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ABSTRACT

By reducing chemical, physical, and microbial contaminants, gravity-based ceramic water fil-
ters have proven to be a promising alternative for drinking water treatment. Acceptance of these
filters, however, is contingent on a sufficient flow rate and the filtration efficiency. The lifetime
and filtration efficiency of these filters depend on the active sites present at the internal surface
exposed to the water in contact with the porous media and porous structure. The filtration rate
of these filters is calculated using the Darcy equation. In literature semi—empirical relations are
available between absolute permeability (K), porosity (¢), specific surface area (S) and Kozeny-
Carmen constant (C, ). Grain diameter and tortuosity can be calculated for these porous structures.
In the present study, the Kozeny—Carmen constant (C, ) is calculated for sintered ceramic material
where the pore structure is difficult to approximate to a well-defined internal geometry. The sin-
tered porous structure is obtained by mixing the clay material with an equal volume of sawdust
in partially saturated water condition and sintered at a peak temperature of 850°C. Pore structure
from the sintered material is digitally generated using micro-CT scanning at the machine resolu-
tion of 28.3 um followed by image processing. Since sintered ceramic material exhibits pore space
ranging from sub-micrometre to mm scale, low resolution scanning is used to capture the large
region of interest (Rol). Digital geometries are simulated for the flow field inside the pore struc-
ture. Simulated permeability is calculated, which is compared with experimental permeability val-
ues. Results show that the permeability is a function of log normal porosity values. A correction
factor (CF) is introduced and calculated for all simulated data to eliminate the error introduced
in the simulated results due to the low resolution of the micro-CT scanner. From these results,
an empirical relation between the permeability and porosity is determined. The predicted lifetime
of a ceramic filter is based on the change in porosity caused by particle depth filtration and the
corresponding pressure gradient available for gravity-based filtration at respective times during
operation. Thus, a novel relationship between Kozeny—-Carmen constant (C, ) and porosity (¢) is
proposed for predicting the lifetime of the ceramic water filter material.
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1. Introduction

Ceramic filters have emerged as sustainable and cost-ef-
fective methods for drinking water treatment in various
regions worldwide. These filters utilise gravitational energy
to purify water and can be further enhanced through the
incorporation of additive materials to treat industrial waste-
water [1]. The efficacy and efficiency of ceramic filters are
contingent upon the quality of the water source and the
primary raw materials employed. Furthermore, the design
and structure of the filter itself can significantly impact its
performance. Regular maintenance and cleaning are vital to
ensuring optimal filtration efficiency. Continuous research
and development in ceramic filter technology aim to
enhance its effectiveness in addressing diverse water sources
and contaminants [2]. Gravity-based ceramic water filters
exhibit promising potential for reducing chemical, physical,
and microbial contaminants in drinking water. However,
their acceptance hinges on achieving adequate flow rates
and filtration efficiency. Active sites present at the inter-
nal surface that come into contact with the porous media
and structure have an impact on the lifespan and filtration
effectiveness of these filters [3].

Evaluating the filtration rate of these filters involves
employing the Darcy equation. Existing literature provides
semi-empirical relationships between absolute permeability
(k), porosity (), specific surface area (S), and the Kozeny-
Carmen constant (C, ). Calculating grain diameter and tor-
tuosity is essential for characterising these porous structures
[4]. This study is to find the Kozeny-Carmen constant (C, )
for sintered ceramic material with a complex pore struc-
ture that can’t be approximated by a well-defined internal
geometry. By partially saturating a mixture of clay material
and sawdust with water and sintering it at a peak tempera-
ture of 850°C, one can create the sintered porous structure.
Micro-CT scanning at a resolution of 28.3 um, followed by
image processing, is employed to generate digital represen-
tations of the pore structure. Since sintered ceramic material
exhibits a pore space ranging from sub-micrometre to mm
scale, low-resolution scanning is utilised to capture a large
region of interest (Rol) [5]. The generated digital geometries
are then simulated to analyse the flow field inside the pore
structure. Simulated permeability is calculated and com-
pared with experimental permeability values, revealing that
permeability is a function of lognormal porosity values [6].

To address the limitations introduced by the low res-
olution of the micro-CT scanner, a correction factor (CF) is
introduced and computed for all simulated data, eliminat-
ing potential errors in the results. From these findings, an
empirical relationship between permeability and porosity
is established [7]. The predicted lifetime of a ceramic filter
is determined based on the changes in porosity resulting
from particle depth filtration and the corresponding pres-
sure gradient available for gravity-based filtration during
operation. Consequently, a novel relationship between the
Kozeny—Carmen constant (C, ) and porosity (¢) is proposed
to predict the lifetime of ceramic water filter materials [8].
This proposed relationship considers the influence of par-
ticle depth filtration and gravity-based filtration on the
porosity of ceramic water filter materials. By incorporating
the Kozeny—Carmen constant, it provides a more accurate

estimation of the filter’s lifetime compared to previous mod-
els [9]. This novel approach can greatly assist in optimising
the design and performance of ceramic water filters for var-
ious applications. Additionally, this proposed relationship
can also help identify potential areas for improvement in
the manufacturing process of ceramic water filter materi-
als [1]. By understanding the factors that affect the poros-
ity, manufacturers can make adjustments to enhance the
durability and longevity of the filters. This research has
the potential to revolutionise the field of ceramic water fil-
tration and contribute to providing clean and safe drinking
water to communities worldwide [10].

The manufacturing methods differ from location to
location since clay is distinct with geography. Therefore,
manufacturing may have specific processes for a spe-
cific location, and it is related to raw material availability.
Ceramic gravity water filters are an important source of
pure water in rural areas [11]. These filters are manufac-
tured manually by traditional methods which takes time
in the range from 10 to 20 d. These filters vary in size and
shape as per the requirement of the flow rate add filtration
efficacy [12]. Various additive materials can be impregnated
to target the adsorption of different chemicals in order to
treat the water (Ajayi et al. [13]). The present study aims
at the development of frustum shaped ceramic water fil-
ters. They treat 8-10 L of water. Frustum shaped ceramic
filter sits on another mesoporous ceramic vessel acting as a
cooling pot. It would hold the filtered water [14].

