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Abstract

In this thesis, a miniature particulate matter detector is developed. The design
utilizing light scattering (Mie Theory) phenomenon as the working principle measures
mass concentration of particles with preselected size. The selection is realized by a
special designed virtual impactor which collects particles within a range of desired
physical sizes (10 micrometers or less). Theories corresponding to physical phenomenon
are explained in detail. Parameter of each equation and procedure of design are

elaborated.

The miniature PM monitoring unit achieves one-fifth of the size of the smallest
commercial product in the market. All selected components (fan, laser, photodiode) are
DC powered and lower wattage, which is made possible for phone battery as the power
supply. Sensing range exceeds the worst PM10 reading in the history, and with sensitivity
of 0.3g/m3, the air quality level can be divided into ten or more levels. Special designed

virtual impactor separates PM10 from other air laden particles with low particle loss.
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Chapter 1 Introduction

Human beings, just like all other creatures: vulnerability is one character shared
among all. There are too many ways to end a life: suicide, murder, death by car crush,
death by falling and many more. All these seem to happen within a blink of an eye, but
there are other causes which can take weeks, months or even years to kill a person.
Cancer may be one of the most well-known diseases that makes a person suffer for years

until the last breath of one’s life.

Creativity is one character that draws a line between humans and other animals:
humans are capable of inventing things that never exist in the world for their own well-
being. Even with this talent, human beings still have to vigorously protect themselves
from different causes, which may surprisingly be the effects of our actions. There are too
many designs for safety to list them all here. Among them, some designs make life less
enjoyable, which sounds contradictory to their purpose of design, but they keep us safe.
Seatbelt, helmet, and bullet proof vest are all amazing inventions and prefect examples
that are considered less enjoyable. There are dangers out there and it is not as challenging
to be protected from what can be seen, heard, touched, smelled, tasted, or even felt. Sadly,
there are also hazards that cannot be sensed or are hardly sensed by human beings
without any aid, for example: airborne particulate matters. Air does not only contains 74%
nitrogen plus 25% oxygen, but also other solid particles in the order of microns to sub-

microns and consist of toxins that are too small to be detected by humans.

1.1 Particulate Matter Pollution

Particulate matter (PM) has become a daily focus in some the countries because
its affect is too server to ignore. PM10 particularly, standing for all particulate matter
whose size is less or equal to 10 micrometers, raises extensive attention. Chain structures
enable adsorption capacity considerably to particulate matter. Two grams black carbon
can cover a basketball court if it is fully expanded. 90% of the airborne particulate
matters whose sizes greater than 10um (PM10 above) are intercepted by nose hair and

mucus. PM10 could travel along the respiratory system into the lung and reduce the



functionality of immune system. The aerosols with their sizes are equal or smaller than
0.5um (PMO0.5) can travel through cell walls and gives rise to blood clots and myocardial
infarction (MI). [1]

Particulate matter is a complex combination of small solid particles and liquid
droplets that include dust, acid, organic chemicals and metals. Many participated material
are toxins. Most toxins can have chemical reactions with other toxins, and makes it even
more toxic [1]. Particles emit directly from a source, such as construction sites, fields,
and fires, are known as primary particles. Others produced through chemical reactions are
called secondary particles such as hydrocarbons (HC), sulfur dioxides (SO2) and nitrogen
oxides (NOy). Particles with a size less than 10 micrometer are of concern due to the
inhalable hazard to humans. The particles with size larger than 10 micrometer in diameter
will settle down relatively fast in turbulent air (8 foot drop takes 5.8 seconds for 100pm
particles and 8.2 minutes for 10pum particles) [2]. In addition, according to Environmental
Protection Agency of United States (EPA), particles are further categorized into two
groups: inhalable coarse particles and fine particles based on their sizes. Larger than 2.5
micrometers and less than 10 micrometers in diameter particles are called inhalable
coarse particles that are mostly seen in industries and streets. Fine particles are particles

with diameter equal to or smaller than 2.5 micrometers such as smoke and haze. [3, 4]

1.2 Present Situation

Cities with manufacturing facilities found that air quality has been greatly
weakened compared to years ago. Particulate matter standards were set according by

countries showing the importance of role of particulate matter pollution.

PM standard charts are often written in terms of mass concentration of particle per
unit volume. A chart has several level (5 to 6 levels) indicating the quality of air from
good to bad, and each level has a range indicating particle mass concentration for this
category. PM10 concentration usually includes PM2.5 readings. Table 1 is an example of
air quality standard published by Environment Protection Agency (EPA) of United States.
In the chart, an unhealthy PM10 reading ranges 255 pg/m? to 354 pg/m? and 65.5 pg/m?®
to 150.4 pg/m?® for PM2.5.



Table 1 Air Quality Standard Breakpoint by EPA [12]

Category AQl 0, (ppm} 0, (ppm) PM,; PM,, CO(ppm)  S0,(ppm)  NO,(ppm)
8-hour 1-hour (ug/m?) (ug/m?)
Good 0-50  0.000-0.084 @ 0.0-154 0-54 00-44  0.000-0.034 )
Moderate 51=100 0.065 =0.034 2) 15.5=404 55=154 45=94 0.035=0.144 ]

Unhealthy 151 =200 0.105-0.124 0.185-0.204 65.5=-150.4 255 =35 125-154  0.225-0.304 ®
Very unhealthy 2 0.125-0.374  0.205-0.404 355- 42 15.5=30. 3 bi 065-1.24

304  1.25-1564
4 165-204

Hazardous 30 0o " 0405=-0.504 2 0. 425= 504 30.5=40. G05=0.8
401 =500 " 0.505=-0.604 3 0. 505 = 604 40.5=50.4  0.305=1.0

1. No health effects information for these levels—use 1-hour concentrations.
2. 1-hour conceniraticns provided for areas where the ACQI is based on 1-hour values might be more cautionary.
3. NG, has no short-term standard but does have a short-term “alen” level.
Based on the worldwide annual PM10 monitoring record 2008-2014 found in the
World health Organization’s (WHO) database, the worst air pollution recorded in
Peshwar, Pakistan having 540pg/m?® in 2010 while Lake Havasu City-Kingman, AZ,
USA has the best air quality in 2012 (6g/m®). There are 1453 cities (out of 1524) have
particulate matter concentration below 120pg/m3. The other 70 cities where mostly

located in Asia and have PM records that exceeded 120pg/m?.

1.3 PM Monitoring Unit Integrated with a Cellphone

Currently, there are few portable devices capable of aerosol concentration
detection. One can acquire PM reading only from environment facilities or professional
monitors. To most people, it is hard to know the air quality of their surrounding and even

harder if it’s in a closed environment.

In this sense, a device that can do real-time monitoring in any place at any time of
a day could help a user to understand the air quality level much more intuitively.
Cellphones have become a device that many people cannot “live” without, and it also is a
highly integrated device including many kinds of sensors. If an aerosol concentration
sensor was able to be integrated with a cellphone but takes little or no extra room, then

real time monitoring would be achieved.



1.4 Objective

The object of this thesis is to develop a device that measuring aerosol mass
concentration of PM10. The design must have the capability to detect the heaviest PM
pollution record in the history (540pg/m®). Sensing range will then be divided into 10
levels indicating the PM concentration level from good to bad. Physical dimension of the

device must have a potential to integrate into a regular cellphone.

1.4.1 Sub-objective

1) Choose a PM detection principle that is of low cost, small size, and low power
consumption with sensitivity and accuracy enough to satisfy the requirements

2) Conduct the calculation regarding to working principle

3) Select or design optics, fluid unit, and corresponding mechanism for assembly

4) Develop a procedure used for testing and experimental study



Chapter 2 Technology Review

There are various physical phenomenon that can be adopted to measure air
pollution levels in terms of detecting the concentration of particulate matters. Multiple

methods have been reviewed and summarized in this section.

2.1 Ringelmann Chart Method

The Ringelmann chart was developed in the late 1800s and adopted by U.S
Bureau of Mines in the early 1900s extensively for improving coal burning efficiency and
to control emission. On the chart, there are four black grids at different darkness on a
white background for measuring the darkness of smoke. The user needs to match the
shades of smoke with one of the shades appearing on the chart at a distance of 50 feet
from the smoke. Emission of coal can then be classified and fuel-to-air ratio can be

adjusted accordingly. [5]
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Figure 1 Ringelmann Chart [5]

2.2 Gravimeter Sampler

Gravimeter sampler is one of the wildly used devices on measuring airborne
particulate matter concentration. Because of its high reliability and accuracy, this method

became an important regulatory monitoring systems [6].

