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Abstract

Computational fluid dynamics is used to investigate designs for rotating membrane disk filters. Simulations have been run for the case of
water permeating through a membrane disk rotating in a pressurized housing. The water was assumed to be Newtonian, incompressible,
non-fouling and isothermal. A k—< model was used to describe turbulent flow in the vessel surrounding the rotating disk. Similar to a non-
porous disk, the rotation of the membrane disk induces a recirculating flow pattern of the fluid within the vessel. However, the centrifugal
force acting on the permeate may locally increase the permeate side pressure above the feed side pressure resulting in a negative local
transmembrane pressure. Hence, a portion of the membrane is subject to a reversed flow of permeate which reduces effectiveness of
membrane area and may damage the membrane. This ‘back pressure’ phenomenon can be avoided by a careful choice of the operating
conditions and design parameters. The propensity for ‘back pressure’ is higher when the membrane is more permeable but can be reduced
by increasing the feed flow rate or decreasing the disk diameter (i.e. the membrane area). © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The use of membrane filtration technologies in liquid—
solid and emulsion separations has proliferated over the last
two decades. These technologies are widely used by many
industries to produce potable water, treat domestic waste-
water, purify industrial wastewater, prepare waters for boil
feed or cooling, and reduce the volume of hazardous waste
as well as many other applications [1,2]. However, the
accumulation of materials near the membrane-liquid inter-
face and the resultant permeate flux decline or increase in
transmembrane pressure known as fouling, remain an obsta-
cle to a more extensive application of these membrane
processes. Increasing the shear stress at the membrane sur-
face to reduce particle deposition is often used to limit
fouling.

In the classical cross-flow filtration, the shear stress at the
membrane surface is increased by applying a tangential flow.
Therefore, the shear stress and the feed flow rate are linked.
A higher shear stress implies a higher flow rate and subse-
quently higher energy expenditure due to the pressure drop

*Corresponding author. Tel.: +1-713-285-5129; fax: +1-713-285-5203;
e-mail: wiesner@ruf.rice.edu

and sometimes the need to recycle flow. In rotating filters,
the shear stress is independent of the flow rate since it relies
on the speed of membrane rotation.

One consequence of the movement of the membrane
rather than the fluid to create shear stress is the potential
for treating very high concentrated suspensions usually
considered as ‘unfilterable’. Rotating filters have been
applied in clarification [3-5] and for the concentration of
biological products [6-9]. Recent studies showed that these
filtration devices can be successfully used to treat power
activated carbon feed suspensions as highly as 200 g1
[10,11].

Rotating membrane filters can be implemented by rotat-
ing either the membrane or a baffle near the membrane [12]
and are commonly one of two types: rotating cylinders or
rotating disks. The former referred as annular membranes
consist of two concentric cylinders separated by a small gap
and takes advantage of Taylor vortices when one of those
cylinders is rotating. The latter consist of two axial disks and
takes advantage of a radial flow in the vicinity of the rotating
disk to reduce particles deposition on the membrane as well
as the centrifugal force and shear stress exerting on particles
deposited on the membrane surface to drive them back into
the bulk fluid.

1385-8947/99/$ — see front matter © 1999 Elsevier Science S.A. All rights reserved.
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Although rotating cylinder filters have been extensively
studied [3,5,6,13-21], few attempts have been made to
systematically evaluate designs for rotating disk filters
despite the fact that several studies on slurries clarification
and biological products concentration have been reported
[4,9,22-26]. However, the fundamental fluid mechanics of
non-porous rotating disks has been investigated in great
detail [27-33]. Early characterization of the hydrodynamics
of a rotating disk in an enclosed vessel was reported by
Daily and Nece in 1960 [28]. They showed that the hydro-
dynamics of the system are governed by the Reynolds
number (Re = wR?/v) and the axial clearance (s/R) where
w is the rotational speed, R the disk radius, v the fluid
kinematic viscosity, and s the gap between the disk and a
stationary wall. By measuring the torque acting on the shaft
and correlating the frictional torque coefficient with the
Reynolds number and axial clearance, they were able to
differentiate four flow regimes. For laminar flow (Re < 10°)
and small clearance, the boundary layers on the disk and
end-wall are merged, so the velocity varies continuously
across the gap ‘s’ (regime I). As the clearance increases, the
boundary layers separate themselves and the bulk fluid
rotates with an angular velocity less than w, so the velocity
is expected to be constant (regime II). For turbulent flow
(Re>3 x 105), two other similar regimes can be found
depending on the magnitude of the clearance (regime III
and IV). Recently, Rudniak and Wronski [33] used numer-
ical simulations to characterize laminar flow hydro-
dynamics in an enclosed rotating disk filter. They showed
that the fluid in the vicinity of the rotating disk moves
radially to the disk tip, is then thrown away by centrifugal
forces and returns axially along the vessel wall until it
encounters the end-wall at separation distance ‘s’ where
it returns in a radial direction toward the shaft. By compar-
ison with the case of non-porous disks, very little work has
been done on the fluid mechanics of membrane disk sys-
tems, particularly as they affect membrane performance and
the potential for reducing fouling.

