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ABSTRACT

The long-term durability of water treatment membranes under working pressures is considered to be
vital; however, there has not been a comprehensive analysis framework for that purpose. We therefore
carry out a series of mechanical analyses for the hollow fibre water treatment systems under filtration
and backwashing conditions. A series of quasi-static analyses are performed initially; and the stress
conditions are determined under the operational filtration and backwashing pressures. Afterwards,
the viscoelastic effects are invoked for the long-term deformation analysis of the hollow fibre mem-
branes. Both quasi-static and viscoelastic analyses are performed by a commercial finite element
package, ANSYS. The mechanical fatigue life predictions are then carried out considering the stress
values from the quasi-static analyses and the long-term deformations from the viscoelastic analyses.
Findings from the analyses recommend that the impact of the long-term viscous deformations on
the fatigue lives are less severe compared to that of backwashing. The increase of the backwashing
and filtration pressure has been found to be reducing the membrane lives significantly.

Keywords: Mechanical analysis; Hollow fibre; Membrane; Water treatment; Viscoelasticity; Fatigue;

Finite element method

1. Introduction

The scarcity of the clean water has been a significant
problem over the last decades. It is therefore important to
utilize water resources in a more sustainable way. In this
regard, re-utilization of the polluted water for different pur-
poses, in addition to effective consumption of the existing
water resources, holds a prominent place for the sustainable
water management. Among the water reuse applications,
membrane bioreactors play an important role [1]. The mem-
branes for bioreactors are usually manufactured by organic
and inorganic based materials. The organic based polymeric
membranes are rather prevalent owing to their relatively
low investment costs [2]. On the other hand, the polymeric
membranes suffer from the degradation and wear caused by
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harsh content of the feed water, backwashing (back-pulsing)
as well as the chemical cleaning [3].

The overall efficiency of the water treatment system and
the permeate water quality heavily depend on the structural
integrity of the membranes. On the basis of this fact, Wang
et al. [4] have undertaken a comprehensive literature review
work summarizing the wide range of techniques that can
be employed for the mechanical response characterization.
Uniaxial tensile tests are the most popular and straightfor-
ward ones among them to obtain useful data, that is, strength
and stiffness of the membrane materials. The parameters,
which are ideally evaluated by uniaxial tensile tests are:
stress—strain relations, modulus of elasticity, yielding point,
ultimate strength and elongation at break [4].
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Hou et al. [5] conducted uniaxial tests for the organic
based hollow fibre membranes, and the mechanical prop-
erties of the inorganic based hollow fibre membranes were
obtained by Hong and He [6]. Dynamic Mechanical Analysis
(DMA) is another suitable technique to characterize the
viscous behaviour of polymeric materials under various
environmental conditions [7]. Viscous damping properties
of the membranes can be determined by DMA under vari-
ous temperature and test frequencies [8]. Emori et al. [9]
performed an extensive study on the mechanical response
of porous polymeric hollow fibre membranes involving
both experimental and detailed finite element (FE) works.
Creep deformation of the membranes was also reported by
the study of Emori et al. [9].

Tng [10] performed the reliability analyses of water
treatment systems in terms of membranes’ mechanical
failures. In that work, high cycle fatigue tests for the hol-
low fibre membranes were performed under simple uni-
axial cyclic loads, but not the actual operational pressure
conditions.

Even though the work of Tng [10] is valuable as it reports
the fundamental fatigue data, the mechanical fatigue life
prediction of water treatment membranes under filtra-
tion cycles has not been reported yet to the best of authors’
knowledge. This issue has also been reported in the review
work of Wang et al. [4].

Taking into account the lack of works on the fatigue
life predictions of water treatment membranes in the open
literature, we aim to present a general framework on the
mechanical analysis of hollow fibre water treatment mem-
branes under realistic operational pressure loads (under
internal and external pressures). The main focus is given
to fatigue life predictions; however, the viscoelastic creep
deformation and its impact on the membrane performance
will also be addressed in the present work. The present
work currently omits the influence of chemical cleaning
and membrane fouling in the fatigue life predictions due to
the lack of available material data for these circumstances.
However, it must be noted that the proposed framework
can be effectively applied for those cases with the proper
material data (S-N curve) representing the real conditions.

