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ABSTRACT

DESIGN AND MANUFACTURE OF AN INERTIAL CASCADE IMPACTOR
FOR INDUSTRIAL HYGIENE PURPOSES

Hector Joel Gortaire
Old Dominion University, 2019
Director: Dr. Shizhi Qian

Inertial cascade impactors are devices commonly used for industrial hygiene and
pharmaceutical studies. Their main purpose is to separate particulate matter suspended in
aerosols according to their sizes, which can vary from over 10 um to 0.5 um. Their versatility
and ease of operation make them suitable for on-site sampling; however, designing them requires

a careful consideration of the different geometric parameters that characterize them.

In this thesis, a 5-stage inertial cascade impactor was designed, modelled, constructed,
and tested. The main design parameter was the volumetric flow rate, 40 1/min, which was
provided by a vacuum pump. By continuous iterations, it was possible to determine the number

of nozzles, and their diameters at each stage, so that the calculated Reynolds number was as
. . . S T
close to 3,000 as possible. It was also critical to keep the ratios i land 1 < W < 5; where S

represents the distance between the end of the nozzle (also known as jet) to the collection plate in
each stage, T represents the nozzle throat length, and W represents the diameter of the circular

nozzle.

These stages (1 through 5) were designed so that their cutoff diameters were 10, 5, 2, 1,

and 0.5 pm, respectively. Due to the complexity of the air flow within the inertial cascade



impactor, the flow field of the designed cascade impactor was numerically simulated by a
turbulent kinetic epsilon 2D-flow model in a stationary study, using the commercial finite
element package COMSOL. The numerical results provided an insight on the behavior of the
aerosol as it flows through it. After the cascade impactor was constructed, it was tested taking a
24-hour and a 60-hour air samples. Its performance was further characterized by analyzing the
mass and size of the collected samples on each stage of the impactor. The numerical and
experimental results show satisfactory agreement with the predicted behavior of this cascade

impactor.
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NOMENCLATURE

PM Particulate matter

p Air density

u Air dynamic viscosity

v Air kinematic viscosity

1 Stream function

1’ Nondimensional stream function

5 Vorticity

Re Reynolds number

W Nozzle diameter

0 Volumetric flow rate

S Distance between the end of the nozzle to the collection plate in each stage
T Nozzle throat length

Q Total volumetric flow rate

pp Pparticle density

Stkso Stokes number at 50% efficiency in one stage

n Number of nozzles in a stage

vil



viii
/C Cunningham slip correction factor
D5, Equivalent aerodynamic radius of a unit density sphere
D,, Diameter of particle

Vo Air velocity within nozzle
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CHAPTER 1

INTRODUCTION

1.1 Behavior of particulate matter in the respiratory system.

The human respiratory apparatus has evolved throughout millions of years to function in dust-
laden environments. The atmosphere contains airborne organic and inorganic particulate matter,
which is continuously breathed in by all living creatures on earth. In order to adapt to this
inevitable living condition, lungs have developed several mechanisms to prevent damage to

tissue and protect humans from disease and death.

The main mission of these mechanisms of protection is to block and remove any particles that
may cause damage to the respiratory apparatus, before they reach important and delicate parts
and tissue. Among these mechanisms are the mucociliary escalator and the macrophage system
which remove dust particles. Additionally, dead and damaged lung cells can be quickly replaced,

which helps maintain a healthy and functional respiratory apparatus.

Despite these protective measures, overexposure to dust-laden environments could cause a
collapse on these natural protection mechanisms. This overexposure could be the result of high
concentration of organic or inorganic particulate matter in the air, or a prolonged exposure to
environments with low but constant concentration of these particles. Many factors are present in
the process of breathing in dust particles; for instance, the chemical composition of these
particles and their physical nature. Clayton and Clayton (1991), state that the dose of inorganic
particulate matter absorbed by the lungs is related to the biological response of the respiratory
apparatus. Another important factor is the level of exposure to respirable particles in the

occupational environment. A worker exposed to high concentration of airborne microscopic



debris has higher chances of breathing it in, if not equipped with the appropriate respiratory

personal protective equipment.

During the process of breathing, air and the particulate matter contained in it pass through each
of the main bronchi that lead to each lung. Clayton and Clayton (1991) state that these bronchi
branch out in approximately 116,300 smaller limbs and twigs, which provide an extremely high
probability of the particles contained in each breath to impinge on them before reaching further
into the 300 million alveoli contained in the lungs. Consequently, the particles that impinge on
the bronchi ramifications are removed by the mucociliary escalator mechanism which moves
them away towards the mouth where they are expelled by coughing or swallowed; however, it is
logical to accept that not all particles are expelled from the lungs, and some smaller particles

reach the innermost regions of the lungs.

Besides, Clayton and Clayton (1991) mention that the sizes of the particles that can be found
deposited in the lungs of a worker exposed to “dusty trades” have specific ranges:
Approximately half of them have a diameter smaller than 0.5 pm; the diameter of another large
amount of them ranges between 0.5 and 5 um. Besides, less than 0.2% have a diameter greater
than 5 um, and less than 0.002% have a diameter larger than 10 um. This distribution of particles
deposited in the lungs is the result of the physics of the airflow into them. As air is drawn into
the respiratory system, the particles suspended in it have the same velocity as the stream. When
the breathed-in air column reaches the nose cavity, and changes direction within it, inertia forces
the particles to keep their direction which causes them to hit the internal walls of the nasal cavity.

This process repeats continuously within the respiratory system branches.

The impingement of particles within the walls of the respiratory system is directly proportional

to the particle sizes and the air stream speed; and inversely proportional to the local radius of the



cross-section of the cavity through which the airstream flows. Another important factor that
contributes to the impingement of particles is gravity, which causes precipitation of these
particles on the surfaces of the respiratory system. The velocity with which particles settle down
in the respiratory system is called terminal settling velocity, and it is proportional to the particle
density, the square root of the particle diameter (assuming spherical shape), and gravity; it is

inversely proportional to the air viscosity.

Experiments show that particles of diameter greater than 10 pm are removed at the nose cavity
and higher airways; particles with a diameter range between 5 and 10 pm deposit on the upper
airways of the mucociliary escalator. Particles of diameter range between 1 and 2 um penetrate
the innermost parts of the lungs where the main factors that cause precipitation of these particles
are gravity and diffusion. Particles with diameter smaller than 0.5 pm and mainly smaller than

0.1 pm diffuse into the respiratory system surface.

The need to determine the contents and size distribution of particulate matter in an aerosol for air
sampling purposes, led to the development of several methods to accomplish this, and the design
of several devices. Cascade impactors are an example of these devices. They work under a

principle similar to the precipitation of particulate matter within the respiratory system surface.

The use of cascade impactors in air sampling helps determine the distribution of particulate
matter in aerosols, which can adversely affect the respiratory apparatus normal functioning and
lead to illness or death. This is important when studying air pollution; and besides, sound
industrial hygiene practices should eliminate or reduce to an acceptable minimum the health

risks associated with working in environments with high contents of particulate matter.



1.2 Particulate matter and health effects.

Particulate matter, suspended in air, forms aerosols. Aerosols are liquid droplets or solid
particles of fine enough particle size to remain dispersed in air for a prolonged period (Plog &
Quinlan, 2012). The main hazard of particulate matter in aerosols is that it can be inhaled and

lodge in the respiratory tract, where it precipitates and can produce toxic reactions.

Particulate matter (PM) can be soluble or insoluble. Soluble PM dissolves on the fluids that
cover the respiratory tract, which increases its chances to be absorbed by the body and produce
toxic reactions. Insoluble PM, on the other hand, can be expelled by the natural defense
mechanisms of the body, or deposit and remain in the lungs, where they may cause chronic lung
disease. Particles greater than 100 um do not get inhaled due to their size; however, particles in
the range 0.001 to 100 um do. As explained earlier, particles of size smaller than 2 ym
precipitate in the lungs and cause disease. Figure 1.1 (Plog & Quinlan, 2012) shows the size
range of different particulate matter. The range of particles collected for the purpose of the
inertial cascade impactor designed in this research is 10 to 0.5 pm. This figure shows that the
particulate matter that falls into this range are oil smokes, tobacco smokes, carbon black,

metallurgical dust and fume, insecticide dust, viruses and bacteria.

All these types of particulate matter are harmful to human health if a person is exposed to them,
in some cases for short periods of times and in other cases for long periods of time. The former
case is mainly related to work environments loaded with particulate matter, which could be the
case of manufacture plants, or laboratories that handle and study viruses and bacteria. Therefore,

it is necessary the use of devices that collect and analyze particulate matter.
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Figure 1.1. Size range of various particulate matter clouds. Source: Plog B. & Quinlan P. (2012).

Particulate matter can be classified in accordance to its composition, size, shape, and how it was
created. Table 1.1 (Plog & Quinlan, 2012) shows the general types of particulate matter that can

be found in work environments.



