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Rotating ceramic membrane discs were fouled with lab-scale membrane bioreactors (MBR) sludge. Sludge filtrations
were performed at varying rotation speeds and in different concentric rings of the membranes on different sludge con-
centrations. Data showed that the back transport expressed by limiting flux increased with rotation speed and distance
from membrane center as an effect of shear. Further, the limiting flux decreased with increasing sludge concentration.
A model was developed to link the sludge concentration and shear stress to the limiting flux. The model was able to sim-
ulate the effect of shear stress and sludge concentration on the limiting flux. The model was developed by calculating
the shear rate at laminar flow regime at different rotation speeds and radii on the membrane. Furthermore, through the
shear rate and shear stress, the non-Newtonian behavior of MBR sludge was addressed. © 2013 American Institute of

Chemical Engineers AIChE J, 60: 706715, 2014
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Introduction

Membrane bioreactors (MBR) are an attractive alternative
solution for municipal and industrial wastewater treatment.
The technology combines a bioreactor for microbial degrada-
tion of sludge components and a membrane filtration unit,
either submerged or in a sidestream configuration, for sepa-
ration of the sludg,e.l’2 Compared to conventional systems,
MBR systems have a low footprint, can handle higher sludge
concentrations and, most important, give clearer effluent
with no bacteria present in the permeate. However, the limi-
tation of the membrane filtration process is membrane foul-
ing."? The accumulation of sludge components on
membranes gives a lower permeability of the sludge. Hence,
at constant pressure filtration, the flux declines over time and
productivity decreases.

To recover permeability physical and chemical cleaning is
applied over time. Physical cleaning removes the removable
fouling layers (often cake layers) by relaxation, enhanced
shear (by either air scouring or crossflow) or backwash.'?
The irremovable fouling, often described as pore blocking,
adsorbed macromolecules or gel layer, is removed by chemi-
cal cleaning, before eventually replacing the membranes due
to irreversible fouling? and damage of the membranes.

Several studies have been conducted to limit and predict
membrane fouling at different operating conditions. One
effective and easy way to limit fouling of MBRs is to
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increase shear, as shear removes fouling and is easy for
operators to control. Therefore, studies have focused on the
effect of shear on flux and decline in permeability during
MBR filtrations.>™ However, findings are often limited to
apply for the individual MBR system at given operational
conditions. Therefore, a more general understanding of the
influence of shear on flux is needed.

To give a more universal understanding of fouling, the
formation of fouling layers can be described with a mass-
balance approach.lo’11 In the one-dimensional (1-D) mass
balance, Eq. 1, the product of the permeate flux (/) and the
sludge volume fraction (¢) composes the permeation drag,
dragging particles toward the membrane surface. The back
transport of foulants is affected by chemical interactions
between foulants and membrane and foulant-foulant interac-
tion p({), Brownian diffusion (Dg), and shear-induced diffu-
sion (Ds). Therefore, a mass balance for the development in
amount of fouling can be written as

do . d¢ __ do

The impact of each of those mechanisms on back transport
depends on the type of foulant. Brownian diffusion increases
with lower particle size, hence smaller colloids and mole-
cules can have significant back transport due to Brownian
diffusion.'® Conversely, particles and larger colloids are
more exposed to shear-induced diffusion compared to, for
example, smaller colloids and macromolecules.'® Finally,
macromolecules and colloids tend to form comprehensive
and to some extent irremovable fouling layers, due to chemi-
cal interactions caused by, for example, surface charges.'
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Previous studies have shown that from the mass balance
in Eq. 1, the development in fouling can be simulated.'*'?
In these studies, fouling in short-term experiments are con-
sidered as an effect of cake formation, controlled by the
mass balance, and cake compression. The limiting flux, Ji v,
has been described as the pressure-independent steady-state
flux, above which the flux will always decline to the same
value,'®'? as it is the mass transport in Eq. 1 that determines
the flux level. Therefore, the back transport term in the mass
balance is reduced to Jyp-¢p. Hence, increasing shear will
result in higher limiting flux and lower decline in flux due to
fouling. In agreement with this, Aubert et al.® has shown
that on a rotating membrane disc, the back transport
increases with shear stress on the membrane or cake surface
due to shear-induced erosion, which leads to a lower decline
in flux.