Porous media can be described and analysed at vari-
ous length scales. The structural characteristics of porous
media (here frustum shaped ceramic water G-filter) and
physiochemical interaction with the pore fluid are pro-
vided importance here. The scale of interest can vary from
molecular level (10-11 m) to mega level (106 m) [15]. Pore-
scale modelling of fluid flow can be used to predict the
flow properties inside the porous media and the transport
behaviour of ions present in water. Pore-scale modelling is
used to calculate the permeability of G-filters numerically
and compared it with the experimental data [16]. The rela-
tionship between computed permeability and experimental
permeability is used to explore the relationship between
two different length scale properties. Computed permea-
bility of the whole frustum can be modelled if one knows
the total structural volume of the frustum vessel of the
G-filter [17]. Along with permeability and porosity, pore
length can influence flow breakage, as well as adsorptive
aspects should be brought here, since that is the aim of
topographical image data analysis [18].

Pore-scale imaging and modelling has a potential to
analyse contaminant transport and ionic transport through
clay ceramic porous media. This study describes the numer-
ical recipe to simulate flow inside the porous structure in
order to study the effect of porous microstructure and clay-
ley ceramic property on the filtration efficiency [19]. Using
these simulations, permeability is computed for the G-filter
and then compared to the experimental permeability. The
correction factor is estimated for the simulated permeabil-
ity which is generated due to the finite nature of resolution
of micro-CT images [20]. This correction factor is used to
map with velocity profile inside the porous structure and
error free velocity profile is stimulated. Further analysis is
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performed on these corrected simulated results to predict
the efficiency of the clayley ceramic water filters. Also, mod-
ification in Darcy’s law is suggested to overcome the error
generated due to low resolution micro-CT images [20,21].

Waterborne diseases and diarrhoea pose a significant
threat to human life, leading to a high number of annual
fatalities and impacting approximately half a billion indi-
viduals [22]. Least developed countries face a greater risk
of water contamination due to water stress and inadequate
industrial and urban planning. To combat this issue, innova-
tive technologies are being developed to mitigate water-re-
lated problems. Point-of-use (PoU) solutions, including
reverse osmosis (RO), activated carbon, activated alumina,
ultraviolet disinfection (UV), boiling, and ceramic filters,
are prominent areas of research. Historical records trace the
origins of water purification for drinking back to 2000 BC
[23]. Evaluating energy consumption in water treatment
techniques provides valuable insights into operational costs
[14,24].

2. Ceramic filters manufacturing

Western Rajasthan potters practise traditional pot-
tery-making techniques characterised by the manual rotation
of the wheel [14]. In this region, the manufacturing proce-
dure for clay ceramic water filter containers has not been
mechanised. Raithal and Mokalsar near Jodhpur, Rajasthan,
are mined for unprocessed salty clay, which is then ground
into a powder. Women then sieve the clay through a domes-
tic sieve with dimensions of 3 by 3 mm, deviating slightly
from the Potter for Peace recommendation of 0.18 to 2 mm
sieve sizes [14]. If the salt content of the clay declines below
0.02% by volume, additional salt is added to improve the
load-bearing capacity, whiteness, and water-refrigeration
properties of the clay ceramics. Local artisans believe that
the inclusion of salt affects the rates of firing for clay ceram-
ics [14]. In accordance with customary practises in Western
Rajasthan, soil and organic matter, namely sawdust, are
meticulously mixed to produce structurally sound building
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materials. The sawdust is sieved with the same sieve used
for the pulverised salty clay, in accordance with the Potter
for Peace-recommended method for preparing the clay-saw-
dust mixture for the production of filter greenware [25]. In
this study, disc-shaped composites are formed by combining
a homogenous mixture of sawdust and salty clay in equal
volumes with water constituting 70% of the mixture by vol-
ume. The composites are left overnight under a saturated
cloth cover, and then a 30-ton press from Y&Co Ltd., India
is used to press-form them into frustum shapes [14]. To pre-
vent the formed green body from adhering to the mould
wall, 96-inch-diameter plastic bags are wrapped around
frustum-shaped aluminium moulds [15]. It should be noted
that frustum-shaped water filter presses are available in var-
ious forms and are in use around the globe (Fig. 1) of the
indigenous filter press, which was designed to produce a
nine-litre filter green body of the composite blend [14,26].

3. Lifetime and permeability of gravity

The longevity of gravity filters is contingent upon the
density of active sites within the ceramic material. These
active sites can be quantified through cation exchange
capacity (CEC) experiments, providing insights into their
efficacy. Furthermore, the permeability of ceramic filters is
intrinsically linked to their internal structure, which dic-
tates the flow of fluids. Empirical formulae have been devel-
oped to estimate permeability for diverse porous structures,
facilitating a comprehensive understanding of filtration
performance. The assessment of active site density and
permeability contributes to the optimization and design
of ceramic filters, enhancing their efficiency and effective-
ness in water treatment applications.

3.1. Flow rate experiments

Filtration through flat porous ceramic plate (PCPs) man-
ufactured are considered. Ceramic samples thus prepared
from 50C:50S and 55C:45S compositions are named 50R and

Raw Material
50% Clay 50% Sawdust

Bake the dry ware

Make a dough

moulds

e

l Press against

Etﬂ -

Fig. 1. Steps of ceramic filters manufacturing.



S. Gupta et al. / Desalination and Water Treatment 309 (2023) 220-235 223

55R, respectively sintered sample. The hydrostatic pres-
sure distribution remains invariant in space and changes
only with time which can be calculated. Flow experiment
setup consists of three main components. Acrylic wall con-
tainer, bottom of this container is the PCP through which
the water from the container will percolate and cumula-
tive filtrate data measurement apparatus using electronic
balance (Contech Instruments, CTL-600, India) having
0.01 g accuracy. Purified water was used as pre-filtrate in
the experimental water loading (UV-RO, Thermo Scientific,
India). Fluid flow through these PCP samples was studied
under consecutive or cyclic water loading events. During an
event flow is forced to flow in perpendicular direction of
the PCP sample surface. PCP samples were joint with acrylic
walls using silicon sealant (Exsan® specialities Weather sil-
icon sealant-700-nonacidic, Navi Mumbai, India) and con-
tained 24 cm of water. The event is defined as decrease in
height of water from 27 to 3 cm due to percolation through
the PCP under the effect of gravity. Here the gauge pres-
sure may vary from 0.02646 to 0.000294 bar which mimics
the operating condition of filtering base surface for avail-
able ceramic filters such as Filtron. Kosim, G-filter and
other disk filters [27-29].