2. Problem setup and case studies

The hollow fibres made by polymeric materials are
common for submerged type membrane bioreactors. The
vacuum condition is usually generated on the perme-
ate side in addition to hydrostatic pressure acting on the
outer surface of the membrane.

In this paper, we will focus on a single fibre of a mem-
brane module to examine its mechanical response under
various loading scenarios and assumptions.

2.1. FE modelling

In the FE modelling of a fibre, we utilize the axial sym-
metry of the geometry and loading. One half of the mem-
brane is modelled by ANSYS axisymmetric plane elements,
Planel82, employing full integration of the stiffness matrix
[11]. Invoking the full integration will ensure the stress
calculation at 4 Gauss points within the quad elements.

In case of stress extrapolation to the nodal points, we will
be able to get more accurate stress values at the corner
points of the elements, and so the more accurate fatigue life
predictions.

The expanded view of the FE model is given in Fig. 1.
This is the half-length model of a fibre. In this case, its length
is set as 10 mm. Childress et al. [3] reported that the failure
of the membranes usually occurs in the moulding and the
potting resin interface. The length of the membrane will
therefore be less significant. The diameters and so the wall
thickness of the membrane may impact the mechanical
response of the membrane. In this study, we will take single
diameter case, D, =1.0 and D_, =2.0 mm. The wall thickness
of the membrane is 0.5 mm.

Only quad elements are employed in the modelling. The
number of elements through the wall thickness is set as 5,
while the length direction of the fibre is represented by
100 elements, which keeps the element aspect ratio as 1.0,
which is the most ideal condition for the stress evaluation at
the corner nodes of the elements.

2.1.1. Loading and boundary conditions (BCs)

Considering the resin pot on the bottom of the mem-
brane module, the bottom section of the fibre is assumed to
be clamped by constraining all displacement and rotation
components on the bottom plane (Fig. 1). The top plane of
the membrane is considered to be symmetry plane, which
allows translation on this plane while the displacements nor-
mal to this plane is constrained. One must note that the BCs
on the top plane will not have any significant effect on the
mechanical life of the membrane.

In case of the filtration process, the filtration condition is
enforced by uniform vacuum pressure on the permeate side.
This condition can be represented accurately by uniform
pressure on the external edges of the axisymmetric plane
model as shown in Fig. 2a. As for the backwashing condi-
tion, the clean water with or without cleaning chemicals

Symmetry plane

Hollow fibre
cross-section

Clamped

Fig. 1. Hollow fibre FE model (expanded view) and the fibre
cross-section.
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are pumped from the permeate side, and this condition is
resembled by the uniform pressure applied on the edges
of the lumen side (Fig. 2b).

The load implementation schemes are different for qua-
si-static and viscoelastic analyses. In case of quasi-static
analyses, the load is gradually increased up to desired level
(Fig. 3a). The pseudo-time expression stands for the grad-
ual load implementation but not the real time itself [12].
This assumption is to make the numerical solution more
accurate and stable by taking the large deformation effects
into account. In case of viscoelastic simulations, the desired
pressure level is implemented suddenly and kept con-
stant during the simulation (Fig. 3b). The latter case allows
to examine the viscous (long-term) deformations on the
membranes under constant pressure level.
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Fig. 2. Pressure implementation on the axisymmetric model:
(a) filtration condition and (b) backwashing condition.

(@) (b)

Pressure Pressure
A A

) TR Py

> >

Pseudo - time Time

Fig. 3. Load implementation schemes for: (a) quasi-static analy-
ses and (b) viscoelastic analyses.