In this work, we consider the fluid mechanics of a rotating
membrane disk filter as a function of critical elements of
system design. Computational fluid dynamics (CFD) is used
to investigate the effect of system geometry and operating
conditions on membrane performance. We might anticipate
that there are many similarities in the mechanics of bulk
fluid motion for porous and non-porous disks. However, in
the following sections we show that rotation produce an
important effect on the net permeability of the membrane
disk.

2. Methodology
2.1. Filtration unit

The filtration unit consists of a single disk with dimen-
sions equal to those of a laboratory unit (Fig. 1) to facilitate
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Fig. 2. Closer view of the rotating membrane disk.

comparison of computational results with earlier experi-
mental evaluations [10,11]. The membrane disk is mounted
on a hollow rotating shaft via two retaining sleeves and
washers (Fig. 2). The disk itself is assumed to be a porous
medium with a membrane surface on each of its faces and a
retaining seal at the disk tip. The feed inlet is assumed to be
a slit around the vessel opposite the tip of the membrane
disk. Permeate exits through the hollow-shaft (Fig. 1). The
thickness of the washer and retaining seals are assumed to be
negligible with no permeation through themselves.

2.2. Computational fluid dynamics

A commercial CFD package, FIDAP (Fluid Dynamics
International, Evanston, IL), was used to model the hydro-
dynamics of this system. The fluid was assumed to be
Newtonian, isothermal and incompressible. In laminar flow,
the Navier—Stokes equations are solved by finite element
method (FEM):

Vor=0 (1)
o )
p 5+v-Vv = —=Vp+ uVy +of )
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where p is the fluid density, v the Eulerian fluid velocity
vector, p the pressure, u the dynamic fluid viscosity and f
the body force vector. The fluid flow equations (Egs. (1) and
(2)) is then solved only at nodal points on the FEM mesh.
Inside each mesh element the velocity and pressure vectors
are extrapolated.

Due to symmetry in cylindrical coordinates (7, 6, z), it
suffices to model one-quadrant of the system in two-dimen-
sion (Fig. 3). The origin of the axial axis (z) is situated on
the shaft while the origin of the radial axis (r) is placed at the
end-wall. The reduced computational domain (i.e. the
region of interest to be meshed) afforded by considering
one-quarter of the entire system greatly facilitates in mod-
eling fluid flow under turbulent conditions.

2.3. Turbulence model

The CFD tool used in this study allows for the use of two
turbulence models, either the zero-equation model, based on
the Prandtl mixing length, or the k— model in which the
turbulence field is characterized by the turbulent kinetic
energy (k) and the viscous dissipation rate of turbulent
kinetic energy (¢). The k— model was used in this inves-
tigation due to the presence of recirculating flows which
should occur in our geometry. Previous studies [34,35]
report that the k— model appears to provide a more accurate
description of experimental data obtained in such systems.

2.4. Permeation

The CFD tool can also accommodate numerous repre-
sentations of flow in porous media. For a Newtonian,
isothermal and incompressible fluid, flow through a porous
medium can be described using the Forchheimer—Brinkman

model:
PO N L |y = Vot T+ of B
o Ly /L

where ¢ is the medium porosity, ¢ and n the constants which
depend on the porous medium, L, the porous medium
permeability and ||v|| the magnitude of the velocity.
Eq. (3) is similar to Eq. (2) except for the convection term
which is replaced by the Darcy—Forchheimer term in brack-
ets. Typically, the Forchheimer’s term (second term within
brackets) and the viscous flow term (second term of the right
hand equation) can be neglected; in which case Eq. (3)
becomes the expression of Darcy’s law under conditions of
steady flow and no body forces.