The PCPs 50R and 55R are used for cyclic loading fil-
tration test events. The cumulative flow rate or porous per-
colation rates have been plotted for individual filtration
events for the respective filters in Fig. 3. Filtration rates of
water at consecutive run events (denoted here as R1, R2
and R3) shows the change in flow rate which may influence
timely evolution of micro-structure in the PCPs.
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The initial three filtration runs performed one after
the other through ceramic disk filters with equal volume
fractions of sawdust and clayey soil is following the rela-
tion 50-R2 < 50-R1 < 50-R3 and 55-R2 < 55-R1 < 55-R3 [30].
This phenomenon of large flow rate in the second run is
quite evident from Fig. 3.

3.2. Permeability

Pore-scale imaging and modelling techniques have sig-
nificant potential for analysing contaminant transport and
ionic movement within the porous media of clay ceramics.
This study presents a numerical method for simulating flow
behaviour within a porous structure in an effort to deter-
mine the influence of microstructural characteristics and
clay ceramic properties on filtration efficacy. These sim-
ulations calculate the permeability of the G-filter, which is
then compared to experimental measurements as depicted
in Fig. 2. To account for the limited resolution of micro-CT
images, a correction factor for the approximated permeabil-
ity is determined, enabling the mapping of velocity profiles
within the porous structure and producing an error-free
representation. To predict the efficacy of clay ceramic
water filters, the corrected simulation results are subjected
to additional analysis. In addition, a proposed modifica-
tion to Darcy’s law addresses the defects introduced by
micro-CT images with low resolution.
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Fig. 3. Cumulative flow rate for cyclic load runs for (a) composition 50R and (b) composition 55R.
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where, 1 is an initial water height (= 22 cm), V is a volume
of filtrate between two readings, f is a time interval, A is
cross-sectional area of ceramic ware, / is a height of water
head at time ¢, p is density of water at 30°C (= 1,000 kg/m?)
and g is gravitational acceleration. Fig. 4a and b along with
Eq. (1) indicate the strong relation between permeability
and pressure head. Fig. 4 also indicates the variation of per-
meability with filtration runs which can be correlated with
the change in internal structure such as porosity, SNSVR
and aspect ratio of ceramic plate wares. Changes in filtra-
tion rate, aspect ratio and porous surface area after each
filtration event indicates permeability variation during spe-
cific filtration events [31]. The phenomenon of increase in
permeability during the second run as illustrated in Fig. 3
is synonymous to the observed surge of flow during this
run. The permeability values observed in Fig. 3 are at par
with other experiments performed elsewhere on ceramic
water filters [32]. Fig. 3 indicates the strong relation between
permeability and pressure variation occurring with time.
These microstructure studies can also be extended for
the study of strength behaviour of these PCPs with time
duration of cyclic loading since porosity variations is found
to mimic aspect ratio variation. Porosity values which are
formed by using clay with some faults are obtained with
micro-computed tomography (micro-CT, Procon X-Ray
CT-mini, IT Kanpur) image analysis as discussed earlier
[33,34]. The surge in flow rate through the porous media
can be correlated to the change in porosity as illustrated in
Fig. 5. The results of permeability experiments indicate that
the flow rate stabilises in the third run and then decreases
in subsequent runs. This demonstrates a time-dependent
change in permeability and highlights the effect of pres-
sure differences on permeability behaviour. The implemen-
ted filter assembly has a filtration rate of approximately
0.8 L/h, which quantifies the filtration capacity. Permeability,
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which is the ability to fluid flow through porous material.
Permeability can be estimated by equation given in Eq. (2).

AVp

Flow rate(Q) =K e

@)

The flow rate through porous media can be calculated
using the wet area (A), pressure gradient (p), fluid viscosity
(1), and porous media thickness (Ax). In addition, the perme-
ability value (K) can be calculated using the Kozeny-Carman
equation, which establishes a relationship between the
flow parameters and the inherent properties of the porous
medium. By employing these equations, the flow behaviour
and permeability of porous media can be precisely deter-
mined, thereby facilitating a thorough comprehension of
fluid dynamics in porous systems.

3

k=c—% ®)

(1-9)'s,

where, ¢ is constant, and it depends on the internal struc-
ture of porous media. The value of ¢ does not include the
effect of microstructure, where flow is dominated by cap-
illary pressure. In Eq. (3) constant ¢ can be associated with
structure. Another important factor using Kozeny’s-Carman
equation as that value of constant ¢ is experimentally and
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analytically found out assuming pore space generated by
granular particles. Application of such formulation to pore
space generated in microstructure in sintered ceramic mate-
rial where defining grain diameter and subsequent cal-
culation is error prone is doubtful. Estimation of specific
surface area is also questionable in such micro cavities.

4. Digitization of pore structure
4.1. Workflow model

Fig. 6 illustrates the workflow model employed for
acquiring the 3D microstructure from the grey image stack.
The model comprises a series of steps aimed at obtain-
ing reliable data for comprehensive analysis. Initially, data
acquisition is carried out by manufacturing a full-scale frus-
tum shaped ceramic filter, enabling the collection of actual
flow rate, mechanical properties (such as strength), and
filtrate quality. These data serve to validate the numerical
models. Subsequently, subsamples are prepared for scan-
ning using a micro-CT scanner, resulting in the acquisition
of an image stack from the scanned sample. Upon obtaining
the image stack data, it undergoes processing to prepare it
for numerical simulations. To achieve this, a small subset is
extracted by cropping the image stack, and the size of the
subsample is determined using the REC concept for poros-
ity measurement. Following the sampling process, image
conditioning is performed to eliminate noise and arti-
facts, ensuring reliable simulations, and facilitating visual
inspection and validation of the processed data.

