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paper has also been used as the main component for a self-powered imbibing micropump
actuation. In this study, characterization of porous media from different specifications of
Whatman ashless grade W40, W41 and W42 filter papers has been studied. In addition,
the wicking or capillary flow capability of the porous media under an open and confined
environment was also analyzed. Scanning Electron Microscope (SEM) and ImageJ image
processing have been used as the method to determine the filter paper characteristics.
Whatman filter paper grade W41 has the highest percentage of porosity which is 70.82
%. The porosity of filter paper grade W40 and W42 are 70.24 % and 61.8 % respectively.
Meanwhile, experiments were conducted to understand the water wicking process for
Whatman filter paper for different paper shapes and environments. Diamond-shaped
filter paper resulted in faster wicking in the free environment compared with the
constraint environment. The percentage difference of the wicking under these
environments is 61.56 % and 141.09 % for W40 and W41 filter paper respectively. The
experiment conducted also confirmed that the wicking behavior of the capillary height of
the liquid in filter paper is proportional to the square root of the time. This result agreed
well with the Lucas-Washburn equation. In conclusion, the characteristics of the liquid
flow in porous media are closely related to its specification as provided by the
manufacturer. Furthermore, the decrease of liquid wicking in a confined environment is
the result of the high resistance of a liquid to flow with decreased filter paper porosity,
Keywords: permeability and thickness. This study provides important findings that will help in the
Mircrofluidics; porous media; capillary  optimization and best design of self-powered imbibing micropump for microfluidic device
flow; Lucas-Washburn equation development.

1. Introduction

The last decade has seen a decrease in the size of devices while maintaining their purpose and
increasing their functionality [1]. Microfluidic is one of the many technologies that is high in demand,
which study the fluid movement and control in micro-scaled analysis. Microfluidic paper-based
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analytical devices (LPADs) are high in demand because progressively been used in medical diagnostic,
biology and environmental testing. The benefits of UPADs are cost-effective, excellent detection,
user-friendly and potential for point-of-care (POC) diagnostic device that can be used outside health
care facilities [2].

Reliance on the precise and predictable flow of liquids through the substrate is crucial for uPADs.
However, modelling the fluid’s flow can be tricky since filter paper consists of randomly interwoven
fibers of varying lengths and widths called complex porous media. Transport parameters in porous
media flow are challenging because of its complex microstructures [3,4]. According to MacDonald
[5], the porous media surface has multiple holes or porosity through which liquid particles flow. In
many porous media application, liquid flow is enabled but solid particles retained as main
characteristics of a filter paper. Past research on fluid flow through porous media especially on uPADs
still lacking on empirical evidence in understanding the physical mechanisms that affect the flow.

The main factors in determining the characterization of the fluid behaviour in the porous media
are the porous materials, porosity and permeability [6,7]. Porosity is a critical parameter of porous
medium in determining the materials’ characteristics as it measures vacant space [8]. The porosity
depends on porous media's fibre matrix structure. While the concept of porosity is simple and easy
to understand, it blends many characteristics of the interfaces' shape and morphology. The factors
responsible for pore morphology alterations are flow processes and the processes that strongly affect
interfaces and influence those [9]. Another important factor is the permeability, which is the
medium's ability to transport fluid [10]. There are many studies done, theoretically and
experimentally, to determine the relation between permeability and other characteristics. According
to the Eq. (1), it is concluded that the permeability is related to the porosity and specific surface of
the porous medium [11,12].

k=2 (1)

In this study, the characterization of the fluids flow through Whatman filter paper under a free
and confined environment is studied experimentally and theoretically. The observation of SEM
images using Imagel processing is fulfilled to identify the porosity of the filter paper.

2. Methodology
2.1 Materials

Three different Whatman filter paper grades were used in this study which are filter paper grades
40, 41 and 42. Table 1 below shows the properties and description of each grade of filter paper taken
from the Whatman catalogue. The filter papers are categorized with its capability in filtering solid
particles where pore size is related to particle retention. Smallest pore size is also related to the
slowest flow of fluid. Minimal or ashless filter papers are selected to reduce any ash interfering the
fluid flow behavior.

Table 1

Properties of Whatman filter paper

Grade Description Properties
Particle Typical Basis Weight Ash Content
Retention (um)  Thickness (um) (g/m?) (%)

w40 Medium Flow 8 210 95 0.007

w41 Fast Flow 20-25 220 85 0.007

W42 Slow Flow 2.5 180 100 0.007
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2.2 Imagel Processing

In obtaining the filter paper's porous media properties, the image processing step was essential
for analyzing and manipulating the digital images. Imagel is the image processing software used to
identify porous media properties. This software provides user with a medium for scientific analysis
of the image, particularly for microscopic inspection.