Type of Sub-Type Defining Characteristic Example/Sources
PM
Produced by mechanical action on larger pieces of the e Lead dust while
General material (e.g., grinding, cutting. tearing) scrapping paint
e Quartz dust when
jack hammering
Dust classified because of its shape as long thin tendrils e Asbestos
Fibers e  Ceramic fibers
Dust e Fiberglass
Biological (not Typically, organic dusts created by disturbance of plant e Wood dust
microorganisms) | or animal materials e Cotton dust
e Animal dander
Radiotoxicity is often more significant than chemical e Radon progeny
Radioactive toxicity e Radioactive waste
e  Uranium
Droplets of liquid. Always defined in the context of an e Droplets from
General aerosol. Created by mechanical action breaking liquid bubbling dip tanks
Mist into small particles. e Paint overspray
Fog Droplets of liquid caused by recondensation of vapor e Boiling acids in
chemical digestion
Formed by the evaporation and rapid condensation of e Welding
Fume All metal vapor into vary small particles. e  Arc or torch cutting
e Foundry work
e  Bacteria (and related
These include living and nonliving agents that may be organisms)
Biological | All allergenic, toxigenic, or infectious. e Viruses
agents e Fungal spores
e Diesel exhaust
Smokes are the products of incomplete combustion of e Coke -or coal-
organic materials. Created by vaporization of organic powered furnaces
Smokes All material with subsequent condensation. Sometimes used

interchangeably with “fumes”.

e  Human tissue during
laser surgery

e Secondhand
cigarette smoke

Table 1.1. General Types of Particulate Matter. Source: Plog B. & Quinlan P. (2012).

The myriad of health-related hazards associated exposure to aerosols in work environments, as

well as due to air pollution, lead to the need of finding a way to measure the concentration of

particulate matter contained within them. Table 1.2 shows a list of some of these health-related

effects.




Agent

Typical Industries/Occupations for
Exposure

Summary of Health Effects

Arsenic and Inorganic Compounds

Agriculture; wood treatment;
semiconductor wafer fabrication
(gallium arsenide); alloy
production; pesticide manufacture;
lead smelting

Inhalation of inorganic arsenic
compounds can cause chronic
poisoning with weakness, nausea,
respiratory tract symptoms, and
damage to the peripheral nervous
system; cancer

and maintenance; biological
research; social service industries;
grade school teaching

Asbestos Asbestos abatement; demolition; Inhalation increases the risk of lung
building maintenance; custodial cancer, mesothelioma (a cancer of
work; brake repair and replacement | the lining of the lungs and

peritoneum), asbestosis

Bacteria Office work; hospitals; sewer repair | Exposure to airborne bacteria may

cause indoor air quality problems,
humidifier fever, alveolar
inflammation or infection

Beryllium and compounds

Aerospace; nuclear industries;
electronics; mining and processing;
tool manufacturers; refractory
ceramic industries; chemical
research; sporting goods
manufacturing; machining

Chronic exposure to beryllium
metal, the oxides, and other
insoluble compounds may cause
chronic beryllium disease and
cancer. Very high exposure to
soluble compounds may cause
acute beryllium disease

Lead and compounds

Painting; demolition; lead
abatement; battery manufacture and
maintenance; welding and cutting;
brazing; building maintenance;
radiation users; machining

One of the most common industrial
illnesses is chronic lead poisoning,
which manages the peripheral and
central nervous systems, sometimes
irreversible

Manganese and compounds

Steel manufacturing; alloy making;
paint manufacture; chemical
research

Inhalation may cause severe
damage to the central nervous
system, sometimes mimicking
Parkinson’s disease

Table 1.2. Common particulate matter and their health effects. Source: Plog B. & Quinlan P. (2012).

There are several devices designed for determining the content of particulate matter in aerosols.

The focus of this research work is the design of an inertial cascade impactor, which is a common

device used to determine the distribution of particles in aerosols by their sizes. Chapter 2

discusses the theoretical basis of these devices.




CHAPTER 2

INERTIAL CASCADE IMPACTORS

2.1 Theoretical study of inertial cascade impactors.

Inertial cascade impactors are instruments that separate the particulate matter in aerosol samples
by using the inertia of its particles, which depends on a particle’s velocity and aerodynamic size.
These devices do not require the knowledge of a particle’s density or shape to determine its
aerodynamic size . Determining this parameter is important when conducting pharmaceutical and

air polluting studies.

Cascade impactors are made of several stages, ranging from 1 to up to 8 in some cases, which
can be placed either horizontally, or stacked. Each stage, on stacked cascade impactors, is made
up of two plates. One of the plates can contain up to 400 holes drilled in it. These holes can be
circular or rectangular, and act as nozzles or jets, through which an aerosol sample is pumped in
by an external vacuum pump. The size of these holes is gradually reduced on downstream stages
in order to produce higher airstream velocities, which in turn cause smaller particles to deposit

on downstream collection plates.

When an aerosol sample passes through an orifice, particles suspended on it move with the same
speed as the airstream. As air exits the orifice (also known as nozzle or jet) it is forced to change
its direction by 90°, but not all the particles that make up the aerosol can make this turn. Bigger
particles, which possess higher inertia, will impact on the collection plate while smaller particles
will continue flowing with the airstream. A particle’s aerodynamic size, velocity, and density
influence its impacting behavior, since a particle’s inertia itself depends on these factors. Figure

2.1 shows a schematic of this particle’s behavior for spherical-shaped particles of different sizes.



Figure 2.1. Particles impacting on collection plate after passing through nozzle

This process takes place on each nozzle, and eventually particles with higher inertia accumulate
on each collection plate; it repeats on each stage which produces particle accumulation on each
collection plate according to their sizes. It is important to mention that particles can impact on
their respective collection plates, bounce, and return to the airflow, which causes these particles
to accumulate on collection plates not meant for their sizes. One way to avoid bouncing is
coating the collection plate surface with an oily substance. Glycerin or silicone oil may be used

for this purpose.

Aerosol flow through a cascade impactor is highly complex due to the geometric features of this
device. The air carrying suspended particles is forced to flow through the internal cavities of the

cascade impactor; these cavities include the nozzles of each stage, as well as spaces around the
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collection plates. A simple way to describe aerosol flow through a cascade impactor is by
dividing it in a Poiseuille flow through each nozzle and then as a stagnation-point flow; however,
utilizing only these two types of flow to model the total flow, oversimplifies the real nature of
this flow; which could lead to extreme inaccuracies. For instance, this model would neglect the
interaction among all the nozzles flow once the aerosol sample exits each nozzle, as well as wall
loss and particle bouncing on the collection plates, which are very important factors when

designing cascade impactors.

Despite this complexity, the flow in a cascade impactor can be modeled as a two-dimensional
axisymmetric flow, which greatly simplifies its analysis; even so, numerical methods are
necessary to obtain reasonably accurate results. The next section deals with the theoretical model

used for analyzing cascade impactor flow.
2.2 Determination of flow field for round-jet cascade impactor.

Marple (1970) provided a numerical solution to the flow field in one nozzle, for both rectangular
and round nozzle shapes. The main idea of his approach was to use the conservation of mass and
conservation of momentum in cylindrical coordinates. The Navier-Stokes equations in both the r-
and z-direction were utilized, then the momentum equation in the r-direction was differentiated
with respect to z, and the z-direction momentum equation was differentiated with respect to r.
After this, the resulting equations were subtracted, which eliminated the pressure terms on each
equation. Marple (1970) suggested the use of definitions of stream function and vorticity to

further simplify the resulting equations, that would lead to obtain a system of two partial
differential equations expressed them in terms of nondimensional % A brief discussion of this

procedure, for the flow through one round nozzle in one stage, is shown.
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The Navier-Stokes equations in cylindrical coordinates were used in this research in order to

determine the fluid flow in a stage of the cascade impactor under consideration.

Here, the cylindrical coordinates are represented by (r, 8, z), and the velocity components are

represented by (u,, ug, U,).
The incompressible continuity equation is given by

10(ru,) 16(u9)+6(uz)_0 2.1
r or r a6 dz

The equation for the r-component of the incompressible Navier-Stokes Equation is given by

ot W or T e T Ty

<6ur ou, ugdu, uj aur>

__oe
= =5 tpgrtu

(2.2)

") T2 202 208 T .2

1 6( 0ur) u, 10%u, 20uy 0°%u,
r or

The equation for the 6-component of the incompressible Navier-Stokes Equation is given by

(6u9+ 6u9+u9 Jdug U, ug 6u9>
PUat "% ar T a0 T Y275,

10P

= 759 T PIs

10 / du u 1 0%u 2 du, 0°%u
#l ( 9) 0 6 r 6 (2.3)

rar\ar ) 2200z T2 g0 T o2

The equation for the z-component of the incompressible Navier-Stokes Equation is given by

(6uz du, Uug auz+ auz)
p r 90 " oz

oP 10 ( auz) 10%u, 0%u, (2.4)

=‘£+P92+“[m "or) T2 902 T o
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Assumptions

Diameter of entrance << hole length; therefore, assume fully developed flow (entrance

effects negligible)

Low Reynolds number; therefore, assume laminar flow

2-D axisymmetric flow

ouy _ dug _ Ouy

at at at 0

Steady State; therefore

Isothermal; therefore, density and viscosity are constant
No gravity effects in the radial and angular directions; therefore, g, = gg = 0

ug = 0: The angular component of velocity does not change with respect to the radius of
the circular cross-sectional area; therefore, there is no angular component that could

cause a change in the angular velocity component.