A pre-weighted filter is used to collect dust over a time period (usually twenty-
four hours). The filter is then weighted again, and the mass of collected dust will be
determined by the difference of two readings (pre-weight reading and post-weight

reading). Dust concentration is mass divided by the volume of drawn air. Since a filter



has no functionality of dust size selection, dust with desired size has to be preselected

beforehand, where cyclonic separation takes place [6].

2.2.1 Cyclone Separation

Cyclonic separation is achieved based on centrifugal force. Air and dust flow
from a tangential feed into a cylindrical vessel and move in a helix pattern. Since dust
particles are much heavier than air, they have much more inertia. This decides heavy
particles cannot follow air in a tight cylinder and results in it falling out at the bottom
opening of the device after being separated from air. [7]

Figure 2 A Typical Cyclonic Separation Design [7]

The volume of air flowing into the system is a key character that decides particle
concentration. Thanks to known air flow rate and sampling time, the multiplication of
these two gives the air volume. The division of weight and volume of air drawn discloses
average dust concentration. The advantage of this method is accuracy. The amount of
dust mass can be preciously measured. The collected dust gives the possibility to
qualitatively analysis and the concentration to each interesting component as well as their
other physical and chemistry properties. However, this method is more time consuming,

as it has a longer period for sampling time, which makes real-time monitoring impossible.



Also, human interact is unavoidable: the filter has to be weighted before and after the

collection.

2.3 Thin-Film Bulk Acoustic Resonator (FBAR)

The main component of this method is a resonator that oscillates at a known
frequency. The resonator also acts as a sensor that measures the frequency change due to

add-on mass of dust [8, 9]. According to Sauerbrey equation:

at_am (2.3.1)

where m’ = mass per unit area of the device, Am’ = added mass per unit area of
dust, f = frequency, and Af = frequency change [9], additional mass is able to be

calculated with known surface area of the resonator.

Thermophoresis precipitator is utilized to deposited small particles onto the
resonator. Particles are moving against temperature gradient, i.e. moving from high
temperature area to low temperature area, because of the collision with different kinetic

energy gas molecules [9].

The advantage of this design is its size and power consumption. A drawback may
be the requirement of air flow which is produced by a fan. A fan requires a relatively big
physical dimension; hence, the space occupied by the entire system will be large. In
addition, the cleaning of the dust deposited on the resonator may become difficult and
requires human interaction. The design cannot distinguish different sizes of particles.
With the attachment of a ultra-violet or infrared light, more physical and chemical

characteristics of dust can be studied at the same of concentration measurement.
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Figure 3 Schematic of FBAR System (Incident UV/IR is used for discriminating the
nature of particles) [9]

2.4 Tapered Element Oscillating Microbalances

Tapered Element Oscillating Microbalances (TEOM) are developed from a
gravimetric system. The tapered element contains a hollow glass tube that is free to
vibrate at its natural frequency. There is a filter cartridge mounted on the tip of the glass
tube and is used to collect dust particles. Any additional weight depositing on top of the
filter changes the glass tube oscillating frequency. An electric circuit will detect
frequency change and therefore the mass gain rate will be calculated from the difference
of frequency magnitudes. The system reset its oscillation frequency of vibrating glass
tube back to its natural frequency prior to the next measurement is ready. Further, dust

concentration can be calculated by dividing the mass rate by the air flow rate. [6]

A cyclone head may be used to separate desired size of dust from un-interesting
size particles. This could be the limitation of TEOM on reducing the size of the entire

system.

TEOM provides a continuous output of the particle concentration measurement.
Air flow rate has to be uniform over the monitoring period in order to give accurate
measurement. Obviously, the advantage of TEOM could be providing real-time and
continuous monitoring. The result will be the mass concentration (i.e. mass per unit of
volume) that is more accurate than number concentration (i.e. number of particle per unit

of volume).



2.5 Light Absorption Method

Light does not only scatter when it comes to a small particle: some of the light
could also be absorbed by the particle. Light absorption is based on absorbing light

energy to indirectly make the measurement of dust concentration.

The entire setup of this measurement device contains an infrared LED, two
photodiodes and a dust filter inside of an optic chamber which has an air inlet and outlet.
A new and clean filter is inserted into the position. Photodiode 1 and 2 receive two
readings while infrared light is emitting. The difference of photodiode 1 and 2 readings is
calculated and recorded. Air pump is then turned on and air containing dust flows into the
optic chamber from air inlet. Filter separates dust from air and collects it over the
sampling time. Air pump will be turned off once the sampling time is over. Photodiode 1
and 2 will take another two readings. The difference between the two new readings by
photodiode 1 and 2 will be calculated and recorded. The first and second differences are

representing mass of clean filter and total mass of clean filter plus dust. [10]

Both photodiodes measure the intensity of light detected rather than the mass of
filter or dust. However, by knowing the light intensity and corresponding dust mass, the
relationship between light attenuation and mass of dust could be found after several
experiments. Using this relationship, the mass of dust will be determined once the

amount of light attenuation is known.

This method is not capable of measuring the size distribution of dust. Therefore,
in order to measure dust solely within specific ranges of size, a preselecting process have
to be done. Cyclone separation device could be one of the options. Detailed explanation
of cyclone separation working principle can be seen in gravimeter sampler method.

The advantage of this method is it’s easy to understand and to use. The downsides
of this method are several. The light attenuation may be negligible to be detected in a
short distance. Reselection according to dust physical size may be limit size minimization
of entire system. Filter replacement needs human interaction, and real-time and/or
continuous measurement is impossible to be achieved. Sampling time may have to be

long enough to collect sufficient dust layer to make the measurement.



2.6 Beta Attenuation Monitor (BAM)

This method is an indirect method, which is measuring the reduction of beta
source radiation. A thicker dust layer increases the attenuation speed of beta source which
means less beta count will be received by the detector. The system contains beta source
(radiation generator), beta detector (radiation detector), and filter. 14C and ®Kr are good
candidates to be chosen as beta sources.

First, an unused filter is spotted between beta source and beta detector, and count
of beta radiation is measured by beta detector and then recoded. The filter is moved to in
front of air inlet where dust and air are drawn into the system. The filter is dense enough
to remove the dust floating in the air while air is free to pass through. Over a period of
time, enough sampling dust is collected. The filter is moved back to in between the beta
source and detector. The second count of beta radiation is recorded. Using the two
different counts, the amount of attenuation of beta radiation is determined, which also
reveals the mass of dust collected on the filter. With known air entering rate and sampling

time, the mass concentration of airborne particulate matter can be easily calculated. [6]

BAM can be very accurate and provide continuous operation, which purposely
designed mechanism. Since the dust is collected on filter, size distribution analysis and
qualitative analysis are possible to be processed with associated devices. BAM contains
enough radioactive source to be fatal so that licenses are required to all operators. Due to
BAM its working principle, BAM usually comes big in size and heavy in weight. In
addition, the filter has to be changed every time after each measurement. Relatively long
sampling period of time is required, which also reveals significant power consumption.

Temperature, humidity, and pressure are other influences to the measuring result [6].

2.7 Charge Measurement

Dust is believed to contain charge. Induced current will be detected due to
existing of dust, and the magnitude of the current has linear relationship with the amount
of charge [11]. Higher the magnitude means more charge existing, and more charge
means more dust. In the specific volume of area; however, more dust does not necessarily

correspond to higher concentration of dust.

10



Air flow rate plays an important role in this method. At a constant concentration
of dust and the air flow speed is ranged between 8m/s to 18m/s, higher air current speed
induces higher magnitude of current [11]. Therefore, it is important to maintain a

constant air flow speed during the measurement.