Studying the influence of shear in MBR systems are com-
plicated by the complexity of shear generated in multiphase
systems. However, with membrane discs, the shear can be
manipulated by varying the rotation speed or the radial dis-
tance of the areas of the disc open for filtration.®*!*!> Some
MBR systems use membrane rotation to reduce fouling,
others static membranes with impeller generated crossflow.
To characterize the efficiency of membrane rotation to pre-
vent fouling, the present study will find the influence of
shear in limiting flux in a MBR system with rotating mem-
brane discs. This is done by developing a model to describe
the dependency on shear stress and concentration on the lim-
iting flux and compare this model, with experimental data
for flux at varying concentration, radial distance on the
membrane, and rotation speed.

Theory
Background

The combination of a concentration gradient of foulants
and shear along a membrane gives a back diffusion of fou-
lants.'®"® This can be described from Figure 1.

The figure can be described from the following mass bal-
ance for equilibrium; hence the permeation drag equals the
back transport, if total reversibility of fouling is assumed

(P = 0)

_ndo _ d¢
JLIM¢—DE =(Ds+Dg) I )

Where J-¢ is the transport of foulants toward the mem-
brane, ¢ is the volume fraction of particles (relative to con-
centration), x is the distance from membrane surface, and D
is the diffusion coefficient covering both shear-induced diffu-
sion (Dg) and Brownian diffusion (Dg). The boundary condi-
tions for the mass balance is, that if x = 0, then ¢ = ¢, and
when x=6 (the boundary layer thickness), then ¢ = ¢y,
Hence, the greater difference between concentration near the
membrane wall and concentration in bulk, the higher back
transport. However, at some point, the volume fraction of
particles at the membrane reaches a maximum, ¢y max, COI-
responding to a maximum packing density of particles.
Hence, when a cake has formed, there is a constant ¢,
hence if ¢y, is constant the back transport is constant as well.
Furthermore, the concentration gradient is no longer a func-
tion of concentration at the surface of the membrane, but a
function of the concentration at the surface of the cake,
hence the thickness of the boundary layer, 9, is the same but
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Figure 1. Concentration profile of foulants near a
fouled membrane and 1-D permeation drag
and diffusion.

does no longer start from x = 0. Several studies show, that
¢dw.max 1S given as a constant value around 0.58-0.62.'° The
boundary layer thickness is a function of feed concentration
and the velocity profile, hence shear stress.

The shear-induced diffusion coefficient, Dy, is a function
of shear rate and radius of foulants. The following empirical
relationship has been developed by Leighton and Acrivos'®
by introducing a dimensionless hydrodynamic diffusion coef-
ficient, D(¢)

Ds=9,a’D (¢), where D (¢)=0.33¢* (1+0.5¢*%%)  (3)

Where a is the particle radius and j,, is the shear rate on
the membrane. In the case of particle/sludge deposition on a
membrane in MBR, the Brownian diffusion will be assumed
to be negligible. Hence, only the shear-induced diffusion
will be considered. Solving the mass balance with the above
boundary conditions and implementing Eq. 3 gives

Jum 5 —-d¢ “)

i [ D(@)
=7

8

From here, several attempts have been done, to understand
the shear influence on back transport from crossflow veloc-
ity/shear, concentration of foulants, and viscosity of the feed
stream in membrane filtration.

One widely accepted model for shear-induced diffusion is
developed by Davis and Sherwood,'® by considering 2-D
movement of particles a result of shear-induced diffusion,
axial movement from crossflow and permeation drag. The
axial movement of “mobile cake” gives a change in thick-
ness of fouling layer along the axial direction in the mem-
brane module. This model will not be valid to describe flux
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in a MBR using rotating membrane discs for two reasons.
First, on a rotating membrane disc, the boundary layer thick-
ness will not vary along the axial direction, as it will return
to the same position again and again. Hence, at a given
radius from the center of rotation, r, the boundary layer
thickness and cake height will be constant. Furthermore, the
wall shear rate on a rotating disc will increase with r, as the
velocity increases with radius. Second, in several studies,
activated sludge and MBR sludge have been shown to be
non-Newtonian,*>* which give a nonlinear response of
shear stress to shear rate.