u duy _u_gaug Ul _u 6&_0 (2.5)
"or r 80 r % az

The velocity components in the z-direction and the r-direction do not depend on the angle
0 due to the axisymmetric flow of the cylindrical hole and stagnation point flow;

therefore, we can state that

du, Jdu, (2.6)
00 00

Applying these assumptions to Equation 2.1
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10(ru,)  10(ug)  9(u,) 2.7
T or trae "oz
la(rur) 4 d(uz) —0 (2.8)
r Oor 0z
but
19(ru,) 1( ou, N ) _ Oy, N 1 (2.9)
ror r\ or W) TR
Therefore
ou, 1 du, _0 (2.10)
or rr T ez T

Applying these assumptions to Equation 2.2

9t T T e T Ty

<6ur ou, ugou, ug aur>
p

oP 10/ ou\ wu, 10%u, 20uy 0%u,
__op 10 L 2.11
6r+pgr+#lr6r<r ar) 2t e o M
( ou, N aur) _ 0P N 10 ( aur> U 0%u, (2.12)
P\ ar T, )T "o TR\ ar ) T2 T a2

But
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10 ( aur) B 1[ 0 (aur) 6ur] 1 0%u, N ou,\ 0%u, N 10u, (2.13)
r or r or] r rar or orl r r or? or | ar2 r or
Therefore
( ou, N aur) _oP N 0%u, N 10u, wu, 0J%u, (2.14)
P\M oy T2, )T Tor "M\ T or 2T 822

Applying these assumptions to Equation 2.3

Jdug Jug Ugduyg U,lUg dug
'D(at Tt 9 T T 02)
B 16P+ N 1(’)( 6u9) u9+162u9+26ur+02u9
T roe PO TRy ar ) T2 T 2007 T2 00 T a2 | (219

__110P @10
~ proé
(’)_P —0 (2.17)
26

2

. .. . . 5} d
Recalling that from the continuity Equation we obtained % = 0 ; therefore azuzz = 0.

Applying these assumptions to Equation 2.4 we obtain

ot Wy Y98 T,

<6uz du, ugadu, auz)
p —

B 6P+ N 16(6u2)+162uz+62uz
= Tz P9 HITG\ or ) T2 802 T 522 (2.18)
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( ou, N 6uz) _ 0P N N 10 ( 6u2> N 0%u, (2.19)
P\ oy TH25,) T "oz T P9 R L  or ) T a2
but
10 ( auz) _1( 0%u, 0u,\ 0%*u, 10u, (2.20)
r or r or/) r r or? or | or?2 r or

( auz+ auz>_ 0P+ N 02u2+16uz+62uz (2.21)
P\ gy T2 9, ) = "oz TPIT R g T er T 922

In addition to Equations 2.10, 2.14, and 2.21, the definitions of stream function and vorticity can
be used to model the flow of aerosol through the nozzle and impinging on the collection plate.
The stream function in cylindrical coordinates for incompressible and axisymmetric flow is

defined as:

10y (2.22)
U, = ——
r 0z
10y (2.23)
U, = ———
r or

Cengel & Cimbala (2006) define vorticity in cylindrical coordinates as

dz or

_)_<16uz aug)a (aur 6u2>9 1[0(rug) ou, ], (2.24)
r o0 0z)°" Ty ar a0 |*
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But since the flow in through the jet is being modeled as an axisymmetric flow, it was already

ouy
stated that 0 =

Marple (1970) solved the system of equations 2.10, 2.14, 2.21, 2.22, 2.23, and 2.25 by

nondimensionalizing them using the following dimensionless terms:

ou,

a0

__ Oug _ 9(rug)

dz ar

= 0; therefore equation 2.24 becomes

or 0z

5= (6u2 aur> R

€9

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

Table 2.1 summarizes the equations that make up the system that is used to model the flow in

one stage of an inertial cascade impactor.
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Equation Number
Ju, 1 ou, 2.10
or Tt 0
ou, ou, oP 0*u, 10u, wu, 0J%u, 2.14
P(ura—”Za—) = ‘a—r“‘(arz T or T2t o
( ou, N auz) _ P N N 0%u, N 10u, N 0%u, 2.21
P\ oy 4279, )T Tz T PO TR\ g2 T ar T a2
109 222
U = ——
r 0z
L __L1ov 2.23
27 ror
> (0uz B 0ur) . 2.25
“\or 0z/)°%

Table 2.1. Governing equations for fluid flow in one stage

Dividing Equation 2.4 by p, and since v = %

+
0r?2 r or r% 0z2

ou, ou, 10P 0%u, 10u, wu, 0J%u, (2.31)
Up— + Uy —— = -
ar 0z p or

Differentiating Equation 2.31 with respect to z

d ( aur)+ d ( aur)
9z \"" or 9z \"Z 3

B 16(6P)
~ poz\or

+ i 92u, +i(laur)_i(£)+i 0%u, (2.32)
0z \ 0r? 0z \r or 0z \r2 0z \ 0z2




Solving term by term

d du, d (0u,\ O0u,du,
72 ) =g () *

or 9z T 626r+ or 0z

0z ar )~ Y oz\or
d ( aur) 0 (aur) N ou, 0u,
0z\"? 3z ) = Y52\ 0z 9z 0z 2 922

10 (ap) _109%P
or) pozor

a (0°u,\  d’u,

dz\ orz | 9zor?
d (1 aur> 10 <0ur> N ou, 0 (1) _10%u,

0z roz\or/) " or 0z\r) razor

poz

r or

— — u —
r2 r2 0z "0z \r?

_ 1 0u,
T r2 9z

0 (0%u,\ 0%u,
0z\ 9z2 )] 9z3

Substituting in Equation 2.31

0%u, Ou, ou, 0%u, Ou, ou,
Urazar T ar oz %22 T oz oz

0 u 01 1 0u, d 1\ 10u,
28 o) -3 ) - %

_;626r+v

1 0%P 03u, N 10%u, 1 ou,
0z0r?2 rdzor 712 0z
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(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)



Dividing Equation 2.21 by p, and since v = %

Differentiating Equation 2.41 with respect to r

d ( 6u2)+ 0 ( auz)

ar\"“" ar ) T or \"2 g,
0 (1 ap) N ag,
~ dr\poz or

N 0 [(0%u, N 0 (16uz)
v or \ or? or \r or

Solving term by term

N 0 [(0%u,
or \ 0z2

du, du,

0 ( E)uz> _ 0 ((’)uz) N ou, ou, 0%u, N
r - ar ar  'T orz

Jdr Or

du, du,

Cor EE p or 9z
99.
or =0

0 (9%u,\ 0°u,
or\ ar2 )  or3

or\r or/) ror\or +6r§;

0 ou, 0 (0u,\ Ou,ou, 0%u,
o (w5) = e () +

0 (1 (’)P) 10 <6P) 1 a%p

d (1 auz) 10 <6uz) ou, 0 (1) _10%u, 1 0u,
T r or?

oz or 6r62+ dz oOr

B /_) droz

r2 or

19

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)
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0 (0%u,\  0°u, (2.50)
or\ 0z2 |  oroz2
Substituting in Equation 2.41
0%u, ou,ou, 0%u, Ou,ou,

U5z + or or t U 6r62+ dz Or

10%P o%u, 10%u, 10u, d3u,
= (2.51)

=—= +v += -—=
p 0roz or® r or? r? dr 0roz?

Comparing Equations 2.41 and 2.51, we can notice that the pressure term is made up of mixed

partial derivatives; if P represents a continuous function, we can use Clairaut’s Theorem, and

state that

1 02%pP 1 d%p (2.52)
pdzor  pordz

Now, subtracting Equation 2.16 from Equation 2.14

0%u, Ou, ou, 0%u, Ou, ou, 0%u, O0u,ou, 0%u, Ou,ou,
Uy + + U, + — Uy - — U, -
dzor  Or 0z 0z*> 0z 0z ar?  oOr or drdz 0z Or

10%P 10°%P (63ur 10%u, 1 ou, 63ur>
'V —

B ; d0zor * ;araz 0z0r2 ' rozor 1?2 9z = 0z3

(2.53)

_ 63uz+162u2_l6uz 3u,
or3 r ar? r? dr = 9Ordz?

This action will cancel out the pressure terms:
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0%u, 0°%u, N 0%u, 0%u, +(6ur 6u2)<6ur+6uz>
WYr\ozor ~ orz Yz\322 " oroz dz or/\or o0z

<63ur 10%u, 10u, 0%, 0d%u, 10%u,
=v

0z0r? + rdzor 1?0z 0z3 ar3 1 or?

N 10u, 03u,
r2 or 0roz? (2.54)
From Equation 2.42 (the continuity equation)
du, 1 du,
ar Trtr T T 0 =
ouy w1 (2.55)
9z  or r T
Substituting Equation 2.55 in Equation 2.54
0%u, 0°%u, 0%u, 0%u,\ 1 [0u, Ou,
U, — +u, - | ——-u, ( - )
d0zor  0r? 0z* o0rdz) r dz  Or
(0w, 10%*u, 10w, 0%u, 0d%u, 10%u, 1 du,
~V\ozorz T rozor 129z T 0z  or® r ar: 12 or
o, 2.56
0roz? (2:56)
0%u, 0%*u, 10u, 10u, 0%u, 0%u,
u, —~ —==L 4= +u, (= —
dzor 0r? r dz r Or 0z® O0rdz
_ 3u, 1 0%u, B 0%u, i(auz B aur) o3u,
~ |azor? " r\dzor or? r2\dr 0z 0z3
o3u, 0d3u,
or3  0rdz? (2.57)

Using the definition of stream function in Equation 2.57
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L Loy (2.58)
" r oz

L _loy (2.59)
25y or

Expressing vorticity in terms of the stream function as defined by Marple (1970).