2.8 Image Method

Image method may be the easiest method to determine the dust concentration
level. An image of dust (Figure 5) is captured in a dark room in which only a 2-D light
surface is produced by directed halogen lights while everywhere else is kept dark [12].
Then the image processing has to be done and a contour plot (Figure 6) is generated for
the further analysis. This method is good for qualitative monitoring system [6] due to its

inaccuracy during the image processing.
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Figure 4 Schematic of Image Method Setup [12]
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Figure 6 Contour Plot of Particle Concentration by Image Process [12]

2.9 Particle Counting

Particle counting method is one of the method using light scattering phenomenon.
Incident light is scattered by a particle and the scattered light intensity is received.
Received signal is then be analyzed to determine size of the corresponding particle. Over
a period of time, size of the particles passed across detection region is collected and the
number of the particles within desired size range can be counted. Known Volumatic air
flow is used to determine the number concentration of particles. This method can provide
accurate result in terms of number concentration. However, a period of sampling time is

required.

12



2.10 Comparison of all Methods

The Ringelmann Chart method might be the least accurate method among all.
Gravimeter sampler requires a filter and takes long sampling time. FBAR may generate
high temperature to produce thermophoresis, and it consumes power significantly due to
high temperature. TEOM may hard to shrink size because of its architecture. Light
absorption needs a high power light source which may drain a battery. BAM is big in size
and also requires long sampling time and license to operator because of radiation. Charge
measurement needs high flow rate and long sampling time. Image method is suitable for
qualitative analysis rather than quantitative analysis. Although particle counting gives
accurate result, a period of sample is unavoidable that leads to higher power usage

comparing to instantaneous measurement.

13



Chapter 3 Virtual Impactor Based Light Scattering Sensing
Unit

3.1 Working Principle

The entire design can be divided into three systems: airflow system, particle
separation system and particle mass concentration measurement system. The air flow
provided by a suction fan to produce pressure at two ends of the ventilation duct,
producing air flows from higher pressure duct to lower pressure duct. Once particles are
drawn into the ventilation duct, particles will be going through particle separation system.
A virtual impactor is used here to select desired size particles. Large particles will exit the
system to atmosphere directly without being measured. Small particles will flow through
the major flow where the measuring unit located, and the concentration is about to be

detected. The measuring unit includes a laser module and a photodiode.

Figure 7 shows the work flow of virtual impactor based light scattering sensing

unit.

Particles Enter at
the Entrance with

Air Flow

A
Particles Reach
Channel

r o 1,

Enters Side Bigger than
Passage 10 Micron?
Y
Measurement by Enter
Light Scattering Collection
Unit Probe
Y
Exit Virtual
Impactor

Figure 7 Work Flow of the PM10 Monitoring Unit
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3.2 Advantage of a Virtual Impactor

The virtual impactor is unlike a normal impactor which uses an impact plate to
collect large particles and has a chance to cause overload [13]. Virtual impactors provide
convenience during lifetime to customers: there is no cleaning and replacement process

needed.

3.3 Consideration of the Design

The sensor has to be sense airborne particulate matter with and without daylight.
Ambient light intensity should not be one of the major affects to the measurement. The
readings could be influenced by temperature, pressure and/or humidity in a reasonable
range. Human interaction during the measurement will be excluded. The device will have
potential to imbed in a regular smart phone, which means size is essential. The height of
the system must be less than or equal to the thickness of a smart phone. Length and width
of the entire system have to be smaller than the length and width of the cell phone,
respectively. Short sampling time has benefits not only as fast a response device, but also
consume less power usage. A smart phone is unlike an old fashioned telephone with a
solid line, it does not draw electricity from power outlet. The battery limits the usage of
power to all features on a cell phone, which requires the device power consumption to be
efficient. A normal cell phone battery capacity ranges from 1500mAh to 3000mAnh. Last

but not least, the sensor must be user friendly and have no harm to all users.

3.4 Integration with a Cellphone

The purpose of the device is to be integrated with a regular cellphone. A strict
mechanical challenge is the overall dimension of the device. There are two possible
solutions for this design to integrate with a cellphone, which are either integration
internally as a component during manufacturing and assembly process or integration as a

cellphone accessory.
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3.4.1 Integration with a Cell Phone

3.4.1.1 As an Internal Component

Figure 8 Schematic of Integration: as an Internal Component (Back Lid Removed)

Figure 8 shows an idea of design integrated in a cellphone as an internal
component. The lower part of phone is manufactured 4mm thicker. The circuits of laser,
photodiode and fan are connecting to phone circuitry.

3.4.1.2 As an Accessory

Figure 9 Schematic of Integration: as an Accessary

A USB connecter provides data transfer and power supply. An associated

application will be used to display measurement result and view history records.
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3.4.2 Current Design

Overall dimension of current design is 5.6cm (Length) * 3.6cm (Weight) * 1.2 cm
(Height) including a 3D printed structure (base and cover, seen in Appendix), a rotary fan,
a laser module and a photodiode. The thickness of air channel wall is 1mm, which is
limited by the current 3D printing technology. The design includes laser diode and
photodiode mounts. Associated holes for fan mount are considered. Cover has an inner
air channel where particle separation happens. When the cover and base are assembled,
they form fluid two fluid channels: one for inlet air flow and the other one is for particles
in two major flow gathering and then exiting. Moreover, screws and nuts fasten two parts

of the air channel.

3.4.2.1 Fan
The selection of fluid unit is based on three physical quantities: dimension, power

and flow rate. Since steady flow rate gives fast and accurate measurement, a rotary fan is
determined. As a prerequisite, to ensure enough flow rate is generated, dimension and
power consumption are following the lowest among all searched products.

3.4.2.2 Photodiode
The Detectivity of a photodiode reveals the weakest light intensity that can be

detected. The most expression for detectivity used across different manufacturers is in
terms of Noise Equivalent Power (NEP), which originally describe the incident light
power that gives a signal-to-noise ratio (S/R) of 1 at an output bandwidth frequency of
1Hz [14]. Lower NEP value is better since it corresponds to a lower noise floor or a

weaker light signal can be distinguished from noise [14].

In order to calculate the lowest amount of light intensity can be detected, the
corresponding NEP at given wavelength (NEP(A)) has to be known by using equation
(3.1) [14]:

Rmax
NEP(A) = NEPyin X o o (3.1)

where NEPnin is the NEP happens at Rmax (=1.6E-15W/Hz®), Rmax is the highest
photosensitivity (0.36A/W happens at 720nm), R(A) is the photosentivity at selected
wavelength of 650nm (= 0.35A/W, approximately according to Figure 10) (taken from
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datasheet of Hamamatsu, seen in Appendix). Calculated NEP(Q) is 1.65E-15W/Hz%°. The

lowest amount of light (P,,;,) that can be detected by this photodiode is computed by the
expression [14]:

Ppin = NEP(X) X VBW (3.2)

where BW is measurement bandwidth (in this thesis, measurement bandwidth of
10 kHz is taken). Therefore, Py, is 1.65E-10 W (=1.65E-7mW).
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Figure 10 Photodiode Spectral Response Diagram [15]

3.4.2.3 Laser Module
Two limitations are present when choosing the laser module: laser output power

and light wavelength. Laser output power is essential when considering light intensity has
to be strong enough to be cover entire desired detection range and safety requirement to
people who deal with it. Wavelength also determines parameter of design on scattering
detection. Based on the selection of photodiode, the laser module (product number: ML5-
1G-650) was chosen from world star tech (specification in Appendix). Output power of
1mW is classified as Class Il, which reduces the risk of eye damage in misusing or in
accident. Wavelength of 650nm makes calibration process easier due to visibility.
Specification of the laser module can be viewed in Appendix.
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3.4.2.4 Improvement
One of the most important improvements will be on physical dimension. First of

all, the air channel is preferably not 3D printed for achieving minimum thickness while
remaining rigid. The main body of cellphone may be redesigned in such a way that part
of it is an air channel as well as the mechanism where laser and photodiode mount. Back
cover of the phone is also being the top lid of the air channel and therefore entire
thickness would be decreased by at least 2mm, which is equal to the wall thickness of
current design. Secondly, the laser module would be replaced by laser diode for further

overall dimension reduction.
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Chapter 4 Light Scattering
In this chapter, the physics behind light scattering will be explained first followed

by introducing two main light scattering theory: Rayleigh scattering and Mie scattering.
Equations of Mie scattering will be detailed explained and derived in the form for
calculating particle mass concentration. Sensitivity and sensing capability of the design

with selected components are conducted through MatLab programming.

