies relating to biomass capture in high voidagcien Fig. 1 The flow cell consisted of a poly(methyl methacrylate)
fibrous filters[5] and also described aspects relating to the hy—block of dimensions 60 MM 24 mmx 10 mm with a channel
draulic response of the systd8j. In this paper, particle capture

1. Experimental set-up

In orderto directly view the deposition and release of biomass

) . ; "Ghown mass of heat bonded polyester fibres (Algarde fish pond
microscopy (CLSM), void fractions and surface areas are dete'ﬁlter material) was placed in the channel to give an average void

mined within the high porosity _filter. From match_ing Iaboratory raction of 0.95. Entry and exit holes were drilled through the
scale hydraulic experiments, it was then possible to establis lock, and a glass cover slide was held in place at the base of

frr:ear Stfess valrt:es Wrt\ere cta;]ptture ctan %C(E)w and also estlrr;fﬂg block with double-sided sellotape to close the flow channel.
€ maximum shear stress that captured blomass can Suslgify teeq consisted of domestic wastewater which had passed

before detachment occurs. Intense fluid oscillation is shown tﬂwrough primary treatment and trickling filter secondary bio-
be partially effective in removing biomass from a loaded filter ogical treatment before being collected at the Milton Sewage
and again, shear stress values are estimated for this part of t orks (AWG, Cambridge, UK)

cleaning process. Two syringe pumps and one miniature electro-mechanical

fluid oscillator were connected to the feed line. One of the sy-
2. Theoretical background

~ flow out

The normal approach in the mathematical description of
deep-bed filtration is to conduct a mass balance across a filter
section[32,31} PMMA

block
cover

dac oo -
! (32 > 9 ( 90 ) . @ slip P e
wherec is the suspension concentration at degftiom the filter ,
inlet, 6 a ‘corrected time’ variable and is the specific deposit - )
of the filter bed. 20 mm

The concentration of suspension is related to the depth into
the filter using a parametric rate equation, usually of the form

flow in

Fig. 1. Microflow cell consisting of a poly(methyl methacrylate) (PMMA) block
¢ with entry and exit holes and a channel milled at its base. Polyester fibres at a
— () = AcC (2) bulk void fraction of 0.95 were placed in the channel and a glass cover slip was
9z t attached to the bottom of the PMMA block using double-sided sellotape.
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T T helease syringe pump with tap water was set to deliver a net superficial
_ flow in order to transport the re-suspended biomass away from
Wa“:l'lf‘z’;“‘-@e E]iﬂ"?' i the flow channel. Regeneration continued in this way for 10 min.
 cacillator At regular intervals, the oscillatory flow was stopped and image
N P stacks recorded.
Feed syringe v In addition to obtaining three-dimensional images of the fibre
loadiia Pl“\“P and biqmass deposit mo_rphology within thg flow cell, detaile_d
\ v numerical analysis of the image stacks obtained was used to give
e e E ’ the internal specific deposit) and the internal surface area ex-
':E@ posed to flow §) at any given time. This was accomplished with
WAGALE \ Efauem a purpose-written computer code using IDL software language.
stirrer Flow cell vessel

3.2. Capture mechanisms
Fig. 2. Experimental set-up for visualisation using LSCM. The dashed rectan-

gles indicate the equipment used for the loading and release of biomass from

the fibre matrix in the flow cell. Fig. 3shows superimposed fluorescence and reflectance im-

ages taken during filtration and regeneration. For these experi-

ringe pumps was used to introduce biomass suspension into theents, the superficial fluid flowrate was set to 4.4 mfer the
flow cell. In order to keep the particles from sedimenting in thecapture. During regeneration, near-sinusoidal oscillatory condi-
biomass feed syringe, it was necessary to place a small matens were set to 4.5 Hz and centre-to-peak amplitude of 11 mm,
netic stirrer bar inside the syringe. The other syringe pump andiving a peak superficial fluid flow of 320 mm% At the begin-
the fluid oscillator were used for regeneration of the flow cellning of the capture experiment, some small particle aggregates
once the fibre matrix was fully loaded with biomass. This wasattach directly to the fibres, probably with capture mechanisms
accomplished by a combination of oscillatory fluid flow (to re- similar to those reported in Tief81]. However, most of the
suspend the biomass) and superimposed net flow (to transpguérticle aggregates are seen to attach predominantly at fibre in-
the re-suspended biomass away). Both filtrate and re-suspendtdsections (b). This enhances the capture at these sites, creating
biomass after filter regeneration were transported through thiarger particle aggregates (c) and eventually an almost continu-
effluent line to a common receptacle. An overview of the experous network of particles (d). This explains the phenomenon of
imental set-up is seen Fig. 2 filter ripening’, or the improvement of filtration efficiency with