Z_ ou, B ou, (2.60)

o oor 0z
" = 10_1/) (2.61)

" roz

10y (2.62)

U, = ———

r Or
_Ou, Ou, 0 (1 61,[}) d (1 61/1) (2.63)

~ or dz  or\ror dz \r 0z

After applying these relations to Equations 2.55 and 2.57, some algebraic manipulations, and
nondimensionalizing, it is possible to obtain the equations applicable to one stage nozzle in an

inertial cascade impactor Marple (1970).

0 Qa_l,l) d 90_1,0
S B YRR R TR I RO

or 9z  Re

w 0 (1 61,[}) d (1 61/)) (2.65)
T r= or \r or 0z \r 0z
Equations 2.64 and 2.65 can be solved by using the right boundary conditions. Figure 2.2 shows

a basic schematic of the flow through a round nozzle. The stream function on Walls 1, 2, and 3 is
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constant. Marple (1970) decided to give them the value of zero; besides, he determined that these
values are maximum for the centerline of the round nozzles, as well as on Wall 4. On the other

hand, along all walls the velocity components are zero.

s e\ V& -
e N I Y et
.‘\\\\.. "'. |II II. ,'l [ ,r'J// F,
) II\. \'| II| | I |I ff
wall 2\ \\| |1 |*’/
| '
Wall 1
Wall 3
.J(._/I_Jl |
oy
—//] -
B = e =
-~ - / . -
= A b
= 2 A -
= = 4 T
- s /". N e
// /__/ ! s ~
2 o )I.f ’/ .\&- — s
Wall 4 o ~

-
7 f 7
o

7 .
Figure 2.2. Boundary Conditions of the flow through a round nozzle

Marple (1970) solved the system of equations made up by equations 2.64 and 2.65, along with
these boundary conditions using a finite difference numerical method. The objective of this
thesis was not to solve this system again, but to use COMSOL to model the fluid flow within the
inertial cascade impactor, which due to its obvious complexity would not be easily solved using

a mathematical or numerical approach.
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2.3 Flow simulation using COMSOL.

Before developing the flow simulation in COMSOL, it is necessary to perform initial calculation
of the parameters to be used. It is important to mention that laminar flow was assumed in
modeling the flow through the nozzles.
The flow rate of the pump used in this simulation has can provide an air flow rate of 1.5CFM;

3
transforming this value to mT The geometric data was taken from the dimensions shown in the

blueprints shown later. All calculations will express the results in the MKS system.

Inlet
._15ft3 1min  1m3 _ 708 10_4m3
Q=1L min’ 60s (3.281 ft)3 s
Ay = D2 —”(1250 p 22tcm _1m )2 —7.92-10* m?
intet = 72 = g\ N T 100em) m
m3
Q = AiietViniet = Vinter = Airlot = 7.92-10-% m?2 = 0.894 ?
Outlet
2 _”Dz_"(0375- 254cm 1m )2_71 10-5 m?
outlet = 2 = g\ U2 T T 100em) T m
3
. 0  7.08-107* - m
Q = AoutietVouttet = Vouttet = Ay iitot = 71-10-5 m?2 =9.972 ;

In order to obtain the most accurate results when running COMSOL, it was necessary to use a

kinetic-epsilon turbulent model approach when solving for the velocity field, since at first, a
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laminar approach did not produce any convergent solution. Besides, a stationary study was used,

since the steady state is what matters most for our purposes.

Figure 2.3 shows the 2D representation of the cavity within the cascade impactor, which is

always filled with air.

Figures 2.4 — 2.8 show a detail of the mesh generated by COMSOL at each stage of the cascade
impactor. It is important to mention that initially a coarser mesh was utilized to perform the
simulation; however, COMSOL was having issues meshing he region around boundary layers, so

a finer mesh was utilized to solve this inconvenient.
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Figure 2.3. Internal volume of cascade impactor



Figure 2.4. Stage 1 Mesh generated by COMSOL.
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Figure 2.5. Stage 2 Mesh generated by COMSOL.
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Figure 2.6. Stage 3 Mesh generated by COMSOL.

Figure 2.7. Stage 4 Mesh generated by COMSOL.
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Figure 2.8. Stage 5 Mesh generated by COMSOL.
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After performing the computation, COMSOL yielded a velocity field plot, shown in Figure 2.9.
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Figure 2.9. Velocity Field generated by COMSOL.
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An important observation from Figure 2.9 is that velocity values away from the collection plate-
air interface are lower; the same applies to the regions away from the nozzles. This means that
the cascade impactor design can be improved by reducing the height of each stage, which

reduces the material needed, therefore making it cheaper to manufacture.

Additionally, Figure 2.9 shows the importance of radii on the inside geometry of the cascade

impactor. Nonrounded edges produce sharp changes in the air flow, which are not desirable.

Figure 2.10 shows the pressure field for the cascade impactor cavity. It is observed that pressure

decreases from 101.325 kPa (atmospheric), to about 97.0 kPa at the suction port, which is

expected.
Contour: p2 (Pa)
T T T T T T T T
x10°
12 1.01
11F ~ 1.01
1.01
10F T 1.01
L 5 - 1
9 >4 \ 1
gk L 1 H1
L] l_‘ 1
i P 1 Ho.99
61 | ~ 0.99
Z[- 0.99
5r T 1 0.99
4 » e i i 0‘99
I i 0.98
3}k (—“—":—l ] 0.98
1 ( 0.98
2r i 7 0.98
1k ] =098
0.97
OF 1 0.97
1 1 1 1 1 1 1 1
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Figure 2.10. Pressure Contour generated by COMSOL.
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CHAPTER 3

5-STAGE INERTIAL CASCADE IMPACTOR DESIGN

3.1 Inertial cascade impactor design and manufacture.

Cascade impactors are sophisticated and yet simple devices. They are made of several stages for
which the main purpose is separating aerosol particles by their aerodynamic sizes. This is
accomplished by producing a vacuum in the cascade impactor body, so that an aerosol sample is
forced to flow into it. As this aerosol sample flows into each of the stages of the cascade
impactor, it carries suspended particles within it, but when these particles pass through each
nozzle, they separate from the aerosol flow and impact the collection plates of each stage,

depending on their aerodynamic size.

Inertia is the driving factor that causes this separation; the bigger the particle, the bigger its
inertia. Each stage of a cascade impactor is designed to separate particles by their inertia, bigger
particles have greater inertia, and therefore will separate from the aerosol flow and impact the
collection plate. As the aerosol continues to flow within the stages of the impactor, smaller
nozzle diameters will separate smaller particles, and this process repeats until the aerosol reaches

its lowest stage, and finally leaves the cascade impactor.

Once the aerosol has been circulated through the cascade impactor, the collection plates are

removed from the cascade impactor and sent to a laboratory for analysis of their samples.

The complex flow of an aerosol sample through a cascade impactor contrasts with its relative
ease of fabrication and assembling. Each stage can be manufactured in a common machine shop;
however, drilling the holes that become the nozzles of each stage can be challenging depending

on the smallest size of particles desired to be separated from the flow. The smaller the
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aerodynamic diameter of the particles, the smaller the nozzle diameter must be. This dependency
could lead a designer to come up with nozzle diameters that are extremely difficult to drill, since
there might not be such small drill bits available at a common machine shop. Alternate
manufacturing procedures should be utilized in cases like this. This limitation was an important
factor considered during the design process of the cascade impactor for this thesis; several
iterations were performed, which allowed the diameters of the nozzles to increase, and to
decrease the number of nozzles in each stage. After each iteration, the Reynolds numbers in each
stage were recalculated to ensure that this parameter was within the recommended design
interval (500 < Re < 3000). All other features of each stage and the total assembly were

manufactured using a lathe, CNC mill, and drill benches.

Additionally, assembling a traditional designed cascade impactor is just a matter of stacking the
different stages one over the other, and holding them together using any mechanical means; a set

of three springs and three hooks were used for this purpose.

An important consideration when designing cascade impactors is the efficiency of each stage,
which can be defined as the percentage of particles collected on each collection plate as a

function of their size, according to Marple & Willeke (1967).

Several factors influence the efficiency of a cascade impactor stage. Newton, Raabe & Mokler

(1976) mention that the best results are obtained when the following design criteria are met:

S 3.1
1 <W<5

T (3.2)
1 <W< 5

500 < Re < 3000 (3.3)
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where

S =is the distance between the end of the nozzle (also known as jet) to the collection plate in

each stage
T = is the nozzle throat length
W = is the diameter of the circular nozzle

An important goal when designing a cascade impactor stage, is to ensure that a 50% efficiency is
achieved, at least. This means that 50% of the total particles suspended in the aerosol will be
collected on the surface of the collection late, while the other 50% will continue moving down

the cascade impactor to the next lower stage.