Subsequently, the data is manipulated to extract the
geometric features of the pore space within the ceramic
sample. This involves segmenting the image stack to iso-
late the pore space and material matrix, as well as bina-
rizing the image stack. The binarized image stack is then
utilized to generate the three-dimensional pore structure
of the porous ceramic material. In the subsequent step,
porosity, tortuosity, and other topological features are
extracted from the resulting three-dimensional structure.

Data Acquisition

Additionally, fluid properties such as permeability and
flow rate are derived using numerical simulations based
on computational fluid dynamics (CFD) solvers. These
properties are referred to as simulated properties in this
context, contributing to a comprehensive understanding
of the ceramic material’s behaviour.

4.2. Contrast enhancement

Image segmentation is the process of distinguishing the
regions of pore space as one region and material matrix as
the region. Once the regions are separated and assigned to
a region, it becomes possible to calculate the geometric fea-
tures of the image as well as the fluid properties inside the
pore space. The process of image segmentation is highly
dependent on user input based on visual justification [35].

Contrast enhancement improves the visual inspection
of scanned image by enhancing the brightness difference
in an image and it stretches the grey level from minimum
value to maximum value of the image based on the quality
of image. Now the image is modified with a tonal enhance-
ment to improve the quality of image for visual inspection.
It can be concluded that contrast stretch is used to improve
the brightness levels uniformly across the image and tonal
enhancements is used to improve the brightness differences
in the shadow (dark), midtone (grey), or highlight (bright)
regions at the expense of the brightness differences in the
other regions. For low contrast images obtained in micro-CT
along with artifacts and partial volume effect (PVE) (Bruker,
2017) hinder the segmentation process. Further image
processing techniques tend to degrade the contrast with sup-
pression of noise [36]. which necessitates contrast enhance-
ment before applying image processing techniques. Various
techniques are available for contrast enhancement based
on spatial domain and frequency domain [37]. Contrast
improvement which is based on accurately measurements of
contrast limited adaptive histogram equalization is applied
in this study as shown in Fig. 7 [38]. CLAHE is also an
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“*] (pH. TdS, EC. Turbidity), UTM
High resolution images- SEM (30

Data Processing

micrometres), MicroCT (28.3 micrometres)

generation

Image sampling- Subsampling, Region of Elementary Volume (REV)

Image conditioning- Shadowing effect, Curtaining effect, Noise reduction
Image segmentation- Converting to a Binary Image using threshold value
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Fig. 6. Digitization of pore structure: flow chart for converting micro-CT images to 3D structure and simulation for permeability.
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Fig. 7. (a) Scanned image from micro-CT, (b) cropped image and (c) contrast enhancement using CLAHE.

image pre-processing technique which is used to improve
contrast in images. CLAHE algorithm computes the histo-
grams of the image at various regions and then redistribute
the luminance values of the image. It is used to improve the
local contrast of image at smaller regions, and it enhances
the edges of the objects in an image. The technique is
applied through plugin available in Image] software [39].

5. Image processing
5.1. Resolution

Resolution of images acquired using micro-CT images
have great impact on the qualitative and quantitative anal-
ysis of images and subsequent simulations. Permeability
can alter by many folds if resolution of micro-CT scan-
ner is more than the typical size of the grains of material
[40]. At the same time, if high resolution is used one must
compromise with the REV. Material used in this study
contains the microstructure ranging from nano-meter sale
to milli-meter scale as evident from SEM images, which
represents the heterogeneity in the pore topology. To cap-
ture the sufficient volume during the scanning, resolution
kept at 28.3 um per voxel. Error occurred due to low res-
olution is normalized with extrapolated values obtained
from literature for permeability [41].

5.2. Reconstruction of 3D image

Once the 2-dimensional image stack is obtained, next
step is to generate 3D pore structure and mesh generation
for fluid flow analysis. Various process involved in genera-
tion of surface structure are shown in Fig. 8. Avizo software
is used generate the surface body. Conversion of 2D image
into 3D surface structure is taken care by software and
its implementation can be referred in literature [42].

After the surface is generated, simplification and mesh
repairing of surfaces are required to reduce the number
of individual surfaces and to obtain a watertight body.
Watertight body is a type of topology used by computer
graphics in which all the surfaces are completely closed
and surface normal is always point out from each surface.
Simplification of surface can reduce the computation power

drastically. Mesh repairing involves various steps and they
are applied repeatedly until the watertight body is obtained.
Various steps are applied to repair the geometry and
checked for watertight body. Once the geometry is checked
for watertight body, it becomes clean for the numerical sim-
ulation. To get the clean geometry and watertight body,
these iterative steps are suggested.

In the context of surface mesh generation, a surface mesh
is composed of interconnected triangles, where each triangle
is linked to adjacent triangles through nodes. It is common
for a surface mesh to encompass multiple continuous sur-
faces, which ideally should be seamlessly joined together.
However, during the mesh generation process, certain nodes
become obsolete and need to be eliminated. To achieve a
high-quality surface mesh, several steps are undertaken, as
follows. Firstly, the mesh is examined for any holes or gaps,
which are subsequently closed and bridged to ensure topo-
logical coherence. Singular edges and vertices, which may
disrupt the mesh connectivity, are then identified and fixed.
Overlaps and intersections between points and surfaces
are resolved to eliminate any geometric inconsistencies.

Furthermore, the mesh is subjected to a filtering pro-
cess to remove unwanted elements such as double faces,
double vertices, inverted normal (indicating surfaces facing
inward), and skewed or small triangles. Open edges and
holes in the mesh are stitched together to create a continu-
ous surface. Manual repair techniques are employed, involv-
ing visual inspection of the mesh, followed by the deletion
and creation of triangles at boundaries where necessary.
Finally, re-meshing operations are performed to optimize
the overall triangle count, ensuring an efficient representa-
tion of the surface geometry. These procedures collectively
contribute to the production of a high-quality surface mesh,
which accurately represents the underlying surfaces and
meets the desired criteria for research and analysis.