The micro flow cell was placed on an Olympus IX50 in- time, that has been documented in the literature (see[9)g.
verted CLSM equipped with a 488 nm (Ar) laser line. Initially, It also explains why the intersecting fibre geometry gives sig-
the flow cell was filled with tap water and image sections ofnificantly better capture than polymer foams with similar void
1408um x 1408um size were recorded at 7u8n depth inter-  fractions[4].
vals for the first 50@um from the inside surface of the micro- In (d), obstruction of the laser light in parts of the image
scope slide (c.fFig. 1). Such three-dimensional image stackshighlight the differences in biomass particle density and thus in-
were recorded using (1) reflected light and (2) fluorescence dlicates the development of flow channels for these high biomass
the bioaggregates from the flow cell. The scanned image stacksadings. The flow channels will have progressively higher inter-
were located 17 mm from the filter inlet and in the middle of thestitial velocities as they constrict with time, and this means that
flow channel. The reflected and fluorescent wavelengths wengarticle break-off and/or non-attachmentare the likely causes for
directed to different photomultiplier tubes (PM channels) andparticle breakthrough into the effluent. In the images presented,
recorded separately. It was found that the polyester fibres dithe morphology of the biomass deposit clearly changes with
not exhibit intrinsic fluorescence and they were therefore captime. Additionally, a previous visualisation stufly], showed
turedin the reflection PM channel. When biomass particles werthat small particles are re-entrained into the fluid flow. These
introduced into the flow cell, it was discovered that they showedwo findings indicate that at least some of the particles that
sharp autofluorescence above 660 nm, and appropriate opticatentually break through to the effluent have been captured and
barrier filters were used to direct this wavelength to the othesubsequently sheared off.
fluorescence channel. After fluid oscillations, most of the attached biomass particles

Capture experiments were conducted at various superficiare removed and transported away (e). This oscillation intensity
flow rates and a biomass concentration of 120mgThe total  is clearly able to re-suspend most of the deposit in a relatively
duration of the capture experiment was 1 h. The net throughflowhort time, and prolonging the oscillation time also reduces the
was stopped at regular intervals and a full three-dimensionamount of deposit left in the fibre matrix (f).
image stack was recorded. In this way, the internal morphology
of the biomass deposit within the flow cell could be followed 3.3. Void fraction and surface area determination using
with time. image analysis

After the filter section was saturated with biomass, the net
throughflow was stopped. The miniature oscillator was started, Image analysis programming routines were developed using
delivering fluid pulsing to the flow cell and in this way dislodging IDL programming language for void fraction and surface area
and re-suspending deposited material. At the same time, thmalculations from the three-dimensional image stacks (see, Ref.
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(d) time 60 min (e) oscillations 1 min () oscillations 0 min

Fig. 3. LSCM experiment showing (a—d) capture and (e—f) release of biomass. The flow direction was from left to right at a superficial flowrate of*4ddrimg s
biomass capture. The oscillations (left—right) were at a frequgey4.5 Hz and channel amplitude., = 11 mm, with a (left to right) superimposed net flow of
water at 2.2mmst . Feed biomass concentration was 120 g Time (a) 0 min, (b) 15 min, (c) 25 min, (d) 60 min; oscillations (€) 1 min, (f) 10 min.