2.5. Assumptions and boundary conditions

Changes in global membrane permeability overtime due
to the membrane fouling are not considered in this work.
Thus, steady state solutions are calculated assuming a
constant membrane permeability. No-slip boundary condi-
tions are set at all solid wall boundaries (end-wall, vessel
wall, non-porous disk surface, rotating shaft). The azimuthal
velocity on the disk and shaft surface is set according to the
equation:

Vg = rw “)

where 7 is the radial position. The axial and azimuthal inlet
velocity are set at zero while a constant radial velocity is
assumed. The axial outlet velocity is fixed at zero. The axial
symmetry velocity is assumed to be equal to zero (see Fig. 3
for symmetry definition). The x—< boundary conditions are
set at zero for the porous media and for the inlet and outlet
since the flow at these locations is assumed to be laminar;
while the value of turbulent kinetic energy () and viscous
dissipation rate of turbulent kinetic energy (¢) are set
respectively, to 2.5 x 10°m?*s™% and 1.5 x 10°m?s >
within the vessel.

2.6. Simulations

The global transmembrane pressure is defined as the
difference between the inlet pressure and the permeate exit
pressure (Fig. 3). The local transmembrane pressure is
defined as the difference between the pressure at a given
radial location on the feed side of the membrane and that on
the permeate side at the same radial location. Since the
simulation returns the pressure at each node, the local
transmembrane pressure is actually calculated by the dif-
ference in pressure between two nodes having the same
radial coordinate but situated at the feed and permeate
membrane surfaces. Knowing the local transmembrane
pressure for several radial positions (nodes), one can eval-
uate the dimensionless cumulative flow rate (Q") as the flow
rate through the membrane from the washer tip to a radial
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distance ‘r’ over the overall throughput flow rate (Qp):

B f’rw 27(L,/ pe)rPum(r)dr
B Qo

where ry, is the radial position of the washer tip, e the
membrane thickness and Py, the local transmembrane
pressure. For convenience, one defines also a dimensionless
radial position (R") and a dimensionless axial position A
as:

Q' (r)

&)

R*:w forry <r <rg (6)
(rS_FW)

zr == %
S

where ry is the radial position of the retaining seal, z the axial
position and s the clearance between the rotating disk and
end-wall. Then the useful membrane area is characterized
by R” varying in the range from 0 to 1.

The code used in this study has been validated by Engler
[11] by comparing the experimental global transmembrane
pressure and the global transmembrane pressure returned by
the simulation to achieve a specific flux. The discrepancy
was found to be less than 7% so the code can be considered
accurate enough to be used as a design tool.

Knowledge of the global and local transmembrane pres-
sures is important in designing these membrane filters. The
former is related to the energy consumption while the latter
gives substantial information about the membrane perfor-
mance. From each simulation, the dimensionless cumulative
flow rate, the global and local transmembrane pressures are
calculated and their variations with respect to system para-
meters are evaluated with the aim of improving filter design.
Baseline values (Fig. 4) and ranges (see Table 1) for para-

Table 1

Summary of parameter ranges

Parameter Range

Inlet velocity (cm s~ ') 0.027-0.063
Flow rate (1h™") 1.45-3.40
Flux (1h~' m?) 150-350
Gapl (cm) 0.2-1.6
Washer (cm) 0.4-2.0

0.5 x 10712-12.5 x 10712
8 x 10'°-2 x 10'?

8.18 x 1071°-8.18 x 10~°
428 x 10°-4.28 x 10"

Membrane permeability (cm?)
Membrane resistance (m~")
Support permeability (cm?)
Support resistance (m~")

Gap2 (cm) 0.34-7.14
Support thickness (cm) 0.15-0.55
Rotational speed (rpm) 0-1500

meters in these simulations were selected to correspond to
those anticipated in laboratory and full scale microfiltration
units.

3. Results and discussion

3.1. Study of standard case: Effect of rotational
speed

Variations in the pressure on the feed and permeate sides
of the membrane were calculated with respect to the
dimensionless radial position for different rotational speeds
(Fig. 5). The feed side pressure remains relatively constant
since the flow is evenly distributed thereby leading to very
little pressure drop. However, in the support material, the
flow rate increases from the disk tip to the permeate exit

Inlet velocity (0.036 cm.s™) y

' Tank Radius (7.5 cm)

Gap2 (7.14 cm)

Retaining seal (1.0 cm)

—

Gapl (0.4 cm)

___________________ *

R W

, Washer (1.2 cm) ¢

Membrane
thickness (0.01 cm)

Shaft (1.3 cm)

> - }

" Support Material
thickness (0.35 cm)

permeability (6.5x1012cm?) permeability (8.18x10 % cm?)

