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ABSTRACT

Household water treatment (HWT) systems are widely used for the provision of potable water in many countries
with their low-cost key to attaining universal and equitable access to safe and affordable drinking water, Sus-
tainable Development Goal 6.1. Removal of suspended particles (turbidity) from water sources via cartridge
filters is often the first step of a HWT system, with the primary treatment increasing the efficiency of a subse-
quent disinfection step.

Whilst the performance of cartridge filters (removal efficiency and pressure drop) can be determined exper-
imentally in long experiments with high volumes of water, numerical simulation adds fundamental insight to the
influence of fluid dynamics on particle deposition and vice versa. In this study, a novel computational fluid
dynamic (CFD) model was developed to simulate the fundamental mechanisms underpinning the removal of
particles within the widely used 10 in. cartridge filter, informed by and complemented with laboratory vali-
dation. The Eulerian approach was used to simulate fluid flow with the Lagrangian approach adopted for particle
tracking. Rosin-Rammler distribution was implemented with respect to the particle size distribution of the
diatomaceous earth particles used in the experiments. Given particles were non-spherical (disk shape), Wadell’s
sphericity was included to account for the effect of particle shape on drag force. A porous domain was imple-
mented to simulate the filter element through addition of a source term to the momentum equations, with the
likelihood of particle deposition, detachment and rebound also considered.

Laboratory based validation studies confirmed the novel CFD model to accurately model removal of turbidity
and predict the pressure drop across the filter with Root Mean Square Percentage Error (RMSPE) of less than 3%.
The simulated location of particle deposition on the filter elements closely matched images taken at several
stages during filtration experiments with the model aiding understanding of pattern of particle removal along
and within the porous filter structure. This novel and comprehensive modelling methodology can be utilized to
simulate the filtration process at the macro-scale, permitting evaluation of new filter designs and materials for
advanced filtration systems; ultimately improving HWT system performance and reducing costs to users.

1. Introduction

Over one billion people lack access to safe drinking water [1], with

drinking water in keeping with the aims of SDG 6 to provide equitable
access to safe and affordable drinking water to all [4].

Cartridge filters are used in point-of-use/household water treatment
systems to remove suspended particles. Whilst available at low cost,
cartridges filter can quickly block with particles when processing high

waterborne diseases caused by consumption of unsafe drinking water a
major health burden in developing countries [2]. Where the provision of
safe and reliable centralised water treatment is not available, effective
household water treatment (HWT) and safe storage has been shown to
significantly reduce incidence of waterborne disease [3]. The user
friendly, low-cost, low-maintenance processes enable access to safe
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turbidity effluents, or with extended use. Users often bypass the filters if
new consumable parts are not available. The design of cartridge filters
could be improved with a greater understanding of how and where
particles build up on the surface, resulting in poor filtration perfor-
mance. To aid with physical experiments in the lab, a modelling
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Nomenclature

Greek symbols

a permeability, m2.

n transport efficiency, —.

y porosity coefficient, —.

U viscosity, kg/(m s).

b d Wadell’s sphericity, —.

p density, kg/m?>.

o specific deposition, kg/m.

€ bed porosity, —.

Other symbols

H Hamaker constant, J.

T relaxation time, s.

As porosity function, —.

Cc concentration, kg/m>.

Cy inertial resistance factor, —.

Gy coordinates of mesh cell where particle, p, is located.

Cp drag coefficient, —.

Cy time scale constant, —.

d diameter, m.

dr fibre diameter, m.

D; diffusion coefficient, mz/s.

F net force acting on an depositing particle in a filter along
the tangential direction, N.

Fy friction force against particle sliding, N.

F; hydrodynamic drag force on a particle, N.

kg Boltzmann constant, 1.381 x 10722 J /K.

ks coefficient of sliding friction, —.

k} proportionality constant, m.

m, particle mass, kg.

N number, —.

n spread parameter, —.

Tfre approximate number of fibres in 1 mm.
R, particle distance from the outer surface of the filter, m.
Re Reynolds number, —.

S momentum source term.

S specific surface area, m*.

T absolute temperature, K.

T fluid Lagrangian integral time, —.

\% filtrate volume, m®.

v velocity, m/s.

X particle size, m.

Xo characteristic particle size, m.

Y cumulative fraction by weight less than size X, —.
Subscripts

0 initial.

A attraction.

D diffusion.

f fibre.

G gravity.

I interception.

i axis.

P particle.

Pe Peclet.

R relative size group.

t total.

vdw van der Walls.

w water.

approach that can consider the transport and entrapment of particles
and its effect on the fluid dynamics and vice versa could be an important
approach to understand the filtration process and aid in suggesting
improvements.