[4]). Prior to further analysis, the pixel intensities of each slice The biomass solids fraction is seen as a function of time for
in the image stack were normalised to account for the reductiothe recording position 17 mm from the entry to the flow cell in
in reflectance and fluorescence intensity with depth into the filFig. 4. The deposit initially builds up in an exponential fashion,
ter. The porosity analysis consisted of ‘thresholding’ each imagéut after about 35 min a plateau is reached and the maximum
slice to distinguish voxels (three-dimensional pixels) representoading possible for this section of view is obtained. After the
ing voids from those representing fibres (reflectance channefjitration is stopped at 60 min, the fluid oscillations progressively
or biomass deposit (fluorescence channel). For the fluorescenbeng the biomass levels down to near the starting value.
channel, the ‘solid’ voxels were then summed and divided by Fig. 5 shows the relationship between the internal surface
the total number of voxels in the image stack to give the specifiarea exposed to flow and the biomass solids loadig This
biomass depostit. For the surface area analysis, each fibre olinear relationship may be used to estimate the internal surface
biomass voxel was compared with its nearest neighbour in spa@eea exposed to flow for a filter section for which the overall
to determine which surfaces were exposed to ‘void’ voxels. Theleposit is known, and this result is used in a later section.
exposed areas were then calculated and summed, and finally di- In the sections below, the image analysis results are com-
vided by the image stack volume to give the specific surface argaared with values obtained using a laboratory scale filter unit.
S (Table J). In addition, the results of the filtration study are used to expand
the flow cell results by providing model parameters and pressure
difference data for this filtration process.

Table 1
Porosities and specific surface areas (by image analysis) during capture and . .
release of biomass 4. Laboratory filtration experiments
Capture time (min) Porosity Specific surface ared,(m=1) . .

5 950 5200 The laboratory scale experiments used a 54 mm diameter and
Ez; 15 0.946 =800 variable depth cylindrical filter of the adjustable void fraction.
(©) 25 0.939 6400 ‘Clean’ filter experiments were conducted with different filter
(d) 60 0.857 18800 porosities and flowrates, but the main biomass filtration experi-
(e) 1 min (osc) 0.924 9200 ments were carried out with a 32 mm depth filter of initial poros-
(f) 20 min (osc) 0.935 7300

ity 0.95. The superficial flowrates and feed concentrations used
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Fig. 4. Results from specific deposit determination using image analysis with IDL software.

for these experiments were the same as for the micro flow cell. The operation of the filter when filtering biomass feed con-
By analysing the suspended solids concentration of the feed arsisted of pumping the particle suspension through a polyester
effluent of the filter, the biomass accumulation in the filter couldfibre section of void fraction 0.945 and depth 32 mm. During
be calculated from a mass balance. More extensive results usififjration, the differential pressure across the filter column was
this laboratory scale filter are reported in Bustnes and Mackleyneasured using pressure transducers. Also, feed and, at regular
[3]. intervals, effluent samples were taken and analysed off-line for
suspended solids according to Clesceri efgjl.
4.1. Experimental set-up
4.2. Filtration results
Afilter rig was constructed accordingfag. 6, incorporating
magnetically stirred feed tanks, a feedback-controlled peristaltic In Fig. 7, the pressure response of the ‘clean’ polyester fi-
pump (in order to ensure constant flowrate), filter section andbre filter is plotted for various void fractions and flowrates. The
turbidity measurement unit. Below the filter section, a hydraulichydrodynamic pressure difference is clearly a linear function of
piston was installed in order to oscillate the fluid in the filter the flowrate, and decreases with the void fractiéig. 8 shows
column and thereby provide sufficient hydrodynamic drag orthe oscillatory flow pressure response of the filter, for a centre-
deposited particles to re-suspend them and hence regenerate thgpeak amplitude of 20 mm and frequency 0.5Hz. The mea-
filter. surements show that the pressure response closely follows the

T T T T T T T T T

® image analysis data
linear fit S = 2.236x10° &

80000

60000

40000

20000

specific surface area S (m2 m")

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

specific biomass deposit ¢ (-)