An important decision taken for designing a cascade impactor in this thesis, was to utilize ” and

- ratios that yielded practical and easy dimensions for manufacturing purposes. The initial

values for these ratios were chosen to be

(3.4)

Sike
I

T (3.5)
1<—<5
<SS

which were the optimum values suggested by Marple (1970), and by Newton, Raabe & Mokler

(1976).

Manufacturing nozzles of significantly small diameters requires the use of highly precise
machinery, which becomes a costly and difficult task to accomplish; with this limitation in mind,

the effective cutoff aerodynamic resistance diameters were selected in such a way that the
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nozzles of each stage had diameters that could easily be fabricated using drill bits which are

common in any machine shop.

Another important step in the design process is to determine the number of nozzles necessary to
ensure that the desired Reynolds number is maintained in a stage. Marple & Willeke (1967)
analyzed this design consideration and came up with a plot that can be used for initial design of a

cascade impactor. They came up with Equation 3.6

3
2

N[ =

Re
(7) nﬂ\/ED50

0= 5iiey)
12 \Stks, (3.6)

where

Q = total volumetric flow rate

pp = particle density

Stkso = Stokes number at 50% efficiency in one stage

Re = Reynolds Number

p =air density

u = air dynamic viscosity

n = number of nozzles in a stage

v/C =Cunningham slip correction factor

D5, =equivalent aerodynamic radius of a unit density sphere

Marple & Willeke (1967) used Equation 3.6 with the assumption that the density of the particle

sampled was p,, = 1—; therefore, it was possible to conclude that D,, = Ve D,,. Besides,

9
cm3
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standard air conditions were also assumed: p = 1.205- 1073 C“‘# and u = 1.81-

107*P (1 P=1 C:l;s) . This consideration led them to the development of a chart shown in

Figure 3.1.
w0
—_ 13
3 10
o
2
o
s
& 102
z
hd
™
]
k3
w!
W= Jet Diometer
Re = Reynolda Number
C = Cunningham Slip Correction
Dyg* Particls Asrodynomic Dia,
o 30% Cut Point
10° |- 10°

! ! | 5 10 50 100 500 1000

Number of Round Jets Per Stage, n

Figure 3.1. Design chart for round impactors. (Dso = aerodynamic diameter, at 50% cut point). Marple & Willeke (1967)

During the design process of each stage, it is important to ensure that the Reynolds number is
always within optimal design limits. Since normally each stage requires more than one nozzle to
be present, a relationship between Reynolds number and number of nozzles is required. Marple
& Willeke (1967) recommend Equation 3.7 to be used for this purpose:

_pVoW (3.7)
u

Re

where the velocity in each nozzle can be expressed as

_40Q (3.8)
O w2

Substituting Equation 3.8 into Equation 3.7 yields Equation 3.9
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o= 2P0 (3.9)
mnuW

In this thesis, the optimal design parameters recommended by Marple & Willeke (1967) were

approximated, namely Re = 3000, since this value of Reynolds number produces the desired
50% efficiency in the Efficiency vs VStk plot which is the value that our cascade impactor is
aiming to. Figure 3.2 shows this relationship. Besides, the ratios % =10and1 < % < 5 were
used, and the total volumetric flow into the cascade impactor was provided by a vacuum pump

3
(40,000 %) A high-flow rate pump was chosen in

l
min

with a capacity of approximately 40
the design of this cascade impactor, to reduce the collection time.
These parameters were used to obtain initial values of nozzle diameters and number of nozzles

for each of the five stages in this cascade impactor. It was decided beforehand that the desired

particle cutoff diameter for each stage, Dy, was equal to Ds, because it was assumed that the

particle density equals one. Equation 3.10 states this assumption

V€D, = VCDs, (3.10)

10 | | p — T mpm—

-

77T o Ra(S/ W)

Re (S/W=1/2)

EFFICIENCY, E

=====Roctangular _|

Figure 3.2. Theoretical impactor efficiency curves for rectangular and round impactors, both at % = 1. Marple &

Willeke (1967)
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3.2 Stage 1 design.

The desired cutoff diameter for stage one is D, = 10um. Figure 3.3 shows the selection of W

and number of nozzles for stage one, applicable to v/C D, = 10um, and Re = 3000. From this

figure, n = 2, and W = 1.13 cm

1o*

Total Flaw Rate, Q, (LPM)

W= et Ciomainr
fim = Reynolds Nambar
C » Cunningham Slip Correction [~
Dyg» Porticla Asrcdpnomic Dia L

mi 50% Cul Poist

i
]
‘i

1
SO0 1000

floid

Number of Round Jets Per Stoge n

Figure 3.3. Selection of Number and Diameter of Nozzles for Stage 1 (Cutoff Diameter 10 pm)

(Marple & Willeke (1967)

The nozzle diameter chosen should be approximated to the closest standard drill bit found in a

common machine shop, for ease of fabrication.

1 inch

W =1.13 Cm.m = 0.4448 inch

el 7, 29 ,
The closest drill bit sizes are in and i

Zin=04375in222" — 1111 cm
16 1lin
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234CM _ 1151 ¢cm .

2 in = 04531 in
64

Now we will calculate the Reynolds number using these values, and Equation 3.9, to verify that

the Reynolds number criteria still hold:

3
-3_9
400 4(1205-1073 I )(40 000 mm) s
W n(2) (1811074 Sfrgfn) (1.111 cm)
3.9 m?
40 _ 4(1.205-1072 L )(40 000 W) s
W 12) (1.81 107+ I 163;") (1.151 cm)

It is observed that both nozzle diameters yield a Reynolds number that complies with the design
requirement 500 < Re < 3000. A drill bit diameter %6 in could be chosen for stage one, since

this diameter yields the Reynolds number value closest to 3000. However, after performing some
iterations, it can be determined that three nozzles with W = 0.2559 in (0.65 cm) yield Re =

2898. This value is even closer to 3000.

-3 9 cm

400 4(1.205- 10735 )(40 000 —mm) .

nnuW 1049 60s :
n(3) (18110~ ——2"2.) (0.65 cm)

The closest drill sizes are Size E = 0.250 in (0.635 ¢m) and Size F = 0.257 in (0.65278 cm).

Once again, it is necessary to verify that the Reynolds number design criteria hold for these new

choices of W:

-3_9 >
o A0 4(1205-1073 25 )(40 000 W) e
mnuW 4+ 9 60s '
n(3) (1.81- 10~ —Z—2"2) (0.635 cm)
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3
.10-3-9_ am-
o A0 4(1.205- 1073 45 (40,000 min) .
T omnuW 1n-4_ 9 60s N '
7(3) (1.81 10+ —J - min) (0.65278 cm)

Clearly, a drill bit size E provides the closest approximation to Re = 3000, so this was the
choice. By performing these iterations, it was possible obtain a better distribution of the nozzles,
since at first only two nozzles were estimated for stage one, with bigger diameters than after the

final iteration. However, it was possible to refine this result after iterating a few more times.

Since it was decided to choose v 1 as a design parameter, s = 0.635 cm. Besides utilizing the

design criteria% =2,thenT = 1.27 cm.

The average velocity within any nozzle in stage 1 is calculated using Equation 3.8

cm?® 1 min
L4 _ 4(40'000 min' 605 )_ r0n ™ gy ™
T mnw?2 T w(3)(0.635cm)? s s
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3.3 Stage 2 design.

Figure 3.4 shows the selection of W and number of nozzles for stage two, applicable to vC D, =

5 um, and Re = 3000. From this figure, initial values n = 3, and W = 0.565 cm were chosen.

Totol Flow Rate,Q, (LPM)

W dol Dromaeter

Re = Raynolds Mamber

= Cunninghom Siip Corrsction

g * Particle Asrodpnamic Dio
ol 30% Cul Poinl

100

T " 1
| 50 100 500 000

Number of Round Jets Per Stage, n

Figure 3.4. Selection of Number and Diameter of Nozzles for Stage 2 (Cutoff Diameter 5 pum)

(Marple & Willeke (1967)

The nozzle diameter chosen should be approximated to the closest standard drill bit found in a

common machine shop, for ease of fabrication.

W = 0565 cm. " _ 0992 inch
= U. Cm.2.54cm— . mnc

The closest drill bit sizes are Size 2 (0.221 in) and Size 1 (0.228 in).

2.54 cm
1in

Size 2 =0.221in- = 0.5613 cm .

2.54 cm

Size1 =0.228in - =0.5791 cm .

1in
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Now we will calculate the Reynolds number using these values, and Equation 3.9, to verify that

the Reynolds number criteria still hold for either drill bit diameter:

1.205-107 (40 000 —)
4
. pQ cm3 min — 3355

W 7(3) (1 8110+ —Z 81631;1) (0.5613 cm)

1.205-10" (40 000 —)
4
o= pQ _ cm3 min _ 3257

W 1(3) (1.81 107+ 162”.5”) (0.5791 cm)

A drill bit diameter Size 1 (0.228 in) could be chosen for stage one, since this produces the
Reynolds number value closest to 3000. However, it is possible to obtain a better approximation
by performing iterations. For this purpose, both number of nozzles and their diameter were
varied so that a close approximation to Re = 3000 was obtained. Finally, it was determined that
5 nozzles with diameter 0.157 in (0.4 cm) yielded Re = 2825. A drill bit size 22 (0.157 in) is the

best choice for stage two.