The physical mechanisms involved in removal of particles from so-
lutions via filtration processes can be considered at microscale using
fundamental mathematical and kinetic models and at macroscale by
observational (phenomenological) models. The former considers the
complex structure of a filter medium and particles in their actual form,
while in the latter, the medium is defined by its physical attributes
(permeability, porosity and possibly pore size distribution) [5,6].
However, accurate models have not been developed for cartridge filters
despite the importance of prediction of filtration performance in in-
dustry [7].

Adin and Rebhun [8] developed a model based on the material
balance for an infinitesimal element of a filter bed. They assumed a
constant diffusion coefficient and porosity, and therefore used a
simplified mass transfer equation (Eq. (1)).
oC do
5 Ty =0 @
where x is the filter depth, C the suspension concentration, ¢ the specific
deposition and V the filtrate volume.

Eq. (1) was solved together with a kinetic equation (Eq. (2)) for the
accumulation and detachment of particles,

ST‘; =k C(F — o) —kz% @
where k1 and k5 are the accumulation and detachment coefficients, F the
filter capacity and K the hydraulic permeability coefficient.

Many macroscopic models in literature are also based on the same
approach, for example Han et al. [9] developed a model where the
particle accumulation rate was based on a fundamental approach esti-
mating the removal efficiency of a single collector. Similarly, Gitis et al.
[10] provided a model for a full filtration cycle of a sand filter, assuming
a uniform velocity and distribution of particles across the filter
cross-section. However, in these models the effect of fluid dynamics and
particle size distribution was ignored. Mays and Hunt [11] demon-
strated that both particle deposition and deposit morphology depend on
the fluid flow fields and the characteristics of the particles (e.g. diameter
and density) and the porous media (e.g. porosity and collector diam-
eter). Consequently, the models described above are only useful as long
as the filter structure and operating conditions under investigation do
not deviate from the model parameters. This would not be true for HWT
systems incorporating cartridge filters, and as such there is a gap in
knowledge around this important topic.

Therefore, a more general approach is needed to ensure flexibility in
modelling of the cartridge filtration process, while considering the ge-
ometry of the unit. Computational fluid dynamics (CFD) is a powerful
tool in this regard, allowing evaluation of flow properties at locations in
a filtration unit that are not possible with lab based measuring in-
struments [12,13]. The large volume of data generated as a result of
numerical CFD solutions can be visualised by vectors and contours [14],
which has aided understanding to processes such as sedimentation [15].
Moreover, the data generated can be used to develop deep learning
models to lower the computational time/costs of the simulations [16].

The application of CFD for simulation of filtration technologies has
been widely applied, however few reports focus on HWT systems [17].
Subrenat et al. [18] investigated the pressure drop inside a cartridge
housing with an activated carbon pleated filter for removal of volatile
organic carbon compounds using a combination of 3D numerical
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Fig. 1. The process flow diagram (PFD) of the filtration system and 10 in. cartridge filter element and housing used for the experiments.
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Fig. 2. Location of a particle in the porous zone, obtained by determining the
coordinates of the cell (Cp) it is currently located in.

simulation and experimentation, to optimise pleat number for the filter
element thereby minimising the pressure drop. Similarly, pressure drop
and adsorption capacity of an activated carbon filter installed in an in-
door air purifier was modelled by Roegiers and Denys [19], showing the
spatial variation of adsorbed acetaldehyde at different time intervals.

Saalbach and Hunze [20] applied CFD to simulate the flow fields
within membrane bioreactor (MBR) tanks for both hollow fibre and
sheet membrane modules. The MBR plant was modelled at macro-scale
level by considering membrane modules as porous media. Their work
provided an approach to simulate large scale treatment systems that can
be applied to other water and wastewater treatment plants.

Simulation of air/oil separation by cartridge filters was carried out
by Basha [21], in which the flow fields and droplet trajectory were

obtained. The Lagrangian approach was adopted for oil droplets while
the Eulerian approach was used for the fluid flow. As oil droplets
deposited over time, a decline in permeability was addressed by
updating the inertial and viscous resistances in every cell of the porous
zone.

Liu et al. [22] simulated dust removal by four ceramic filters, which
were modelled as porous media in a housing. The number of deposited
particles was summed to give the deposition mass in each cell and the
pressure drop subsequently calculated by an empirical formula. The
approach helped to explain experimental observations of non-uniform
deposition of particles on the surface of the filter element.

