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Abstract

Currently, ISO 14644 Part 3: 2005 (equivalent to JIS B 9917-3: 2009) have been used as
a standard leakage test method of a high-performance air filter installed in a cleanroom.
For the leak test, two methods of leakage detection using Aerosol photometer and discrete
particle counter (DPC) are presented. Both of test methods are performed by introducing an
evenly distributed challenge aerosol at upstream of the filter unit and scanning immediately
at the downstream side of the filter gasket, filter frame and filter media but different leakage
threshold criteria are used. In the aerosol photometer method, a leak is detected when the
downstream concentration measurement is larger than 0.01% of the upstream concentration
measurement. Meanwhile, in the DPC method, the leak threshold uses the value obtained
by multiplying the MPPS of the test filter with a factor K (usually K=10) as the threshold
value. When the scanning probe scanning at the immediate filter downstream, a leak
could be detected when particles exceeded the 95% upper confidence limit of the Poisson
distribution. When a possible leak is detected, the stationary re-measurement should be
performed. In order to set the leakage threshold, users need to know the performance of
the installed filters. However, in various cases users will not be known of this information.
Therefore, an additional test needs to be done to determine the filter’s performance which

further creates complexity and adding unnecessary procedure in the process.



This dissertation is a work based on an effort to unify the threshold criteria of installed
filter leak test in cleanrooms for both aerosol photometer method and DPC method
presented in ISO 14644-3: 2005. The idea is to use the same leakage threshold criterion
of aerosol photometer method in the DPC method. First, a comparison based on the
difference in measuring unit and leakage evaluation method are done. It was clearly
shown that the measuring unit for both instruments provide different platform in the
instrument’s measurement and DPC always has a more severe leak evaluation. However,
we found that this matter could be countered if a different leak evaluation method is
being used. Instead of discrete leakage evaluation method that is currently stated in
ISO 14644-3: 2005, a cumulative leak evaluation method provides more reliable leak rate
for the DPC method. The obtained values are comparable with the aerosol photometer
method. Therefore, throughout this dissertation, the cumulative leakage evaluation was
tested for its validity towards the possibility of a unified threshold criterion.

This evaluation method was tested further in the leak rate calculation with the
instrument responses considered. There was only slight change observed for DPC as
compared to the number of concentration values. However, the leak rate evaluated by
aerosol photometer has a relatively big change in comparison to the mass concentration
measurement. This is all due to the natural behaviour of the aerosol photometer response
in which a different weight is applied for each particle size. As a result, it was found that
for a filter having H14 or higher performance in European standard EN 1822-1: 2009, the
same leakage evaluation standardized at 0.01% as the photometer method can be applied
in the DPC method. On the other hand, similar to results obtained in measuring unit
comparison, it was found that it would not be possible to apply the uniform criterion for
filters with H13 or lower performance, therefore, it was necessary to establish criteria for
each of the filter grade instead. Next, different DPC responses by changing the counting
efficiencies in accordance with the limitations provided by the ISO 21501-4: 2018, were
modelled to test the reliability of DPC to produce leak rate value below 0.01%. All filter

grades were tested, and the result showed that only the filter grade of H13 which some



DPCs failed to produce leak rate value below 0.01%. The same threshold as for aerosol
photometer can only be used for filter grade equal to H14 or higher, but for filter grade
equal to H13 or a looser threshold should be used instead.

The results presented in this dissertation were presented in the working group 3(WG3)
consists of Technical Committee (TC) whose representing their respective standard
organisations to discuss the revision of the ISO 14644-3: 2005 organised by International
Standard Organization (ISO) named ISO/TC209. The Final Draft International Standard
(FDIS) consisting the results and findings of this dissertation were proposed and through
voting process by the principal members (P-members) carried out in July 2019, with 19
out of 20 votes with 95% acceptance rate (requirement: >66.66%) and 1 negative vote
out of 23 votes in the member bodies meeting (requirement: <25%). Then, the FDIS
was approved and ISO 14644-3: 2005 was also withdrawn and a new ISO 14644-3: 2019
was established. As a result, a leak detection threshold of 0.01% (same as used in aerosol
photometer method) of the upstream challenge aerosol concentration for the H14 filter
grade and higher, and a 0.1% threshold of the upstream challenge aerosol concentration

for the H13 and lower were established in the new ISO 14644-3: 2019.
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Nomenclature