2.1.2. Evaluation of the material properties

In the present work, we adopt the experimentally
derived material properties from Emori et al. [9]. This adop-
tion inherently enforces some conditions on the membrane
material model. The material then becomes PVDF with the
same porosity ratio with the one tested by the study of Emori
et al. [9]. The reference work performs both uniaxial tensile
tests and FE calculations regarding the creep behaviour
of the hollow fibre membranes involving three-dimen-
sional (3D) pore geometry. The experimental stress-strain
curve for the highest strain rate, that is, £¢=1.4x107 by
the study of Emori et al. [9], is digitized; then the Young's
modulus and yield stress are derived from the digitized
curve as E = 138.9 MPa and o, = 4.04 MPa. The approxi-
mate yield strain for the membrane material is derived as
e, =0,/E =0.029. FE quasi-static analyses are performed by
employing these material properties. Although the present
work adopts PVDF in the test cases, the proposed analysis
framework can be employed for other polymeric membrane
materials with suitable material data.

2.1.2.1. Viscoelastic properties

Since the membrane material is assumed as polymeric,
we need to consider the long-term (viscous) deformation
of the membrane under constant pressure loading. The
long-term deformations can be represented by viscoelastic
material models. In ANSYS FE code, the viscoelastic mate-
rial properties are implemented by generalized Maxwell
model comprised of Maxwell elements and a spring element,
which are connected parallel to each other [13]. The relax-
ation of the viscoelastic material is mathematically repre-
sented by the Prony series, which have the exponential decay
terms. The viscoelastic material properties are ideally pro-
vided by the relaxation of the shear modulus as expressed
below by a Prony series expression.

NM
G(t)=G, +>.G,xe "™ (1)

i=1

where G_ denotes the shear modulus of the material when
the time converges to infinity, which basically represents the
elastic stiffness of the single spring element on the general-
ized Maxwell model. G, is shear modulus of each Maxwell
element, while the relaxation time of each Maxwell ele-
ment is represented by 7. The number of Maxwell elements
in the model is defined as N,,.

For the PVDF material tested by the study of Emori et
al. [9], the fundamental material properties are given pre-
viously in this section. The same material was tested under
constant loads to capture the creep deformation in the same
work [9]. We will take the results of the creep tests presented
in the reference work to obtain viscoelastic material proper-
ties. Here, one must note that the applied load at the creep
tests should be below the elastic limits so that we can ensure
that the membrane deformation comprises only elastic and
viscous parts. In this regard, we have chosen the creep test
result for 3 N axial loading by the study of Emori et al. [9].
This axial load corresponds to approximately 3.6 MPa axial
stress, which is below the yielding point, and is sufficiently
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large to provide valuable time dependent viscoelastic data
for the possible maximum loads. Once the curve provided
for 3 N in Fig. 5 by the study of Emori et al. [9] has been dig-
itized, we can convert the data to the relaxation of Young’s
modulus by the well-known expression as given below.

E(t)=— )

Having the time-dependent Young’s modulus readily
allows to evaluate the time dependent shear modulus. Anon-
linear curve fitting tool can be employed to fit a curve in the
form of Prony series to the discrete data at hand. By taking
two exponential terms (N,, = 2) in the Prony series, a curve
is fitted to the discrete shear modulus data using the non-
linear curve fitting tool of MATLAB® [14]. The mathematical
expression for the fitted curve is given as:

G(f) — 5928 +8.758 x e /05%) | 37 g7 5 p(1/0103) 3

The parameters in Eq. (3) should be properly intro-
duced into an FE code for the viscoelastic materials.

2.1.2.2. Fatigue properties

The mechanical fatigue life predictions will be performed
for initially perfect conditions without any defects and/or
cracks. In this regard, the fatigue life predictions should be
performed based on the relevant S-N data. To the best of
authors” knowledge, the available material fatigue data on
PVDF membrane materials are limited. Tng [10] presented
some useful fatigue results for the hollow fibre membranes
under cyclic tensile loading. In addition to that, Solvay [15]
published a design and processing guide for PVDFs. When
we digitized the S-N plot [15], we realized that the coefficient
C, in the S = C x N™ form of expression, is slightly higher
than the yield stress of the considered material. The slope
coefficient is m = 0.02. By invoking this similarity between
the coefficient C and the yield strength of the material, we
assume an S-N curve for the PVDF membrane material in
the present work. The form of the S-N relation is taken as
S =C x N™ The parameter C is assumed as slightly higher
than the yield strength of the material as C = 4.438, and the
inverse slope coefficient is adopted as m = 0.06. The S-N
curve for these parameters is given in Fig. 4.