5.3. Grid generation

Once the surface mesh is generated for the porous
structure, volume mesh file is generated in the region of
void spaces. Volume mesh is used in numerical simulation.
To achieve volume mesh, at first surface mesh is created
in void space and then volume mesh is generated inside
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Fig. 8. Reconstruction of 3D microstructure (a) 2D image stack, (b) binary image stack, (c) 3D surface body, (d) 3D volume body and

(e) original sample image.

this closed surface mesh. This step is performed on open-
source software named Gmesh. Workflow to generate three-
dimensional mesh from watertight body is shown in Fig. 9.

Generation of surface mesh to volume mesh is shown
in Fig. 10. Approx. 20 million nodes are generated in fluid
region (where pore space was present prior to volume gen-
eration.) after the simplification and repairing of material
surface. Simplification step only reduces the number of
compute node from approximately 74 million to 20 mil-
lion, thus reducing the computational power drastically.
After the simplification process, surface suffers from defects
as opening of closed surface at various locations. These
meshes are required to be repaired again. Digital structure
is used to identify the pore space and mesh is generated
for flow simulation in Fig. 8.

6. Simulation
6.1. Numerical solution of ns equation

Computational domain (geometry) is discretised. At
first the surface of the geometry is discretised and then vol-
ume discretisation takes place to generate the node points
in the entire domain. These nodes are used for the com-
putation. Cell is formed using these nodes and it is called
the grids or mesh. These grid cells can be polyhedrons,
usually tetrahedrons, hexahedrons, prisms, or pyramids
(Here tetrahedrons are used for discretisation). As a result
of numerical solution of model equations for fluid flow,
the sought flow parameters are obtained just at the grid
nodes [43]. In present study, tetrahedral grids are used to
discretize the fluid domain as shown in Fig. 11a. Once the
mesh is generated boundary conditions are applied to the
domain to initiate the solution iterative process. In simula-
tions, following boundary conditions are applied as shown
in Fig. 11b. In the numerical simulation model used to
study the microchannel flow, the boundary conditions are
specified as follows. At the inlet, a relative pressure inlet
condition is applied, with a range of 0.02646 to 0.000294 bar.

Merge

I Go to geometry |—>| Elementary entities |—>| Add, new, Volume I

| Go to mesh l—bl

Generate 3-D |—>} Volume mesh |

Fig. 9. Workflow to generate volume mesh from watertight body.

>

Volume mesh

Voxel representation

Fig. 10. Voxel representation of data, generated surface mesh
and converted volume mesh (represented in blue colour).

This represents the pressure difference between the inlet
and the surrounding environment. The outlet boundary
is set as a relative pressure outlet condition, with a value
of 0 bar, indicating that the pressure at the outlet is equal
to the ambient pressure. The side walls of the microchan-
nel are treated as symmetry boundaries, implying that the
flow properties parallel to these walls remain constant and
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Side wall

Fig. 11. Computational domain (a) surface mesh and (b) boundary condition.

do not exhibit any variations. These boundary conditions
play a critical role in accurately capturing the behaviour
and characteristics of the fluid flow within the microchan-
nel, enabling insightful analysis and interpretation of the
results.

6.2. Solver-stokes equation

V.-V =0
oL 4
uv2v —vp =0

In the context of microchannel flow, the Navier-Stokes
equations system is modified by applying several assump-
tions to simplify the governing equations. Firstly, the fluid
is assumed to be incompressible, resulting in a constant
density throughout the flow field. Additionally, the fluid
is assumed to exhibit Newtonian behavior, where the
dynamic viscosity is considered to be a constant value. The
flow is assumed to be in a steady state, implying that there
is no temporal change in velocity over time. Furthermore,
the flow is assumed to be in the laminar regime, as the
Reynolds number within the pores is significantly lower,
indicating a dominance of viscous forces over inertial
forces. These assumptions enable the simplification of the
Navier-Stokes equations and provide a framework for ana-
lyzing microchannel flow with enhanced computational
efficiency and accuracy [44].

The equation systems cannot be solved using fully
implicit methods (matrix inversion) because the matrices
of this kind of system are singular. Therefore, an artificial
compressibility coefficient and sometime derivative terms
are introduced in the system to converge the solution [45].
By adding the artificial compressibility factor into the pres-
sure gradient terms converts the nature of momentum
conservation equation from elliptical incompressible to the
compressible hyperbolic. Now the momentum equation
can be solved by standard, implicit, time marching meth-
ods which ensures the convergence of solution. Artificial
compressibility can be regarded as the speed of sound
in the fluid medium. Finite volume method is applied
to solve the equation systems. The equations are discret-
ized on a staggered grid, allowing a better estimation of
the no-slip boundary condition. Pressure unknowns are

located at the centre of the voxel while velocity unknowns
are decomposed at the faces of the voxels. Once the sim-
plified system of equation is solved, permeability coeffi-
cient is evaluated by applying Darcy’s law and correction
factor for the simulated permeability is estimated form
experimental permeability value. This correction coeffi-
cient is used to correct the velocity profile in microstruc-
ture due to limitation of finite resolution of micro-CT
images. These results will be used to predict the filter
efficiency. Permeability is calculated on the 3D geometry
obtained from the image stack using the Eq. (5) [46].

K:l( N, J@ )
R| NN, |aP

where, K is permeability, R is resolution of image stack,
N_is number of voxels in the direction of flow, N, and N,
are number of voxels in other two direction, Q is flow rate
and P is pressure.

7. Results and discussion

7.1. Results from digital pore structure (tomography based
micro-structural analysis)

Digital internal micro-structure analysis involves the
quantifying pore space information based on single image
or image stack obtained by various methods [47]. Single
image helps measurement of porosity (in two-dimensional
space) whereas image stack helps the construction of three-
dimensional structure of pore space [47]. However due to
limitation of two-dimensional analysis, micro computed
tomography (micro-CT) based three-dimensional pore
structure imagery has been studied in this work [48]. 3D
digital structures can also be used for numerical simulation
of flow field and determination of flow properties based
on various simulation techniques [48,49].

