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Abstract

The capillary membrane technology has become one of the effective methods for producing drinking water. The
membrane lifetime and permeability are significantly affected by operating and backwash conditions. To enhance the
backwash process, the flow in the porous wall and the pressure drop inside the capillary membrane were investigated
numerically. For this purpose, 3D model describing steady-state laminar flow inside the capillary membrane operated
in dead-end mode was simulated. The influence of various boundary conditions on both the flow pattern inside the
capillary membrane and the characteristic of the membrane were studied. Hereby, the pressure drop in the module
and the axial as well as radial velocity profile were estimated with the consideration of the membrane fouling. The
calculation of permeate flux contributes to increase the backwash performance and minimize energy consumption.
The method of coupling Navier-Stokes equation for the free flow and Darcy-Forchheimer approach for the prediction
of the flow in the porous membrane is proposed in the current study. The CFD model was validated by comparing

the numerical results with the experimental data. A very good agreement was achieved.

Keywords: Ultrafiltration; Porous capillary; Dead-end; Backwash;
CFD

Nomenclature
u: velocity (m/s)
p: pressure (Pa)
v: kinematic viscosity (m?/s)
w: dynamic viscosity (kg/m.s)
p: density (kg/m?)
D: viscous resistance (1/m?)

F: inertial resistance (1/m)

Introduction

Capillary membrane filtration process applied in water treatment
makes use of the porous structure of the membrane. For the backwash
process operated in dead-end mode, the driving force is generated by
exposing the capillary to high outer pressure that forces the water to
flow through the porous wall in outside-in direction. The magnitude
of the driving force depends on many factors, among others, on the
pressure drop in the capillary membrane. Predicting the behavior of
the flow adjacent to the porous wall is essential to calculate the pressure
drop and loss in the capillary and in the porous wall, respectively.
Consequently, the energy consumption can be reduced, the permeate
flux can be estimated and the performance of the backwash process can
be improved.

The complexity of interaction between the free and porous
flow regimes highlights the demand to develop a CFD model which
can optimize the backwash operating parameters. Thus, the CFD
model provides a library of boundary conditions that predicts the
corresponding pressure drop in the capillary and the axial and radial
velocity profile with the consideration of the membrane fouling.
Furthermore, the model investigates the influence of the membrane
characteristic and the operating parameters on the performance of the
backwash process.

The flow inside a tube with porous wall has been for long time

under investigation. The early models to solve Navier-Stokes equation
for a laminar flow in porous tube were proposed in Berman [1] and
Yuan [2] and extended by Bernales [3]. Berman [1] presented a
solution to the two-dimensional model in laminar flow in channels
with uniform wall suction. This study was extended to cylindrical
coordinates to investigate suction as well as injection in flow along a
porous channel [2]. Also there is a description of the flow in the porous
wall for a circular tube with uniform suction [4-6] and for different
permeability [7]. Further investigation was performed for a tube with
variable wall suction [8]. Karode [9] derived analytical solution for the
pressure drop in a rectangular slit and cylindrical tube with porous
walls for a constant permeability. This expression was in an agreement
with the solution proposed by Berman [1]. Another expression for the
pressure drop and velocity was derived by Kim [10]. It is obtained by
applying the perturbation theory to a dead-end cylindrical porous tube.
More recently [11], one dimensional model is introduced to determine
the fluid in a porous channel with wall suction or injection based on the
analytical solution proposed by Berman and Yuan [1, 2].

Linking Darcy and Stokes equation [12] contributes to
understanding of interfacial phenomena in coupled free and porous
flow regimes applicable to Cross flow filtration. Various methods for
coupling the free flow and the flow in permeable wall models were
introduced and the strength and weakness of each method were
discussed [13]. An analytical solution for the coupling between the
transmembrane pressure and velocity in tubular membrane is proposed
and validated with direct numerical simulation [14]. With Stokes
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equation free flow dynamics and with Darcy equation non-isothermal,
non-inertial and incompressible flow in a porous medium is modeled.
Darcy's law was extended to non-Stokes flow and the resulting relation
between pressure gradient and mass flux in porous media is presented
[15].

