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Abstract

Microfiltration membrane technology has been widely used in various indus-
tries for solid-liquid separation. However, pore clogging remains a persistent
challenge. This study employs (CFD) and discrete element method (DEM)
models to enhance our understanding of microfiltration membrane clogging.
The models were validated by comparing them to experimental data, demon-
strating reasonable consistency. Subsequently, a parametric study was con-
ducted on a cross-flow model, exploring the influence of key parameters on
clogging. Findings show that clogging is a complex phenomenon affected by
various factors. The mean inlet velocity and trans-membrane flux were found
to directly impact clogging, while the confinement ratio and cosine of the
membrane pore entrance angle had an inverse relationship with it. Two clog
types were identified: internal (inside the pore) and external (arching at the
pore entrance), with the confinement ratio determining the type. This study
introduced a dimensionless number as a quantitative clogging indicator based
on trans-membrane flux, Reynolds number, filtration time, entrance angle
cosine, and confinement ratio. While this hypothesis held true in simulations,
future studies should explore variations in clogging indicators, and improved
modeling of clogging characteristics. Calibration between numerical and phys-
ical times and consideration of particle volume fraction will enhance under-
standing.
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1. Introduction

Membrane desalination has been the leading desalination technology since the
beginning of the 21* century. One critical aspect of this technology is pretreat-
ment, particularly the prefiltration of membrane feedwater. A significant chal-
lenge in this process is the clogging and formation of a cake layer on the micro-
filtration membrane used at this stage. In the literature, a few control methods
for preventing fouling are discussed, including flux rate reduction and increased
shear stress on the membrane [1]. Investigative studies emphasize the impor-
tance of understanding key factors in flow-induced clogging. A study constructed
a cross-flow device with a confinement ratio of 8, revealing that trans-membrane
flux is a primary clogging factor [2]. Higher flux increases in-pore clogging due
to enhanced debris flow. Cross-flow influences the cake layer build-up rate, with
higher cross-flow resulting in less fouling. Shear stress, not cross-flow, governs
the cake layer growth rate [2]. A numerical study used “Ansys FLUENT” to pre-
dict shear stress effects. Lower shear stress leads to higher fouling rates, while
higher shear stress reduces cake layer build-up [3]. Shear stress can induce clog-
ging in neighboring pores, accelerating clogging migration Pore geometry influ-
ences clogging, with steep entrance angles promoting clogging due to the “Energy
Barrier”. Van der Waals and surfactant forces play a role, making clogs more likely
in steep-angle pores. Shallow angles are less prone to permanent clogs [4]. Aggre-
gated clogging results from particle-to-particle interactions at high concentrations
and particle-to-wall interactions at moderate levels [5]. Particle concentration,
termed the confinement ratio, affects clogging mode. Large pores relative to par-
ticle size led to inner fouling, while small pores relative to particle size cause
surface fouling [6]. Various forces in fluid-particle interactions influence clog-
ging, including drag, lift, lubrication, and other viscous forces, as well as gravita-
tional, buoyancy, pressure gradient, and virtual mass forces [7]. These parame-
ters are interconnected, and a flow map similar what is found in the literature
could serve as a clogging identifier, based on flow velocity and particle volume
fraction [8]. In Table 1, the flow-induced clogging factors, their impact, and the
sources from which these factors are found are listed.

2. Theory

Microfluidics studies fluid flow at the microscale, typically assuming laminar

Table 1. Summary of parameters and their impacts on membrane clogging.

Factor Impact Source
Trans-Membrane Flux Enhance primary clogging [2] [3]
Mean Inlet Velocity Reduce cake layer buildup Tate, Induce pore to pore 1 13] [4]
clogging
Influences confinement ratio and in-pore or at (4] [5]
Pore Geometry pore-entrance clogging, Formation of Aggregation, 6] [12]
Sieving & Arching
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flow due to dominant viscous forces. However, some microflows may be turbu-
lent. So, determining the Reynolds number is essential for microflow analysis.
Navier-Stokes Equations (NSE) are widely used in CFD solvers but have limita-
tions for microflows. Continuum assumptions, valid when Knudsen number <<
107, are challenged due to microflows’ small intermolecular distances [9]. In this
paper, modelling operates at the boundary of the continuum approach, making
it applicable to microflows. NSE assume Newtonian fluid behaviour and con-
stant thermophysical properties, applicable in this isothermal study. Particle-fluid
interactions involve various forces, including DLVO forces, gravitational forces,
and fluid impact [10].