Fig. 4. Standard dimensions and parameters.
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Fig. 5. Variations of feed (a) and permeate (b) side pressure as a function of radial position. Other parameters are at their ‘standard’ values.

with a concurrent pressure loss. Therefore, the local perme-
ate pressure increases as the radial position increases. Also,
the higher the rotational speed, the higher are the feed and
permeate side pressures.

The permeate side pressure can be considered to result
from a balance between pressure loss and centrifugal force
effects. The centrifugal force acting on the fluid inside the
support due to the disk rotation is proportional to the square
of the rotational speed:

= prw2 ®

Therefore there should be rotational speeds for which
the centrifugal force effects are higher than the pressure
loss effects of the porous support resulting in a local
permeate pressure which is higher than the feed side pres-
sure.

Due to the increase in permeate side pressure, the local
transmembrane pressure decreases with increasing radial
position (Fig. 6(a)). Therefore, the portions of the mem-
brane closest to the shaft produce a higher increment in flow
per unit of membrane area due to the higher permeate flux.
This is illustrated by the variation of the dimensionless
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Fig. 6. Variations of local transmembrane pressure (a) and dimensionless cumulative flow rate (b) as a function of radial position. Other parameters are at

their ‘standard’ values.

cumulative flow rate with the dimensionless radial position
(Fig. 6(b)). For high rotational speeds, as a result of a higher
permeate side pressure, the local transmembrane pressure
exhibits some negative values and the dimensionless cumu-
lative flow rate passes through a maximum. This means that
a portion of the membrane is submitted to a reversed flow
with some of the permeate returning to the feed compart-
ment. In addition to reducing the effectiveness of installed
membrane area, this ‘back pressure’ phenomenon might
also damage the membrane over time since forces acting in

an opposite direction could potentially tear the membrane
from its support.

Higher rotational speeds produce higher global trans-
membrane pressures (Fig. 7). These higher global trans-
membrane pressures correspond to a higher energy
consumption per unit of permeate since in all cases the
total flow rate is constant.

Consistent with Eq. (4), the azimuthal velocity varies
linearly with the radial position and the slope of the curve is
equal to the rotational speed (Fig. 8(c)). The axial velocity
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(i.e. velocity through the membrane) exhibits the same
variation as local transmembrane pressure (Fig. 8(b)) since
they are linked by the permeability model (Eq. (3)) which,
under simplifying assumptions, reduces to Darcy’s law.
Thus, the permeation velocity is higher at radial positions
near the shaft where local transmembrane pressure is greater
and smaller or negative for more distant radial positions.
Irregularities at extreme values of radial distance (near the
shaft and the membrane tip) are numerical artifacts that arise
from the no-slip condition imposed to the washer and
retaining seal. Axial velocity was set to zero at R* =0
and 1 which induces the nearest node velocity to be higher
or smaller at the tip to keep the permeate flux in agreement
with the local transmembrane pressure (Fig. 6(a)). For no
rotation, the radial velocity remains equal to zero and no slip
occurs at the membrane surface (Fig. 8(a)). As the disk
rotation increases, the fluid starts to slip. Although the slip
velocity increases with both radial position and speed of
rotation, it remains small in comparison with the axial
velocity.

Fig. 9 gives the axial variations of the velocity vector at
the radial position 4.3 cm (middle of the membrane). From
the azimuthal variation, one deduces that we are in the
regime IV as defined by Daily and Nece [28] where the
boundary layers on the end-wall and membrane disk are not
merged. Thus, bulk fluid rotates at a smaller rotational speed
than that in the disk boundary layer. Note that near the
membrane disk, the azimuthal velocity drops slightly and
then increases rapidly to reach the disk rotational speed. The
slight drop is due to a radial movement of the fluid
(Fig. 9(a)). The axial variation reflects fluid which is sucked
up to the membrane surface compensating for the radial flow
of fluid along the membrane. From the variation of the radial
velocity, one can see that the fluid moves radially to the disk

tip along the membrane surface (positive velocity for
the highest dimensionless axial position) and returns
radially to the shaft along the end-wall surface (negative
velocity for the smallest dimensionless axial position). By
comparison with this overall circulation, the bulk fluid
moves very little.