Relation of shear and concentration to flux in MBR

Accepting that sludge is a complex mixture with heteroge-
neity of foulants, a flux model is not proposed from an ana-
Iytical solution by integration from Eq. 4. Instead an
empirical model is proposed to describe the flux on a rotat-
ing disc as a function of rotation speed, radial distance and
sludge concentration. This is done with emphasis on the fol-
lowing key parameters influencing back transport in mem-
brane filtration based on the findings of the previous section:

e Sludge concentration*®

e Shear stress. Several studies has shown that the fouling

rate and thereby limiting flux depends on shear stress
and shear rate,”’ %2427

Shimizu et al.® proposed an empirical model for the limit-

ing flux in MBR to have the form

Jum =A -u* - @ - TSS 2 )

A is a filtration constant that describes the sludge filtration
characteristics, u  is the superficial air velocity creating
shear, ¢ is the geometric hindrance factor, and TSS is the
total suspended solids concentration. In accordance with Eq.
4 and the mass balance in Figure 1, higher sludge concentra-
tion gives lower Jip, as the gradient for shear-induced dif-
fusion decreases with concentration. Furthermore, the
limiting flux shear dependency is accounted for with the
superficial air velocity.

In the present study, the effect of shear is described from
the shear stress, 7,,, rather than an air velocity. The limiting
flux increases with shear stress, as the back transport is pro-
moted by shear, as derived from Eq. 4. Several shear-
dependent back transport mechanisms can occur for foulants
near a membrane in MBR: Shear-induced diffusion (espe-
cially particles and large colloids), Brownian diffusion (small
colloids and macromolecules), cake erosion, lateral migra-
tion, and so forth.2>%” As sludge is a complex mixture, we
cannot rule out any of these mechanisms.

The relationship between Jyi\; and shear stress has been
reported to be linear in some cases for shear-induced diffu-
sion,?® lateral migration,26 and shear erosion,® whereas for
Brownian diffusion,®® Jy v is linearly proportional to .
Furthermore, the boundary layer thickness is also a function
of shear stress and decreases with higher shear stress and
lower sludge concentration.”* However, the boundary layer
thickness is not only a function of the shear generated by the
disc rotation but also depends on the streaming of fluid from
the center of the membrane and out. The combination of
these shear depending factors can result in nonlinearity
between Ji v and 7,,,.

The net effect of shear rate and shear stress has been
observed to be nonlinear for some studies.'***** The nonli-
nearity between the flux and shear rate is observed by the
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flux starting to level out at high shear levels. This has been
explained to be caused by the membrane becoming free of
fouling at high shear, whereby the impact of enhanced shear
will be limited.?® Other studies have found empirical models,
where Jy v depends on 7,2 with the exponent B accounting
for the effect of module geometry on the effect of shear
stress. !

Accepting that the influence of shear stress on the back
transport and thereby limiting flux may be an effect of sev-
eral parameters and module configuration, an empirical
exponent, B, for the shear stress, is introduced to compensate
for the influence of several shear depending factors in the
complex disc module. Therefore, a model, of the form as
given in Eq. 6, is suggested.

Jim =A - 7,5TSS 2 (6)

A is a filtration constant that depends on the sludge mixtures
response to shear near the membrane, as described by Shimizu
et al.® Therefore, it depends on sludge characteristics such as
particle size and particle-size distribution, in accordance with
the particle-size effect describe in Eq. 4. The exponent B will
describe the effect of shear accounting for the module geome-
try and effect of several shear depending back transport mech-
anisms. The model has the properties that Jy 1y decreases with
sludge concentration, which is in agreement with the lower
concentration gradient promoting lower back transport. Fur-
thermore, the limiting flux increases with increasing shear
stress, which is in agreement with Eq. 4.

Shear rate on a rotating membrane disc in sludge

To address the distribution of shear on a flat rotating
membrane disc, the shear rate is calculated. The following
equations are valid for calculating the shear rate on the sur-
face of a rotating flat membrane disc at laminar and turbu-

lent flow regimes, respectively.'*'>*
5 =1.810-03(kQ)"r )
a}')m20.0570—()‘8(]{9)1‘8’,1‘6 (7b)

v is the kinematic viscosity of the feed suspension, r is the
radius, hence distance from the center of rotation, and Q is
the rotation speed (rad s ). The velocity factor k£ = 0.42
applies for a flat rotating disc.” Integrating Eq. 7a over the
membrane disc with inner and outer radius, 7; and r, gives
33
7, =0.51330"2(kQ)" " 2L (8)
r2—=r;

As sludge is a non-Newtonian fluid, the viscosity depends
on the sludge concentration and the shear rate. Rosenberger
et al.> has described the apparent dynamic viscosity (mPa-s)
of sludge to have the following form.