2.1.3. Test scenarios

In the present work, we consider three different filtration
pressures, which will be applied as external pressures on
the axisymmetric FE models. The magnitudes of the filtra-
tion pressures are selected as, Pf =2.0,2.5 and 3.0 bar. This
pressure range is common in ultrafiltration applications
[16]. The backwashing pressures are to be adopted based
on the recommendation of membrane manufacturers as
well as the cleaning efficiency concerns. In this work, the
backwashing pressures are described by the factoring coef-
ficients of the filtration pressures as P, = 1.0 x P, 1.25 x P
1.5 x Pj, 2.0 x Pf and 2.5 x Pf Kennedy et al. [17] reported

that the backwashing pressure coefficient greater than 2.5
may not be efficient in terms of cleaning; what is more, the
higher values may cause damage on the membrane module.
However, we pick relatively higher backwashing pressures
for demonstration purposes, particularly to observe their
possible impacts on the estimated fatigue lives.

The filtration durations are also varied as the case stud-
ies. In the first scenario, the filtration duration is taken as 2 h,
and no backwashing is applied. In this case, it is assumed
that the fouling is controlled by membrane relaxation and/
or air scouring. The second case is 5 h of filtration and
5-10 min of backwashing as the air scouring may not be suf-
ficient for the cleaning of the membrane after long filtration
operation. The final scenario is the longest filtration with
10 h and 15-20 min of backwashing.

3. Quasi-static FE analyses

Quasi-static analyses are performed to obtain stress
values under the assumed filtration and backwashing con-
ditions. These stress values are first utilized to check if any
plastic deformations take place on the polymeric mem-
brane walls. Then, the maximum principal stresses are used
for the mechanical fatigue life predictions.

Fig. 5 shows the stress distributions for the consid-
ered minimum and maximum filtration pressures. As it is
expected, the maximum equivalent stresses take place on
the lumen side at the clamped edge, which are 0.464 and
0.696 MPa for P, = 2.0 and P, = 3.0 bar filtration pressure
cases, respectively. The maximum principal stresses also
occur in the same location but in the compressive form due
to the external pressure, which are 0.569 and 0.853 MPa in
magnitude for P, = 2.0 and P, = 3.0 bar filtration pressure
cases, respective{y. The magnitudes of the principal stresses
are evidently higher than the magnitudes of the equivalent
stresses.

When the loading is applied from the lumen side (back-
washing condition), it can be easily understood that the max-
imum principal stresses take the tensile form at the same
location, that is, lumen side of the clamped edge. So, it is
expected that compressive-tensile stress cycles will occur at
this location, which is the situation that makes this area the
most probable failure location.

Stress Range [MPa]

Log N

Fig. 4. S-N fatigue life curve for the considered material.
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Fig. 5. Stress distributions under filtration: (a) Pf= 2.0 bar and (b) Pf= 3.0 bar.

In a similar manner, the stress distributions are provided
in Fig. 6 for the backwashing condition under the maximum
backwashing pressure case, that is, Pj™ = 2.5 x P}“‘X =7.5 bar.
In all the considered cases, the maximum values of equiv-
alent stresses remain below the yielding point of the
membrane material. The results suggest that the current
configuration passes the first level control for the struc-
tural integrity assessment of the hollow fibre membranes.
This condition is required but not adequate itself. A further
assessment will be carried out in the following sections.

For the further assessment of the membranes, we aim
to carry out fatigue life calculations using the principal
stresses from this section. The maximum absolute values
of the principal stresses are therefore presented in Fig. 7 for
both filtration and backwashing. It must be noted that the
principal stresses are compressive in Fig. 7a.

4. Viscoelastic analyses

The quasi-static analyses in the previous section should
be considered as the initial check for the assessments of
the membranes. Viscoelastic analyses may be considered

as the elaborated assessment stage, since the long-term
deformation of the polymeric materials under constant
loading can be simulated by this approach.