The effect of disk rotation on the flow pattern is illustrated
clearly on streamline contour plots representing stationary
and rotating membrane disks (Figs. 10 and 11). Without
rotation, streamlines in the inlet region bend around the
retaining seal. As rotational speed increases, a dead-zone
appears in which the fluid seems to circulate perpetually.

Disk rotation induces a higher shear stress on the mem-
brane surface and is likely to reduce fouling. Subsequent
results will be displayed only for a rotational speed of
1500 rpm at which speed fouling has been observed experi-
mentally to be greatly reduced [11].

3.2. Effect of inlet velocity (filtration flux)

The local transmembrane pressure increases as the
permeate flux (or equivalently the inlet velocity) increases
(Fig. 12(a)). Since the centrifugal force depends only on the
rotational speed and not on the inlet velocity, there is a value
of permeate flux for which the effect of the ‘back pressure’
is overwhelmed. This effect can also be expressed as a
minimum global transmembrane pressure required to over-
come the rotationally induced ‘back pressure’ before per-
meation can occur (Fig. 12(b)). The global transmembrane
pressure varies linearly with respect to the inlet velocity
consistent with Darcy’s law. The intercept indicates the
value of the threshold ‘back pressure’ which must be over-
comed to begin filtration. The higher the rotational speed the
greater is this threshold ‘back pressure’. Rotational speeds
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of 375, 900 and 1500 rpm introduced calculated threshold
‘back pressure’ values of 1.7, 9.6 and 27 kPa, respectively.

3.3. Effect of disk tip to vessel wall gap, retaining seal and
washer lengths

Variations in the local transmembrane pressure and
dimensionless cumulative flow rate as a function of the
dimensionless radial position for different values of the
distance between the membrane disk tip and the vessel wall
(Gapl) are rather significant (Fig. 13). High values of Gapl
correspond to conditions of small disk diameters. Smaller

values of Gapl (larger disk diameter) increase the ‘back
pressure’ as permeate side pressure increases due to an
increase in the centrifugal force. Indeed, according to
Eq. (8), this force depends on the radial position (7). Smaller
values of Gapl correspond to larger radii to the membrane
tip and hence the effect of the ‘back pressure’ is more
important. Thus, there is a trade-off between obtaining
higher values of the shear stress and reduced fouling with
increasing disk diameter and rotational speed versus
decreased membrane performance due to ‘back pressure’.
Therefore, to achieve a given flow rate at a given rotational
speed, there is an optimal value of the disk diameter
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corresponding to a zero ‘back pressure’. Due to an increase
in the membrane filtering area, the global transmembrane
pressure decreases when Gapl is then decreased.

Retaining seal length has a similar effect to Gap1. Large
values for the retaining seal length also roughly correspond
to simulations with a smaller disk. Decreasing either will
result in an increase in the ‘back pressure’ for the same
reasons explained above. Hence, there is also an optimal
value of the retaining seal length.

The effect of washer length is quite different (Fig. 14).
The larger the washer, the smaller is the ‘back pressure’.
Due to the reduction in the membrane filtering area, the
feed side pressure increases more than the permeate side
pressure. The latter pressure increases primarily due to
pressure loss effects rather than by centrifugal force
effects. In fact, the centrifugal force changes little since
there is little variation in the radial position of the membrane
tip. Pressure loss increases as more fluid flows into a smaller
region and a higher global transmembrane pressure is
produced.

3.4. Effect of membrane and support permeabilities

Membrane permeability has a strong influence on the
‘back pressure’ effect; a higher permeability results in a
higher ‘back pressure’ (Fig. 15). As permeability increases,
less pressure is required to produce the same flow through
the membrane. Hence, the permeate side pressure may
exceed the feed pressure resulting in the presence of ‘back
pressure’. However, it is likely that high membrane perme-
abilities will be exploited to operate at higher flow rates or

smaller membrane areas. There is an optimal radial position
of membrane tip (disk diameter) defined as the diameter at
which ‘back pressure’ is equal to zero (Fig. 16). Disk
diameters larger than this optimum are likely to provide
membrane area which is under-utilized or ineffective.

