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ABSTRACT

Two particle filters were designed using a vortex trap concept with equally
spaced channels and tortuous airflow paths. A small wind tunnel was built to
evaluate the filters’ efficiency under various conditions. Emphasis is placed
on the effect of the following parameters, namely, tortuosity, 7' = 1.3 and
2.0, square conduit size of 0.4 mm and 0.7 mm, and incoming flow velocity
U =0.2 m/s and 0.4 m/s. Results show that a particle size on the order of
10 pm passing through a two-layer filter with T" = 2 and square-hole size of

0.7 mm width provide 98.5% efficiency.
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CHAPTER 1

INTRODUCTION

The control of airborne disease transmission of harmful human contaminants
and disease-carrying particles has become a global regulatory and humanitar-
ian effort in response to the emergence of COVID-19. Before the development
of the COVID-19 vaccine, the most common method to forestall the prolifera-
tion of the disease was through the usage of face masks, which quickly became
a mandate issued by governmental bodies in the early-stage response [1]. For
a period immediately after such mandates, shortages for face masks became
a legitimate issue in the worldwide demand for face masks [2]. Various styles
of face masks, from makeshift DIY masks to surgical masks, have found their
place in the public domain in disease prevention [3]. Over time, even after
face mask supply stabilized, much discussion has arisen over the efficacy of
various types of masks and which ones offer the most well-rounded protection
from extraneous particles. In addition, wearing masks for the long term could
cause negative symptoms, such as headache [4], lack of air [5] and physical
distress [6], which discouraged people from wearing masks. Inspired by this
phenomenon, an idea for a new mask design has emerged to address the eco-
nomical, efficacious, and availability concerns surrounding masks. A mask
with a high filter efficiency and low-pressure drop that can be fabricated by
people in their homes using 3D printers could certainly combat these issues
and is the topic of this report.

Particle dynamics due to coughing and speaking are studied to understand



airborne disease transmission and clinical investigation. Exhaled particles’
size, distribution, substances are investigated, and their related research,
such as aerosol particles’ surface tension and concentration, is analyzed by

several studies [7].



CHAPTER 2

FILTER DESIGN

Figure 2.1: Schematic of filter unit and single pathway. Tortuosity = a) 1.3,
b) 2.

Along the filter’s pathway are corners that are designed to induce vortices.
The vortices generated at the corners are intended to improve the filter’s
particle-trapping efficiency. The tortuous pattern that emerges from the
combination of long pathways and large corner density encourages the aerosol
particles to stick to the walls of the filter within the limited space.

Tortuosity is defined as the ratio between the shortest path between two
points and the actual route taken between the same two points. Given that

the cross-section of the filter’s pathway is square, the total length of a given
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Figure 2.2: Schematic of a filter formed by a collection of packed tortuous
conduits.

path is determined by measuring the length of the course along the centroid
of the square cross-section from one selected endpoint to another shown in
2.1(a) right single pathway yellow line. The shortest distance of the pathway
is determined by using the distance between the same two endpoints shown
in 2.1(a) right single pathway blue line. The width of the square, W, and
tortuosity, T, are variables of the filters.

2.1 illustrates two filters with varying values for tortuosity. The left filter
in 2.1(a), is an isolated unit composed of a three-layered pathway with T' =
1.3, while the right filter in 2.1(b) is a unit consisting of a two-layered path
with T = 2.

Filters with 7' = 1.3, W = 0.4 mm and filters with 7" = 2, W = 0.4 mm
and 0.7 mm were explored here. The wall thickness was all the same as 0.3

mm, which was subjected to 3D printer restriction. Two similar filters were



placed together for testing the filter efficiency in the experiment. 2.2 only

shows one filter.



CHAPTER 3

EXPERIMENTAL SETUP

3.1 3D printing

The filters were separated into relatively thin pieces to facilitate printing.
The T = 2 filter with 0.7 mm and 0.4 mm width were separated into 4 and 3
parts. A T = 1.3 filter with 0.4 mm width was separated into 4 parts. This
action was conducted to clean the supporting material in the torturous filter
pathway.