Imagel is an image processing software for filter paper properties analysis. The microscopic
images of the Whatman filter paper grade W40, W41 and W42 were obtained using scanning electron
microscope (SEM). In the SEM sample preparation, the filter papers were cut into a circle-shaped of
radius 1 cm. The SEM images were converted into digital images and analyzed using Imagel. From
the Image) analysis, the porosity of the filter papers was calculated. The image processing process is
shown below in Figure 1.

The image analysis:
& ¥ Result:
) 1. Image Settin
The image of paper & ‘g 1. Porosity
2. Image Clarification
2. Total area
3. Surface

Fig. 1. The image processing process [13]

2.3 Experimental Study

For the experimental study, there are two different environments selected: free and confined
environments. Each environment was tested with three different Whatman filter paper grades of
W40, W41, and W42. There are also two different shapes used in the study which are rectangular
and diamond shapes. In order to know the effect of volume on the fluid flow, two different sizes were
chosen for rectangular shape. The detailed shapes and sizes are as listed below

i.  Al:small rectangular shape (A1): 7 mm x 25 mm
ii.  A2:bigrectangular shape (A2): 7 mm x 50 mm
iii.  Diamond shape: (7 mm x 50 mm)

Figure 2 shows the setup of the wicking experiment set-up in an open space environment.
Basically, there were four equipment used which are a digital camera for videotape the wicking liquid,
the digital clock to measure the temperature and humidity of the open space surrounding, the petri
dish to place the working liquid, and the stopwatch to time the filter paper to be fully absorbed with
working liquid.
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Filter Paper Digital Clock

Digital Camera

Fig. 2. The experimental setup in free environment

Working Liquid

The images were observed at various time duration and were processed with InShot, an image
and video editor. The wicking height was measured from the images regularly. The time taken for the
paper strip to be fully absorbed from the first and second lines is also recorded. In the experiments,
it is expected that the wicking behavior will strongly depend on grade of the paper strip and its
specifications [14].

2.4 Theoretical Study

Constituent particles' sizes and pores remain fixed throughout the wicking process [15]. There
are two conventional theories for wicking in rigid porous media: Darcy's Law, and Washburn equation
(Lucas-Washburn equation). Masoodi et al., [16] stated that Washburn's equation presumed the
porous medium consists of a bundle of parallel capillary tubes of identical size. The wicking flow's
central equation after deliberation of the Hagen-Poiseuille, fluids flow through such tubes and
neglect the influence of gravity is in the Eq. (2)

4y cos(0) _ 32ulLjy dly

= (2)

D¢ D} dt

where; y is fluid’s surface tension, u is fluid’s viscosity, ¢ is contact angle, t is time, D. is diameter
of capillary pore, Dy is diameter of hydraulic pore, Ly is height of the rising liquid-front.

The porous medium's porosity can be described as, the pore volume ratio to the total volume. p.
is the capillary pressure provided by the well-known Laplace Eq. (3)

2 ]
p = L0 3)
3. Results

3.1 Scanning Electron Microscope (SEM) and ImagelJ Analysis
Scanning electron microscope (SEM) is the common direct measurement method to study

material microstructure [17]. The image captured from the SEM is then analysed using Imagel to
identify porous media properties [18]. In this study, the three Whatman filter paper of W40, W41
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and W42 was observed under SEM and further analysed using Imagel. Figure 3, Figure 4 and Figure
5 are SEM images before and after the threshold process using Imagel.

Fig. 3. SEM image grade W40. (a) Before threshold;
(b) After threshold

Fig. 4. SEM image grade WA41. (a) Before threshold;
(b) After threshold

(b)
Fig. 5. SEM image grade W42. (a) Before threshold;
(b) After threshold

The porosity of a filter paper has been assumed by Dal Dosso et al., [19] to be 70% when the filter
paper's size was constant. Cui et al., [20] stated that the relationship between density and porosity
is inverse because the lesser the pores, the faster the flow be able to be absorbed. Table 2
summarizes the results of the analysis porosity image of three images from Imagel. The grade W41
has the highest percentage of porosity in the Table 2 of 70.82%. The highest porosity is because the
total area of the paper is the largest when compared to the other two filter papers. It is possible to
conclude that the filter papers' absorption rate is W41 > W40 > W42,

Table 2

Summarization of Particle Analysis

Grade Count Total Area Average Size % Area Mean
w40 1238 863049 697.13 70.24 255
w41 2104 870243 413.61 70.82 255
W42 11635 759337 65.26 61.80 255

26



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 96, Issue 2 (2022) 22-32

3.2 Experimental Analysis

In the experimental study, the area of the Al shape and diamond shape is the same, but the area
of the A2 shape is not the same as the Al shape and diamond shape. The similarities for all three
shapes are the width which is 7 mm.