Fig. 5. Relationship between internal surface area exposed to flow and specific biomass deposit. In this figure, the solids fraction and surfabe@oes rom
the fibres are omitted.
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effluent de-bubbling
column
to drain
slurry
drain
valve turbidity
non-return K meter
flowmeter -\vaﬂ&’
| ‘ level
valve
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pump
feed tanks servo-hydraulic

oscillator

Fig. 6. Schematic showing the main components of the biomass filtration unit. Feed is pumped from the feed tanks using a peristaltic pump andsatgrththe b
filter column after passing a flowmeter, which is used for feedback control of the pump. Filtrate exits at the top of the filter column and passeseHoobghiregd
unit and subsequently a turbidity measurement device. The piston under the filter section can oscillate the fluid in the filter on filter cloggirgluaydtihe
formed is drained through the side valve at the base of the column. The pressure difference across the filter is also measured using two pressure sensors
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Fig. 7. Pressure difference across filter section for various void fractions and flowrates.
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Fig. 8. Oscillatory flow response of filter of void fraction 0.95 at frequeyicy 0.5 Hz and amplitudec.p, = 20 mm.
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piston velocity without a significant phase lag between the fluids thereafter observed until 30 min of filtration. Subsequently, a
flow and the pressure difference. sharp rise is evident, indicatingtaeakthrough of biomass to
The shear stress at the fibre walls as deposition takes platke effluent.
is more fundamental than pressure difference information alone The hydrodynamic pressure difference across the fiftigr.
in terms of events such as ripening, steady state and partic® shows a sharp rise in the flow resistance after the initial ripen-
breakthrough. For a fluid flowing with laminar flow through a ing period, with a lower gradient as the fibre network gradu-
porous section of constant cross-section and defite average ally fills. The inflection points on the pressure curve indicate
shear stress at the porous medium surfgganay be calculated a possible re-arrangement of biomass within the filter and the

by an overall force balance to give: development of flow channels, as confirmed by the micro flow
AP1 cellresults described inthe previous section. Breakthrough takes
w = = (4)  placeimmediately after a flow perturbation (seen at about 32 min

l. 5 N ) . in Fig. 9), accompanied by a perturbation in the pressure dif-
wheres is the specific surface area of the medium. Using theerence and also a peak in the effluent turbidity. However, the
expression fof for a fibrous medium given iAppendix A Eq.  sypsequent gradual rise in the effluent solids concentration and

(4) may be written as: turbidity indicates that breakthrough was in any case imminent
AP 4 when the flow perturbation took place. Itis significant, however,
w= "=~ 74(1 — %) ®)  that perturbation in the flow has such a large effect on the ability

of the filter to capture particles, since oscillatory fluid flow at a

For a filter medium of porosity = 0.945, Fig. 7 shows that a significantly higher intensity then these flow perturbations was

superficial flowrate of 4.4 mnTs througljjr;%a c_Ie_an filter section | ,qaq for regeneration of the filter section.
produces a pressure difference of 3kPangiving an average In the next section, the ‘clean’ filter pressure difference val-

shear stress of 0.53 Pa. This is the order of magnitude of shegpg yptained from the laboratory scale filter are compared with
stress acting on the first deposit that attaches to the fibre networgr

8 > e imulation results obtained using Fluent simulation software.

The wall shear stress for a ‘clean’ filter section can in this way
be computed from knowledge of the fibre diameter and pressure
difference measurements alone. During deposition, however, tte Numerical flow simulation
internal surface area exposed to flow is dependent on the precise
deposit morphology within the filter section, and is therefore nobt. 1. Geometry, mesh generation and boundary conditions
possible a priori to determine the local shear stress within the
filter bed. Three different three-dimensional geometries and meshes

Typically, a filtration run using biomass feed suspensionsimilar to that shown irFig 10 were generated, representing
yielded information about the filter effluent turbidity and solids fibres of diameters in the range 204 oriented transverse
content, and the pressure difference across the filter. The 32 mta the flow. The number of fibres was adjusted to give approxi-
filter gave the results shown ig. 9. The feed concentration mately equal volume fraction contributions from the three diam-
was determined to be 123 gt very similar to the feed for the  eters for a final void fraction close to 0.95 in the simulation cube,
micro flow cell. In terms of effluent solids concentration, the fig- which had sides of length 4Q0m . The only variation between
ure shows that the initial rise to just under 10 mis followed  the geometries were the different spatial positions of the fibres
by adrop in the effluent concentration to about 5-7 m§ in- within the simulation cube. Fibres were placed at random loca-
dicatingfilter ripening. A relatively steady solids concentration tions within the simulation cube, with some restrictions placed