Previous CFD studies have not investigated particle removal by
cartridge filters commonly used for HWT; however, as described above,
best practice was established through the Eulerian approach for the
simulation of fluid flow and the Lagrangian approach for solid particles.
This research builds on our previous work [23] in which it was observed
that particles do not deposit homogeneously, but initially deposit in the
lower and middle regions of the filter, as such the implementation of a
novel CFD model adds to fundamental knowledge of particle deposition
and through validation could be used in further design improvement to
HWT systems.

2. Experimental materials and methods
Physical analysis of the filter materials and particles was required to

inform and develop the parameters of the model and for experimental
validation.

2.1. Instrumentation

A particle size analyser (Mastersizer 2000, Malvern Panalytical) was
used to determine the size distribution of particles, with a scanning
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Housing Filter

(b)

Fig. 3. (a) The computational mesh used in this study, showing the filter inlet (blue), the outlet (red), the axis of symmetry (green) and the wall surface (grey); (b)
the top surface of the domain, showing the mesh refinement near the filter outer and inner surfaces.

electron microscope (JSM-6010, JEOL) used to determine the shape of
particles and the internal structure of the fibrous filter. Prior to SEM
imaging, samples were gold coated using a sputter coater (K500X,
Emitech). Post-acquisition image analysis was undertaken using ImageJ
software [24].

The pressure drop of the filter was measured using a digital
manometer (2028P7, Digitron). A portable turbidity meter (HI-93703,
Hanna Instruments) was used to measure the turbidity of water samples
before and after filtration as a surrogate measurement for particle
removal.

2.2. Materials

The filtration unit consisted of a standard 10 in. polypropylene spun
filter element (Filter Logic, UK) and a filter housing (Finerfilters, UK)
commonly used in small water treatment systems (Fig. 1). A commercial
grade of diatomite, Standard Super-Cel® (Alfa Aesar, UK) with a density
of 2300 kg/m?> was added to water to represent polydisperse particles in
turbid waters.

2.3. Experimental set-up and procedure

Two separate tanks were used to store the test water (feed tank) and
the filtrate (storage tank). To prepare the test water, 3 g of Super-Cel was
added to 25 L of tap water (Belfast, UK), making a 0.12 g/L suspension.
The filter was placed inside the housing and the assembly filled with
water (the computational domain was also filled with water at the start).
The feed pump (Model 2095-204-412, Shurflo), pipes, fittings and
digital manometer were connected as shown in the process flow diagram
of the system (Fig. 1). Subsequently, the feed pump (fixed flow rate of
5 L/min) was turned on to pass the suspension through the filter. Trials
were performed in triplicate, with pressure drop and turbidity measured
every 2.5 L (the last 5 L in the tank was not processed).

3. Numerical methods
3.1. Particle size distribution function and shape

In order to represent the size of particles for modelling purposes, the
Rosin-Rammler distribution function [25] was used; expressed as

Y:l—e{_(%)n} ®

where Y is the cumulative fraction by weight less than size X, n the
‘uniformity constant’ or ‘spread parameter’ describing the particles’
uniformity, and Xy the ‘characteristic particle size’, the size that 63.2%
of particles were smaller than.
For non-spherical particles, shape can be quantified using the
Wadell’s sphericity (¥) [26], expressed as
surface area of a sphere with equal volume as the particle

Y= 4

surface area of the particle

where ¥ is unitless and its value fractional.

3.2. Flow regime

In packed bed applications, Reynolds number is calculated as particle
(fibre) Reynolds number (Rey) via

_pvdy

Ref (5)

where v is superficial velocity, p density, 4 dynamic viscosity, and df
fibre equivalent diameter.

The flow regime was initially assumed to be laminar within the filter,
while turbulent outside of the filter medium given water entered the
housing via a 10 mm LD. pipe. For turbulent flow regimes outside the
filter, Reynolds-averaged Navier-Stokes (RANS) equations were used.
Whilst based on laminar flow equations, the RANS include an additional
turbulent viscosity in the terms for diffusion and non-pressure gradients
of the momentum equation. There are several turbulence models, with
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Fig. 4. Flow chart of the calculations implemented in this study.

k-¢ being the most common in engineering applications [14]. Liu et al.
[27] reported that for ceramic filters, pressure drop was predicted more
accurately with k-¢ than k- model and RSM (Reynolds stress model)
and was therefore used in this study.

For turbulent flows, a wall function is used to approximate the drag
at the wall and obtain the transition from zero velocity at the wall with
no-slip boundary condition to the free stream turbulent core. Scalable
wall functions were used due to the value of Y-plus (y" > 11.225), ob-
tained from preliminary calculations.