Since we decided to choose W= 1 as a design parameter, s = 0.4 cm. Besides utilizing the

design criteria% =3,thenT = 1.2 cm.

The average velocity within any nozzle in stage 2 is calculated using equation 3.8

cm3® 1min
. —4(40000 min’ 605) =1061 L =1061 2
O mnw? ~ m(5)(0.4 cm)? s s




3.4 Stage 3 design.

Figure 3.5 shows the selection of W and number of nozzles for stage three, applicable to
\/ED,, = 2 um, and Re = 3000. From this figure, the initial values n = 8, and W = 0.226 cm

are obtained.

104
— 1n?
E 0
o
-
o
oot
& 10?
x
2
i 40
3
Foal
1o
We dot Diomaeter
Ra = Ragnolds Numpbar
€ = Cunntngham Shig Corraction
Dap* Particle Asrodynomic Dia
al 50% Cul Poind
02 10?

| | [ 5 10 50 100 500 1000

Number of Round Jets Per Stage, n

Figure 3.5. Selection of Number and Diameter of Nozzles for Stage 3 (Cutoff Diameter 2 pm)

(Marple & Willeke (1967)

The nozzle diameter chosen should be approximated to the closest standard drill bit found in a

common machine shop, for ease of fabrication.

W =0.226 L nch = 0.089 inch
= 0. cm.oer —=0. inc

The closest drill bit sizes are Size 43 (0.089 in) and Size 44 (0.086 in)

2.54 cm

Size 43 = 0.089 in T 0.226 cm .

41
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254cm

Size 44 = 0.086 in =0.2184 cm .

Now we will calculate the Reynolds number using these values, and Equation 3.9, to verify that

the Reynolds number criteria still hold:

1.205-10" (40 000 —)
4
o= pQ cm3 min — 3125

W 7(8) (1 8110+ —Z Sfrgfn) (0.226 cm)

3 g cm
400 _ 4(1.205-1072 L, )(40 000 —mm) .
W ng) (1811074 2205 (0.2184 cm)

A drill bit diameter Size 43 (0.089 in) could be chosen for stage one, since this produces the
Reynolds number value closest to 3000. A better approximation was obtained by performing
iterations. For this purpose, both number of nozzles and their diameter were varied so that a close
approximation to Re = 3000 was obtained. Finally, it was determined that 8 nozzles with
diameter 0.0984 in (0.25 cm) yielded Re = 2825. A drill bit size 40 (0.098 in) is the best choice

for stage three.

Since we decided to choose% = 1 as a design parameter, s = 0.25 cm. And since % =4->T=

1.0 cm.

The average velocity within any nozzle in stage 3 is calculated using Equation 3.8

cm3® 1min

4140,000 —.

4 ( > cm m
Q@ _ min’ 605 J _ 1697 T = 1697 =

ThW? m(8)(0.25 cm)? s s

VOZ
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3.5 Stage 4 design.

Figure 3.6 shows the selection of W and number of nozzles for stage four, applicable to vC D, =

1 um, and Re = 3000. From this figure, the initial values n = 16, and W = 0.113 cm were

chosen.

Totol Flow Rote, @, (LPM]

W= Jar Diomater

Tie * Raynolds Number

C » Cunningham Slip Correctian

Dy~ Particls Asrodynamic Dia
at 50% Cut Polny

1a° e - !
i i | 5 10 50 100 500 600

Number of Round Jets Par Stage, n

Figure 3.6. Selection of Number and Diameter of Nozzles for Stage 4 (Cutoff Diameter 1 um)

(Marple & Willeke (1967)

The nozzle diameter chosen should be approximated to the closest standard drill bit found in a

common machine shop, for ease of fabrication.

W =0.113 L nch = 0.0445 inch
=0. cm.oe —=0. inc

The closest drill bit sizes are Size 57 (0.043 in) and Size 56 (0.0465 in)

2.54 cm

Size 57 = 0.043 in T 0.1092 cm .

2.54cm

Size 56 = 0.0465 in - T 0.1181 cm .
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Now we will calculate the Reynolds number using these values, and Equation 3.9, to verify that

the Reynolds number criteria still hold:

+(1205- 10 10) :

1.205 - 10" (40 000 —)

4

o = 2P0 cm? O —3234

W 7(16) (1 81-10- 467;19 Sfrgfn) (0.1092 cm)

-3_9 cm-
490 4(1205-1073 5 )(40 000 mm)

e= = = 2991

W 1 (16) (181102 fglisn) (0.1181 cm)

A drill bit Size 56 could be chosen for stage one, since this produces the Reynolds number value
closest to 3000. Even though this is a good approximation, the nozzle diameter is so small, it is
more convenient to perform iterations that yield a bigger diameter to facilitate manufacturing.
After performing a few iterations, it was found that 10 nozzles with diameter 0.2 cm (0.07874 in)
was an optimal selection. Even though the number of nozzles decreased, the resultant Reynolds
number was 2825, which is still reasonably close to 3000. A drill bit number 47 (0.0781 in) is a

good choice for stage four, yielding a Reynolds number of 2854, which is very close to 2825.

L . S . T
Since it was decided to choose v = 1 as a design parameter, s = 0.2 cm. and - = 5-T=

1.0 cm.
The average velocity within any nozzle in stage 4 is calculated using Equation 3.8

cm® 1 mln)

V= —2__ 4(40 20 min- 7605 ) _ = 2157 @— 2157 2
7 Tnw?2 7(10)(0.2 cm)? S
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3.6 Stage 5 design.

Figure 3.7 shows the selection of W and number of nozzles for stage five, applicable to vC D, =

0.5 um, and Re = 3000. From this figure, the initial values n = 36, and W = 0.0565 cm were

obtained.

Totol Flow Rate, @, ILPM)

W Jel Diomater

e = Reynoids Number

& = Cunningham Slip Comrection

Dgg= Particls Asrcdpamic Dia
al 50% Cul Pont

o 1
50 100 500 1000

10

Number of Round Jets Per Stags, n

Figure 3.7. Selection of Number and Diameter of Nozzles for Stage 5 (Cutoff Diameter 0.5 pm)

(Marple & Willeke (1967)

The nozzle diameter chosen should be approximated to the closest standard drill bit found in a

common machine shop, for ease of fabrication.

1inch )
W = 0.0565 cm.——— = 0.022 inch
2.54 cm

The closest drill bit sizes are Size 75 (0.021 in) and Size 74 (0.0225 in).

2.54 cm

Size 75 = 0.021 in - T 0.0533 cm .

2.54 cm

Size 74 = 0.0225 in - T 0.05715cm .
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Now we will calculate the Reynolds number using these values, and Equation 3.9, to verify that
the Reynolds number criteria still hold:

3
-3 g
4pQ (1 205-10" ) (40 000 —)

min
== g —— = 2045
W 1(36) (1 81-10-+ 9 slmm) (0.0533 cm)
4( =7 :
1.205- 10" (40 000 —)
4
Re — pQ cm3 min _ 9747

mnuW n(36) (1.81- 10+ 2 60 s

—J_J min) (0.05715 cm)

A drill bit Size 75 could finally be chosen for stage one, since this produces the Reynolds
number value closest to 3000. However, even though the previous results are obtained from
direct use of the criteria recommended by Marple & Willeke (1967), manufacturing such small
diameter nozzles is challenging. Therefore, more iterations were performed, resulting in only 13
nozzles, which have a diameter of W = 0.15 ¢m (0.059 in), resulting in Re = 2898. A drill bit

size 53 (0.0595 in) is a good choice for stage 5.

. . ) s ) T
Since it was decided to choose W 1 as a design parameter, s = 0.15 c¢m, and v 5; therefore

T =0.75 cm.

The average velocity within any nozzle in stage 5 is calculated using Equation 3.8

cm® 1min
4 (40 000 —. )
4 cm m
¢ min’ 605 J _ 5907 = 2902

V., = =
7 Tnw?2 m(13)(0.15 cm)? S s

Table 3.1 summarizes the design results obtained in this section. It is important to note that the ”

ratios were chosen in such a way to ease the manufacturing process of each stage. This ratio was
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. T . . .
chosen to be in the range 1 < - < 5. The same idea was applied to select the most appropriate

nozzle diameter for each stage, which resulted in less nozzles in each stage, but bigger diameters.

Nozzle Nozzle | Nozzle to Air
Cutoff | Number | Diameter Throat plate Nozzle velocity
Stage Diameter of W Length distance area in Reynolds
(um) nozzles | (- 1072m) T S (-107°m?) | nozzle | Number
(-1072m) | (-107%m) (m)
S
1 10 3 0.635 1.27 0.635 31.67 7.02 2966
2 5 5 0.4 1.2 0.4 12.57 10.61 2825
3 2 8 0.25 1.0 0.25 4.91 16.97 2825
4 1 10 0.2 1.0 0.2 3.14 21.57 2825
5 0.5 13 0.15 75 0.15 1.77 29.02 2898

Table 3.1. Summary of design parameters

Another important factor considered in the design of cascade impactors is the spatial distribution

of the nozzles on each stage. Kwon, Kim, & Lee. (2002) concluded that the optimal nozzle array

for a cascade impactor is obtained using the Model 5 configuration, shown in Figure 3.8. This

was the model used to distribute the nozzle holes on each plate for this study.