1L, =exp (ZTSS 0.41 ) 5 —0.23TSS %7 )

Therefore, with higher concentration the viscosity
increases, while higher shear gives lower sludge viscosity
(shear thinning). The kinematic viscosity (m? s~ of the
sludge can then be calculated from

Ha

= 10
"~ 1000p, (10)

where p, = 1040 kg m ° is the sludge density. Inserting
Egs. 9 and 10 into Eq. 8 gives
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9,=0.5133 ( 500, P (4TSS 0'41)?%2”5037) 70.5(1@)1'5 %
(11)
which can be rewritten to give
?mOAl“/lzszw :?m1—0.115T50-37:0.5133
1 oary) 15T
(lOOOpS exp (2TSS )) (kQ) ﬁ (12)
and
| ~05 3,3 oSt
9= (0.5133 ( 1000, P (21SS 0"“)) (k)" ,g_,2>
(13)

This equation should be valid for calculating the shear
rate on a flat membrane rotating in MBR sludge with a con-
centration, TSS, at laminar conditions. For turbulent condi-
tions, the shear rate can be solved to give

1/1-0.18415 037

. 1 0.41 o E L
5= 0.0164<Mexp (2TSS* )) (kQ)™ R

(14)

Flow regime

Reynolds number is calculated to decide if the flow
regimes are laminar or turbulent. Reynolds number is deter-
mined from the following equation.’*?
. kQur?

v

Re (15)

The viscosity of sludge determined from Eq. 9 accounting
for the non-Newtonian behavior of the sludge is used to
determine Reynolds number at different membrane rotation
speeds and radii. If Re < 4.5-10%, then the flow regime is
laminar, and at Re >?2-10°, the flow is turbulent. The transi-
tion from laminar to turbulent flow regime occurs in the
range 4.5-10* < Re < 2:10°.

Shear stress

As sludge is a non-Newtonian liquid, there is not a linear
relationship between the shear stress and shear rate. Instead,
the wall shear stress induced by a shear rate on MBR sludge
is calculated from the following equ21tion20’21’23

T=m)" (16)

where m is the fluid consistency index and n is the flow
behavior index (n < I), both parameters depending on TSS

m=0.001exp (2TSS **') (17a)

and

n=1-0.23TSS %% (17b)

In Figure 2, Eqgs. 13 and 14 are used to calculate the var-
iations of shear rate and shear stress at different concentra-
tions and radii on a membrane with »;=0.045 m and
r, = 0.155 m and rotation speeds in the range 100-280 rpm.

The figure shows higher shear rate and shear stress with rota-
tion speed. The shear rate increases exponentially with radial
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distance, while the shear stress has a more linear form, due to
the pseudoplastic behavior of the sludge. Also Figure 2¢ shows
higher shear rate at lower concentration of sludge, while the
shear stress increases with sludge concentration. This corre-
sponds to findings in Rosenberger et al.** and Ratkovich et al.*®

Experimental
Filtration system

For filtration experiments, a sidestream filtration system,
further described in Jorgensen et al.,'> was connected to a
MBR with 350 L activated sludge from the Aalborg East
Wastewater Treatment Plant. The reactor was fed with a syn-
thetic substrate of dogs food and fish meal, to reach a food
to microorganism ratio (F:M ratio) of 0.1.

MBR sludge characterization

The TSS concentration was determined by measuring the
weight gain of a filter paper (47 mm, 0.6 pm, GA-55,
Advantec, Japan) after filtration of a given sludge volume.
The sludge pH and conductivity was measured with a pH-
meter (PHM 290, Radiometer Analytical, France) and a
conductivity-meter (CDM 210, Radiometer Analytical,
France), whereas the particle size was determined with a
Microtrac (MICROTRAC 1I Particle size analyzer model no.
7997-10, Leeds & Northrup, UK).

The capillary suction time (CST), which is closely related
to the filtration properties of sludge, was measured (304B
CST, Triton Electronics, UK). The residual turbidity was
determined by measuring the turbidity of supernatant at 650
nm (Helios Epsilon, Thermo Spectronic) from a 5 mL sludge
sample centrifuged for 2 min at 3000 rpm (Model 1-6,
Sigma Laboratory Centrifuges, Germany). The sludge char-
acteristics are summarized in Table 1.

Procedure for filtrations

At all filtrations, the recirculation through the 30 L filtration
system was kept in the range of 1-2 L min ', to keep the
hydraulic retention time in the reactor low (15 min). The limit-
ing flux, Jiv, was determined with a modeling approach on
transmembrane pressure (TMP)-step experiments presented in
Jorgensen et al.'* Two set of filtration experiments were carried
out; Filtrations on different concentric rings of membranes and
filtrations at varying sludge concentrations. Common for the
experiments was, the applied ZrO, ultrafiltration (UF) mem-
branes with an average pore diameter of 60 nm (KERAFOL
Keramische Folien GmbH, Eschenbach, Germany).