In membrane flow problems, commercial CFD packages are limited for mod-
eling pore geometry. This study employs a four-way coupling method with CFD
and DEM to simulate particle dynamics and interactions within microchannel.
Soft-particle models allow deformations and overlapping, suitable for clustering
and arching modelling [11]. Surface forces, including drag, are crucial, with the
Di Felice Drag Coefficient Method applied. Particle collisions’ short time scale is
a modelling challenge. STAR-CCM+ employs a spring-damper system for con-
tact forces The Hertz Mindlin model accounts for deformation and friction be-
tween colliding spheres [12]. Particle-wall interaction is vital for clogging, simu-
lated using the particle-wall link model, assuming constant high hydrophobicity
forces [13]. DEM time step stability is proportional to particle properties [14].
Coupling DEM with CFED is experience-based, often using a ratio of 100 between
CFD and DEM time steps [10]. Equation (1) shows the DEM-CFD time step
coupling criteria.

Ateep =100At,g,, (1)

3. Method

A concise overview of the methods used to simulate and investigate microfiltra-
tion membrane clogging is provided, including geometry, meshing, simulations
settings, and particle injection. The methodology covers solver validation and
cake layer thickness approximation. Two stages of numerical modelling are in-
volved: validation and parametric study.

CAD modelling and meshing used Star CCM+, with automated Quad lateral
meshing. For 2-D models, 3-D surfaces were split to accommodate 2-D meshing.
DEM meshing depended on particle size, following a criterion suggesting the
mesh base size should be 3 - 4 times the particle size for stability [10]. The min-
imum mesh base size was set to 100% of the base mesh size.

Validation emulated an experimental study by [9], involving 5 um diameter
particles injected into a 140 um wide symmetrical segment of a dead-end filtra-
tion device as shown in Figure 1. Two injection methods were used: batch and
volume flow rate injection. The parametric study focused on cross-flow filtration
as shown in Figure 2 with additional Concentrate region. Volume flow rates

were calculated for a dispersion volume fraction of 25%.
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325 um
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280 um

160 pm

200 pm

Figure 2. Geometry used for parametric study cases.

For CFD-DEM coupling, Star CCM+ was chosen, optimizing models and settings
to align with computational constraints and study objectives. Two-dimensional
(2-D) models were utilized due to their efficiency in capturing trends in DEM-
CFD simulations [15]. The Lagrange Phase Model facilitated precise control over

particle injection.

DOI: 10.4236/jwarp.2023.1512037

695 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2023.1512037

A. R. Al Qahtani

To balance accuracy and computational cost, the Implicit Unsteady model
with sub-stepping was employed, providing a reasonable compromise [16]. The
number of sub-stepping was set to its possible lowest value that the solver allows,
which is 10 sub-steps per one-time step. Also, the inner loop was set to perform
only one iteration. In fact, even with a very low number of sub-steps, the solver
showed a good convergence (residuals of order 107 - 107%).

As for particle interactions, they were modelled using the Hertz Mindlin
model for particle-particle interactions and the Particle-Wall Link model for
particle-wall interactions. Coefficients of restitution, friction, and rolling resis-
tances were set, 0.95 and 0.5 for both friction and rolling resistance [10]. For
fluid-particle interaction, only the drag model was used. Fluid flow, simulated as
water, employed the segregated solver for incompressible conditions, assuming
laminar flow due to small Reynolds numbers (0.98 to 13.68). Gravity was in-
cluded for completeness, with two-way coupling between fluid and particles, al-
lowing mass and momentum exchange. This coupling facilitated the evaluation
of body forces such as drag forces.