The filters” material is VisiJet®M3 Crystal (3D System Ltd) printed by
ProJet@®) MJP 3500 printer (3D System Ltd) with the technology being the
MultiJet Printing. The material is rigid and translucent acrylic that can pro-
duce great detail, watertight and smooth surfaces. The 3D printing service
used is Shapeway Corp. Due to the limitation of the material properties, the

filter wall thickness minimum is 0.3 mm.



3.2  Customized wind tunnel
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Figure 3.1: Basic schematic of the experimental setup.
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Figure 3.2: Plan view of wind tunnel and PIV system illustrating basic
dimensions.

An open-circuit suction-type wind tunnel was built to test the filters. An
aerosol generator was placed upwind of the inlet. The test section is 40
mm wide, 40 mm high, and 500 mm long, with a flow straightener at the
channel’s beginning to ensure uniform flow. The flow straightener was con-
structed with 3 mm diameter and 70 mm long straws. The walls of the wind

tunnel were made from 3/16 inch thick acrylic. A Sunon PMD1204 12V DC



brushless axial fan was set up at the end of the test section channel to pull
out the air. In the box, an ADG-SK508 ultrasonic spray nozzle was placed
connecting with liquid chlorophyll solution to create aerosol particles with
sizes ranging from 9 pum to 14 pm diameter, which referred to the geometric
mean diameter of aerosol particle size from coughing and speaking [8]. The
volume concentration of liquid chlorophyll solution was 2.43%. The reason
for using liquid chlorophyll rather than oil was that oil could not mimic the
aerosol particles due to its viscosity and oil being hard to clean in the fil-
ter. Instead of using water, liquid chlorophyll solution was chosen to increase
aerosol particle light reflectivity of reflecting a 532 pm wavelength laser. Dif-
ference concentrations were tested, the volume concentration of 2.43% was
chosen to ensure the quality of particle capture. A contraction section was
installed with a contraction area ratio of 25 to improve the flow uniformity.
An HT-9830 hotwire anemometer with an accuracy of 0.01 m/s was applied
to test wind speeds before the experiment.

The field of view, with dimensions 3.87 mm x 2.9 mm, was located at a
distance of 230 mm to the right from the channel’s beginning. Filters were
placed at positions A and B, with the field of view placed in between these
positions. Position A was placed 80 mm left of the field of view’s center,
while position B was 40 mm to the right of the field of view’s center. The
arrangement of these elements with the stated orientation is shown in the
schematic of 3.2. The positions A and B distances were decided where the
airflow rate was stable to ensure evenly distributed aerosol particles. A cover
on positions A and B was detachable to change filters and a the same size
cover with a hole in the center for anemometry employed when air flow rate

test was needed.



CHAPTER 4

IMAGE PROCESSING METHOD
a). b. c).
d) e) f)

Figure 4.1: Tmages of processing steps. a) raw, b) outlier removal, c) clean
background, d) mean filter, e) out of focus removal, and f) aerosol particle
finding.

Images obtained from the experiment were initially processed using ImageJ

and Python to address background noise and out-of-focus blur. The ”Remove
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Outliers” command in ImageJ was used to remove the particles from the
image - keeping only the image layer of the background noise seen in 4.1(b).
For the parameters of the ”Remove Outliers” command, a 15-pixel median
radius filter was used to calculate the median of the pixels and one standard
deviation from this raw image in 4.1(a) was set as the threshold. This isolated
background image was then subtracted from the raw image to obtain what
is shown in 4.1(c); this was accomplished using the ”Subtract” function in
ImageJ. Next, a mean filter of 10-pixel radius which is about 14 pm was
employed to remove the out-of-focus ring of particles. The radius of the
mean filter selected was dependent on an out-of-focus criterion, where particle
radii greater than 10 pixels were deemed too blurry and out-of-focus for
assessment. The selection of a lower-radius filter was not chosen, as smaller
and more in-focus particles would accidentally be removed during processing.
A mean filter of a 10-pixel radius fitted the bigger aerosol particle sizes. 4.1(d)
is the resulting image of the ring of particles obtained when the mean filter is
applied to 4.1(c). Image 4.1(e) is the result of subtracting this filtered image,
4.1(d), from the first-processed image of 4.1(c), and the final result from the
pre-processed method.