Determination of limiting flux

A model was fitted to the flux measured at different pres-
sures obtained from TMP-step experiment to determine the
limiting flux with the following modeling approach, adopted
from Jorgensen et al.,'? to determine Jimm. The model
assumes reversible cake buildup and compression. The
amount of cake, ., is modeled numerically with an Euler
approach with the following equation

dor,
et =W p—1 + TG;A[:CL)CJfl + (J[_JL]M )TSS - At (18)

The mass balance for the development in cake is in princi-
ple the same as the Eq. 1, where the sum of the back trans-
port is described with Jy . The time step was set to Ar =
1 s. From the pressure drop over the cake, the pressure-
dependent specific cake resistance, o, is determined

DOI 10.1002/aic 709
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Figure 2. Shear rate (a) and shear stress (b) as function of radial position and shear rate (c) and shear stress (d) as
function of rotation speed at different sludge concentrations on a full membrane.

AP,
a=og| 1+ P

) 19)

The pressure drop over the membrane is calculated from
AP.=TMP-J-R,-1. 0 is the specific cake resistance at no
pressure, while P, is the pressure required to obtain a spe-
cific cake resistance twice as high as «.

The flux over time can then be modeled from the TMP,
amount of cake and the specific cake resistance, by use of
the Darcy equation

a

T™MP
U(Ry+o - )

J

(20)
R,, is found for pure water filtration to be 1.8:10% m~ ..
This flux will decline over time to converge toward Jipv
with kinetics depending on Jipy, due to the cake buildup
dependency of Jy . Therefore, the modeled flux can be fit-

ted to the measured flux in the pressure step experiments, by
fitting Jy v, % and P, to obtain the lowest total root mean
square error. Doing this for step experiments at different
operating conditions gives Jy 1y characteristic to these operat-
ing conditions. The modeling approach is further described
in Jorgensen et al.'?

Filtrations on different concentric rings of membranes

Five different membrane samples were prepared to study
the radial distribution of flux. One full membrane and four
partly “blinded” membranes, illustrated in Figure 3, were
used for TMP-step experiments. The TMP-step experiments
were performed at 61, 100, 150, 200, and 250 rpm to deter-
mine the flux at different areas of the discs and the rotation
speeds impact on this distribution. The filtrations were per-
formed on 11 kg m > MBR lab-scale sludge.

Table 1. Characteristics of MBR Sludge Used for Filtration Experiments

MBR Sludge pH Conductivity (S cm ™ H) CST (s) TSS (kg m ) Residual Turbidity Particle Size (um)

Filtrations on different 7.83 922 173 11 0.399 41
membranes

Filtrations at varying 7.48 1011 202 4.7, 10, 12.7 0.297 64

concentrations
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58—78cm 78—98cm

98—118cm
Figure 3. lllustration of membranes used for filtration.

o

118—138cm Full membrane

Gray zones of the membrane represent zones where the membrane has been blocked and thereby only allow filtration in the white

2-cm-thick rings.

The four partly blinded membranes was covered with an
impermeable coating (Scotch-clad 776 Protective Coating,
3M, France) except from some 2-cm-thick concentric rings
at radial distances 5.8-7.8, 7.8-9.8, 9.8—11.8, and 11.8-13.8
cm, respectively, that were kept open for filtration. The
membrane permeability of each blinded disc was found to
correlate with the permeability of a full disc, which shows
that the coating was able to blind the different areas of the
discs. For each filtration, one of the membranes was placed
in the filtration cell and connected to the motor for rotation.

Due to the low flow through the permeable areas of the
blinded membranes, the permeate flux was determined by
logging the weight (Balance: PB3002-L, Mettler Toledo) of
a beaker collecting permeate. Permeate was transferred back
to the bioreactor to keep the sludge conditions constant. The
flux was measured at each pressure over 20 min until a cake
was developed and flux reached a steady state.