3.3. Porous media model

The filter was considered as a homogeneous porous medium and
included in the model as a computational zone with an additional mo-
mentum source term (S;), including the viscous and inertial resistances
as shown in Eq. (6).

1
Si=— (gvi + CZEP v

Vi> (6)

where 1/a is permeability, Co the inertial resistance factor and v; ve-
locity in i direction—a and C; should be determined empirically [28].

The permeability (1/a) was determined by running clean water
through a clean cartridge filter, measuring the pressure drop and
applying Darcy’s law. The inertial resistance term was considered
negligible as the relationship between flow rate and pressure drop was
linear, due to the relatively small flow velocity.

Average fibre diameter was measured via analysis of the SEM images
and where required in a model, a random number was generated within
the 90th percentile of the measured fibres.

3.4. Particle deposition model

In order to include particle deposition, numerical models for removal
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Table 1
Simulation settings.

Parameters

Value

Computational domain
Domain size i x j x k (m)

0.045 x 0.25 x 0.045

Mesh cells (millions) 1.2,3.6,4.8
Fluid phase
Fluid density, p,, (kg/m%) 998.2
Viscous model Realizable k-¢
Fluid viscosity, y, (Pa - s) 0.001003
Inlet flow velocity (m/s) 0.3946
Fluid update time-step (s) 0.01
Particle phase
Particle density, p, (kg/m%) 2300
Particle-wall restitution coefficient e, = 0.75, ¢, = 0.75
No. of injection parcels (parcels/s) 2000
Drag force coefficient Levenspiel and Haider[33] T : -
Turbulent dispersion time scale constant, T;, 0.05 l acnived Bl Olalai:le
Paticle update fime-siep (5) 001 1 IYYYYYYN ey, + Measured Calculated
New particle injection interval (s) 0.01 S ;
= 0.8 5 5
——g 1 1
A I I
Table 2 = 0.6 ) ;
User Defined Functions (UDFs) included in the simulations. . E ' :
UDF Function E 0.4 E E
UDF1 Initialize the UDMs for local porosity and permeability. n i :
UDF2 Include the deposition and detachment models. é 0.2 | |
UDF3 Determine whether a particle deposits on the bottom wall or rebounds. - : i :
| !
0 E 95% of particles N’!LI! teees
efficiency were needed. In this work, the fundamental model proposed ‘ : '

by Tufenkji and Elimelech [29] was adopted, which provided equations 10° 16 T 102
for predicting single-collector (e.g. fiber) removal efficiency. In this
model, the overall removal efficiency was the sum of the removal effi-
ciency of different transport mechanisms—interception, gravitational
sedimentation and Brownian diffusion. Eqs. (7-17) [5] were used to
estimate the overall efficiency for each particle.

Diameter, d (pum)

Fig. 6. The measured PSD for Standard Super-Cel® showing high correlation to
that calculated by the Rosin-Rammler distribution function. The particle size
range of 1-50 ym accounts for 95% of particles.

Fig. 5. SEM images of (a) the filter medium, (b) a slice of the filter placed vertically to measure the number of fibres in 1 mm, and (c) Standard Super-Cel® particles.
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Table 3
Experimental results needed for the simulations.

Parameters Value

Super-Cel particles

Characteristic particle size, Xo (um) 11.48
Spread parameter, n 1.26
Particle sphericity 0.66

Porous media

Filter cut-off size (um) 90

Mean fibre diameter, d; (um) 25

Fibre diameter range, d (um) 14.57-34.3
Filter porosity, € 0.78

Filter initial permeability, ag (m? 11.5 x 10712
Eq. (24) constant, D (1/m5) 1.49 x 10"

Np =— )

(8
)

H
Naw = — 10$)

NvdW
Ny = % 11
A7 NgNp, an

r=0-¢" (12)

2(1-7°)

Ag=—~ 7
ST 23y 43y =25

(13)

n = 0.55A5N2']25N}?'(’75 (14)
o = 022N NN, as)
np = 2‘4A;/3NE0'UMN?;;S/ZN;B'NS (16)

=1+ +1p a7)

. Ag = porosity function, —

. dy = particle diameter, m

. dr = fibre diameter, m

. kg = Boltzmann constant, 1.381 x 10723 J/K
T = absolute temperature, K

. Vp = particle velocity, m/s

. vs = Stokes settling velocity, m/s

. &€ = bed porosity, —

. y = porosity coefficient, —

. pp = particle density, kg/m®

. pw = liquid density, kg/m®

. u = liquid viscosity, kg/(m s)