The findings from the viscoelastic analyses may be uti-
lized for the assessment of the permeate water quality as
well as improvement of fatigue life predictions. As described
in the material modelling section, the viscoelastic proper-
ties will be introduced by means of the Prony series coeffi-
cients in ANSYS FE package [13].

A viscoelastic analysis is essentially a transient dynamic
analysis without inertia effects [11]. We therefore follow the
procedure recommended [11]. The simulation time is equal
to the filtration duration, that is, ¢, =25 and 10 h. The time
increment size is set as variable based on the convergence
rate of the FE simulation. The loading scheme is defined by
Fig. 3b in Section 2.1.1. Because the membrane wall is rel-
atively thicker compared to the diameter, the numerical
instabilities due to the sudden implementation of the load-
ing can be avoided.

The viscoelastic analyses are performed only for the
filtration cases since the assumed backwashing durations
are significantly shorter than the considered filtration
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Fig. 6. Stress distributions for the backwashing condition under maximum considered pressure (P, =7.5 bar).
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durations; and the viscous deformation effects may be omit-
ted for backwashing applications.

The stresses acting on the membrane wall remain more
or less the same during the viscoelastic simulations under
the same filtration pressure. We will thus focus on the dis-
placement and strain values to assess the possible decline
of the permeate water quality and the compromise of the
structural integrity due to an excessive deformation.

Fig. 8 shows the increase of the maximum equivalent
strain values by the time. At the beginning of the simula-
tions (the condition that corresponds to the quasi-static anal-
ysis results), the maximum values of the equivalent strains
are far below the yield strain of the material. In 10 h of fil-
tration case, the maximum values of the strains reach and
exceed the yield strain under P, = 2.5 and 3.0 bar filtration
pressures, respectively. Althougﬁ these maximum values are
limited to a certain location, that is, same as the maximum
stress locations in Fig. 5, it is suspected that decline in the
permeate water quality might occur in the water treatment
system. The system would most probably remain safe for the

considered filtration durations, if the filtration is P, = 2.0 bar
or lower. It must be pointed out that the exceedance of the
yield strain value here does not mean the membrane experi-
ences plastic deformation. This is an indication of the viscous
deformation rather than the elastic deformation. Therefore,
the membrane material is still in the elastic regime, and
once the applied pressures have been removed, the mem-
brane would recover its original shape in a sufficiently long
time. The distributions of equivalent and principal stresses
in Fig. 9 prove that the stress state is still in elastic region
for P.=3.0 bar after 10 h of filtration.

I{part from the maximum equivalent strain values,
the principal strains were also recorded in the viscoelastic
analyses in order to include long-term deformation effects
in the fatigue life calculations.

5. Mechanical fatigue life calculations

The mechanical fatigue lives of the membranes are exam-
ined under various filtration and backwashing pressures
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for the certain filtration durations, that is, ¢, =2.5 and 10 h.
The chemical wear and corrosion of the membrane mate-
rial are currently being omitted. The influence of the long-
term filtration is however taken into account for the fatigue
life predictions.

The fatigue parameters for the considered membrane
material are given in Section 2.1.2.2. The loading procedure
and one load cycle definition for the cases with and with-
out backwashing implementation are schematically illus-
trated in Figs. 10 and 11, respectively.

The filtration durations are rather longer than the dura-
tion of backwashing, which can be assumed as maximum
20 min for 10 h of filtration. Depending on the application,
content of the feed water and the region of the facility, the
backwashing duration may show variation, but usually
becomes shorter than the present assumptions. Because of
this reason, the long-term viscous deformation effects are
only considered for the filtration period.

In case of shorter filtrations, the membrane fouling
may be controlled by the air scouring and some cleaning

chemicals to avoid the impact of backwashing. So, we will
also consider without backwashing case for the shortest
filtration duration, thatis, 2 h.

5.1. Fatigue life calculation procedure

A simplified fatigue analysis procedure is employed
for the fatigue life predictions, which takes indirectly into
account the viscous deformation effects for filtration. The
procedure followed in the fatigue life predictions is pre-
sented in Fig. 12.