60 — T T T T T T T T T T T T T T T T T LA — |
= suspended solids concentration (mg 1'1) uf
- - - hydrodynamic pressure difference (kPa) ﬁ 114
sol turbidity (NTU) .
o o’ iz
3 e 1
> 40f s 110 g
=) A -*’u.’l" // L é
E P T at Y is 3
b, HJ".‘;\'- v t’ ©
= 30f W2l } g
g » A h [ [ ] @
E ?'n.-" 1w 46 §
) ff'llr' i L | 3
£ 2 # 1+ ¢
3 &
= v -g‘
2 et 42 3
10 + i _'.l,;' & i g
SR I R, 1o
T i
0 C 1 1 1 n 1 L 1
0 10 20 30 40 50
time (min)

Fig. 9. Data obtained from 32 mm depth laboratory scale filter using biomass feed of concentration 123fhg vent at 30 min is due to a flowrate perturbation.
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AWATAN addition, the remaining four faces of the simulation cube were
&!‘, . made into symmetry planes. This made the simulation close to
R {ggﬁ% one of fully developed steady-state flow, with the exception that
- 3 %%Is-:,:;""*" no flow was allowed across the symmetry planes. Mathemati-
EemARiE
i cally,
s
flow e ki
2 Y —0, aty={-200200 and -~ =0,
- ay 0z
atz = {—200, 200}
flow where the positive-direction is the bulk flow direction.
Initial velocity conditions in all simulation cells were set to
. the superficial velocity in the-direction, and a solution was

obtained using the implicit, numerical solver routine in Fluent.
Computational iterations were carried out until the sum of the
errors for each of the velocity components and the continuity
equation were all below the tolerance threshold, set at10

Fig. 10. Example of simulation mesh as created by Gambit mesh generation

software. The mesh is a three-dimensional mesh where all the sections in the

z-direction are the same, and only a two-dimensional slice=at0 is shown .2. Simulation results

here.

For various superficial flowrates, the hydrodynamic pressure
on their relative position: fibres could not overlap each othedifferences are plotted iRig. 11, together with selected exper-
or touch the boundaries of the simulation cube, as this creatddchental results from the previous section. There is a significant
difficult boundary conditions. variation between the different geometries, and this must be ex-
Meshing was accomplished by pre-setting the number opected as flow channelling would be presentto a greater or lesser
nodes on the fibre surfaces to 15, 20 and 30 (fine mesh) faxtent depending on the fibre geometry. Even though the varia-
the three respective fibre diameters and on the edges of the sitien is large, the order of magnitude of the pressure differences
ulation cube to 20 (coarse mesh) so as to give accurate meshingrresponds well with the experimental results from the labora-
where required while minimising the number of mesh cells. Theory scale filter.
results presented in this paper were obtained using an unstruc- The velocity vector map corresponding to the simulation
tured triangular meshing scheme with a total of approximatelynesh given inFig. 10is shown inFig. 12 The velocity map
146,000 mesh cells. The dependence of the results on mesh sgtgows a large difference in the velocity magnitudes for different
was tested and it was found that a mesh containing 407,000 mespatial locations. The largest velocity recorded is almost three
cells gave results deviating from those reported by less than 5%imes the superficial velocity, and it is therefore probable that
For the three mesh geometries, periodic boundary conditiongreferred locations for deposition exist in this geometry.
were imposed on the inflow (left hand side) and outflow (right Simulations also give the possibility of estimating the wall
hand side) faces. This enabled simulation of steady-state flow. Ishear stresses at the fibre surface. The shear stress results were

T T T T T T T T T T T T

13} = experiments, p=0.945 ]
v experiments, p=0.959 1

—0— simulations, geometry 1

11+ —o— simulations, geometry 2 1

10} —2— simulations, geometry 3

hydrodynamic pressure difference (kPa m‘])