Lastly, the "regionprops” function of the Scikit-image module in Python
was utilized to identify the remaining and outstanding particles. Circularity,
defined as 4mA/P? (where A, the area of a particle, and P, the perimeter of
the particle, were obtained in regionprops), and eccentricity parameters were
established to discriminate the particles. Cases where two particles contacted
each other were not included in the final particle selection. 4.1(f) shows the
final, binary image returned from the regionprops function. The red, circular
outlines surrounding certain regions within the image indicate the positively

identified particles used in further assessment. The circular outlines were
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generated by a circle patch function in Matplotlib in Python after obtaining

the center location and diameter of the particles via regionprops.
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CHAPTER 5

RESULT AND DISCUSSION
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Figure 5.1: Filter efficiency with error bar.

Six cases were tested and analyzed in this test series, namely, "= 1.3, W
=04mm, U=02m/s —T =13, W=04mm,U=04m/s —T =20, W
=04mm, U=02m/s —T =20, W =04mm,U =04m/s —T = 2.0,
W=07mm, U=02m/s — T =2.0,W =0.7mm, U = 0.4 m/s. Here, U
is the incoming flow velocity. Two sets of images were taken to determine the
filter efficiency of the filters before and after the camera’s field of view. One
set of images were taken when the filter was positioned at Position B of 3.2

such that the aerosol particles had not passed through the filter. The second
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set of images were taken such that aforementioned filter placed in Position B
was removed and then re-positioned to the location designated by Position
A of 3.2. Fifty images per set were taken for a filter separately placed at
Position A and B. For each set of fifty images taken at the filter Positions
A and B, ten images were grouped and the particle numbers recorded by
each image were averaged. Five groups of averaged values were obtained for
both the set of images taken before and after the camera’s field of view. Five
averaged filter efficiencies were obtained by:

Ny — N,

(=5

)100%. (5.1)

Here N; represents the averaged particle number before aerosol particles
passed the filter, N, is the averaged particle number after aerosol particles
passed the filter. The error bars were taken using the resulting five average
filter efficiencies. The filtering efficiency and error bars were calculated man-
ually in Python. The filter with 7" = 2.0 and W mm has a broader error bar
presumably due to fan instability caused by this filter’s generation of larger
backpressure.

Overall, it is observed that filter efficiency is positively correlated with
tortuosity, where increasing tortuosity results in increased filter efficiency.
An explanation for this correlation may be the added likelihood of trapping
aerosol particles due to the tortuosity’s increased vortices generation. In
contrast, it is observed that filter efficiency is inversely correlated with wall
width and particle velocity. As the width of the filter decreases, the prob-
ability of particle-wall collisions increases leading to improved detainment
of particles within the filter. Lower particle velocity increases the particle’s

time within the pathway, increasing the collision probability. For particle
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sizes above 12 um, overall filter efficiency increased by as much as 5% for
velocity cases where U = 0.4 m/s. Additionally, tortuosity and width effects
are also magnified due to increasing particle size. Here, the filter used is ideal
for particles 14 um in size where the filter efficiency extends up to ~ 95%. For
larger particles (diameter greater than 12 pm) with velocity UY = 0.2 m/s,
the effect of width is larger than tortuosity. For smaller particles (diameter
less than 11 pm), filter efficiency may be improved by reducing the width of
the filter. However, this improvement is bounded by the 3D printer’s ability
to fabricate thin structures. The dramatic reduction in cost-efficiency and
increased time consumption associated with using micro-scale 3D printers

makes the prospect of this type of equipment impractical.
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CHAPTER 6

CONCLUSION

The motivation behind the study is to develop an economical, reusable, long-
lasting mask filter through the use of 3D printing technology. Prototype fil-
ters were produced by Shapeway, a 3D printing company. Due to additive
manufacturing’s ability to create complex geometries, a unique type of mask
filter characterized by tortuosity and width was analyzed under various par-
ticle velocity conditions to measure the resulting filter efficiency. Ultimately
what is observed is that larger tortuosity, lower incoming flow velocity, and
shortened filter width all benefited filter efficiency. In this experiment con-
ducted, two filters were stacked together to achieve a filter efficiency above
90%. With the improvement and scale-ability of retail and consumer-grade
3D printing technology, the possibility for the average consumer to produce a
mask such as the one discussed may become a reality soon. These masks also
benefit from an improved pressure drop and filter efficiency, most notably for

smaller aerosol particles.
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