Model 4 Model 5

Figure 3.8. Nozzle array models for cascade impactor design. Kwon, Kim, & Lee. (2002).
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3.7 Inertial cascade impactor manufacture.

There are several design impactor designs in the market. For example, the company Copley
Scientific uses stainless steel and aluminum for their designs. Aluminum 6063 was used for the
design of the cascade impactor in this thesis. This material was chosen due to its ease of
machineability as well as its smooth surfaces after machining. A 4-inch, 16-inch long round
stock of aluminum 6063 was reduced to a 3.750-in diameter, which is the outer diameter of each

stage.

After reaching this final diameter, the round stock was cut into five pieces used for
manufacturing the stages, one piece to manufacture the base of the cascade impactor, and one
piece to manufacture the inlet cone. A CNC milling machine was used to carve each of the stage
pieces, and a drill bench to drill the holes that became the stages nozzles. The cascade impactor
stages, collection plates and inlet cone where manufactured at ODU’s machine shop. Figure 3.9
shows the cascade impactor base as it was being manufactured. A set of springs hooks and bolts
was used to compress the inertial cascade impactor stages to improve airtightness of the device.
For this purpose, O-rings were installed on the outer surface in-between each stage; additionally,

one O-ring was installed at the interface between the inlet cone and stage 1.

Approximately 30-man-hours were required to completely manufacture the inertial cascade
impactor at the machine shop at ODU, once it was possible for their technicians to start working
on it. Figures 3.10 and 3.11 show pictures of different components of the cascade impactor after

manufacturing. Figures 3.12 and 3.13 show the complete inertial cascade impactor.
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Figure 3.9. Manufacturing base on CNC milling

: Figure 3.10. Assembled base
machine

Figure 3.11. Several parts manufactured on CNC milling machine
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Figure 3.12. Inertial cascade impactor after leaving the machine  Figure 3.13. Fully assembled Inertial cascade impactor
shop.

3.8 Total cost.

The total cost of the materials purchased to manufacture the inertial cascade impactor was USD

292.45. Table 3.2 shows the break-down of this total.
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Material Amount Dimensions Price (USD)
Aluminum Sheet 1 12 in x 24 in, ~in thick 48.61
5052H32 8
Aluminum round bar 1 4 in diameter, 16 in 99.29
6061T6511 length
Vacuum Pump 1 1.5CFM 89.34

i 1 3

Vinyl Tube 1 EOD ¥ §IDX10 ft 4.93

Brass Pipe Nipple 1 11 3.54
)

Hexagonal Bolt 3 1 ¥ 3 0.36
4 4

Square O-ring (AS568- 5 3.375ID, 3.6250D,

237) 0.125CS 5.05+0.55+6.13

O-ring (AS568-041) 5 3.01D, 3,1250D, 1/16 (shipping) = 11.63

CS

Extension Spring 3 0.250D, 4.75 in. long 8.24

Steel Hooks 3 0.25D x 4.25 in long 3.12

Petri Dishes 20 3.642D x 0.590 height 17.26

Table 3.2. Inertial cascade impactor costs of material

Figure 3.14 through Figure 3.22 show the blueprints of the cascade impactor designed in this

thesis.

All Dimensions in Inches.
All Tolerances £0.003.

R

Figure 3.14. Cascade Impactor Assembly



All Dimensions in Inches. Ba— A
All Tolerances £0.003. = e i S Pt Sioge |

Figure 3.15. Cascade Impactor Stage 1.

1,250 | Three Collection Plate supports,
1500 located 120" of each other.
T SECTION A-A ﬁ._ e
All Dimensions in Inches. e O
All Tolerances +0.003. o

—
T

Figure 3.16. Cascade Impactor Stage 2.



All Dimensions in Inches.
All Tolerances £0.003.
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Figure 3.18. Cascade Impactor Stage 4.
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Figure 3.20. Cascade Impactor Inlet Cone.
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Figure 3.21. Cascade Impactor Base.

All Dimensions in Inches.
All Tolerances £0.003.
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Figure 3.22. Cascade Impactor Collection Plate
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CHAPTER 4
EXPERIMENTS
4.1 Sample collection experiment.

After the inertial cascade impactor was manufactured, two air samples were collected in order to
determine whether the distribution of particulate matter in each stage complies with the design

goals. The designed cutoff diameter for each stage is shown in table 4.1

Stage Cutoff Diameter (um)
1 10
2 5
3 2
4 1
5 0.5

Table 4.1. Cutoff diameter for each stage

4.2 Experiment set-up.

Once the inertial cascade impactor was manufactured and assembled, a 1.5 CFM-vacuum pump
was connected to it by a clear plastic flexible tube. This set-up is shown in Figure 4.1. After
setting up, the cascade impactor was used to collect two air samples. In order to take the first air
sample, the cascade impactor was run for a 24-hour period, collecting the sample from one street

in Norfolk, VA.
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Figure 4.1. Experiment set-up.

This first experiment was used mainly as an initial check of the cascade impactor. Each
collection plate on each stage of the cascade impactor was covered by a 3-in piece of wax paper
so that the particulate matter could deposit on it. After running the cascade impactor for the time
required, it was taken apart, so that the particles collected in each stage could be retrieved. Figure
4.2 shows this process. These contents were taken under a microscope for image capturing and
analysis. Figures 4.3 through 4.7 show the images captured by the microscope by stage. It is
important to note that most of the particulate matter was collected in the lower stages, that is
stages 4 and 5, and most of these particles can be assumed to be smaller than 1 pm if compared
to the scale shown on each picture. Stages 1 and 2 collected the larger particles, as expected. It
was also observed that stage 3 collected particles clearly larger than 2 pm. This could be the
result of these particles bouncing in the upper stages. The small number of particles collected in

each stage could also be the result of this issue.



Figure 4.2.a. Disassembling the inertial cascade Figure 4.2.b. Collecting sample.
impactor to retrieve samples.

Figure 4.2.c. Collecting sample. Figure 4.2.d. All samples collected.

Figure 4.2. Collection of samples.
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Figure 43.a Figure 43b
- -
Figure 4.3.c Figure 4.3.d

Figure 4.3. Images of particulate matter collected on stage 1.
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Figure 4.4.a Figure 4.4.b

Figure 4.4. Images of particulate matter collected on stage 2.

Figure 4.5.a Figure 4.5.b

Figure 4.5. Images of particulate matter collected on stage 3.
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Figure 4.6.a Figure 4.6.b

Figure 4.6.c

Figure 4.6. Images of particulate matter collected on stage 4.
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Figure 4.7.a Figure 4.7.b

Figure 4.7.c

Figure 4.7. Images of particulate matter collected on stage 5.

The air sample in the second experiment was taken during a period of 60 hours to increase the
number of particles to be collected. Besides, oil was applied to each wax paper located on each
stage, to help particles to stick better once they impinge on them. Each circular piece of wax
paper was weighed on a scale before and after the collection of particulate matter. This was done
so that the concentration of particulate matter could be calculated. Figures 4.8.a-e show the

samples collected in each stage.
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Figure 4.8.a. Stage 1 collected sample. Figure 4.8.b. Stage 2 collected sample.

Figure 4.8.c. Stage 3 collected sample. Figure 4.8.d. Stage 4 collected sample.
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Figure 4.8.e. Stage 5 collected sample.

Table 4.2 shows the weight of each wax paper on each collection plate, before and after the

collection.

Stage Weight before sampling Weight after sampling Weight Difference (mg)
(mg) (mg)
1 579.2 619.5 40.3
2 5824 618.1 35.7
3 579.9 6174 37.5
4 579.9 603.3 234
5 588.9 639.2 50.3
Totals 2910.3 3097.5 187.2

Table 4.2. Weight of circular wax paper pieces before and after collection during experiment 2

The total air mass that flowed through the inertial cascade impactor can be calculated as follows:

3
. m
Q=708-10" —

3600 s

t =60 h. =2.16-10%s
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3
k
= 1.205 -2
m

p = 120510 g 1kg . (100 cm)
c

m? 1000g \ 1m

- m = Qpt

p:

13

m
Q
: o, me kg .
m=Qpt =|7.08-10 ry (1.205 W) (2.16- 10> s)
m = 184.3 kg

Therefore, 184.3 kg of air flowed through the inertial cascade impactor during the 60 hours it
operated continuously. Since the total dust collected on the collection plates was 1.872 -

107° kg, it is possible to conclude that the concentration of dust in the location where the sample

was taken is approximately

. -6
1.872- 107 kause _ Lo015 - 10-¢ kgaust
184.3 kg iy kgair

dust ~

It is important to mention that this calculation does not include wall losses. Figures 4.9 through
4.13 show the image captures obtained from the microscope, for the sample collected on each

stage during the second experiment.
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Figure 4.9.a. Microscope Image capture of particulate Figure 4.9.b. Microscope Image capture of particulate
matter collected in Stage 1. matter collected in Stage 1.

Figure 4.9.c. Microscope Image capture of particulate matter collected in Stage 1.
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Figure 4.10.a. Microscope Image capture of particulate Figure 4.10.b. Microscope Image capture of particulate
matter collected in Stage 2. matter collected in Stage 2.