Filtrations at varying concentrations

TMP-step experiments were carried out in the pressure
range of 0.3-2.5 bar.'> At the different pressures, the flow
was logged with a flowmeter (Magflowmeter type 8051,
Biurkert, Germany). Two ceramic ZrO, membranes with an
average pore diameter of 60 nm were placed in the filtration
cell and connected to the motor for membrane rotation. Dur-

80000
® Full disc
0 5878cm
v 7.8-98cm "
60000 A 98-11.8cm
= 11.8138cm
®
& 40000 u &
®
~ v
]
20000 |
x (o]
H v
o]
0 T = ? T T T
0 50 100 150 200 250 300
Qi (pm)

Figure 4. Reynolds number vs. rotation speed at differ-
ent concentric rings of the membrane and
one full membrane disc.

The dashed line re!)resents the limit for laminar flow
regime, Re = 4.5-10°.

AIChE Journal February 2014 Vol. 60, No. 2

Published on behalf of the AIChE

ing the filtration experiments at constant pressure, the flux
reached a steady state, hence the cake was developed.

TMP-step experiments were conducted on rotation speeds
in the range 100-280 rpm at three different concentrations;
4.7, 10, and 12.7 kg m >, The 4.7 kg m ™ sludge suspension
was obtained by diluting 10 kg m’ sludge suspension from
the MBR lab-scale reactor with supernatant from settled
sludge. This was done to keep the conductivity constant to
avoid deflocculation of the sludge flocs when diluting the
sludge. The 12.7 kg m > sludge suspension was prepared by
settling a 10 kg m~* lab-scale MBR sludge suspension and
removing the supernatant.

Results and Discussion
Radial Reynolds number

Reynolds number is calculated from Eq. 15 to determine
the flow regime on the disc. The kinetics of sludge with
TSS =11 kg m ? was determined from Egs. 9 and 10. The
shear rate used to determine the apparent viscosity was cal-
culated from the laminar expression for shear rate in Eq. 13.

Figure 4 shows Reynolds numbers calculated at different
areas of the partly blinded membranes and as function of
rotation speed. The Reynolds number increases with rotation

3e-5 - @® 58-7.8cm
QO 7.8-98cm
v 98-118cm A
3e54 A 11.8-13.8cm |
ai} Fullinembrane. 0 0
2e-5 8 2 @
A X °
£ u L
= 2e-5 ®
ST
-
1e-5
Se-6
0 I I I I
50 100 150 200 250 300
Q. (rpm)

Figure 5. Limiting flux vs. rotation speed on a full
membrane disc and a membrane discs with
filtration enabled at different distances from
the center of rotation.
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Jum is modeled with Eq. 6 using the model parameters A = 3.77-107° kg®>m~%5 s™! and B = 0.42.

speed and radial distance from the center of the membrane,
which is in accordance with the higher azimuthal velocity.

Furthermore, Figure 4 shows that all data points except
two are below the limit for laminar flow regime, and none of
the Reynolds numbers exceeds the limit for turbulent flows.
Only two points are within the lower end of the transition
between laminar and turbulent flows. Calculating the shear
rate for turbulent flow and using this to determine the appa-
rent viscosity and Reynolds number does not give a signifi-
cant change of these results. The same two data points are
still in the lower end of the transition range between laminar
and turbulent flows. Therefore, it has been assumed, that the
flow regime is laminar and that the shear rates calculated
from Eq. 13 are valid for the operating conditions of the fil-
tration experiments.

Flux dependency of radial distance and rotation speed

The limiting flux was determined at a full membrane and
four partly blinded membranes with filtration enabled in the
radial zones: 5.8-7.8, 7.9-9.8, 9.8—-11.8, and 11.8-13.8 cm.

The limiting flux determined for each membrane at rotation
speeds 61-250 rpm at each ring is plotted in Figure 5.

The figure shows a trend, that the flux increases with rota-
tion speed and with radius. This is consistent with the higher
shear and, therefore, higher back transport of particles with
higher azimuthal velocity. It can be expected that higher
rotation speeds than the ones used in the present study will
lead to higher Jip and, therefore, less fouling. However,
due to high energy consumptions associated with membrane
rotation in non-Newtonian fluids, membrane rotation speeds
for MBR purposes are typically in the range applied in this
study.zz’33

There is some inconsistency with respect to the full mem-
brane, as this shows a higher limiting flux at rotation speeds
61-150 than the membranes with filtration enabled from
11.8 to 13.8. This was unexpected, as the shear rate and
shear stress is lower for the full membrane than at 11.8-13.8
cm from the center of rotation. In Bouzerar et al.,14 inconsis-
tency between the radial distribution of flux and the flux
averaged over a full membrane disc was also found, as the
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Figure 7. Modeled and experimental limiting flux vs. rotation speed for different concentric rings of the rotating

membrane.
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Figure 8. Experimental and modeled limiting fluxes vs. rotation speed at different sludge concentrations.
Limiting flux is modeled with Eq. 6 using the model parameters A = 1.79-1075 kg**m~*5 s™! and B = 0.42.

full membrane disc was shown to have the same flux as the
inner concentric ring, hence the part of the membrane with
the lowest shear. This, together with the results of the pres-
ent study, can indicate that the assumption that the averaged
shear stress over the entire membrane is comparable to the
average flux over the membrane is wrong.