To validate the solver, two simulation cases were compared to experimental
data [8]. A dimensionless comparison was made using filtration time relative to
the initial clogging event. The simulation identified this event using field func-
tions that approximate particle packing thickness based on membrane and par-
ticle geometry and the averaged particles’ position. Precise output capturing
from the solver is used to supplement the confirmation of clogging. Also, the
average cake layer thickness approximation was derived from the same field
function. The comparison between numerical and experimental data shown in

Figure 3 is displaying a strong initial resemblance with a reasonable numerical

0.5

0.45 O Experimental

0.4 A Star CCM+ Batch of 400 particles

O Star CCM+ Particle Volume Flow Rate 2.6e-14 m~3/s

0.35

0.3

0.25

0.2

Internal Filings Fraction

0.15

0.1

0.05

0 1 2 3 4 5
Dimensionless Time

Figure 3. The comparison between numerical and experimental data.
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overestimation (around 20% - 30%) of internal fillings beyond 20%. This deviation
can be attributed to 2-D model limitations and symmetrical boundary conditions.
Clogging in microfiltration membranes, influenced by time, force, and geo-
metry, was analysed through this parametric study. Investigation was done on
membrane geometry, specifically straight pores with varying entrance angles (0°,
30°, 45°, and 60°), see Figure 4. Hydrodynamic interactions between particles
and the continuous phase, driven by fluid momentum, were examined by ad-
justing mean inlet velocity and trans-membrane flux ratios (75%, 50%, 20%, and
15%). Confinement ratios (4, 3, and 2) were explored by varying particle size (5
pm, 6.66 pm, and 10 pm). 2-D modelling was opted for to reduce computational

complexity and offered valuable insights into microfiltration membrane clogging.

4. Results and Discussion

Initially, 18 cases were simulated for 0.025 seconds with 25% particle concentra-
tion by volume. Clogging detection in multi-pore microfiltration devices was
challenging. Clogging events were visually identified and a clogging index (C)
introduced. This index categorizes the membrane’s clogging status into three
categories: No clog, Partial Clog, and Clog, assigning numerical values of 0, 0.5,
and 1, respectively. A “Clog” status occurs when at least half of the pores are
blocked by persistent clogs, while “Partial Clog” describes clogging in one out of
the four pores.

The first parametric test, varying mean inlet velocity, showed partial clogging
at higher velocities. An inverse relationship was observed between mean inlet
velocity and the cake layer’s average thickness as shown in Figure 5. The average
thickness of the cake layer for all these cases was fitted in a power function in
Figure 6, which was found to provide the best fit across all cases. In high-velocity
cases (3 & 7), it is interesting to observe how quickly the cake layer tends to
build up, and then almost flattens out. In case 4, there was no particle packing
during the simulation explaining its trend.

The second test, investigating trans-membrane flux, revealed a direct propor-

tionality with clogging, but no clear trend in cake layer thickness. This aligned

0=0°,30°,45° and 60°

iy

Figure 4. Representation of the entrance angle.
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Velocity as a variable
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Figure 5. Illustrating the influence of mean inlet velocity on the average thickness of the

cake layer.
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Figure 6. Displaying the averaged thickness of the cake layer growth fitted using a power
function.

with the literature. Confinement ratio tests; pore to particle size, done by varying
particle size with constant pore size, indicated that a larger confinement ratio
reduced clogging likelihood, aligning with previous findings. Higher ratios re-
sulted in in-pore clogging as shown in Figure 7, while lower ratios saw entrance
clogging as shown in Figure 8. The red circles in the figures indicate persistent
clog.

Eight cases with four entrance angles were studied. Initially, four cases at a
confinement ratio of 3 showed clogging, possibly influenced by this ratio. To mi-
tigate this, a second set of cases with a higher ratio (3 and 12 - 18) was examined.
Clear trends weren’t apparent at a ratio of 3, possibly due to the lack of a DEM
particle restitution coefficient based on impact angle [17]. The influence of the
confinement ratio can’t be ruled out. However, cases with a ratio of 4 exhibited
variability in entrance angles, suggesting an expected upward trend in clogging.

Another perspective hints at an inverse relationship with the cosine of the
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Figure 8. Simulation snapshot displaying clogging at the pore entrance for a lower confinement ratio.

entrance angle, consistent with experimental findings [4].