Figure 6 depicts a comparison of the time required for different areas of rectangular shape (Al
and A2) in a free environment. Based on the comparison, Al shape takes less time to wholly absorbed
than the A2 shape. This is due to the size of A2, which is twice the size of Al. The percentage
difference in wicking for the various areas is 112.73% for W40, 99.53% for W41, and 119.31% for
W42 filter paper. Nevertheless, both filter papers for grade 41 absorb completely the quickest,
followed by grades W40 and W42 regardless of the size.

Comparison of the Time Taken for Different Area of Rectangular

wao (A1) [ 232
wao 2) I s s
W42 (A2)
o Wa1 (A1) B oios W42 (A1)
£
& wai(a2) [N 322 = Wal(A2)
B W41 (A1)
W42 (A1) 6.51
B W40 (A2)
W42 (A2) 25.76 = W40 (A1)
0 5 10 15 20 25 30

Time, t (mins)

Fig. 6. Graph of Comparison of the Time Taken for Different Area of Rectangular

The diamond shape comprises two specular circular divisions that provide a steady flow in the
first expanding element and a smooth transition to the end channel in the second restriction element
[21]. A comparison of the time taken for different shapes in a free environment is displayed in Figure
7. From the result, the time taken for the Al shape is quicker than the diamond shape. Sequentially,
the wicking percentage difference for different shapes is 19.25 %, 1.83 %, and 46.91 % for W40, W41,
and W42 filter paper.
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Comparison of the Time Taken for Different Shapes, Same Area and Environment
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W42 (Diamond) 10.50 B W40 (A1)
0.00 2.00 4.00 6.00 8.00 10.00 12.00
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Fig. 7. Graph of Comparison of the Time Taken for Different Shapes, Same Area and Environment

Furthermore, the experimental study for the diamond shape was done in two different
environments. The comparison of the time taken for different environments, same shapes, and areas
is shown in Figure 8. Diamond shape filter paper resulted in faster wicking in the free environment
compared with the confined environment. The percentage difference of the wicking under these
environments is 61.56 % and 141.09 % for W40 and W41 filter paper respectively. This is due to the
adhesive on the laminating film that is melted during laminating process and causes resistance for
the fluid to flow inside the microchannel.

On the other hand, W41 took shorter time to absorb the liquid in both environments. This can be
explained from the properties of the filter papers, which is the particle retention, which is the ideal
diameter of the smallest particle blocked by the filter paper. This means that filter paper having
smaller particles retention size will consist smaller volume of voids and have difficulty to absorb
liquid. Thus, filter paper W41 took shorter time to absorb the water as it has bigger particle retention

size than W40.

Comparison of the Time Taken for Different Environments, Same Area and Shape

W40 (Free)

v
N}
~

W40 (Confined) 9.90
%_ B W41 (Confined)
c'n% B W41 (Free)
W41 (Free) - 1.10
B W40 (Confined)
B W40 (Free)
0.00 2.00 4.00 6.00 8.00 10.00 12.00

Time, t (mins)

Fig. 8. Graph of Comparison of the Time Taken for Different Environments, Same Area and Shape
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3.3 Theoretical Analysis

In a theoretical study, wettability and wicking are the two properties that lead to liquid flow in
porous media. Wettability causes the porous surface to wet first, which allows the liquid to wick
throughout the porous media. Wicking liquid happens instinctively in porous media because of the
negative influence of capillary pressure [22]. However, according to Lucas Washburn's primary model
of the wicking phenomenon, the paper comprises randomly oriented fibres, called paper bundles of
capillary tubes [6]. Wicking is an event that happens during a dry porous material gets into contact
with a fluid. The capillary forces precipitate the material to absorb the fluid. The absorption will
absorb until the gravitational forces balance the capillary forces and equilibrium are achieved [23].

The flow rate along the filter paper can be simulated by the filter paper's length, permeability,
and thickness [8]. Figure 9 describes a comparison of flow rates for various rectangular areas. Each
of the filter papers used in this study has different properties. In this study, the factors affecting the
flow rate are the filter paper's length and the thickness of the filter paper. The W41 grade filter paper
flows the fastest due to the thickness, which is 220 um, followed by W40 and W42. Moreover, it can
also be concluded that the Al shape filter paper has the highest flow rate compared to the A2 shape
filter paper because the area of the Al shape filter paper is smaller than the A2 shape filter paper.