S = N W Rk L N N 0 WO
T

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010 0.011

flowrate (m s}

Fig. 11. Hydrodynamic pressure difference from simulations of fully developed flow in different geometries. The simulation geometries cotistsd aff
diameter 20, 30 and 40m placed at random locations transverse to the flow.
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Fig. 12. Velocity vector map obtained from numerical simulations of flow through fibre section with void fraction 0.955 at superficial flowfate 5 # ms1 .
Colours indicate velocity magnitude. (For interpretation of the references to colour in this figure legend, the reader is referred to the weflilve esiticien)

in the range 0.01-1.25 Pa depending on the position on the fibre If the specific deposit is determined as a function of time
surface, with an average shear stress for all the three simulatiat a particular depth in the filter, Eq.(3) can be used to infer
geometries of 0.36 Pa. This agrees well with the experimentallyhe specific deposit profile with filter depth. In effect, this in-

obtained values in the previous section. volves using do/dt) values from the micro flow cell and values
for A estimated from laboratory scale experiments to assess the

6. Filter behaviour during biomass deposition and ‘deposit front” migration from the flow cell inlet. For each level

release of deposit recorded by image analysis, the ‘front velocity’ was

calculated Fig. 13, and with a zero-level initial deposit in the

In order to assess whether the filter behaviour at the flovilter, the resulting time development may be plotted aBim
cell and laboratory filter scales are comparable, it is instructivél4. The area under each of these curves can be determined nu-
to compare the development of the average deposit levels imerically and hence an average biomass deposit and filter void
the two experimental filter set-ups as time progresses. This #&action found as a function of time.
complicated in the micro flow cell because the spatial deposit Itis interesting to note that the prediction of Herzig e{52]
profile from the filter inlet is not known, making the average that the ‘front velocity’ at all deposit levels should remain con-
deposit level in the filter inaccessible. stant with time is not valid. This discrepancy between theoreti-

front velocity V (mm s'l)

0.00 E

| il Pa— L - PR - b, F— | S T S | " o r—
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
specific deposit o (-)

Fig. 13. Deposit ‘front velocity’ as obtained from E@) taken from Herzig et a[12].
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Fig. 14. Deposit profiles in micro flow cell at different filtration times.

cal predictions and experiment was also mentioned in Tien and Given the pressure difference datdrig. 9, the void fraction

Payatake§32], but no experimental data to this effect were pre-development for the laboratory scale filter giverFig. 15and

sented. The result of the progressive reduction in the ‘front vethe relationship between the deposit level and the internal sur-

locity’ is that the deposit profile flattens as it progresses througffiace area exposed to flow givenhig. 5 Eq. (4) may be used

the filter, i.e. low levels of biomass reach the exit to the filterto estimate the average shear stress levels acting on the biomass

within the first 5 min while the *heavy’ deposit progresses at thedepositduring deposition. A plot oft versus is shown inFig.

much slower rate of about 20n s, 16. The figure shows a progressive build-up of average wall
Fig. 15shows the comparison of experimental void fractionsshear stress from initially about 1 Pa (a level somewhat above

¢ as obtained from the flow cell and laboratory filtration exper-the ‘clean’ filter values determined by experiment and simula-

iments, the latter given by tion) to about 6.5 Pa at a time of 12 min. The shear stress there-
oL after drops until it reaches a local minimum at around 30 min,

p=¢o— — (6)  at which time biomass breakthrough was originally observed
Pbm (Fig. 9).

wheregyg is the starting void fraction (0.95y, is mass-based It is clear fromFig. 16that the shear stress levels build-up

specific deposit (in g m?) andpgy is the biomass density, as be- until the drag forces on the deposited biomass become unsus-
fore. The average void fraction profiles with time are remarkablytainable. This observation is consistent with a model in which
similar for the two experimental methods, given the differenceshe peak of the shear stress curve signifies the point at which
in geometry and the very different methods for their estima-biomass from the highest levels of deposit are broken off and

tion. re-captured downstream. This rearrangement of biomass deposit
T T T T T T
0.95 - -
094} 1
g
3
o
=
5 093 ]
g
2
5
-
® 092} -
L ]
void fraction by mass balance, 32 mm filter
091 ® void fraction by image analysis, 35 mm flow cell 1
1 " " " 1 i n 1 n n 1 " -+ n 1 " " " " il
0 10 20 30 40 50
time (min)
Fig. 15. Average void fraction in laboratory scale filter compared with that of the micro flow cell.
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Fig. 16. Wall shear stress with time as determined by(Epand data provided from laboratory scale and flow cell experiments.