In Table 1 microstructural quantities of images (28.3 pm
resolution micro-CT, Procon X-Ray CT-mini) of 55R and
50R before and after filtration events were obtained. The
retrieved images were processed using Image] TM software
(Schneider CA 2012) for segmenting the grey images into
binary images using iterative inter-means method [50]. At
this stage, images are combined to construct 3D structure
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and subsequent topological analysis performed using 3D  Table 2
viewer module available in Image] [51]. Various quantization ~ Values of simulated and experimental permeabilities
parameters can be derived from such digital three-dimen-
sional porous structure [52]. S. Sample  Simulated Experimental ~ Correction
No. permeability  permeability  factor (CF)
7.2. Simulation results (in m?) (in m?)

Flow field inside the porous media can be simulated ! 45§3R1 361'3; 0.0617 0.00017
assuming Stokes flow inside of micro cavities. Avizo 6.0 2 455IR2 427.5 0.08311 0.00019
software is used to predict the permeability of filter mate- 3 4552R3  431.46 0.03634 0.00008
rial after each run and compared with the experimental 4 4552R7  259.34 0.03453 0.00013
values. Simulation results with velocity flow field and 5 50S2R1  310.74 0.05392 0.00017
permeability are shown in Fig. 12 (above and below) for 6 50S3R2  479.75 0.09108 0.00019
50R and 55R, respectively. Values of simulated permeabil- 7 50SIR3 216,51 0.05429 0.00025
1t.y is tabulated in Table 2. Tc.) find the correlation between 8 50SIR7 2095 0.05102 0.00024
simulated values and experimental values. It shows the A tion fact 0.00018
trends from the simulation results follow the same pattern. V- correction tactor :

Table 1

Microstructural quantification and change in three-dimensional microstructure of ceramic ware with cyclic loading

Sample Porosity (%) Total surface SNSVR Aspect ratio  Major axis Minor axis Tortuosity
name area (mm?) length (mm) length (mm)

55S0R0* 54.24687 1,881.523 1.5643 1.647551 0.106566 0.048695 4.261792
55S1R2 53.38923 1,865.566 1.544935 1.626186 0.115933 0.053952 3.578243
55S53R1 54.20803 1,810.616 1.559108 1.547779 0.113248 0.053247 3.791654
5552R3 53.17275 1,797.563 1.55557 1.479413 0.103885 0.048642 4.515614
50S1R3 56.23543 1,958.307 1.542945 1.642193 0.107253 0.050722 4.477668
50S2R1 53.46891 1,872.036 1.553004 1.618223 0.105639 0.047813 4.450685
50S0R0* 61.62486 1,858.064 1.583462 1.768933 0.114307 0.049295 13.39457
50S3R2 54.16708 2,040.071 1.553628 1.592842 0.097248 0.044217 5.341406

Fig. 12. Permeability of 50R sample (above), permeability of 55R sample (below).
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The difference between the experimental results and exper-
imental results occurs during the scanning stage of the sam-
ple using micro-CT scanning. These errors are attributed
due to the resolution limit of the micro-CT scanner which
is taken as 28.7 um in our study to capture the sufficient
large Rol of the sample. Since the patters are same in both
results, correction factor can be defined to eliminate the
errors in the simulated results and modified simulated val-
ues can be used to determine the other derived properties
which are not possible or difficult to achieve with experi-
mental procedure like adsorption phenomenon with long
term filtration process.

7.3. Correlation between experimental permeability and simulated
permeability

Experimental values and simulation results shows the
same trend for a given material; however higher values of
permeability are obtained in comparison to the experimen-
tal values as shown in Fig. 13. Comparison in permeabil-
ity values is performed for both compositions of 50C:50S
and 55C:455 denoted as 505SnRn and 45SnRn, respectively
where n denotes the number of runs. From Fig. 13 it can
be observed that after 3rd run flow rate shows becomes
steady and gradual decrease in flow rate is observed due to
decrease in porosity. Ratio of experimental and simulated
permeability can be used to predict the life period of ceramic

so0 . T Simulated permeability(in m? ) ol

— Experimental permeability(in m*)
450
400

350

300

Simulated permeability (in m?)
=
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Experimental permeability(in m?)
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Vomeman
200 0.03
2 - T ) - o ~ A A
F&FFFF FTFFTSS
PO T S S S P

Sample number

Fig. 13. Experimental (right) and simulated (left) values of per-
meability.

filter as discussed during the sustainability of filter in sub-
sequent points. Average Correction factor (CF) = 0.00018:

Experimental permeability(k, )
Correction Factor(CF) = —~ (6
( ) Simulated permeability(ks) )

Correction factor is calculated by normalizing the sim-
ulated values with the experimental values as a reference.
Correction factors are tabulated in Table 2. These values
can be used to offer the correction factor. While calculating
the efficiency of these filters.

7.4. Long term treatment efficiency

Permeability depends on the porosity of ceramic fil-
ter. With the use of ceramic filter, physical contaminants
in the form of suspended particulate and organic contami-
nants will generate the resistance for the flow rate of filtrate
through filter further [15]. Such change in permeability will
extensively depend on turbidity of the infiltrate and effi-
ciency to remove such suspended particle through filter.
Trapping of particulate will result in decrease in porosity
and subsequent decrease in permeability due to forma-
tion of flocs [53]. Long term usage of filter will require to
treat filter by re-burning it at elevated temperature so that
suspended particulate can resettle on the surface of micro
cavity and water can percolate again [14].

Effect of permeability for long term usage of filter can
be evaluated by simulations. We performed simulations
to predict the permeability on same microstructure while
changing its porosity numerically and decreasing grad-
ually as shown in Fig. 14. The figure shows the velocity
field (depicted by path lines) inside the porous structure.
Decrease in flow rate can be observed with decrease in
porosity of microstructure.