4.1 Light Scattering

Light is an electromagnetic wave with its electrical wave perpendicular to its
magnetic wave while both waves are perpendicular to the direction of propagation. The
electron orbits in molecules of a particle are disturbed and oscillate at the same frequency
as the incident light when it is incident on a particle. The oscillation causes periodically
separation of charges contained by the molecules; this phenomenon is called induced
dipole moment and observed as redirection of light, or simply light scattering. [16, 17]

Figure 11 shows the redirection of incident electromagnetic wave by a small
particle by induced dipole moment.

Incident EM
wave (vg)

Electric
field

Scattered
wave (Vo)

Figure 11 Light Scattering Due to Incident EM Wave [18]
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Incident light after scattering propagates in all direction of three dimensional
space. Figure 12 qualitatively visualized the phenomenon of light scattering by single

particle on a two dimensional surface.

Elastic scattering and inelastic scattering are two types of light scattering theory.
Elastic scattering is employed when the scattered light frequency remains the same as
incident light frequency, such as Rayleigh scattering. When scattered light frequency
changes during light scattering and results in scattered light having different frequency as
incident light frequency, an inelastic scattering has happened, such as Raman scattering.

[19]

Incident

Scatterad

- e e

Figure 12 Visualization of Light Scattering by a Small Particle [20]

The direction of scattered light is depending on the wavelength of incident light
and particle size. According to Figure 13 and Hu [19]: to small particles (Figure 13 case
A), backward scattering tends to in equilibrium with forward scattering; to big particles
(Figure 13 case B and C), there is more light scattered forwardly than in backward

direction.
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Direction; Development of Maxima and Minima of Scattering
Intensity at Wider Angles

Figure 13 Scattered Light Patten by Different Size of Particles [21]

Consider there is solely particle in a space and light is scattered by the particle,
this type of scattering is categorized in primary scattering when light scatters only once.
However, in most situations, more than one particle presents in a studied volume of space.
It is highly possible that scattered light is scattered again by other particles. This
phenomenon is called secondary scattering or multiple scattering if more times of
scattering happens. Multiple scattering has little affect to the extinction of light but

changes the distribution of scattered light intensity [19].

Light scattering technique is one of the most popular methods that wildly used in
the field of optics. There are two fundamental theories regarding to small particles
scattering: Rayleigh scattering theory and Mie scattering theory.

4.2 Rayleigh Scattering

British physicist Lord Rayleigh (John William Strutt) developed Rayleigh
scattering theory and first explained why the sky is blue and sunset is red. This theory
applies to small spherical dielectric particles [18]. Mie scattering theory is believed to
analysis the most spherical particle scattering system (including Rayleigh scattering)

without size limitation [18]. Nevertheless, Rayleigh scattering is employed because of its
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simplicity of formulation. The determination of Rayleigh scattering is when x << 1 and
Im| x << 1, where a is called size parameter which calculated in the following equation
[18]:

2ma
R (4.1)
X=2

where a is the radius of spherical particle, and A is the relative scattering wavelength
which defined as

A= (4.2)
my

where A, is the incident light wavelength, and m, is refraction index of the surrounding
media. Finally, m is the refractive index of the particle and represented in complex

notation

m =n — ik (4.3)
where n is the real part which denotes the refraction of the light and k is the imaginary
part which is a parameter related to absorption. Absorption coefficient of a material is
expressed as

4mk
Absorption Coefficient = - (4.4)

The value of k is usually a nonzero number, then the magnitude of refractive
index as needed for Rayleigh criteria could be calculated by using the same technique as

calculating the magnitude of a complex number:

Im| = {/n2 + k2 (4.5)
Intensity of scattered light varies at different combination of reception angle and
distance from the scattered particle to reception surface (often a photodiode is used to
receive and detect level of scattered light intensity). The light intensity | scattered by
particle of diameter d received at distance r and angle 0 is determined with the expression
[19]:

2
) (1 + cos? 0)I, (4.6)

[ d°n* /m?2 -1
T 8A4r2\m2 + 2
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where A is the incident light wavelength, m is the refractive index of surrounding medium
and lo is the incident light intensity. The above equation can also be written in terms of
the molecular polarizability a:
8nta?
I= IO W (1 + COS2 9) (47)

a is given by Lorentz-Lorenz formula:

3 (mz - 1>2 (4.8)

O=—————
4N \m?2 + 2

where N is the number of particles per unit volume. For a single molecule scattering, N=1.

Considering the interest of this thesis, as stated previously, particle size is up to
10pm, which is significantly greater than molecules (whose size is in the order of one
hundredth of a micrometer). Therefore, Rayleigh scattering will not be applicable due to

the in-accuracy of the measurement.

4.3 Mie Scattering

Mie Theory is often called Mie-Debye Theory or Lorentz-Mie theory. Two
important assumptions are made: the particle is a sphere and the particle is homogeneous.
One advantage of using Mie scattering theory, as mentioned before, is it is not limited to
particle size. Unlike Rayleigh scattering, Mie scattering is able to be used on particle with
size smaller than the incident light wavelength as well as large particles. To large
particles, Mie equations will be converged to limitation of geometric optics (ray optics)

such as reflection, refraction and diffraction [18, 19].

4.3.1 Maxwell Equation

Since light is an electromagnetic wave and Maxwell equations are used to
describe the behavior of electric and magnetic fields. Mie gives an exact solution to
Maxwell equations for monochromatic light scattered by a homogeneous sphere. The
Maxwell equations contain four rules, Gauss’ Law, Gauss Law for Magnetism, Faraday’s
Law and Ampere’s Law, each rule explains the natural of either electric field or magnetic
field:
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V-D =p (Gauss'Law) (4.9)

V-B =0 (Gauss'Magnetism Law) (4.10)
0B
VXE=—-— (Faraday’s Law) (4.11)
oD
VXH=]+—- (Ampere’'s Law) (4.12)

where D is electric flux density, p is amount of charge per unit volume, B is magnetic
flux density, E is electric field, H is magnetic field, J is conductivity of material, and t is
time.

The Gauss’ Law governs the electric field surrounding electric charges. The
formula shows that the divergence of electric flux density equals to electric charge
density. Divergence is a vector operator that measures the magnitude of outward flux
density at a known point. A positive charge causes flow into a volume as a source adds
water into a reservoir while a negative charge acts as a sink to make flow out of a volume

as water is drained from a reservoir. Divergence of a magnetic field H is determined by

+ (4.13)

where Hy, Hyand H; are magnitude of magnetic field in x, y and z direction, respectively.
It shows the rate of change of H in any direction (x,y or z direction). More generally, the
divergence of an electric field in any specified volume is equal to the net amount of

charge in the same volume.

The Gauss’ Law for magnetism indicates the divergence of a magnetic flux
density is zero, which can be understood as there is no magnetic monopoles existing
(magnetic poles, North N and South S, come in a pair). Magnetic flux density is

proportional to magnetic field by

B = pH (4.14)
where p is the permeability of the material. Therefore, the Gauss’ Law for magnetism can

be rewritten in the form of

V-H=0 (4.15)
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where H is magnetic field.

Faraday’s Law tells the change of circuit enclosed magnetic flux with respect to
time is in equilibrium with the negative induced electromotive force (EMF) in a closed
circuit. The formula shows the curl of electric field is equal to the time rate of magnetic
flux density change. The curl is vector operator, which measures the rotation of a vector
field. The curl of an electric field E is determined by

0E, OE, 0E, OE O0E, OE
= e X Ay +—=-——2 4.16
VxE <6y 6z)x+(6z OX>Y+<GX 6y>z (4.16)

where Ex, Ey and E; are magnitude of electric field in X, y and z direction, respectively.

The equation above expresses the result of curl operator, which reveals the
rotation of the field in any of the three principal axis (x, y and z axis). Therefore,
Faraday’s equation implicates that the electric field changing in time creates magnetic

field, and vice versa.