to zones deeper into the filter takes place until the flow cell idibre crossing points, and for smaller aggregates to subsequently
saturated and significant biomass finally escapes to the efflueatlhere to these captured particles. Eventually, as the fibre net-
(30 min). work filled with biomass, flow channels formed and no further
During oscillatory flow, crude estimates of the shear stresset capture took place. Intense oscillatory fluid flow was able to
may also be obtained from the data presented. By observing theg-suspend most of the biomass deposit, which was transported
the peak pressure follows the peak velockig( 8), itis possible  away by a net flow of water.
to linearly extrapolate the recorded pressure difference from the Quantitative image analysis was carried out on the image
end of the deposition experimena P/ ~ 0.47 MPanTl) to  stacks, yielding information about the local specific deposit and
the peak flow velocity at the beginning of regeneration (givingsurface area exposed to flow in the section covered by the image
AP/1~ 6.73MPantl). From Eq.(4), this gives an estimated stack. The local deposit level initially rose in an exponential
peak oscillatory shear stress at the initial phases of regeneratidashion, and then plateaued at a deposit level of approximately
of order 65 Pa. Together with the periodic flow reversal, this is4% . The relationship between the specific deposit and the
sufficient to remove most of the deposited biomass as seen internal surface area exposed to flow was also established as
Fig. 3and reported in Bustnes and Mack[&} from laboratory linear.
scale experiments. Laboratory scale filter experiments were conducted with a
It is also possible to use the steady and oscillatory flow dataylindrical filter of diameter 54 mm and variable filter depth and
in Figs. 7 and 8with Eq. (5) to estimate the maximum shear void fraction. For the steady flow of water through a ‘clean’
stresses on the biomass deposit as the fibre bed approachesfitter, analysis of the pressure difference results showed that the
‘clean’ state towards the end of oscillatory flow regenerationwall shear stress on the fibre surface was approximately 0.53 Pa
From the steady flow pressure difference at4.4 mi(A P/ ~ for a steady flow of 44 x 10~3m s~ through a filter of void
3kPantl), the average shear stress is approximately 0.53 Pdraction 0.945. Numerical flow simulations gave results in the
Using the maximum oscillatory pressure difference recordedange 0.01-1.25 Pa depending on the position around the fibre
during oscillatory flow A P/ ~ 40 kPanT?), the average shear circumference, with an average of 0.35 Pa over all angles. The
stress at the fibre surface at these oscillatory conditions woulexperimental and simulation results are thus of the same order
be of order 7.6 Pa. This just above the maximum level duringpf magnitude.
deposition, and therefore provides an insight into why it is that When using biomass feed to the laboratory scale filter, the
not all the biomass is removed by the oscillatory flow motion. filter went through different phases including filter ripening,
where biomass filtrate concentration decreased with time. Then,
7. Conclusions a steady-state phase was reached, followed by breakthrough of
biomass to the effluent. Feed and effluent concentration data
In this paper, results are presented for the micro scale visiwere used to establish model parameters to determine the filter
alisation of steady flow capture and oscillatory flow release otoefficient as the filtration progressed. Using this information,
biomass from a high porosity polyester fibre network. Three-a deposit ‘front velocity’ was determined for the micro flow
dimensional reflectance and fluorescence image stacks wecell and hence the deposit profile and average void fraction with
recorded at regular intervals during capture and release usirigme were established. The void fraction results from the flow
a CLSM. The images show that the predominant mode of capeell were compared with the laboratory scale filter found by a
ture was for large biomass aggregates to become interceptedratiss balance, and in this way it was shown that using the CLSM
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and image analysis can relatively accurately determine the stafeble A.1