7.5. Correlation between permeability with porosity

These permeability values were mapped with the ref-
erence permeability (obtained experimentally after third
run when flow patterns become steady) to overcome the
limitation of finite resolution of scanned data using Eq. (7)
of permeability.

k=315.73
¢ =42.25

x=200.00
¢$=3111

k =153.35
¢ =25.66

K =93.42
¢ =16.48

K =128.28
¢ =2223

Kk =108.93
¢ =19.15

Fig. 14. Permeability values form from left to right figures for decreasing porosity values.
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Permeability (k) = -0.0351n )+ 0.0882 @)

It is evident from Fig. 15. that there is rapid decrease
in permeability initially due to decrease in porosity of the
material. With the use of filter permeability decreases and
after some time it shows the asymptotic behaviour for flow
rate. At such time re-burning of filter is required to main-
tain its flow rate of filtrate again.

7.6. Lifetime of ceramic filter

The longevity of a ceramic filter is contingent upon the
properties of the ceramic material and the quality of the
inlet water, as indicated in Table 5. To determine the fil-
ter’s lifespan, the CEC and the concentration of contami-
nants in the inlet water are computed. These factors play
a crucial role in assessing the filter’s ability to effectively
remove impurities and maintain its filtration efficiency
over time. By analysing the CEC and the contamination
concentration of the inlet water, one can estimate the fil-
ter’s durability and make informed decisions regarding its
replacement or maintenance. These calculations provide
valuable insights into the expected lifespan of ceramic
filters and aid in optimizing their performance for water
purification applications.

7.6.1. Cation exchange capacity

CEC is a measure of charge present at the surface of
the clay. CEC values are calculated for samples at various
temperatures as discussed in Table 2. It shows that beyond
the 450°C temperature and up to 850°C, CEC value starts
decreasing quickly due to formation of metakaolinite and
spinel at later stage as shown in Fig. 16. At 850°C, stable
mullite starts forming CEC remains almost constant [54].
At 850°C, stable mullite starts forming and CEC remains
almost constant. CEC values are calculated for samples at
various temperature.

CEC is defined as the capacity of the sample (here
ceramic membrane) to adsorb the ions which are usually cat-
ions (because the clay holds the negative charge at its sur-
face under atmospheric condition. However, at very low pH
value, it may contain positive charge at the surface). Sample
becomes able to exchange counter species in a reversible
chemical reaction by neutralizing the negative charge in the
soil. The higher the CEC, the more cations it can retain. It
can be expressed in terms of milli-equivalents/100 g of soil

g k =-0.035In(¢p) +0.0882
006 | R’ =0.9898

Permeability (k)

54.16 42.25 363 3111 25.66 22.23 19.15 16.48
Porosity (@)

Fig. 15. Correlation between permeability with porosity.

(or 100 meq/g) [55]. CEC is determined using the reference
solution conditions (buffered to pH 7) accepted univer-
sally in order to reduce the errors generated under various
experimental condition. Various methods are available to
determine CEC. Proper method of determining the CEC is
based on the type of colloidal material involved in the cat-
ion exchange of the soil [56].

The determination of CEC involves a series of steps as
follows. Initially, a 5 g sample is taken and mixed with 1
molar NH,OAc (ammonium acetate) solution, allowing it
to soak overnight in a centrifuge tube. The sample is then
rinsed with isopropanol and 1 M KClI solution. Subsequently,
the sample is transferred to a beaker and washed with 30 mL
of 1 M NH,OAc solution using a filter paper (size 42). This
rinsing process is repeated three times, followed by another
rinse with 40 mL of isopropanol and 1 M NH,OAc solution.
The third rinse step is also repeated three times. Finally, the
sample is rinsed with 50 mL of 1 M KCl solution, and the
solution is made up to a total volume of 250 mL. The con-
centration of ions in the solution is determined using col-
orimetry by comparing it with a known solution of KCL
These steps ensure the accurate measurement of CEC in
the samples, providing valuable insights into their ion
exchange capacities and their potential for water purification
applications.

Results are tabulated in Table 3 for different samples
prepared at different temperature. For the calculation pur-
pose, value of CEC is taken as 11.0 meq/100 g (at 800°C).

60
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Fig. 16. Cation exchange capacity of clay with varying tem-
perature.

Table 3
CEC values at different temperature

Temperature CEC (in meq/100 g)
94 51.95
196 50.88
297 48.11
398 45.02
498 43.06
596 32.02
797 11.01
901 2.26
1,000 1.45
1,103 0.98
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7.7. Brunauer—Emmett—Teller

Specific surface areas for samples are evaluated using
Brunauer-Emmett-Teller (BET) analysis [57]. Changes
in specific areas are recorded for change in sintering tem-
perature of the samples using the adsorption/desorption
curves. BET curve for 50:50 sintered ceramic is shown in
Fig. 17. Specific surface areas for samples are evaluated
using BET analysis. Whereas specific surface area, and CEC
of the samples are tabulated in Table 4 against the tem-
perature of the samples.

7.8. Surface charge density

Maximum permissible temperature for baking ceramic
filters. If the temperature is elevated more than 850°C,
ceramic filter with 50C composition will lose its functional-
ity [58]. In the same manner, if the temperature is quite low
(650°C-700°C), isomorphous substitution of K', Na’, Mg",
Ca" and other fluxing agent will not take place and filtered
water will contain these ions and water will become more
brackish in nature. Again, optimum temperature range
between 700°C-850°C depends on the fluxing element which
reduce the forming temperature of spinel and mullite. If lower
amounts of fluxing agents are present in the clay, one should
use the higher bound of temperature range (700°C-850°C)
and if higher amounts of fluxing agents are present in the
clay, one should use the lower bound of temperature range.

In this study, temperature is kept at around 800°C for
comparatively large time duration to ensure the proper
substitution and avoiding the formation of mullite. It
should be noted that temperature inside the ceramic mate-
rial is bit lower than the surface temperature which is at
800°C. Under such condition, CEC value is calculated to be
11.0 meq/100 g of sintered samples. This value of CEC can
be converted to the surface charge density in C/m? if specific
surface area is known [59]. In present study, value of CEC
and surface charge density is taken as and respectively. In
present study, value of CEC and surface charge density is
taken as 11.01 meq/100 g and 0.3232 C/m?.