A parameter based on the presented variables is proposed to quantitatively
describe microfiltration membrane clogging. Before exploring this further, Ta-
ble 2 summarizes observations from the parametric study. Although filtration
time hasn’t been discussed, it’s likely directly related to clogging. Reynolds
number (Re) was used instead of mean inlet velocity since there is no change in
thermophysical properties in all cases, and this approach takes advantage of its
dimensionless form. Equation (2) defines a characteristic time for membrane
clogging (7., ). This parameter effectively distinguishes clogging from no clog-

ging, although partial clogging overlaps with both regions. To approximate the
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Table 2. Clogging relationship to selected parameters.

Parameter Clogging
Fluid Reynold Number (Re) Direct
Trans-membrane flux percentage ( Mhears _ B) Direct
otal
Confinement ratio (W, / Qoarie =7) Inverse
Cosine of entrance angle (cosé ) Inverse
Filtration Time (t, ) Direct

boundary, the mean average of 7,

fied as a critical clogging point, which was found to be 0.0589 and was given a

from Partial Clog cases is taken and identi-

symbol ( Zgoq criticre )+ Since 7,

aog 18 directly proportional to clogging, so its in-

verse represents the frequency of no clogging events. Therefore, by dividing
r;ég by (ch(l,g criticte )» @ description for the relative frequency, ie., probability of
No Clog events can be derived, represented as P, and P
(3) and (4).

For Py, <1, the probability of clogging is impossible, and it is obsolete.

in Equations

o Clog log

Since, Py

no clog cases, a clogging indicator can be proposed to quantify clogging in easier

can be a negative value, in such case 7,

dog - Will be below unity for

manners. This indicator is defined as the inverse of the Py, ,, and it was given

the symbol (a) as shown in Equation (5).

Re(p)t
z-clog = ( ) f (2)
7C0s 6
Telog.
PNO Clog _ CloYcritical (3)
clog
T -
Pc|og =1— clogeritical (4)
Tclog
o= 2-clog _ 2-clog _ 16.98 RE (ﬂ)tf (5)
Toogees  0-0989 ycos@

The values of a for all cases, along with parameters listed in Table 2, are pre-
sented in Table 3. Notably, in this context, & represents the entrance angle rela-
tive to the vertical axis; otherwise, the equation will yield a negative value. Mea-
suring this angle proves challenging in practice. Additionally, Re is calculated
based on the assumed constancy of the inlet mean velocity. This assumption poses
a real-world challenge, given that the mean inlet velocity is likely to vary with the
growth of the cake layer, significantly impacting the approximation of clogging
events. Nonetheless, this model adds value to understanding clogging phenomena.
To illustrate this, the clogging indicator (a) was plotted as a function of the clog-
ging index (C) in Figure 9 to illustrate its significance in distinguishing clogging

events. The same was done for the average cake layer thickness in Figure 10.
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Table 3. All parameters for all case and presented.

Ave Cake

Case Cosé Re B 4 G Layer (mm)

1

Clog Statues

1 1.00 5.47 0.75 4 0.0 No 0.03498 0.44
2 1.00 8.21 0.75 4 0.0 No 0.03380 0.66
3 1.00 10.94 0.75 4 0.5 Partial 0.03260 0.88
4 1.00 2.74 0.75 4 0.0 No 0.02687 0.22
5 1.00 7.11 0.75 4 0.0 No 0.03195 0.57
6 1.00 9.30 0.75 4 0.0 No 0.03164 0.74
7 1.00 13.68 0.75 4 0.5 Partial 0.02887 1.10
8 1.00 10.94 0.50 3 0.5 Partial 0.03153 0.78
9 1.00 10.94 0.20 3 0.0 No 0.03383 0.31
10 1.00 10.94 0.15 3 0.0 No 0.03017 0.23
11 1.00 10.94 0.75 2 1.0 clog 0.06789 1.75
12 1.00 10.94 0.75 3 1.0 clog 0.05933 1.17
13 0.87 10.94 0.75 3 1.0 clog 0.04517 1.35
14 0.71 10.94 0.75 3 1.0 clog 0.04528 1.65
15 0.50 10.94 0.75 3 1.0 clog 0.04636 2.33
16 0.87 10.94 0.75 4 0.5 Partial 0.03459 1.01
17 0.71 10.94 0.75 4 0.5 Partial 0.03702 1.24
18 0.50 10.94 0.75 4 1.0 clog 0.03398 1.75