. Np = relative size group, —

. Ng = gravity number, —

. Ny = attraction number, —

. Nyow = van der Walls number, —
. Np, = Peclet number, —

. D; = diffusion coefficient, mz/s
. H = Hamaker constant, 1 x 10~
. np = transport efficiency due to interception, —
. n¢ = transport efficiency due to gravity, —

. np = transport efficiency due to diffusion, —

. ¢ = total transport efficiency, —

L e e T o T v S S R S G R Y
N~ WDNHFO

29J

NNDNDDN -
W N = OO
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1/n¢ represents the number of possible collisions with fibres required
so that one real collision can be registered. Therefore, in order to
determine whether a particle was deposited or not, 1/, was compared
to the number of fibres that a particle has passed based on its location
(Fig. 2), obtained by multiplying the distance of the particle from the
outer surface of the filter (Rp) by the number of fibres per mm (ny),
estimated from SEM images (filter slices were imaged vertically). Any
deposited particle was added to the number of collectors for the
respective cell. This calculation was performed for every particle that
reached the filter zone.

1. Possible collisions = ng x 1000 x R,

2. Ry = 1/xgp +ng —Rp

3. R, = particle distance from the outer surface of the filter, m
4. Rp = the inner radius of the filter, m

5. ny = approximate number of fibres in 1 mm

3.5. Filter cut-off size

In the deposition model explained above [29], the straining mech-
anism was not considered, whereas in this study some particles are
larger than the pores of the filter. Therefore, based on several SEM im-
ages of the filter, a cut-off size was estimated (90 y m).

3.6. Particle detachment model

A depositing particle might slide on the fibre because of the
tangential drag force acting on it, resulting on its detachment. Bai and
Tien [30] have proposed a model to determine whether a particle de-
taches, in which the magnitude of the net force between the tangential
force and the friction force in the opposite direction is calculated,
through Egs. (18-22).

Hd,

Fr =k 18
f=k X 128 18)
ke = k.S 19)
6(1 — €(,)
S = 20
p (20)
AS 2 Vp

Fg =2.551 X 3nu—d 21
s X Omp A — (21)
F =F;—Fs (22)

1. Fy = friction force against particle sliding, N

2. ks = coefficient of sliding friction, —

3. 5 = the separation distance between the particle and the fibre plane,
3x107%m

. k} = proportionality constant, 3.79 x 10°m

. § = specific surface area, m!

. F; = hydrodynamic drag force on a particle, N

. F = net force acting on an depositing particle along the tangential
direction, N

N o U

A particle slips when F is a negative value, i.e. the tangential drag
force is dominant over the friction force.

3.7. Local permeability

As the simulations were transient, an equation that related local
permeability to the deposited particles in mesh cells at every time step
was needed. Local porosity at time t (¢.,) was given by Eq. (23).
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Fig. 8. Velocity contours on a plane (a cross sectional slice) at the middle (12.5 cm from the top) of the filter (a) at the start (clean) and (b) end of the simulation
(2.4 g Super-Cel processed). Contours of (c) average diameter, (d) mass, and (e) number of deposited particles as well as (f) local porosity at the middle of the filter

(12.5 cm from the top) after processing 2.4 g Super-Cel.

12
- 2
V. (23

€ = €y —

where V., and V,, are the volume of the cell and the deposited particle(s)
at time t, respectively.

An equation was written for local resistance based on the Kozeny-
Carman equation and Darcy’s law,

D-V,
Ty =+ (F5) 24)

2
where D is an empirical constant, obtained by performing preliminary
trials with multiple commercial cartridge filters and Super-Cel particles.

Therefore, at every time step, the volume of the deposited parcels is
multiplied by an empirical constant, divided by the square of the

porosity and added to the local resistance in the previous time step
stored in a User Defined Memory (UDM) for the respective mesh cell.

Complete filling of a cell volume with particles was not considered as
the amount of particles in the experiment was relatively small relative to
the filter’s volume.

3.8. Particle motion

The Lagrangian framework was adopted for the motion of particles.
The trajectory of particles was predicted by integrating the force balance
acting on the particles, written as

R
g, —p)  —=
My = - m, o + F (25)

where my, up, pp and 7, are particle mass, velocity, density and relaxation
time, respectively [31].

The first term on the right side is the drag force, which is a function of
the particle relaxation time (z;), the time required for a particle to adjust
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Fig. 9. SEM images of two slices of the filter taken from the middle (12.5 cm from the top) of the filter after processing 2.4 g Super-Cel. A slice taken from (a) the

surface and (b) the depth of 1.5 cm (approximate locations shown in Fig. 8d).