Jrv is calculated from the proposed model in Eq. 6 and
fitted to the experimental data. This gave a close fit between
experimental and modeled data (R2 = 0.98) with A =
3.77-107° kg% m % 5! and B = 0.42. Experimental and
modeled Jypy is plotted vs. shear rate and shear stress in
Figure 6.

The figure shows increasing Jpp Wwith increasing shear
rate and shear stress. The figure also shows a nonlinear rela-
tion between the experimental obtained limiting fluxes and
the shear rate and shear stress. When converting the shear
rate to shear stress with Eq. 6, the flux shear curve becomes
more linear. The nonlinearity between Jy v and shear stress
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Figure 9. Normalized modeled limiting flux vs. shear
stress and sludge concentration.
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is described through the exponent, B. According to Eq. 6
and 16, the Jy as function of shear rate with the following
relationship

Jim=A-m-y,"BTSS ~'2 @1

With n < 1 the total exponent of the shear rate is lower
than the exponent of the shear stress, which is in correlation
with the observations of Figure 6.

The radial distribution of experimental compared with
modeled Jy 1\ in the concentric parts of the concentric mem-
brane rings is presented in Figure 7.

The figure shows that the model can simulate the develop-
ment in flux through the different concentric rings of the
membrane and the impact of enhanced rotation speed on the
flux level.

Flux dependency of sludge concentration

The limiting flux has been determined on a full membrane
disc at three different sludge concentrations (4.7, 10, and
12.7 kg m ™) and varying rotation speeds. The modeled flux
determined from Eq. 6 was fitted to the experimental data by
changing A, but keeping the exponent B constant. The result
of the fitting process was a close fit to the experimental data
with R? = 0.975, A = 1.79:-10 > kg™>m *> s, and B =
0.42. Experimental and modeled J; p\; at different concentra-
tions with varying rotation speed is presented in Figure 8.

The figure shows, that higher rotation speeds gives higher
Jrim, consistent with the trend in Figure 7. Furthermore, the
figure shows a higher Jiny with lower sludge concentration.
However, the shear stress is lower at lower concentrations
(Figure 2d), though, and can, therefore, be expected to give
a lower Jppy with lower concentration. However, the pro-
posed model, Eq. 6 seems to compensate this effect with the
exponent, B, and the TSS™ term, and, therefore, also repre-
sents the effect of sludge concentration well.

The empirical parameter covers the overall filtration prop-
erties of the sludge suspensions and is a combination of dif-
ferent parameters, for example, particle size and particle-size
distribution. For the experiments with varying sludge
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concentrations, the sludge shows lower filtration properties
through a lower value of A, compared to the sludge used in
experiments studying the radial distribution of flux. This is
in agreement with a higher CST value, indicating lower fil-
terability of the sludge. However, it is in contrast to the
higher particle size, as observed from Table 1, as larger par-
ticle sizes are expected to give higher shear-induced diffu-
sion.?® However, as the parameter A is a combined effect of
different parameters, it covers the overall filterability of the
sludge and not only particle size.

It should be noted, that the same exponent can represent the
dependency of shear stress on limiting flux in the two series of
experiments, although they were carried out at two different
types of sludge. Therefore, B, is believed to represent the influ-
ence of shear stress on the net back transport mechanisms while
the constant A seems to represent how the individual sludge
with given characteristics (particle size distribution (PSD), etc.)
is affected by a given level of shear. This is in agreement with
the description by Moll et al.,*' that B describes the geometry
of the filtration module rather than the feed suspension charac-
teristics. In Field and Wu,>* the limiting flux has also been
described to depend on shear stress with an exponent of 0.5,
close the exponent of 0.42 found in the previous study.
Jonsson?® explained the nonlinearity was explained to be a con-
sequence of the membrane becoming free of fouling at high
shear levels, whereby the impact of enhanced shear will be lim-
ited. This may not be the case in this study, as the flux still
declines throughout the filtration experiments and is signifi-
cantly different from the pure water flux, approximately
3.3-107° m s~ . Instead, the nonlinear relationship between
limiting flux and shear stress is a consequence of the complex
effect of shear given the geometries of the filtration module.
However, it cannot be ruled out that at lower shear levels, there
may be linearity between limiting flux/back transport and shear.