The support permeability is typically much greater than
the membrane permeability and the resistance to permeation
is due primarily to the membrane. Therefore, system per-
formances and choice of disk diameter are less sensitive to
the permeability of the support than they are to the perme-
ability of the membrane (Fig. 17). As the support perme-
ability approaches that of the membrane, the sensitivity of
the global and local transmembrane pressures and dimen-
sionless cumulative flow rate to future reductions in perme-
ability or changes in disk radius are similar to those for the
membrane alone.

3.5. Effect of support thickness and the distance between
membrane surface and end-wall

Over the range of support thickness evaluated (Fig. 18), a
trend toward decreased ‘back pressure’ with increased
support thickness is predicted. This can be readily explained
if one considers the support as a pipe in which flows the
permeate. The thicker the pipe, the smaller is the pressure
loss and thus the permeate side pressure.

The clearance between the membrane disk and end-wall
(Gap2) has a small effect (Fig. 19). Even for the smallest
clearance (0.34 cm), the boundary layers are separated. A
small gap width between membrane disk and adjacent
baffles is desirable on a full scale unit from the standpoint
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Fig. 14. Effect of washer length on local transmembrane pressure and dimensionless cumulative flow rate. Other parameters are at their ‘standard’ values.
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Fig. 15. Effect of membrane permeability (L, mp) on local transmembrane pressure and dimensionless cumulative flow rate. Other parameters are at their

‘standard’ values.

of packing density. However, a small gap width will also
entail greater energy consumption as feed solid concentra-
tion and the resultant viscosity increase. The clearance
selected for design should therefore reflect a balance
between packing density, power consumption and particle
concentration considerations.

4. Conclusions

The centrifugal force acting on fluid permeating into a
rotating membrane disk may result in a local permeate side
pressure that is higher than the feed side pressure at high
enough rotational speeds and radial distances from the shaft.
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Fig. 17. Effect of support permeability (Lpsupp) on local transmembrane pressure and dimensionless cumulative flow rate. Other parameters are at their
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A portion of the membrane is then characterized by a
negative local transmembrane pressure and, as a resultant,
permeate flows in a reverse direction back across the
membrane. The design and operating conditions of such
systems should minimize this ‘back pressure’ phenomenon
which reduces the effectiveness of the membrane area and

may also damage the membrane. This can be achieved by
either increasing the flow rate (within the limits of mem-
brane and support permeabilities), decreasing the disk
diameter or increasing the washer and retaining seal lengths.
The disk diameter is likely to be key in scaling up such
systems. The membrane and support permeabilities have a
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Fig. 19. Effect of the clearance between the membrane disk and end-wall (Gap2) on local transmembrane pressure and dimensionless cumulative flow. Other

parameters are at their ‘standard’ values.

strong influence on the ‘back pressure’. Higher permeabil-
ities require smaller disk diameters. The effects of clearance
between the membrane disk and end-wall on the fluid
mechanics of a clean membrane appear to be small. For
the smallest clearance studied, the boundary layers on the

membrane disk and end-wall surfaces are still separated.
Thus, high packing densities should not compromise per-
formance within the limits imposed by the feed suspension
viscosity and the desirability of a thicker support for
reduced pressure loss.
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5. Nomenclature
Latin notation

constant (—), Eq. (3)

e membrane thickness (m)

f body force (Nkg™)

fv volumetric force (N m_3)

L, permeability coefficient (m?)

n constant (—), Eq. (3)

p pressure (Pa)

Py local transmembrane pressure (Pa)

Q* dimensionless cumulative flow rate (—),
Eq. (5)

Qo overall throughput flow rate (m3 sfl)

R" dimensionless radial position (—),
Eq. (5)

R disk radius (m)

r radial position (m)

Re Reynolds number (—)

T radial position of retaining seal (m)

Iy radial position of washer tip (m)

s clearance between the rotating disk and end-wall
(m)

t time (s)

v velocity (m sfl)

A dimensionless axial position (—),
Eq. (7)

z axial position (m)

Greek symbol

0 azimuthal position (rad)

w dynamic fluid viscosity (Pa s)

p fluid density (kg m )

0] medium porosity (—)

w rotational speed (sfl)

K turbulent kinetic energy (m” s ?)

€ viscous dissipation rate of turbulent kinetic energy
(m*s™%)

v kinematic viscosity (m2 s_l)

Subscript

mb relative to the membrane

supp relative to the support material

0 azimuthal component

r radial component

z axial component
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