The Ampere’s Law shows the magnetic field induced by a known electric current
or the current induced by a known magnetic field. Its original form was uncompleted
until Maxwell introduced displacement current density term (term dD/ dt). Term J is
called electric current density which is defined as the total flow of charge per time over a
cross section of area. The current is the integral of electric current density over surface S

where current flows across:

I=]]-ds (4.17)
J

In addition, electric current density is related to electric field as:
] = oE (4.18)
where o is the conductivity of the material.
4.3.2 Mie Solution to Maxwell Equations

In order to have an answer, Mie had made two important assumptions to simplify
the complexity of Maxwell equations: particle is a sphere which has a radius of d and

particle is homogeneous which indicates the refractive index remains the same at a given
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wavelength [19]. Moreover, the term of far-field zone is employed, which means the
observation is at a large distance (relative to the size of the particle) away from the

scattered particle [22].

The solution to wave equation at distance R from the scattered particle (sphere) is
given as [22]
Els] B e —ikR+ikz SZ 53 (4 19)
Esl ~  ikR IS4

Where k is the spatial frequency which is calculated as 2x/A, E} and E§ are the

: . : . . S
parallel and perpendicular components of incident electrical field, respectively, [SZ
4

is the unit-less amplitude scattering matrix and e'*? is the incident plane wave. For

spheres, Sz and Sy are zero vectors, then equation (4.19) can be reduced to
Els] e —ikR+ikz SZ (4 20)
El” ikR [0 51 '
Using 0 denote the angle between incident hght and scattered light, then the

scattering amplitude (S1and Sy) at this angle 6 can be calculated in the given equation set
[22]:

S.(0) = HZI% [a,m,(cos 0) + b, T,(cos 0)] (4.21)
S,(0) = HZI% [b,m,(cos 0) + a,T,(cos 0)] (4.22)

In (4.21) and (4.22), m, and t, are Mie angular functions expressed in the term
of the Legendre polynomials and a,, and b,, are called Mie coefficient by [18, 20, 23, 24,
25]:

®
1, (cos0) = % (4.23)
(€]
. (cos 8) = w (4.24)
¥, (x) ¥y (mx) — m¥P, (x)¥, (mx) (4.25)

I = )W) (mx) — mE, (X)W, (mx)
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_ MW, (0%, (mx) — ¥, (0¥, (mx) 4.26)
") Ph(mx) — mE, (x)¥, (mx)

Term PIED is the Legendre polynomials, defined as

1 n+k—-1
=23 () (5 ) 420
k=0 n
where both n and k are integers. m is the refractive index, x is dimensionless size
parameter which is determined

d
_rd (4.28)
X2

where d is the diameter of scattered particle and A is the incident light wavelength. The
Ricatti-Bessel function ¥ and € are defined as [18, 19, 24, 25]

[

.00 = (3)"),,10 (4.29)
1
5,00 = (5) B (4.30)
2

J,1(x) is the half-integer order Bessel function in terms of the first kind.
2

Hr(i)l(x) is the half-integer order Henkel function of second kind.

2

Mie coefficient (a, and b,)) can also expressed in the form as in equation (4.31)
and (4.32) [17, 26]:

_ mzln(mx) [Xln(x)], - ]n(x) [mx]n(mx)]’
" m2), (mx) [xHP (0] — H? (x) [mx],, (mx)]’
b, = J (mx) [xlzn(x)]' E ln(ZX) [mx],, (mx)]’ 432)
J o (mx) [xHP ()]" = HP (%) [mx],, (mx) ]’

The light intensity of single particle scattering | at unit solid angle 6 with a
distance R to the scattered particle is [19] [24] [25]

(4.31)

lzﬂ[i () +i,(0)] (4.33)
4m2R2z "1 2
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where lo is the incident light intensity before scattering by the particle, i1 and iz are the

intensity functions have the relationship with scattering amplitude S; and S; as

i,(8) = [S1(8)|> and 1i,(8) = [S2(8)|? (4.34)

Equation (4.33) is used for single particle scattering. When the scattering happens
at where multiple particle existing with the known number concentration N, equation
(4.33) is modified to

1= 200 i (@) + iy0) (4.35
4m2R?

Number concentration N represents the number of particles in a unit volume. In
the calculation of Matlab program, N is considered as the number of particles in effective
volume where light scatters in and scattered light by any particle is receivable to the
photodiode. This effective volume is calculated in Solidworks by modeling a solid body
for the desired volume, and then the volume of the body is shown through mass property
as 0.15 cm®. With the effective volume known, the number concentration N is calculated

by using the amount of particle in the effective volume divided by the effective volume.

Particle number concentration N is able to covert to particle mass concentration

W with known particle density p and diameter d:

6W
N = 4.36
3 (4.36)

4.3.3 Resolution and Range of Detection Calculation by MatLab

Mie theory is calculated with the help of MatLab. The program is modified based
on the code originally developed by Christian Métzler in the report “MatLab Functions
for Mie Scattering and Absorption” [26]. The entire code are split into four files that
named “Mie_concentration”, “Mie-anbn”, “Mie pt” and “Mie S1S2” responsible to
calculating the mass concentration, Mie coefficient, Mie angular functions, and scattering
amplitude, respectively. In the four files, “Mie concentration” is the directly calling
function by a user, and the rest are functions which are called internally by the main

function.

29



The derived Mie Solution to Maxwell equations have infinite iteration of
summations in the equation of scattering amplitude that is impossible to solve in
mathematics. There is a suggestion on the amount of iteration n to Mie calculation based
on the size parameter of the particle x (4.37) [27]:

1
Xx+4.05x3+2 8<x< 4200 (4.37)

1
kx +4x3+2 4200<x<20000
Mie theory is suitable for computing scattering by homogenous spherical particles

1
J X+4x3+1 0.02<x<8
n:

which have the same size and the same chemical composition. Density and refractive
index are associated with chemical composition. In reality, aerosol is formed by different
materials and/or combination of materials at wild range of size. The refractive index and
average density of PM2.5 are 1.566 and 1.87g/cm?®, respectively, and these values for
PM2.5 and PM10 differ insignificantly [28]. Therefore, in the Mie calculation, the
refractive index is fixed with the value of 1.566 and density used is 1.87g/cm® (or
1870mg/m®). For size of particle, the range was taken form 0.1pm to 10pm with
increment of 0.1pm. In regarding to the calculation of sensitivity and upper boundary of
sensing range, the medium of the result was taken from the calculation within the size

range selected.

Sensitivity of the design is calculated according to the real laser and photodiode
parameter. The sensitivity of photodiode is 1.65E-10W. Having 1.65e-10W as the value
of received scattered light intensity, the resolution of the design is then calculated by
applying Mie theory and result is 0.3238g/m®.

The range of mass concentration of the design is computed under the condition of
two extreme cases: assuming no light scattered and received, and all light scattered and
also received. The first assumption (no light scattered and received), is in equivalent to
1s=0, gives the lower boundary of the range which is 0 pg/m?3. The second assumption (all
light scattered and received), is in equivalent to Is=1mW, provides the upper boundary of
the sensing range; however, which is 1.9624e6 pg/m? that will highly unlikely happen.
Therefore, the range of the design with selected laser module and photodiode is from 0 to
1.9624e6 g/m®,
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Chapter 5 Virtual Impactor

In this Chapter, a virtual impactor will first be introduced. Aerodynamic size of
particle is used to represent the diameter of a particle in this chapter. The dimension of

each parameter used in the design is explained.

5.1 Theory

A virtual impactor is used to separate particles with a desired diameter from other
sized particles. It takes advantage of different inertial forces for particles contained in the
air flow for dividing particles into two separated channels. Large size particles cannot
make sharp turns and therefore move straight into the collection probe (named minor
flow), while small size particles with less inertia follow a curved air stream line and enter
into side passage(s) (named major flow) [29, 30]. Figure 14 shows the schematic of a

typical virtual impactor.

5.2 Aerodynamic Diameter

In reality, airborne particles cannot be in perfect spherical shape or other regular
shape, which makes it hard to determine each particle based on its physical dimension. In
order to separate particles based on their size, a common method in the field of aerosol
science is used which is to find the aerodynamic equivalent dimension. The aerodynamic
diameter of an irregular particle provides the diameter of the spherical particle with
1000kg/m?® density and the same settling velocity as the irregular particle [31]. The

settling velocity (Vs) is expressed as:

Vs =1g (5.1)
where T is particle relaxation time and g is gravity. T of a given particle is

calculated by the expression:

2
=D Pple (5.2)
18n
where D, is particle diameter, p, is particle density, C is slip correction

associated with particle size, and p is air viscosity.
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Since the settling velocity (Vs) is the same to particle aerodynamic diameter (Dp,,)
and the diameter of a sphere with density of 1000 kg/m?® (ppa), the equation can be
derived as [32]:

_p. |-t (5.3)

5.3 Design of Virtual Impactor
The procedure to determine the design dimension is [33]:

1.  Determine a target cutoff size for particles, flow rate at nozzle throat, thickness of
the channel, and the Stokes Number (Stk).