Clean zone

Deposited mass (g)

. 3.00e-04

2.25¢-04

1.50e-04

7.51e-05 g

1.00e-07

(a)

Clean zone

Clean zone

Fig. 10. Deposition of particles on the filter (real and simulation side by side). After (a) 0.6 g, (b) 1.2 g and (c) 2.4 g was processed. (Due to the transparency of the
contour in the simulation results, deposition in the depth is also visible but cannot be observed in the images of the experimental filters.).

its velocity, expressed as

_pd, 24
" 18y CpRe

(26)

»

where Re is the relative Reynolds number [32]. The drag coefficient, Cp,
used for non-spherical particles can be expressed as,

24 2
Cy = Ri[l 4 o(23288-6.4581y+2.4486p°) Re((b.1)964+().5665u/)]
e

Re x ¢+905-13.8944y+18.4222y7 ~10.2599°) 27
-

IRe + e(l.4681+12.25841//—20.73221//2+15.8855y/3)

where y is Wadell’s sphericity [33].

Turbulent dispersion was also considered in particle motion. When
particles are not located near a wall, turbulence dispersion dominates
over gravity and Brownian motion [34]. Using the built-in stochastic
tracking model in Ansys Fluent software, the dispersion of particles can
be predicted by making use of the integral time scale, Tr, which is

10

proportional to the particle dispersion rate. For small particles which
move with the fluid, the integral time scale can be approximated as,

k
TL = CLE (28)
where T and Cp are the fluid Lagrangian integral time and time scale
constant, respectively.

Other forces such as lift, Brownian and virtual mass have not been
considered due to their negligible effect.

In simulations where the volume fraction of particles is small, one
way coupling (particles to the fluid flow) is deemed sufficient [35],
which has been implemented in this work. As it was prohibitive to track
the same number of particles as in the real experiment, in the simula-
tions, a number of ‘parcels’ were tracked instead - 2000 parcels were
injected every time step (0.01 s). Each parcel represented a fraction of
the total mass flow rate released in a time step with a specified particle
diameter and a relaxation time appropriate for a single particle [31].
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Fig. 11. The fluid streamlines alter due to the deposition of particles and change in the local permeability. After (a) 0.6 g, (b) 1.2 g and (c) 2.4 g was processed.
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Fig. 12. AP against the processed mass for both the experiment and
the simulation.

3.9. Particle-wall collisions

Particle rebound following collision with a wall was calculated by
the default model within Ansys Fluent [31] based on the work of
Wakeman and Tabakoff [36], which calculates the rebound velocity by
considering the coefficient of restitution (e):

_ Van
€n =
Vl,'1

(29)

(30)

11

where v, and v; are the particle velocity normal and tangent to the wall,
respectively, and the subscripts 1 and 2 refer to before and after colli-
sion, respectively.

The coefficient should be determined based on the material of the
wall, which in the case of the filter housing, hard plastic, the restitution
coefficient value was 0.75-0.8 [37].

In order to avoid particles re-circulating near the bottom of the
housing, without limiting the number of time steps for trajectory
calculation, an arbitrary small value was considered for the velocity of
particles hitting the bottom wall (V¢ = 0.005 m/s) below which the
mass of a particle was registered in a UDM and removed from the
domain.

3.10. Computational mesh

The computational mesh for this study was created by Ansys ICEM
CFD, shown in Fig. 3a, with ~ 1.2 million high quality hexahedral mesh
cells. As the cartridge filter was symmetrical, only half was considered in
the model to reduce the required computational time. Mesh near the
housing wall and the filter inner and outer surfaces was refined (Fig. 3b)
by determining a first element thickness and an expansion factor (1.1) in
order to capture the fields’ gradients.

To evaluate the effect of mesh size on the pressure drop results,
simulations with two smaller meshes—3.6 and 4.8 million mesh
cells—were also performed. In Eq. (24), a., defines the resistance for a
cell; therefore, as mesh cells are divided, when a particle deposits, a
smaller volume of the filter zone is affected. To counter this effect, the
empirical parameter D was multiplied by the size ratio of the new mesh
to the original mesh.

, No. of mesh cells in the current domain

D =D 31
" No. of mesh cells for which D (Eq. (24)) was obtained (31)
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3.11. Solution

The calculation sequence for the simulation is summarized in the
flow chart shown in Fig. 4, and the simulation settings in Table 1. A
commercial software (ANSYS Fluent) was used to solve the governing
equations, and custom User Defined Functions (UDFs), summarised in
Table 2, were developed in order to include the additional models/
functions required. In the simulation, the SIMPLE scheme with double-
precision accuracy, the first-order implicit scheme for temporal dis-
cretization, the second-order upwind scheme for momentum, and the
PRESTO! scheme for pressure coupling were used. The time step in the
simulations was 0.01 s for both the fluid and particle phase, and the
simulations were stopped when 2.4 g of Super-Cel was processed (i.e.
deposited within the filter, on the bottom wall or escaped from the
outlet), which made the simulation computational time much shorter
than the real experiment.