Comparison of the Flow Rate for Different Area of

Rectangular

w40 (A1) [ 3508
w40 (A2) I 2.748 W42 (A2)
2 war (A1) I 35.646 W42 (A1)
& wat(a2) I 2: 916 = wa1 (A2)
W42 (A1) 4.839 B W41 (A1)
W42 (A2) 2.446 B W40 (A2)
m W40 (A1)

0 5 10 15 20 25 30 35 40

Flow Rate, Q (microliter/minutes)

Fig. 9. Graph of Comparison of the Flow Rate for Different Area of Rectangular

Darcy's Law, in more detail, describes the equation that measures fluid flow through a porous
medium. Based on the Figure 10, it can be concluded that W41 has the lowest pressure difference,
followed by W40 and W42. Moreover, the pressure difference of the A2 shape filter paper is lower
than the pressure difference of the Al shape filter paper. This is because the area of the filter paper
for A2 is bigger than Al. For W40, W41, and W42 filter paper, the percentage difference for pressure
difference is 112.70 %, 99.61 %, and 109.28 %, respectively.
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Comparison of the Pressure Difference for Different Area of Rectangular
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Fig. 10. Graph of Comparison of the Pressure Difference for Different Area of Rectangular

Figure 11 displays the comparison of the capillary rise of working fluid in paper strips as a function
of time for various grades of filter paper. The bold colour of the line graph represents the
experimental data while the lighter colour of the line graph represents the L-W model. In this study,
the L-W model has a limitation in that it does not account for evaporation. Plus, the assumption of
fluid flow in the circular capillary is as original L-W. The experimental capillary rise results were
compared to the L-W model. The data of the experimental show almost similar results as the L-W
model data.

Comparison of Capillary Rise of Working Fluid in Paper Strips

3.0
2.5
T 20 —@— W40 (Exp)
i’. —@— W40 (L-W)
- 1.5
< —0— W41 (Exp)
]
T 10 —o— W41 (L-W)
0.5 —@— W42 (Exp)
W42 (L-W)
0.0
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Time, t (mins)

Fig. 11. Graph of the Comparison of Capillary Rise of Working Fluid in Paper Strips

From the comparison on experimental liquid wicking behavior and theoretical equation of L-W, a
similar graphs trend was obtained. The highest wicking process was experienced by filter paper grade
W40 and the lowest is from grade W42. Grade W42 demonstrated the slowest wicking due to its
specification of slowest flow with smallest capillary radius and the least thickness. On the other hand,
filter paper grade W41 has the fastest wicking due to its highest pore radius and categorized as fast
flow from the manufacturer. The differences of the experimental and L-W also contributed with other
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effect like evaporation of liquid to the surrounding environment. The evaporation model needs to be
embedded in the L-W equation as mentioned in the work of Patari and Mahapatra [22]. In addition,
Patari and Mahapatra [22] also recommended an improved capillary radius model in order to match
correctly the experimental data and L-W equation. The new capillary radius equation proposed is

_ 2ycos (0) (4)
pPYGLss
where; R is particle radius, y is liquid’s surface tension, ¢ is contact angle, p is liquid’s density, g is
gravitational acceleration, L is saturated capillary rise height.

4. Conclusions

In conclusion, this research successfully analysed the characterization of fluid flow through
Whatman filter paper under a free and confined environment. Based on the SEM observations, image
analysis and experiment, it can be concluded that filter paper with a higher porosity value would have
higher particle retention and result in better water absorption. In this study, Al shape takes less time
to wholly absorbed than the A2 shape. This is due to the size of A1, which is twice less the size of A2.
The percentage difference in wicking for the various areas is 112.73 % for W40, 99.53 % for W41, and
119.31% for W42 filter paper. Diamond-shaped filter paper resulted in faster wicking in the free
environment compared with the constraint environment. The percentage difference of the wicking
under these environments is 61.56 % and 141.09 % for W40 and W41 filter paper respectively. The
experiment conducted also confirmed that the wicking behaviour of the capillary height of the liquid
in filter paper is proportional to the square root of the time. For further analysis on the
characterization of fluids flow, improvement and suggestions can be implemented. A digital cutter
instead of cutting the filter paper manually by using a scissor or a pen knife. In addition, wide range
of filter paper to be studied and analysed and experiment to be conducted in a control environment,
Lastly, simulation using COMSOL Multiphysics software for wicking behaviour effect is suggested as
future study.
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