In order to provide better insight into the flow and pressure drop
in membrane channel with porous wall, a CFD model was developed
which offers more detailed information about the physical phenomena
accompanied with filtration process [16, 17]. Another work predicts the
pressure drop and permeates flux in the hollow fiber using a simplified
model equation [18].

Therefore, the optimization of the backwash process is associated
with developing a numerical model which describes accurately the
pressure drop under various boundary conditions and the flow through
the porous wall of a capillary membrane in ultrafiltration module.
Furthermore, adjusting the correct boundary conditions for further
simulations of backwash process needs the knowledge of the velocity
distribution in vicinity of the membrane surface.

Governing Equations

The fluid dynamic behavior of an incompressible, laminar and
viscous flow in steady state is described by continuity Equation 1 and
momentum Equation 2. The porous wall is simplified as homogeneous
and isotropic medium. In order to incorporate the flow through the
porous wall in the considered model, a source term S is added to
the momentum equation [19]. This term is distributed in two parts,
a viscous loss term D and an inertial loss term F. These two terms
represent the properties of the fluid and the porous wall. The pressure
drop has a proportional relation to the velocity in the viscous term and
squared velocity in the inertial term whose effects become dominant
with the increase of the velocity. The viscous parameter is calculated
as the inverse of the permeability whereas the inertial term was not
considered (F=0).

Vu=0 (1)
uVu :le+UV2u+S (2)
p
S:—(pD+%|u|F)u (3)
Numerical Model

A single phase, steady-state, laminar, incompressible flow in a
capillary membrane with a porous wall was carried out (Figure 1). The
capillary length is 980 mm and has an inner and outer diameter of 1.4
mm and 2.3 mm, respectively. The equations above will be solved in a
computational domain discretized in 11 Mio structured control volume.
This high mesh resolution covers the whole computational domain and
ensures mesh independent solution. Further mesh refinement has no
influence on the solution and will only increase computational efforts
and time. The element size is uniform distributed in the capillary inside
the capillary membrane and can be seen in Figure 2.

The meshing is generated in ANSYS-ICEM with *mesh extension
and read in OpenFOAM by the command fluentMeshToFoam.
RenumberMesh command is used to rearrange the numbering of the
cells in all time directories which will reduce the computational efforts.

Once the mesh is generated, the governing equation in the previous

Figure 1: Computational domain of the porous capillary.

Figure 2: Discretization of the computational domain.

section is discretized by Gauss theorem to convert the volume integral
to surface integral. For discretization of the convection term of the
yielding governing equations is done by the upwind scheme which
ensures boundedness and stability of the solution with an acceptable
accuracy. Gauss linear scheme is used for the discretization of the
diffusion term. The source term which is considered for the flow in a
porous wall is treated explicitly in term of the temporal discretization.
The resulting algebraic equations are solved based on the Semi-Implicit
Method for Pressure Linked Equations called SIMPLE algorithm [20]
to find a converged solution. The under-relaxation factors required to
improve the stability of the solution are chosen for the velocity and
pressure as 0.3 and 0.7, respectively. The overall iteration is assumed to
be converged when the residual for each equation is below than 10e™.

Boundary Conditions

The porous wall is homogeneous, isotropic and characterized by
its viscous resistance D in equation 3 or permeability €. Moreover,
the used fluid water is assumed to be incompressible, isothermal and
with a constant density and viscosity of 1000 kg/m and 10e® m?/s,
respectively. The flow is laminar since a Reynolds number of less than
1000 is calculated for all the simulated conditions.

For each parameter such as pressure and permeability, a steady
state simulation is carried out resulting the steady state flux, pressure
drop and axial as well as radial velocity distribution. The boundary
conditions are adjusted in such a way; they match the operating
conditions of the experiment.
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For all the simulations, the driving force for the water is the
pressure gradient. Therefore, the pressure has a constant value at
the inlet namely operating pressure and an atmospheric pressure at
the outlet. No slip velocity at the dead-end is set which is treated as
a wall. The components of the velocity gradient are considered to be
zero. Different permeability values for the porous wall are taken into
account. This variation of the capillary permeability considers the
formation of the fouling layer since this layer has a porous structure.