From the fitted model parameters from Figure 8 (A =
1.79:10 % kg®>m~* s~ and B = 0.42), J; ;v is modeled for
TSS in the range 5-12.5 kg m~ > and t,, ranging 3—11 Pa are
calculated and normalized with the flux at 12.5 kg m > and 3
Pa, Jimm (125 kg m 33 Pa) and presented in Figure 9. The
flux can be normalized as the empirical parameter, A, depends
on sludge characteristics of the individual system. Therefore,
the figure should represent the influence of rotation speed and
sludge concentration on limiting flux in a high-shear MBR.

It is observed, that the flux in general increases with rotation
speed and decreases with TSS. Increasing the shear stress from
3 to 9 Pa gives a 73-174% higher Jy v for TSS 124 kg m 3
(Figure 9). It is also observed that increasing TSS from 6 to
12 kg m ™ gives a reduction of Jy of 30% for shear stress
in the range 3-9 Pa. The higher concentration gives lower
Jimm due to the MLSS™ % —term, but the higher concentration
also influences Ji 1\ through a higher shear stress.

The higher Jip at higher rotation speed is a result of
higher shear-induced diffusion. The lower Jyp at higher
TSS is ascribed to a lower concentration gradient between
bulk feed and the accumulated foulants on the membrane,
according to Eq. 2.

Using the proposed model for limiting flux as function of
shear and concentration, the development of fouling layers can
be simulated by a mass balance between permeation drag and
back transport in terms of limiting flux, as proposed by
Jorgensen et al. 2012. With this approach, the development in
flux at different shear levels and concentrations can be deter-
mined. To increase performance of MBR filtration, the enhanced
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permeate production should balance the extraenergy required for
creation of the additional shear to increase limiting flux.

Conclusions

The shear rate and shear stress on a rotating membrane
disc in MBR sludge filtration was described as a function of
rotation speed, radial distance and sludge concentration, by
describing sludge as a non-Newtonian fluid.

An empirical model for the limiting flux as function of
shear stress and sludge concentration was developed. The
model was given two empirical parameters; a slope A depend-
ing on sludge characteristics (particle size, PSD, etc.) and an
exponent B expressing the mechanistic influence of shear
stress on limiting flux in the given system configuration.

The model was able to fit the experimental limiting fluxes
for two different types of sludge, giving two different values
of the empirical parameter A, reflecting the differences in
sludge characteristics. The exponent B was constant through
the experiments at different sludge characteristics. The varia-
tion in Jyv as function of shear stress was documented by
varying rotation speed and by measuring local flux as func-
tion of distance from center. Furthermore, the variation of
Jim with concentration was documented from experiments
on diluted and concentrated sludge. These variations in
operational conditions were simulated well by the model.

The outcome of the study is a model that can predict the
influence of increasing shear or sludge concentration on Jy
for rotating disk filters.
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Notation

a = Particle radius, m
= empirical filtration constant, kg®>-m®> 7!
B = empirical exponent for shear stress
CST = capillary suction time, s
D = diffusion coefficient
= dimensionless hydrodynamic diffusion coefficient

Dg = shear-induced diffusion coefficient
Dy = Brownian diffusion coefficient
J = permeate flux, m st
Juv = limiting flux, m s7!

k = velocity factor
m = fluid consistency index
= flow behavior index
= characteristic pressure, Pa
= radius, m
= inner radius, m
= outer radius, m
R? = coefficient of determination
Re = Reynolds number
t= time, s
TMP = transmembrane pressure, bar
TSS = total suspended solids, kg m?
" = superficial air velocity, m s~
axial coordinate, m

Greek letters

. . -
o = specific cake resistance, m kg

o = specific cake resistance at no pressure, m kg~
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= shear rate on membrane, s !

= boundary layer thickness, m

= zeta potential, mV

= dynamic viscosity of water, Pa-s
apparent viscosity, mPa-s

shear stress on membrane, Pa

= kinematic viscosity, m* s~

= volume fraction of foulants
volume fraction of foulants in bulk
volume fraction of foulants at wall/membrane
= geometric hindrance factor

= amount of fouling, kg m >

amount of cake, kg m 2

rotation speed, rpm, rad st
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