The computer used was equipped with two Intel® Xeon® Processor
E5645 (12 CPU cores) and 48 GB of RAM.

3.12. Model validation

In order to validate the results obtained in the CFD simulations and
demonstrate the accuracy of the modelling work, physical changes that
could be experimentally measured were reported. The deposited parti-
cles on a cross section at the middle of the filter (12.5 cm from the top)
after processing 2.4 g Super-Cel were visualised and compared with SEM
images taken from slices removed from the outer surface at a depth of
1.5 cm (half of the distance between the outer and inner surfaces). The
deposited particles within the volume of the filter were visualised and
compared with digital photographs taken from the filter’s surface using
a camera. Lastly, the predicted pressure drop based on Eq. (24) and Eq.
(31) was reported for three mesh sizes (1.2 m, 3.6 m and 4.8 m) and
compared with the pressure drop measured during the experimental
validation.

4. Results and discussion

To inform model development, physical analysis of the filter mate-
rials and particles was undertaken.

4.1. Filter, particle and flow characterisation

SEM images of the filter element (e.g. Fig. 5a) showed the filter to
comprise of randomly oriented fibres, with diameter sizes varying from
1.1 to 34.3 um; 90% were between 14.57 and 34.3 ym, with the mean
fibre diameter (d.) being 25 ym. The number of fibres per mm (ny),
obtained by SEM imaging (e.g. Fig. 5b), was 44 per mm. The cut-off size
of the filter was determined to be 90 ym. The porosity (¢) of the filter was
estimated to be 0.78 based on the density of polypropylene fibres,
0.9 g/cm® [12], and the measured volume and weight of the filter.

The Reynolds number within the filter was calculated to be 0.044 by
considering the mean fibre diameter (25 ym) and the superficial velocity
(0.00196 m/s) - pump flow rate was 5 L/min and the surface area of the
filter 0.0424 m?2. In Eq. (5), due to the exclusion of properties such as
surface roughness, Reynolds number for transition between laminar and
turbulent flow was empirical based give the flow regime: laminar (Ref <
10), transitional (10 < Rey < 300) or turbulent (Res > 300) [38].

By fitting the PSD data obtained for Standard Super-Cel® to the
Rosin-Rammler distribution function (Eq. (3)), the characteristic parti-
cle size and the spread parameter were determined to be 11.48 ym and
1.26, respectively. The measured and calculated PSD values (Fig. 6)
showed good agreement with an R-squared (R?) of 0.994. Given Super-
Cel® particles were observed to be mostly disk shaped (Fig. 5c), the
sphericity value for a thin disk can be assumed to be 0.66 [39].

The average permeability of the filter, estimated empirically to be
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11.5 x 10712 m?, which assumed to be isotropic; the empirical constant
(D) in Eq. (24) was determined to be 1.49 x 107 1/m®. A summary of
the experimental results obtained for the simulations is provided in
Table 3.

4.2. Particle deposition and detachment

In order to establish the relationship between particle deposition and
particle size/velocity (Egs. (7)-(17)), the total transport efficiency (1)
versus particle size and filtration velocity for a clean filter, based on a
particle size and a velocity range of 1-50 ym and 0.001-0.1 m/s,
respectively, is plotted in Fig. 7a, where n; > 1 dictates that the particle
will likely deposit on the first fibre that it encounters. For the mean fibre
diameter of 25 um, particle diameters above 32.6-49.7 ym had an #; of
> 1 in the the velocity range of 0.001-0.0325 m/s, respectively. The
velocity of a particle is inversely related to 7;; therefore, the likelihood of
deposition increases as a particle loses momentum within the porous
medium.

In order for a particle to be registered as deposited, the tangential
drag force should not be larger than the friction force in the opposite
direction, which is influenced by particle size, fibre size and pressure
gradient as a result of local deposition. Fig. 7b shows the results for the
net tangential force (Egs. (18)—(22)) for a clean filter and the particle
size and velocity range in the simulations. An F value below 0 implies a
particle slips and will not be deposited. The net force has an inverse
relationship with both particle size and velocity and through compari-
son of the results for the attachment and detachment models, it can be
concluded that as the velocity of a small particle decreases, it is more
likely for the particle to attach without slipping, while a particle of
larger size leads to increased probability of both deposition and slip-
page. Therefore, particle size alone cannot be a sole determinant of
particle deposition, with a requirement for the consideration of local
velocity.