2.  Calculate slip-correction factor.

3. Calculate nozzle width W.

4.  Verify Reynold Number (Re) to determine flow is within laminar regime
(Re<1000).

The Stoke number (St) and Reynolds number (Re) governs particle behavior and
fluid behavior in the virtual impactor respectively [34]. Stoke’s number is used to
measure the dimensionless diameter. Reynolds number is the ratio of inertial force to
viscous force of a fluid in a certain condition, which is important to indicate the flow is

either laminar or turbulent.

Stoke’s number (Stk) and Reynolds number (Re) are expressed as [33]

VCD?
Stk = P2 (5.4)
Iuw
4pWtU
P el (5.5)
pW+1t

where, p,, = the density of particle (=1870kg/m?),
V = mean air velocity at nozzle throat,
C = the Cunningham slip correction,

D, = the diameter of particle,
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L= the absolute air viscosity (Air = 18.6e-6 kg m/s at 25<C),
w = nozzle width for rectangular jets,
p = the density of fluid (Air = 1.1839kg/m?® at 25<C),

t = height of air channel.

Inlet flow
(Q: flow rate)
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Figure 14 Virtual Impactor Cross-section View [33]

The cutoff size (Dp) is 10 microns. The inlet flow rate (g) and height of air
channel t is set to 2e-5 m%/s and 5mm respectively after serval attempts (adjusting t and g
value to solve w and v for laminar flow). Stkso of 0.709 is adopted for its low particle loss
by experimental for 10pum cutoff size [32]. Stkso is the Stk at 50% collection efficiency of
a particle, which corresponds to the cutoff size. Slip correction number (C) is 1.0166
determined by equation:

21 21 D,
C=1+ 1.257D—+ O.4D—exp(—1.1—

(5.6)
) ) 2\

where A is mean free path of an air molecule ( = 6.6e-8m) [33]. Deriving equation (5.4)

can get the equation for nozzle width parameter (W) as
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2
w= |PePpaC (5.7)
9|.lstk50t

where q is volumetric flow rate at nozzle (3e-5m®/s) (equation (5.8)) and therefore W is
0.0031m (3.1mm).
v=-1 (58)

Reynold number is 942.9635 with calculated parameter above and the flow is
remains in the laminar regime. The ratio of S (jet-to-plate distance) to W is better within
the range of 1.2 to 1.8 [33]. Therefore, S is 4.5mm when ratio of 1.5 is set. Collection
probe entrance width, D (Figure 14), is suggested to be larger than W by a factor of
around 1.33 and less than 1.44 for less particle loss [30]. Thus, D is 4.34mm with chosen
factor of 1.4.

5.4 Particle Loss

Ideally, particles carried by air flow entering into a virtual impactor exit either at a
side passage (major flow) or a collection probe (minor flow). In fact, based on
experimental data, there is less amount of particles exited comparing to the amount of
particles entered. After study, it is believed that there is particle loss in the impactor,
which is those particles that impact on impactor inner walls. Particle loss will result in
inaccurate measurements unless it is compensated or minimized to the level which can be
mathematically negligible. The conception of particle loss is defined as when a particle
comes to a wall that the distance between the wall and the center of the particle is less
than the radius of the particle. There are two methods to determine a particles trajectory
(exit at collection probe, impact on inner wall, or exit at side passage). One is having v/St
unchanged but let particles entering at different streamlines. In this method, one can find
the threshold to particle loss in terms of streamline (for example, particle loss happens at
between 20% and 70% streamline for particle has size of v/St = 0.5 [30]. Another
method is to let all particles entering at a fixed streamline but change /St every

experiment. A /St range will be found, which indicates the particle size range will cause

particle loss at a certain streamline (for example, particle with size /St greater than 0.677
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but less than 0.881 will impact on collection probe wall at 50% streamline [30]. Figure 15
shows the grid and streamlines used to determine collection efficiency of base condition
(Re=5000, Q1/Q0=0.10, D1/Do=1.33, Lo/Do=2.5, 60=45< and collection probe is thin wall
type (as seen in Figure 15 (b)).
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R R e b ""--u..u s, gk, PLANE
T h p;:.i

SEaey s = "k‘:
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& =

(a) GRID (b) STREAMLINES FOR BASE CASE

Figure 15 (a) Grid used to determine particle trajectory in virtual impactor and (b)
Particle trajectory when entering by different streamline at the base condition [30]
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Chapter 6 Prototyping and Testing
In this Chapter, the method of prototyping assembly will be presented. A testing

rig is designed to conduct experiments for testing the developed unit’s performance.

Setup of experiment and procedure of operation will be discussed in section two.

6.1 Prototyping

There will be four essential components for the prototype: a fan, a laser module, a
photodiode, and a fluid channel containing a cover (Figure 16) and a base (Figure 17 and
Figure 18). The fluid channel will be made using latest 3D printing technology. On both
parts of the fluid channel (cover and base), cuts for optical units (Laser and photodiode)
were according to their real dimensions and therefore the structure of the fluid channel
limits the movements of the light emitter and detector. Screw holes were included for

fluid channel fastening and fan mounting.

Figure 16 shows the cover of the virtual impactor (air channel). Figure 17 and
Figure 18 show the base of the virtual impactor and inner structure is showed in section
view, respectively. Figure 19 gives the assembly of all part, and Figure 20 demonstrate

how laser module and photodiode are assembly with the air channel.

Table 2 shows the dimension and power of each component selected to current

design.

Table 2 Dimension and Power of Each Component

Dimension Power
Fan I5Smm*15mm*4.5mm 0.3W
Laser Module | 8mm (dia)*36mm 0.15W (Max)
Photodiode 5.4mm (dia)*3.6mm 0.05W (Max)
Air Channel | 56mm(L)*36mm(W)*12mm (H)
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Cut for Fan

Cut for Laser Module

Figure 16 Virtual Impactor Base

Figure 17 Virtual Impactor Cover (Flipped)
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Figure 18 Virtual Impactor Cover (Section View)

Figure 19 Assembly of Virtual Impactor

38



Figure 20 Explode View of Assembly of Virtual Impactor (Base and Cover) along with
Laser Diode (Collimated) and Photodiode

6.2 Testing

In order to testify the performance of the design, a commercial PM10 monitor will
be used as a comparison monitor. The difference between the two detected results will
reveal if the measurements by designed PM10 detector are effective. Power of all electric
components (fan, laser module, and photodiode) will be supplied by a laboratory DC
power supply, and the signal from photodiode will be displayed on an oscillate scope
after being amplified.
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Two groups of test will be conducted. In one group, same sized particles will
enter the system in each experiment. In the other group of experiments, multiple sized

particle mixed with various combination will be used in each experiment.

In order to simulate aerosols, some of the materials are selected to represent
aerosol with different chemical composition and physical size such as cigarette smoke,
baby powder, and sand dust. Considering the fact that fog scatters light, the experiment
would give more effective results in a dry environment. Moreover, a clean room can

eliminate the inaccuracy caused by unknown particle in the surrounding.

6.2.1 Uniform Sized Particle Experiments

In this group of experiments, one sized particle will be used in each experiment
and data of the voltage on the oscillate scope will be recorded. The sensitivity to different
sized particle of the scattering unit can be studied, and the minimum detection
concentration to a given particle size will be figured. Collection efficiency of the virtual

impactor will provide a parameter for error analysis.

6.2.2 Multiple Sized Particle Experiments

Different sized particle will be used, and data is recorded in each experiment. This
group of experiments will mainly contribute on the study of the separation ability of
virtual impactor. Light scattering behavior on multiple sized particle scattering will be
analyzed to enhance designed PM10 detector.