Roman symbols

Cppc

CF
Cu
Cn

Cprro

Dbm

Fy

Fn

I,

11,12

Discrete particle counter concentration
Conversion factor

Mass of particle per unit volume
Number of particles per unit volume
Aerosol photometer aerosol concentration
Diameter of respective channel upper or lower channel bin
Diameter of aerosol particle

Particle size distribution function
Particle size mass distribution
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Intensity of scattering light

Intensity of incident natural light

Intensity functions of scattered light perpendicularly and parallelly [ - ]

polarised

Cumulative mass concentration

Cumulative number concentration

[ mg/m? ]

[-]

Constant used to determine leak threshold criteria in the DPC [ - |
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k/CF
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Nr

Calibration constant

Calibration factor

Leakage rate evaluated by discrete particle counter
Leakage rate evaluated by mass concentration
Leakage rate evaluated by number concentration
Leakage rate evaluated by aerosol photometer
Refractive index

Total number of particles per unit volume
Standard penetration rate of a filter

Distance from centre of spherical particle
Amplitude function

Volume of optical sensing zone of aerosol photometer

Measure of the distribution width

Greek symbols

7Tn7 Tn

Particle size parameter
Semi-angle of light collection
Semi-angle of projecting aperture
Semi-angle of dark-stop aperture

Counting efficiency of discrete particle counter

Scattering angle measured from direction of propagation of incident [ ° ]

light
Wavelength of incident light

Angular functions

[ nm |

[-]




Nomenclature 741

Pp Density of aerosol particle [ g/cm? |

¢ Angle [°]

P Angle of light scattering [°]

w Fraction of scattering light at angle 6 collected by collecting | - ]
aperture

Abbreviations

BCR  Biological Cleanroom

CMD  Count Median Diameter

DOP  Dioctyl (2-ethyl hexyl) phthalate

DPC  Discrete-Particle Counter

GSD  Geometric Standard Deviation

HEPA High-Efficiency Particulate Air

ICR Industrial Cleanroom

IEST Institute of Environmental Sciences and Technology
ISO International Organization for Standardization
JIS Japanese Industrial Standards
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MMD Median Mass Diameter

MPPS Most Penetrating Particle Size

PAO  Poly-alpha olefin

PHA  Pulse Height Analyser

RP Recommended Practice
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Terms and Definitions

Aerodynamic (equivalent) diameter
Diameter of a unit-density sphere having the same gravitational settling velocity as the

particle in question.

Aerosol photometer
Light-scattering airborne particle mass concentration measuring instrument, which

measures the amount of light scattered from a particle cloud.

Coincidence
Simultaneous presence of two or more particles in the sensing volume of a particle

counter.

Dynamic shape factor

Ratio of the drag force on a particle to that on a sphere of equivalent.

Gaussian curve

Profile of distribution or curve similar that observed for the normal distribution.

Geometric standard deviation (GSD)

Measure of dispersion in a lognormal distribution (always>1).

High-Efficiency Particulate Air (HEPA)
A filter is defined as having a minimum efficiency in removing small particles (approxi-
mately equal to 0.3 pm) from air of 99.97% (i.e. only three out of 10000 particles, 0.3
pm in size, can penetrate through the filter) and an initial pressure loss of 245 Pa or

less at a rated airflow.



Terms and Definitions vi

Lognormal size distribution
Particle size distribution characterized by a bell-shaped of Gaussian distribution shape

when plotted on a logarithmic size scale.

Mass (equivalent) diameter
Diameter of a sphere composed of the particle bulk material with no voids that has the

same mass as the particle in question.

Mass concentration

Mass of particle in a unit volume of aerosol.

Mass median diameter (MMD)

Median particle diameter based on the particle mass.

Monodisperse

Composed of particles with a single size or a small range of sizes.

Most Penetrating Particle Size (MPPS)

Particle diameter at which the minimum efficiency occurs.

Normal size distribution

Particle size distribution characterized by a bell-shaped or Gaussian.

Number concentration

Number of particles in a unit volume of aerosol.