Clogging Indicator (a) Vs Clogging Index (Ci)

2.5
O
2
1.5 §
O
3 O
1
0.5
No Clog Partial Clog O Clogged
0
0 0.5 1

Ci

Figure 9. Clogging indicator (a) was plotted as a function of the clogging index C,

The main hypothesis of this study is that clogging occurs when a > 1, and vice
versa. This hypothesis can be extended to include other parameters, such as dis-

persion volume fraction and temperature, by deriving their dimensionless forms
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Figure 10. Clogging indicator (a) plotted as a function of the cake layer thickness.

Table 4. Results data for the additional cases.

Case Cos6 Re t g y a G
19 1.00 9.3 0.050 0.75 4 1.5 1
20 1.00 13.68 0.026 0.75 4 1.2 0.5
21 1.00 13.68 0.037 0.75 4 1.7 1

and incorporating them into the calculation of a in Equation (5). While all hy-
potheses are susceptible to errors, this study acknowledges certain compromises,
such as using a 2D modelling approach and the Particle-Wall link model, which
affect the level of accuracy achieved. Nevertheless, the analysis provides mea-
ningful results consistent with prior research findings.

To assess the hypothesis, three additional test cases were conducted (Cases 19,
20, and 21) that were initially categorized as “No Clog” but ran until their a val-
ues exceeded the critical clogging threshold of unity. Results and data from these
cases are presented in Table 4. Despite an unexpected outcome of not expe-
riencing a complete clog in Case 20, the hypothesis remains valid, as no clogging
occurred with a < 1 in any of the cases analysed in this study. Figure 11 shows a
snapshot of case 19 (Re = 9.3, u = 0.085 m/s) at a simulation time of approx-
imately 0.053 seconds. It shows clogging event in the second and last pores from
the left-hand side. The time of clogging is approximated to be around 0.05
seconds. Figure 12 shows a snapshot of case 20 (Re = 13.68, u = 0.125 m/s) at a
simulation time of approximately 0.027 seconds. It also shows partial clogging,
in which one clogging event took place at the entrance of the last pore to the
right. The time of clogging is anticipated to be approximately 0.02625 seconds.
Finally, Figure 13 shows a snap shot of case 21 (Re = 13.68, u = 0.125 m/s) at a
simulation time of approximately 0.04125 s. It shows clogging of the membrane
by an in-pore clogging in the first pore from the left-hand side and a clogging on

the entrance of the last pore to the right. Time of clogging is approximated to be
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Figure 12. A snapshot of case 20 (Re = 13.68, u = 0.125 m/s).

around 0.04 s.

5. Conclusion

In this study, the primary goal was to investigate flow-induced clogging factors

in microfiltration membranes using computational models. It began by validat-

ing the used numerical model against experimental data, achieving approx-

imately 25% consistency with the experimental results. Subsequently, it con-

ducted a comprehensive parametric study using a cross-flow model to explore
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Figure 13. Shows a snap shot of case 21 (Re=13.68, u=0.125 m/s).

selected parameters. Findings revealed several key relationships. Inlet velocity
and flux exhibited a direct proportionality with clogging, while the confinement
ratio and the cosine of the entrance angle showed an inverse relationship. The
growth rate of the cake layer was found to be linked to inlet velocity. Two types
of clogging were identified: internal and external, primarily determined by the
confinement ratio. To quantify clogging events, a dimensionless clogging indi-
cator (a) was introduced. Looking ahead, future studies should delve into the
exploration of various clogging indicators, pore geometry variations, and ad-
vanced modelling techniques to enhance accuracy. Calibration of the numerical
filtration time and the consideration of particle volume fraction are pivotal for
more precise results. Additionally, the adoption of 3D models is recommended

to improve overall accuracy.
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