The procedure given in Fig. 12 can be further explained
as follows. The quasi-static analyses are first undertaken for
filtration process. As mentioned previously, the viscoelastic
analyses should be performed afterwards. Since the dura-
tion of backwashing is shorter, it is only required to carry
out quasi-static analyses for the backwashing.

Maximum principal stresses and strains at each nodal
points are to be collected from the quasi-static analyses.
However, only principal strains at each nodal point are
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Fig. 12. Fatigue life calculation procedure for the hollow fibre membranes.
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recorded from the viscoelastic simulations. The stress
range will be calculated by the principal stresses from the
quasi-static analyses of filtration and backwashing. Here,
sign of the stress components has to be considered. Once
the stress range has been calculated, the corresponding life
from the S-N data is evaluated by S = C x N™ expression.
The calculated life then should be modified for the long-
term effects. A factoring coefficient is employed for the
modification purposes, which is the ratio of long-term 1st
principal strain to the 1st principal strain from the qua-
si-static analyses for the filtration process. Afterwards,
fatigue damage parameter for each cycle is obtained by
the Miner’s rule [18]. Finally, the total number of cycles for
the fatigue life of membranes is obtained by relating it to
the maximum damage parameter.

It is important to note that the frequency of loading is
neglected as it is too small because of the longer filtration
periods. Furthermore, the mean stress correction is not
considered either, due to the lack of relevant data.

5.1.1. Miner’s rule

The total fatigue damage parameter at a hotspot loca-
tion is evaluated by the Miner’s rule in the present study.
The method is thus briefly explained here. The total
damage parameter at a certain location is expressed as:

k
D:Zdi 4)
where

n.
d=—L 5
= (5)

where D represents the total damage at a certain location.
The damage that occurs at each load cycle is denoted by 4,
and is described in Eq. (5). The number of loading cycles
at that location for a certain stress range is denoted as n,
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while N is the corresponding total fatigue life at the given
stress range obtained by the S-N data. The total number
of stress range blocks are represented by k. If the accumu-
lated damage value, D becomes equal to 1.0 at any point on
the membrane wall, it is assumed that the membrane fails
due to the fatigue damage accumulation.

5.2. Fatigue life predictions

The procedure described in the previous section and
the FE based stress/strain values are utilized for the mem-
brane mechanical life predictions. The fatigue life calcula-
tions are not only performed for the designated stress hot
spots, but also they are performed for all FE nodal points to
capture damage distribution on the membrane wall.

Fig. 13 shows the membrane fatigue life and the fatigue
damage distribution on the quarter model of the membrane
for without backwashing cases. The filtration duration is
2 h, so the long-term deformation effects are less effective in
total membrane life. The membrane life for the highest fil-
tration pressure is 1.69 x 10" cycles, which may be practi-
cally assumed as infinite. In this case, it can be said that the
membrane failure would probably occur due to other fac-
tors, for example, chemical erosion or major damage due to
the suspended materials in the feed water.

The damage parameter reaches the unit value (1.0) on
the lumen side of the clamped edge, as expected. The dam-
age accumulation on the inner and outer surface of the
membrane wall is also visible.

The membrane lives and damage accumulation plots
for the filtration durations of 5 and 10 h, respectively pre-
sented in Figs. 14 and 15. The membrane lives are given
for different filtration pressures and backwashing pressure
coefficients.

As similar to the without backwashing case, the mem-
brane failure takes place on the lumen side at the clamped
edge. Since the backwashing is applied as inside-out, the
damage accumulation on the external surface is less signif-
icant for these cases.