6.2.3 lIdea of Testing Apparatus and Setup

A testing rig is modeled for minimizing unknown environment influence. The rig
has one end opened to connect an air purifier using in self-cleaning process if using in an
indoor condition. The lid is removable by sliding, and therefore dust or other possible
coarse particles may be added for testing at any time. Transparent material makes
operator easy to control situation of test. The commercial PM monitor lays aside of the
designed PM detector on the bottom of the testing rig for the most valid comparison
result. The cut on the bottom of the rig is designed for protecting damage from any
material that has to be heated or burned. Laying the rig on a flat surface with the lid will
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provide a sealed environment for testing. Figure 21 shows a simple model of testing rig

designed for achieve all concerns mentioned above.

Z \
Lid sliding to open and close / ’
> 2

Cut for Buring Materials

Connection to Air P

for self-cleaning Floor for Laying Monitors

Ut for Wire

Figure 21 Testing Rig Model
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Chapter 7 Conclusion

7.1 Contribution

e A miniature PM10 detection unit is developed

The entire design contains four components: an air channel, a laser emitter, a
photodiode and a fan. The special designed air channel plays two roles: one is being a
virtual impactor that separates PM10 from other sized aerosols; and the other is itself
is a plate where other components will mount at. The overall dimension achieved
one-fifth of the size of the smallest commercial product in the market. The size is
possible to be further reduced by changing to smaller fan and replacing laser module
by laser diode.
e Low power consuming fan was selected, which dominates most of power of all
components. Instantaneous measurement result is provided upon a display module
(screen of a cell phone).
e Inexpensive components were chosen while accuracy and sensitivity are ensured.
A ten level air quality indicator is achievable, and the monitoring unit covers a good
sensing range. A few components involved would reduce the cost of manufacturing
and assembly process.

e Procedure of test were presented and discussed.

7.2 Future Work

Experiments will be conducted and calibration will be done based on
experimental result. Corresponding circuitry to drive laser diode and photodiode signal
amplifier will preferably be designed or customized for better noise cancellation in order
to record with higher resolution. The method of generating air flow may be replaced by a
piezoelectric fan instead of a regular rotary fan for both size and energy optimization.
The humidity and temperature influence on the error of light scattering phenomenon will
be studied and generalized in order to expend operation condition of the design. A phone
application may be developed for displaying measurement result and data can be
recorded for future reference.
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Appendix | — MatLab Program

W0 -] g O s L R
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[ function resulc=Mie concentration (m, d)

[l calculating the mass concentration (result) of the given parameters
% Refractiwve index m and particle diameter d (in um)
% Incident light intensity I = 1mW
% Scatterede light intensity Is = 1.65E-TmW (for calculating sensitivity)
% Iz = 1mW (for calculating range)
% Wavelength lambda=0.65um (=650nm)
% Distance between particle and reception B=0.58cm (=5800um)
% Particle Density pho=1.87g/cm™3 (=1870mg/cm™3)
% Effective Volume 0.15cm™3 (=1.5e-T7)
% Number concentration N
% Mass Concentration
F% Written by Xuming Gao
I=1;

I=s=1.65e-T7;
lambda=0.65;
E=5800;
pho=1870;

5152=Mie 5152 (m,d):
51=5152 (1) ;
52=5152(2):

il=abs (51)"2;
iZ=abs (52)"2;

H=4*pi~2*R~2#Is/ (lambda™2)/ (i1+i2)/1;
W= (M*pi#*pho* (d/10000)"~3)/6&;
result=W/1.5e-7;

- end

Figure 22 MatLab Program for Sensitivity Calculation

Fro1=0;

for d=0.1:0.1:10

i=1+1;

r(i)=Mie_concentration(l.566,d): _ _ _

end

e median{r) 0.3238

Figure 23 Command for Calculating the Median of Sensitivity and its Result
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function result=Mie concentration{m, d)

% Calculating the mass concentration (result) of the given parameters
% Refractive index m and particle diameter d (in um)

% Incident light intensity I = 1mW

% Scatterede light intensity Is = 1.65E-TmW (for calculating sensitivity)
% Is = 1lmW (for calculating range)

% Wavelength lambda=0.65um (=650nm)

% Distance between particle and reception R=0.58cm (=5800um)

% Particle Density pho=1.87g/cm™3 (=1870mg/cm™3)

% Effective Volume 0.15cm”™3 (=1.5e-T)

% Number concentration N

% Mass Concentration

% Written by Xuming Gao

I=1;

I==1:;

lambda=0.65;

E=5800:

pho=1870;

5152=Mie 5152 (m,d):
51=53152 (1) :
52=353152(2):

il=abs (31)"2;
iZ=abs (32)"2;

N=4*pi~2*R"2*Is/ (lambkda™2)/ (11+412)/1;
W= (N*pi*pho* (d/10000)"~3)/6;

result=W/1.5=-7;

- end

Figure 24 MatLab Program for Calculation of Upper Boundary of Sensing Range

»ro1=0;

for d=0.1:0.1:10

i=i+];
ri{i)=Mie_concentration(l. 566, d) ;
end

median(r)

Figure 25 Command for Calculating the Median of Upper Boundary of Sensing Range

and its Result
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[-] function result=Mie anbn (m,d)

[F1%2 This MatLak is modified kased on the code "Mie ancd" originally

% written by C. Matzler

Computes a matrix of Mie coefficients, a n, b n,
REefractive index m=m'+im",

d=diameter of particle in micrometer

p. 100, 477 in Bohren and Huffman (19%83) BEWI:TDD122
C. Matzler, June 2002

R TR R R

x=d*pi/f0.78;
if =<8

nmax=round (1+x+4*x™ (1/3) ) :
else

nmax=round (Z2+x+4.05%=x> (1/3)) :
end

n=(l:nmax} ;

nu=n+0.5;

Z=Im. ¥H;

2 =T. *m;

sqx= sgrt(0.5%pi. ®):

sgz= sgrt(0.5%*pi./ =z):

bx = bessel] (nu, X).*3qgx;

bz = bessel]j (nu, z).*=gz;

vx = bessely(nu, X).*3qgx;

hx = bx+li*yx;

blx=[=zin(x)/x, bx(l:nmax-1)]:
blz=[=zin(z)/z, bz (linmax-1)]:
vix=[-co=z(x)/ =%, vE(l:nmax-1)]:

hlx= blx+li*vylx;

ax = X.*blx-n.*bx;

az z.*blz-n.*b=z;

ahx= ®x.*hlx-n.~hx;

an = (m2.*bz.*ax-bx.*az)./ (m2.*bz.*ahx-hx.*az);
bn = (bz.*ax-bx.*az)./(bz.*ahx-hx.*az):
result=[an; bn]:

-end

Figure 26 MatLab Program for Mie Coefficient Calculation [26]
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function result=Mie_pt (1, nmax)

¥ pin and taun, —1 <= u= cos B <= 1, nl integer from 1 to nmax
% angular functions used in Mie Theory
% Bohren and Huffman (1983), p. 94 - 95

plli=1;

ti(l)=u;

p(2)=3#%u;
t(2)=3%cos(2xacos (1))

for nl=3:nmax,
pl=(2snl-1)./(nl-1).*pinl-1). %u;
p2=nl./(nl-1).#pinl-2);
pinl)=pl-p2;
t1=nl#u. #pinl) ;
t2=i{nl+l). #pinl-1)
t(nli=t1-t2;

end;
result=[p:t];

end

Figure 27 MatLab Program for Mie Angular Functions [26]
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24
25
26

28
29
30
31
32
33
34
39
36

[Flfurction result = Mie 5152(m, d)

[F]% This MatLab is modified based on the code "Mie 512" originally
% written by C. Matzlern

% Computation of Mie 5Scattering functions 51 and 52

% Refractive index m=m" +im",

% use 780nm (0. 78um) wawvelength at 20 degree angle

% d=diameter of particle in micrometer

% =. p. 111-114, Bohren and Huffman (1983) BEWI:IDD122
% C. Matzler, May 2002

w=d#p1/0. 78;

u=cosd (20} ;