Results and Discussion

The flow through the porous wall and inside the capillary membrane
operated in dead-end mode was simulated. The operating parameters
for the numerical simulation match those used in the experiment in
terms of the applied pressure and the capillary permeability. The range
of the boundary conditions applied in this numerical simulation is
explained in the Table 1.

This range is adapted for the experiments used commonly for the
UF in dead-end capillary membrane. The validation of the results is
realized by comparing the flux at the outlet between the experimentally
measured and simulated values. Figure 3 shows a good agreement
between the simulation and the experiment results with very small
deviations due to the accuracy of the measurements. Both simulation

Parameter Simulated range
Permeability [liter/(m? h bar)] 80-400
Pressure [bar] 2-4

Table 1: Range of the studied boundary conditions.

Figure 3: Validation of flow rate.

and experiment show that the flow rate is directly proportional to the
applied pressure. An increase in the outer pressure on the capillary is
accompanied with increase in the water flow rate at the outlet.

Figure 4 shows the axial and radial velocity profiles at laminar
flow condition along different lines placed at different distances from
the capillary axis. Considering the flow rate balance, the axial velocity
increases from zero at the dead-end towards the outlet where the
maximum value is reached. For the flow at distance of r=0.7 mm along
the interface between the porous wall and the capillary surface the axial
velocity is very small and refers to negligible tangential variation of the
flow in the porous wall. However, the radial velocity at the interface
and in the porous wall has a constant value along the capillary. It can be
supposed that the velocity in the porous wall is composed only of radial
component whereas inside the capillary the dominant component is
the radial velocity.

Evaluating the axial velocity at three control lines inserted in
different positions across the capillary and porous wall is illustrated
in Figure 5. The velocity profile changes with the distance over the
capillary length. The fluid accelerates towards the outlet resulting
different maximum velocity and subsequently different Reynolds
number. The developing velocity profile within the capillary membrane
can be observed at the control lines. It also can be seen that the velocity
through the porous wall has no axial component. This observation
confirms the normal penetrating of the water to the capillary in the
presence of the permeate wall. Here r* is in the abscissa which denotes
the normalized diameter of the capillary where zero is on the axis.
The dimensionless form simplifies the presentation of the results
independent of the scale.

The pressure distribution along the three control lines across the
capillary is shown in Figure 6. Over the cross section, the pressure in
the capillary indicates a constant value whereas in the porous wall this
value reaches its maximum.

The effect of various boundary conditions such as the operating
pressure and membrane permeability on the flow inside the capillary is
studied in the next section.

Effect of the Operating Pressure

Since the pressure gradient is the driving force for the backwash
process, determining the pressure drop inside the capillary gains more
interest.

The numerical results show that the pressure changes along the
capillary length for various operating pressure. As it is expected, the
pressure inside the capillary increases when the applied pressure

Figure 4: Axial and radial velocity profiles at different control lines along the capillary at 3 [bar] operating pressure.
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Figure 5: Axial velocity across the capillary at three control lines, at dead-end, in the middle of the capillary and at

the outlet for 3 [bar] operating pressure.

Figure 6: Pressure across the capillary at three control lines, at dead-end,
in the middle of the capillary and at the outlet for 3 [bar] operating pressure.

Figure 7: Pressure at the capillary axis for different operating pressure.

increases. The flow rate reduces towards the dead-end, thus increasing
the pressure inside the capillary. The pressure starts with value zero at
the outlet and increases to its maximum at the dead-end. Increasing
the operating pressure improve the removal of suspended particles
because the pressure gradient inside the capillary increases that will has
consequences on the axial velocity (Figure 7).

At a small operating pressure the Reynolds number indicates
laminar flow. However, the flow is fluctuating between laminar and
turbulence when the pressure increases. This enhances the energy loss
in the capillary and leads to more operating costs.

Figure 8: Radial velocity at the interface between porous wall and capillary
surface r=0.7 [mm] for different operating pressure and permeability of 160
[liter/ (m? h bar)].