Figure 4.10.c. Microscope Image capture of particulate matter collected in Stage 2.



69

Figure 4.11.a. Microscope Image capture of particulate Figure 4.11.b. Microscope Image capture of particulate matter
matter collected in Stage 3. collected in Stage 3.

Figure 4.11.c. Microscope Image capture of particulate matter collected in Stage 3.
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Figure 4.12.a. Microscope Image capture of particulate Figure 4.12.b. Microscope Image capture of particulate
matter collected in Stage 4. matter collected in Stage 4.

Figure 4.12.c. Microscope Image capture of particulate matter collected in Stage 4.
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Figure 4.13.a. Microscope Image capture of particulate

; Figure 4.13.b. Microscope Image capture of particulate
matter collected in Stage 5.

matter collected in Stage 5.

Figure 4.13.c. Microscope Image capture of particulate matter collected in Stage 5.



Table 4.3 shows the approximate sizes of 35 particles measured from sample two. It can be

observed that the average size for each stage falls within the expected stage cutoff size.

NUMBER | STAGE1 | STAGE2 | STAGE3 | STAGE4 | STAGES
1 37.853 5.822 5.018 0.92 1.55
2 19.121 8.274 3.787 1.301 0.775
3 7.889 4.198 1.738 1.2 0.517
4 6.618 6.297 1.738 1.2 0.517
5 5.321 17.858 2.959 0.92 0.258
6 4.134 8.886 2.266 1.235 1.034
7 11.28 4.238 2.093 0.92 0.578
8 8.905 6.078 1.602 1.301 0.817
9 5.343 5.822 1.943 0.873 0.365

10 5.376 9.094 2.748 1.164 0.932
11 6.531 5.008 1.099 1.455 0.775
12 6.769 7.364 1.099 1.2 0.517
13 7.222 4.801 1.738 1.2 0.817
14 4.786 2.911 1.166 1.164 0.775
15 10.686 6.509 2.72 1.455 0.775
16 9.387 9.037 1.166 0.873 1.096
17 5.474 5.851 4.057 1.484 0.578
18 8.396 9.548 2.72 1.164 0.775
19 4.637 8.732 2.488 0.873 0.775
20 8.925 7.59 1.943 1.2 0.775
21 8.905 7.082 2.093 0.873 1.292
22 16.623 7.294 2.332 0.873 1.118
23 12.966 9.879 2.959 1.049 1.5
24 8.562 7.106 6.23 0.92 1.667
25 9.573 5.272 1.229 1.77 0.667
26 33.087 5.272 3.109 1.2 1
27 14.854 8.15 3.886 1.301 0.667
28 8.269 5.851 1.602 0.873 1.054
29 7.741 5.008 1.602 1.567 0.745
30 3.462 5.994 1.943 2.058 0.667
31 8.075 4.801 3.606 1.2 1.374
32 6.638 8.867 7 1.164 1.795
33 7.718 10.479 5.099 2.037 0.333
34 11.42 6.789 7.071 2.098 1.374
35 6.112 10.05 8.062 1.455 1.054
Average | 9.961657 | 7.194629 | 2.968886 1.244 | 0.894514

Table 4.3. Approximate sizes of particles from sample 2, obtained using ImageJ
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Inertial cascade impactors are tremendously useful to perform industrial hygiene air quality
inspection. Their importance lies in their capability to separate particulate matter by aerodynamic
sizes, giving researchers the possibility to obtain samples that can be easily analyzed in a
laboratory. The results obtained from these samples enable personnel in management positions to
determine the best actions to be taken to reduce the exposure of workers to particulate matter in
their work environment to safe levels. These actions could include to require personnel to wear
specific personal protective equipment, e.g. facemasks, respirators, etc.; to identify and locate
possible contamination sources inside industrial facilities; and to take the respective measures to
eliminate them completely, or to reduce their impact to the minimum permissible to protect

personnel who perform their daily duties in close proximity to them.

Despite their ease of use, assembling, and sample taking, the design inertial cascade impactors
requires an advanced knowledge of the physics that make them function. The objective of this
thesis was to apply the knowledge of fluid dynamics to design this device. It is important to
mention, however, that due to the complexity of the geometry involved, it was necessary to use a
commercial finite element package, COMSOL, to facilitate this process. This software provided
the velocity field representation for a 2D turbulent model, which was solved using the kinetic-
epsilon model. It was observed that the velocity values in the nozzles of each stage calculated
with COMSOL are very close to the values calculated using the Marple-Willeke procedure. This

velocity field also indicated that certain regions of the cascade impactor cavity could be reduced
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since not much air motion happens in them. By omitting these regions, less material would be

necessary to manufacture the inertial cascade impactor, making it less expensive.

Another important observation was that the images obtained from the samples under the
microscope showed that most of the particulate matter was collected in the stages 4 and 5, after
conducting the first experiment. By microscopic inspection, it could be seen that these particles
were roughly smaller than 1 um. The upper stages collected bigger particles, which was
expected. The collection period for this first sample was 24 hours; however, not much particulate
matter as expected was collected during this time. The main cause for this could be them
bouncing off the collection paper as soon as it hits it. This issue was reduced in the second
experiment by adding a light film of oil to the collection paper, which aided the impinging
particles stick to it, instead of bouncing off to reunite with the air flow and continue downstream
to the lower stages. Despite this, still some bigger particles were observed in lower stages, but
their concentration was smaller. Another possible cause for observing bigger particles in lower
g .

stages could be the fact that an initial assumption of particulate matter density of p, =1 p

Since the sample was taken in an open space, it is not completely accurate to assume this density,
however, this is a starting point for designing purposes. Therefore, changes in density also shift
the cutoff diameter. Finally, temperature changes can also affect the air density. The first sample
was taking during a period of 24 hours during which the temperature fluctuated from low 46° F
to 57° F. The second sample was taken during a 60-hour period during which the temperature
fluctuated from low 36° F to 70° F. The density of air or design purposes was assumed at

standard temperature, which is 68° F.
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An important observation was that the average number of particles in each stage are within the
expected cutoff diameter, and some variation could be due to bouncing of particles when hitting

the collection plates. This was observed mainly in the last stage.

The approximate sizes of the particles were obtained using the software ImageJ to measure the
approximate length of several particles from the images captured with the microscope. The sizes
of most of the particles observed fell within the expected range in each stage, as shown in Table

4.3. This was an indication of the effectiveness of the designed inertial cascade impactor.
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5.2 Future work

The design of the inertial cascade impactor can be improved in several different ways, which
requires further application of CFD principles to understand better how changing the geometry

of the impactor’s cavity would affect the efficiency of this device.

One way to do this is by investigating how the distance from the collection plate edge to the
inner wall of each stage affects the fluid flow, and the collection of particulate matter. This could
be done by reducing the area of the collection plates. Experiments would help verify the
agreement between theoretical, numerical, and experimental studies. Additionally, the same
iterative process could be used to model the inlet cone, to determine how changing its geometry
could improve the design of the inertial cascade impactor. Additionally, particle trajectory
tracing could help understand better how particles behave once they enter the cavity of the

inertial cascade impactor

Another improvement to this research work could be the study of wall losses, which could help
estimate how much dust does not collect on the collection plates, but in the internal walls on the
cascade impactor. This way, a better estimate of the particulate matter concentration in the
aerosol sample could be obtained. Particle bouncing could also be studied, and for this purpose,
particle trajectory tracing could be implemented using appropriate finite element analysis

software, like COMSOL, which was used in this thesis.

Collecting the samples of a cascade impactor requires the device to be stopped and disassembled.
This process interrupts the collection process. It would be significant to modify the initial design

of the cascade impactor so that the collection of samples could be performed without interrupting
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its work. This would probably require a design that incorporates a lateral opening that would

open to collect the sample, and then close after retrieving the sample.

Another interesting future work could be varying the flow rate of the vacuum pump by adding a
flow rate controller so that the change in cutoff diameter for each stage can be studied
theoretically, numerically, and experimentally. Besides, more samples could be taken, and

efficiency curves plotted with the data collected.
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APPENDIX A
Definitions
Aerodynamic diameter: Applies to irregular-shaped particles and represents the diameter of this

particle such that its terminal settling velocity is equal to the settling velocity of a spherical

particles with density equal to 1000 %.

Aerosol: An air sample with particulate matter (solid or liquid) in suspension.

Collection efficiency curve: Indicates the percent of particles of any size which are collected on

the impaction plate as a function of the particle size (Marple V. A. & Willeke K., 1967).

Inertial cascade impactors: Instruments that separate the particulate matter in aerosol samples by

using the inertia of its particles, which depends on a particle’s velocity and aerodynamic size.

Mucociliary escalator: A defense mechanism of the human body through which particulate

matter is removed from the respiratory system.

Nozzle: Opening through which air flows inside the inertial cascade impactor before impinging

on the collection plate in each stage. The y can be rounded or rectangular.

Stokes Number: Ratio of the particle stopping distance to the half-width or the radius of the

impactor throat (Marple V. A. & Willeke K., 1967).

2
p
PpVo 184
w

2

Stk =

Terminal settling velocity: Velocity with which particles settle down in the respiratory system.
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