% mmax=round (2+x+dwx” (1/3)) ;

if x<=8
nmax=round { 1+e+dsx " (1/31)

else
nmax=round { 2+e+4. 05" (1/3))

end

anbn=Mie_arbn (m, x, nmax) ;
an=anbn (1, : ) ;
bn=ankn (2, : ) ;
pt=Mie_pt (1, nmax) ;
pin=pt {1, :);
tin=pt (2, :);
n={1:mmax) ;
nZ=(2#n+1). /in. * (n+l) ),
pin=ni. ®*pin;

tin=n2. xtin;
S1={an#pin’ +hn#tin’ ) ;
52= (anstin’ +bnspin’ ) ;
result=[51;52];

~end

Figure 28 MatLab Program for Scatter Amplitude Calculation [26]
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Appendix Il — Selected Component Specification

MF_15B05

HIGH PERFORMANCE MINIATURE FAN

H&ce

AIR PERFORMANCE

SHAPE AND DIMENSION

Fa

TN =N

E \ Air Flow

5, Ml MF_15808

‘_'__‘__“"-._
™ Lead wire AWGE3I0
o blk=GMD, red=+5vDC
] 1 2 3 4 5 & 7 a 4 10 miin
Air Flow

PERFORMANCE
a MF_15B05
Operating Voltage V] 45..5..55
Typ. Operating Current [mA] 60
Max. Start Current [mA] 200
Max. Air Flow [imin - m°/h] 12-0.72
Max. Air Pressure [mmH.O - Pa] 16—157
Typ. Noise @ 1m [dB{A)] 12
Typ. Rotor Speed [REM] 13000
Operating Temperature [°C] -10...+60
Life Expectancy L/MTBF [h] 50000/140000@20°C
Bearing System sleeve bearing
Weight [g] 2
Packing Quantity [PCs] 50 - 100 - 500 - 1000

Figure 29 Fan Specification [35]
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HAMAMATSU

PHOTON |15 OUR EUSINESS

P——

Si photodiodes

51226 series

Qh
Il |

= Features

o

For UV to visible, precision photometry;
suppressed near IR sensitivity

&l Suppressed near IR sensitivity

=1 High sensitivity in UV region {quartz glass type)

= Low dark current
=1 High reliability

== Applications

=1 Analytical equipment

= Structure [ Absolute maximum ratings

=4 Optical measurement aquipmant, atc.

_ onal Absolute maximum ratings
o tline Photosensitive Reverse Operating Storage
Type no. :Tndu Package area size voltage temperature temperature
malteri:il' VAR max Topr Tstg
iy (mm) v (=c} (°c)
51226-18BQ 1§Q -20 to +60 -GE o +80
51226-18BK 21k TO-18 Liwid 200 +100 55t #1325
51226-5 3 -20to +60 -GC o +80
51225-5&33 E:{E 2424 200 +100 55t #1325
: TO-5 5
517264480 (s)ig e 2e 20t +60 55 w +80
S1776-44BK, (&) a0t +100 55w +125
51776-8EQ 7 20t +60 55 w +80
51226-8EK (B)/K o8 58 x50 a0 to +100 55 o +125

Note: Exceeding the absolute maximum ratings even momentarily may cause a drop in product quality. Always be sure to use the product
within the absolute maximum ratings.
* Window material, K=borosilicate glass, Q=quartz glass

= Electrical and optical characteristics (Typ. Ta=25 °C, unless otherwise noted)

Spectral | Pesk “‘”"’*5"“5’”""‘"‘ Short D"’:ﬁ Terp. |Rise time| =™ | ghue | Moise
responsa| sensitivity (AW) circuit cu; oefficet| 1 = resistance | equivalent
range |wavelength ':”Em S ol | V=0V e Rsh power
Type na. i ip ] Tm |Ri=1 ko Va=10mV| NEP
200 nm HeMe| 100 ix max, f=10 kHe
lasar

i

F Min. | Typ 633 | Min. | Typ. Min. | Typ.

(nm) | (nm) nm | {pA) | (pA) | (pA) [fmestC)) (ps) (pF) | (G0)|(Go)| (WiHz"=)
51226-18B0 | 501w 1000 0.10 [0.12 "
ST e T L 05 |oes| 2 0.15 35 5 | 50 |L6=10
::;i:i’s Exm n._m n._u 22|29 5 0.5 160 2 | 20 |2.5% 10
s226448Q [mowio| 70 |03 foofom| M I T M T w00 | 1 | 10 le w10
S1226-44BK | 3201w 1000 - - : =
51226880 | 0w 100 0.10 |0.12 "
EEET TR e —— 12 | 16| 20 ) 1200 | 0.5 | 5 [5.0% 10

Figure 30 Photodiode Specification [15]

53



I Si photodiodes 51226 series

= Spectral response == Photosensitivity temperature characteristic
0.7 (Typ. Ta =25 %C) o8 Ty )
0.6
=)
Z
T 05 £ +L0
2 Fi
Z 04 i
E 5 /!
2 AN 8 " /
g 0.3 512680 d \\ # /
| |
= . [
£ o2 Ill‘.ll\ ,/ "\ %‘ o |
0.1 ﬂ\)( . s
% 51226-BK
) ]
190 00 600 00 10:00 190 400 &00 800 1000
Wavelength {nm) Wavelength (nm)

= Dimensional outlines (unit: mm)

[ (1) s1226-1880

= Dark current vs. reverse voltage e
H +H
(Typ. Ta=25 %) Y o
1A ﬁ- =
. 35*? HIE
L 135
Fhirema e g / 2
100 pa e
= 51296 A4BO/BK
I
2 0 — [ ]
a =R =1 =1
& =i =T
o] 7 5
i E—— 5
L==1"_LTT] ‘._._.-"..r._,.--
1ph é:(”' :FF'E{-_-E“
#Sanl i 51236560/ B8k HH 15403
HE= \232251352 by — L1
100 FA el B Il/” ils
0.01 0l 1 10 I‘Q’_ /a

Reverse voltage (V)
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Figure 31 Photodiode Chart and Dimension Schematic [15]
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PD : High-speed PIN photodiodes (S5052, $2506-02,

S5971, S5972, S5973, etc.)
RL : Determined by sensitivity and time constant of Ct of photodiode

Rs : Determined by operation point of FET
FET: 2SK152, 2SK192A, 25K362, etc. o

Figure 32 Schematic of a Low Noise Light-Sensitive Preamplifier Circuit by
Hamamatsu [36]
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ML Series Red Laser Diode Module

%lﬂorld Star Tech

Part No: ML5-1G-650

Specification
OPTICAL
Wavelength 650 nm
Oiptical Cutput Power 1 miY
Stability 1%
Wavelength Drift 0.2nmMC
Noise (20MHz Bandwidth) <0.5% RM3
Laser Class Clas= Il
Laser Operation Continuous
Divergence at collimation < 1mrad
Collimated Beam Size (at exit) ~ 5 X Imm
Pointing Stability <G0prad
ELECTRICAL
Operating Voltage 3 to 5 VDG
Product Features Operating Cumrent <30 mA
« Compact Size Control Circuit Aute Power Control
« Collimated Beam Electrical Connections #Red, -Black
«  High Stability MECHANICAL
Dimension Bmimi{D)x 38mm (L)
Application Cable 330 mm
« Measurement Operating Temperature -10°C to +50C
« Bioanalytical Storage Temperature -40°C to +80C
« Automation & Alignment Heat Sink Requirements” See below

Notes

*. Heat Sink: The ML Series Laser Diode Module is designad to
dissipate heat through its body. Do not restrict air circulation
around the device; an additional heat sink can be used to
maximize the performance and life time of the laser.

Caution: The case is internally connected to the circuit; damaging
to the anodized surface may result in failure of the laser module.

Mechanical Drawing

— IIQ-I

Operational Hazard-Semiconductor Laser Diode Module:
This laser module emits radiation that is visible and hamful to
human eye. When in use, do not look directly into the laser
emitting aperture. Direct viewing of laser diede emission at close
range may cause eye damage.

Complies with CORH 21CFR 1040.10

Limited Warranty: Omne year. Mo wamanty cowverage for
disassembly, modifications or damage due to abuse or
misapplication.

World Star Tech.
321 Lesmill Rd. Toronte, Ont. M3B 2V1 Canada °

Tel: (418} 363-3322 Fax: (418) 263-3112 www.worddstartech.com oL

1$09001:2000 Registered

Figure 33 Laser Module Specification [37]
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