The radial velocity profile is independent of the operating pressure
and has a constant value over the capillary length. In Figure 8 the radial
velocity is plotted against the capillary length at the interface between
the porous wall and capillary surface r=0.7 mm for different operating
pressure. The profile variation from the dead-end to the outlet is very
small and the velocity considered as constant. This assumption of
uniform normal-wall velocity is found to be a reasonable approach and
is applicable for further multiphase simulation when the permeable
wall is neglected.

For the axial velocity, increasing the pressure gradient, as referred
in Figure 9 leads to significant changes in the driving force which
controls flow rate and the axial velocity. Reynolds number recorded
from the axial velocity in the capillary at the outlet is 700, 980 and 1260
for 2, 3 and 4 bar operating pressure, respectively.

Effect of the Membrane Permeability

The fouling layer decreases membrane permeability and forms
additional resistance for the water flow through the capillary. The total
membrane resistance results from the sum of all involved resistance
in series model namely, the membrane resistance, irreversible fouling
resistance and cake layer resistance. TTherefore, the thickness of the
fouling layer has a significant influence on the pressure drop inside
the capillary and the operating pressure. Hereby, the variation of the
membrane permeability due to the formation of fouling layer is taken
into account.

Table 2 summarizes the flow rate resulting from various vales of
the membrane permeability at constant operating pressure. The flow
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Figure 9: Axial velocity at the capillary axis for different operating pressure
and permeability of 160 [liter/ (m? h bar)].

Permeability [liter/(m? h bar)] Flux [g/s]
80 3.87e-7
160 7.7e-7
400 1.87e-6
800 3.43e-6

Table 2: Flux at different permeability and 3 [bar] operating pressure.

rate through the porous wall is increasing with the destruction of the
fouling layer which changes the resistance towards allowing more
water to penetrate the capillary membrane.

In Figure 10, the relation between the fouling layer and the pressure
inside the capillary is presented. The pressure and related driving force
are higher when the membrane permeability declines. It is assumed that
the formation of the fouling layer is a modification of the membrane
permeability. Thus, the removal of the deposited particles increases the
pressure since it enhances the membrane permeability.

Based on the driving force inside the capillary, the estimated
axial velocity at the capillary axis shows a proportional relation to
the membrane permeability (Figure 11) the more the membrane
permeability, the higher the axial velocity caused by the higher pressure
gradient.

For a high permeability, the flow can pass through the porous wall
easily and the radial velocity is increasing. However, the profile remains
constant over the capillary length apart from the permeability value
(Figure 12). These small changes in the radial velocity from the dead-
end to the outlet have no considerable influence on the flow entering
the capillary. Thus, again the assumption of a normal-wall velocity is an
acceptable approach and can be used for further simulation without the
consideration of the flow in the porous wall.

Conclusions

The effect of different boundary conditions on the backwash
process is investigated. Simulations were carried out for capillary
membrane model operated in dead-end mode.

It was found that converting the operating pressure into a constant
flux over the capillary length is acceptable approach for the definition
of the boundary condition. This assumption has a significant impact on
further simulation for the considered model.

The results of the simulations show that, during the backwash
water enters the capillary perpendicular to the capillary wall
independent of the encountered conditions, such as the fouling layer
and operating pressure. Moreover, the membrane permeability has a

Figure 10: Pressure at the capillary axis for different membrane permeability
and 3 [bar] operating pressure.

Figure 11: Axial velocity at the capillary axis for different membrane
permeability and 3 [bar] operating pressure.

Figure 12: Radial velocity at the interface between the porous wall and
capillary surface for different membrane permeability and 3 [bar] operating
pressure.
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proportional relation to the flux penetrating the porous wall, i.e. the
flow rate increases when the permeability increases. This permeability
represents the packing density of the retained particles on the capillary
surface and can accordingly vary. In addition, increasing the operating
pressure leads to higher flux at the same membrane permeability.
The previously highlighted relation was subsequently confirmed by
experimental validation which shows a good agreement with the
numerical simulation for predicting the flux at the outlet for different
boundary conditions.
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