7.9. Quality of inlet water

Quality of drinking water is set by Bureau of Indian
Standards [60]. Various parameters are set to ensure the safe
drinking water including pH, TDS, salt concentration and
turbidity. To test the filtration efficiency of these ceramic fil-
ters, a solution of known contaminant is prepared and fil-
tered through these filters. Solution is prepared by adding
CaCl, Ca(OH), CaSO,, MgCl, Mg(OH), and MgSO, salts
at 20.7°C. Parameters are checked for inlet water and out-
let water as shown in Table 3. From experiments conducted
in filter, number of species present in water are 6 and the
absorbing capacity of filter can be determined from Table 5.
The filtration efficiency of the G-filter with additive materi-
als for specific ions is also documented. The results indicate
that the readings are significantly below the maximum lim-
its prescribed for drinking water, ensuring the effective-
ness of the filtration process. The water samples analyzed in
this study contained a total of six different species, includ-
ing equal molar concentrations of CaCl, Ca(OH), CaSO,,

MgCl,, Mg(OH), and MgSO,. The volume of water used in
each filter was standardized at 12 L, ensuring consistency
in the experimental setup. These findings provide valuable
insights into the filtration performance of the G-filter and its
ability to meet the required standards for safe drinking water.

7.10. Calculating life of ceramic filter
7.10.1. Evaluation of life of a ceramic filter

The lifetime of a filter can be accurately predicted by
considering two critical parameters: firstly, the filter’s effi-
ciency in effectively treating water to the desired level of
contaminant removal, and secondly, its ability to maintain
an adequate water flow rate throughout its operational lifes-
pan. These parameters are essential in ensuring the long-
term effectiveness and reliability of the filtration system. By
assessing the filter’s contaminant removal efficiency and its
ability to sustain a consistent water flow rate, researchers
and practitioners can make informed decisions regarding
the appropriate lifespan and maintenance of the filter. This
predictive approach enhances the overall performance and

Fig. 17. Brunauer-Emmett-Teller curve for 50:50 sample.

Table 4
Surface charge density at different temperatures volume at
STP (cc/g)

Temperature Surface area CEC Surface charge
(In°C) (Inm?/100 g) (Inmeq/100 g) density (In C/m?)
94.91 4,309.24 51.95 1.1612

196.18 5,896.06 50.88 0.8311

297.57 5,158.65 48.11 0.8984

398.98 6,179.03 45.02 0.7017

498.94 8,907.77 43.06 0.4657

596.79 4,786.41 32.02 0.6444

797.88 3,281.59 11.01° 0.3232

901.04 1,850.58 2.26 0.1174
1,000.93 1,310.72 1.45 0.1064
1,103.53 407.59 0.98 0.2307

“This value is used for further calculations as a reference value.
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Table 5
Quality of filtrate from ceramic water filter

S. No./Parameter

Measured water parameter

pH Total dissolved ~ Salt Conductivity Turbidity
solids (ppm) (ppm) (Micro Siemens)  (NTU)
Requirement (acceptable limit) as per IS 10500:2012 6.5t085 500 200 1,050
1 Inlet sample 9.81 934 750 1,340 801
2 Outlet sample 8.81 492 384 701 76.6
Reduction (%) 10.19 47.32 48.80 47.68 90.40

sustainability of water treatment systems, contributing to
improved water quality and public health outcomes.

Efficiency will depend on CEC value of sintered filter and
its absorption on cations on its surface. Lifetime based on
treatment efficiency has been formulated for contaminated
water having known chemical impurity (equal molar con-
centration of CaCl, Ca(OH),, CaSO, MgCl, Mg(OH), and
MgSO, and its treatment efficiency of salt removal for sin-
gle run-on field scale ceramic filter. If we assume all cations
present in contaminated water is divalent then total moles
of cations (++) absorbed by filter from one litre of contami-
nated water can be evaluated as follows [61].

2n( p
M=—|_ 8
Zz [103 j ®)
Amount of water treated by ceramic material:

q
m=—xMx(10w 9
T M (100) ©

If we assume water can be filled two times a day, then
lifetime of filter:

m

- 10
2V x 365 {0)

Correlation between porosity and permeability of
porous structure having microstructure can be represented
as in Eq. (7).

8. Conclusion

The correlation between porosity and permeability in
porous structures with microstructure can be represented
by the proposed relation. The lifetime of a ceramic filter is
influenced by the activity of the ceramic material and the
quality of the inlet water. It can be calculated by consider-
ing the CEC and the concentration of contaminants in the
inlet water. The CEC values are determined at various tem-
peratures, with stable mullite formation observed at 850°C
leading to nearly constant CEC values. Additionally, the
specific surface areas of the samples are evaluated using
BET analysis. The water used in the experiments contains
six different species, with equal molar concentrations of
Ca(l,, Ca(OH),, CaSO,, MgCl,, Mg(OH), and MgSQO,. A vol-
ume of 12 L is considered for one filter. The comparison
between experimental and simulation results is conducted,

and a correction factor (CF) is introduced to eliminate errors
caused by the low resolution of micro-CT imaging. The CF
is calculated by normalizing the simulated values with the
experimental values as a reference. The flow rate through
the porous media can be determined by considering the
wet area (A), pressure gradient (Vp), fluid viscosity (),
and porous media thickness (Ax). The permeability value
(K) can be calculated using Kozeny’s—-Carman equation.
Furthermore, the lifetime of gravity filters is dependent on
the density of active sites within the ceramic material, which
can be evaluated through CEC experiments. The analy-
sis of sintered porous structures involves assessing their
microstructure to understand their flow characteristics.
Experimental permeability measurements are compared
with simulated values obtained through micro-CT imaging,
allowing for a comprehensive understanding of the flow
behaviour in the porous media. Additionally, electro-kinetic
treatment is applied to estimate the adsorption of ions on
the negatively charged porous sintered ceramic, providing
insights into the behaviour of contaminants in the porous
structure.
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