4.3. Cross section velocity gradient and particle deposition

Modelling confirmed the velocity of the fluid changed within the
cartridge filter both horizontally and vertically due to the cylindrical
geometry (e.g. Fig. 8a). The velocity gradient could be also impacted
upon by particle deposition (e.g. Fig. 8b), leading to dispersed deposi-
tion of particles between the inner and outer surfaces (Fig. 8c).

Figure 8c shows the contour of deposited particles’ average diameter
at 12.5 cm from the top (middle of the filter) at the end of the simulation
(after processing 2.4 g Super-Cel), demonstrating the penetration of
particles as a result of particle size. Particles above 90 ym were removed
close to the outer surface of the filter given the cut-off size included in
the simulations. As Vpocdg, deposition of large particles in small numbers
resulted in a much higher mass (Fig. 8d) and consequently reduction in
porosity (Fig. 8f) than fine particles in larger numbers (Fig. 8e).

To validate the model, SEM images of filters following processing of
2.4 g Super-Cel were examined. Fig. 9 shows images of cross sectional
slices of the filter taken at the midway point of 12.5 cm, with a higher
number of particles observed at the surface (Fig. 9a) than at a depth of
1.5 cm into the filter (Fig. 9b) - at the magnification of the images -
confirming that a higher particle mass was likely to deposit on the outer
region than within the filter.

4.4. Surface deposition and streamlines

Figure 10 shows the deposition of particles onto the surface of the
filter attained through simulation in comparison to images of the filters
taken from validation experiments, based on the mass of solids pro-
cessed (i.e. total mass in the domain minus the mass floating in the
housing). Particle deposition was observed to start in the lower and
middle regions of the filter, and as the hydraulic resistance in these
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regions increased, the flow path in the housing was altered, as shown in
Fig. 11. The highlighted zones (dashed rectangles) point to the recir-
culation zone (number 1) and the density of streamlines at the upper
region of the housing (number 2). As parcels deposit, the recirculation
zone moved upward and, consequently, the flow field progressed to-
wards the upper region of the filter, resulting in increased rates of par-
ticle deposition. Although water circulated in the housing, the
streamlines in the filter were perpendicular to the Z direction (Fig. 11),
however, once water passed through the porous zone, it moved upward
towards the outlet with increased velocity given the lower resistance in
the pipe network.

4.5. Pressure drop and particle removal efficiency

Fig. 12 shows the pressure drop (AP) obtained against the processed
mass for both the simulations with different mesh sizes and validation
experiments. Agreement can be observed between the results, with Root
Mean Square Percentage Error (RMSPE) value being 2.46%, 1.49% and
1.95% for 1.2 m, 3.6 m and 4.8 m mesh cells, respectively. Regarding
particle removal results, removal in the experiments was variable, but
turbidity removal reached > 90% after a short period. In the simulation,
a total removal efficiency of 91.5%, of which 85% was due to filtration
and 6.5% due to settling, was recorded during the simulation, showing
agreement with the laboratory experiments.

5. Conclusion

This work explored the process both at micro- and macro-level to
provide a complete understanding the underpinning filtration mecha-
nisms. The process was simulated by considering the fluid dynamics and
particle motion equations as well as models for particle deposition,
detachment and rebound, and for the first time providing a compre-
hensive modelling methodology for cartridge filtration units.

This study showed that the larger particles were entrapped at the
outer part of the filter, significantly reducing permeability. Hence,
manufacturing multilayer filters with declining porosity from the outer
to inner part can result in improved filter runs. Novel housing designs
which promote particle settlement, e.g. a hydrocyclone, can remove
large particles responsible for the loss in permeability at the outer sur-
face; therefore, improving efficiency and filter lifetime. In addition,
based on the PSD of particles in a specific water, customized filters can
be designed by performing a CFD simulation and adjusting the filter
thickness and porosity, developing new opportunities to improve filter
efficiency and ultimately increase the usable lifetime of the filters -
providing safe water at lower cost to users.

The simulation and experimental validation demonstrated agree-
ment with respect to particle removal, pattern of particle deposition (i.
e., particles first depositing on the lower and middle region of the filter
and as the local pressure drop increased particles depositing in the upper
region) and pressure drop (RMSPE = 1.49-2.46%). The method and
approach developed in this study can be used as a powerful tool to test
different filter designs and filter materials with minimal parameter
adjustment, saving laboratory time and expense.

Moreover, this study provides a basis to improve the performance of
cartridge filters aiming at longer filtration runs and, consequently,
provide practical and economic benefits for the end users.
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