16
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Fig. 13. Fatigue life predictions and damage accumulation for 2 h of filtration case without backwashing.
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Fig. 14. Fatigue life predictions and damage accumulation for 5 h of filtration case with approximate 10 min of backwashing.
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Fig. 15. Fatigue life predictions and damage accumulation for 10 h of filtration case with approximate 20 min of backwashing.
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It must be noted that the predicted membrane lives are  estimated as 3,713 and 2,799 cycles for 5 and 10 h of filtration,
much shorter than those of the without backwashing cases.  respectively. When the backwashing pressure coefficient
In the most severe pressure conditions, that is, Pf =3.0 bar is increased from 1.0 to 2.5 for P, = 3.0 bar, the membrane
and P, = 2.5 x P, the membrane lives are in the order of life reduces from 9,713,741 cycles to 2,799 cycles. These
10>-10* s cycles. The membrane lives in this condition are  observations suggest that the influence of the long-term
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Fig. 16. Sensitivity analysis results: (a) filtration and backwashing pressures and (b) filtration duration.

deformation effects are less significant but the backwashing
operation has dramatically reduced the membrane life.

5.2.1. Sensitivity analyses on the filtration parameters

In order to investigate which parameter is more influ-
ential on the predicted mechanical life of the hollow fibre
membranes, we have carried out a series of sensitivity
analyses. The examined parameters are filtration pressure,
backwashing pressure and filtration duration.

In the sensitivity analyses of filtration pressure, we keep
the backwashing pressure constant as P, = 2.0 bar, and the
filtration duration is also kept constant for all filtration
pressures as 2 h. Then, the filtration pressure is varied as
Pf =1.0, 1.5, 2.0, 2.5 and 3.0 bar. A similar procedure is fol-
lowed for the sensitivity analyses of backwashing pressures,
that is, the filtration pressure is kept constant as P, = 2 bar,
and the filtration duration is considered as 2 h for all simu-
lations. The sensitivity analysis results on the filtration and
backwashing pressures are given in Fig. 16a.

The influence of the parameters can be examined by the
slope of the logN — pressure relations in Fig. 16a. It can be
clearly said that the filtration pressure, which has higher
negative slope, is more influential on the mechanical fatigue
life of the membranes. This is mainly because of the longer
filtration time as the filtration is carried out 2 h while the
backwashing is around 5 min. So, viscous deformations
do not take place in the backwashing operation.

The sensitivity analysis results for the filtration dura-
tion are given in Fig. 16b. It is obvious from the figure that
the fatigue life — filtration duration curve is almost flat,
which indicates that the effect of filtration duration on the
mechanical fatigue life is less significant. It must be noted
here that the filtration duration and fatigue life interaction
was examined by only considering the viscous deformations,
that is, higher the filtration duration, larger viscous defor-
mations. So, this curve may be understood as the influence
of viscous deformations is less significant compared to the
impacts of filtration and backwashing pressures. This obser-
vation makes sense as the frequency of filtration — backwash-
ing cycles is very low, which makes the viscous effects less
significant. In high frequency loading-unloading cycles,

the viscous deformations may reveal heat and degrade
mechanical properties of the material.

6. Concluding remarks

In this study, the mechanical response of hollow fibre
membranes under filtration and backwashing operations
has been studied extensively. The structural integrity and
filtration efficiency of the membranes have been examined
through three stages. The first stage is quasi-static analyses.
Yielding condition of the membranes has been assessed in
the first stage. Moreover, the required principal stresses for
the fatigue life predictions are obtained in this stage. The sec-
ond stage is viscoelastic analyses, which provide the long-
term deformation parameters, for example, strains that are
used for the fatigue life estimations. This stage also gives
some insight on the efficiency of the membrane module, as
the increase of membrane deformation results in enlarged
pore size. Then, the permeate water quality might be com-
promised due to the enlarged pore size.

The final stage is mechanical fatigue life predictions.
In this stage, the viscous deformation effects from stage 2
is indirectly considered. In general, it was found that the
impact of the viscous deformations on the fatigue lives are
less severe compared to that of backwashing. The increase
of the filtration and backwashing pressure has been found
to be reducing the membrane lives significantly.

A series of sensitivity analyses have been performed
in order to find out which parameter is more influential
on the mechanical fatigue life of the membranes. The sen-
sitivity analyses have revealed that the filtration pressure
is the most influential parameter on the mechanical fatigue
life of the membranes among the considered parameters
in this study.
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