of deposition of biomass in such a filter system. Porosity and specific surface area—known values compared with image analysis
The relationship between the specific deposit and interndfSU!ts fc_’ra Clean_f'lter bed ‘ -

surface area exposed to flow was used to estimate the she&teanfilter quantities Porosityp Specific surface ares,(m™*)

stress levels in the laboratory scale filter unit with time. ThisKnown value 0.950 5200

gave the insight that shear stress levels build-up to a maxilmage analysis result 0.995 17200

mum of about 6.5 Pa, at which point the shear forces proba-

bly break off some biomass deposit and move it to other deAPpendix A. Image analysis method for determining

position sites further downstream in the filter. Upstream flowV©id fraction and surface area of filter deposit

channels are therefore created, as observed qualitatively from ] ) . o N

the CLSM data. When deposit rearrangement finally renders For a ‘clean’filter bed (i.e. prior to filtration), the specmc sur-

the filter saturated with biomass, particle breakthrough is obf@ce ares was also calculated from the known starting porosity

served. Extrapolation of these results was also used to estimd@ = 0-950) and average fibre diametef & 39 um by scan-

the shear stresses during oscillatory flow release, and it wd¥ngd electron microscopy) of the polyester fibre matrix, accord-

found that the average shear stress in the section started at apd o

proximately 65Pa and diminished to about 7.5Pa as the filter  47div(1—¢) 41— ¢)

approached its previously ‘clean’ state. This level of shear stress = Vird? = dr @)

is comparable to the maximum sustainable by the biomass dur- f

ing steady flow, and explains why oscillatory flow of this in- whereV is the section volume. For a void fraction of 0.95+=

tensity is not able to remove all the deposited matter from th&200 nL.

filter. For the special case of a ‘clean’ filter medium, the values of
Data in this paper provide information for future work ands are compared with the image analysis resulfEable A.1

where flowing biomass is involved within confined volumes. Notwithstanding the possibility that the local void fraction and

In particular, a shear stress value of about 6.5 Pa representssgecific surface area in the image section may be different to the

critical value. Below this stress level, biomass capture onto &verage value, image analysis gives a clear over-prediction of

filter medium and onto captured biomass itself can occur. Abov@0th the porosity and the specific surface area. For the porosity,

this level, further deposition of biomass will not occur and this is because the reflectance from fibres has a poor signal-to-

removal of clumps of biomass from attached deposits becomé¥ise ratio, and the analysis therefore incorrectly assigns some

possible. Clearly, the exact value of this critical shear stress willibre voxels to be void voxels. The surface area calculation by

depend on the nature of the biomass and surfaces under consid@age analysis gives the converse result in that the incorrect

ration. assignment of void voxels increases the number of fibre voxels
In the micro flow cell image analysis, the deposit solids frac-With no nearest neighbour, thereby over-predicting the surface

tion was found to be directly proportional to its associated surarea. In addition, the limited resolution of the image stack gives

face area exposed to flow during biomass deposition. In thighe fibre surfaces an apparently ‘rough’ surface, enhancing the

particular case, therefore, the average interstitial velocity scale@/er-prediction of the values. For these reasons, the ‘clean filter’

linearly with the surface shear stress levels. This implies thaorosity and surface areas obtained by the calculation iG7&q.

the critical shear stress identified in this paper is related to thwere used in the further analysis.

critical interstitial velocity in the filter medium. The latteris far ~ Contrary to the reflectance signal from the polyester fibres,

easier to assess experimentally by calculating the filter void fradhe fluorescence from biomass particles has a good signal-to-

tion (e.g. by a mass balance) as the deposition occurs. Howevéise ratio throughout the image section. Since this signal is

the relationship between the deposit solids fraction and surfaderocessed separately, it is possible to estimate the solid fraction

area exposed to flow is crucially dependent on the degree @ind surface area contributions from the fluorescing biomass de-

packing of the deposit and is in general not necessarily a linedtosit and to add this to the known values for the fibres in the

function during filtration. The shear stress at the filter mediunfilter matrix.

surface is therefore the more fundamental quantity for assess-

ing the critical condition where no more deposition occurs in aReferences
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