Optical (equivalent) diameter
Diameter of a calibration particle that scatters as much light in a specific instrument as

the particle being measured.

Particle size
Diameter of a sphere that produces responses, by a given particle-sizing instrument,

that is equivalent to the response produced by the particle being measured.

Particle size distribution

Cumulative distribution of particle concentration as a function of particle size.




Terms and Definitions Vil

Penetration
Ratio of the particle concentration downstream of the filter to the concentration

upstream.

Polydisperse
Composed of particles with a range of sizes.

Shape factor

Factor that relates the drag force on a particle to that on an equivalent sphere.

Standard penetration
Leak penetration detected by a discrete-particle counter or aerosol photometer with a

standard sample flow rate when the sampling probe is stationary in front of the leak.

Ultra-Low Penetration Air (ULPA)

A filter having an efficiency greater than 99.999% against 0.1-0.2 pm particles.
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1. Introduction 2

1.1 High-Efficiency Air Filtration

A High-Efficiency Particulate Air (HEPA) filters are installed at the final stage of the air
filtration system in the air cleaners and cleanrooms. Until the early 1980s, HEPA filters are
the most efficient air filters available. Till this day, HEPA filters are still being used in many
types of cleanrooms, but as technology progresses, a cleanroom with higher cleanliness is
necessary; thus, Ultra Low Penetration Air (ULPA) filters were introduced. A HEPA and
ULPA filter is characterized by its particle collection (also can be defined in the inversed
way called penetration) efficiency and its pressure drop at a rated airflow. According to
the JIS 7 8122 [24], a HEPA filter is defined as having a minimum efficiency in removing
small particles (approximately equal to 0.3 pm) from air of 99.97% (i.e. only three out of
10000 particles, 0.3 pm in size, can penetrate through the filter) and an initial pressure
loss of 245 Pa or less at a rated airflow. A ULPA filter will have an efficiency higher than
99.999% against 0.1-0.2 pm particles. These filters are constructed in the same purpose to
capture particles. They differ in that the filter medium used has a higher proportion of
smaller fibres changing what is called packing density. Packing density will determine the
resistance filter media gives towards airflow. A filter with a higher packing density will have

higher collection efficiency but will result in a higher pressure drop across the filter medium.

1.1.1 Filtration Mechanisms

Most of a high-efficiency air filter is designed to remove particles of about 2 pm and
smaller. These filters are mainly made of glass fibres ranging in diameter from as small
as 0.1 nm up to 10 pm. These fibres are distributed randomly and crisscrossing each
other throughout the depth of the filter medium, resulting in heterogeneous pore sizes.
As airborne particles move through the filter medium, they will bump into the fibres, or
onto particles already accumulated on the surface of the fibres. Many theoretical and
experimental studies [7, 8] have been carried out on the filtration mechanisms of these

fibres. The physical filtration mechanism that results in particle removal is discussed




1. Introduction 3

briefly here. The three main mechanisms are impaction, diffusion and interception. The
other relatively lesser importance mechanisms are sieving or straining, gravity settling and
electrostatic. In a typical air filter, electrostatic effects are relatively small and usually
ignored in high-efficiency air filters. The mechanism of particle capture effects particle
differently depending on the particle size. Large particles are mainly being captured
due to the impaction and interception while small particles are due to diffusion. These

are shown diagrammatically in Figure 1.1.
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Figure 1.1: Type of capture mechanism in fibrous filter with it respective value and
importance. (a), (b) and (c¢): impaction, interception and diffusion capture mechanism of
a fibrous filter media, repectively. Adapted and modified from https://upload.wikimedia.
org/wikipedia/commons/b/b1/HEPA_Filter_diagram_en.svg. (d): collection efficiency of
each capture mechanism and total collection efficiency of a filter media.

As the particle size increases, the particles cannot follow the movement of air due

to inertia. Therefore, when the gas passes around the fibre, the particles collide with
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the fibre surface. This capture mechanism is called impaction and often becomes a
dominant capture mechanism for particles having a particle size of several pm or more.
In interception mechanism, particles that do not have enough inertia but with a large
enough size will flow along with the airflow and hit fibre at around 90 degrees at where
the streamline is closest to the fibre surface. As the particles become smaller, they will
follow the motion of the gas, but the Brownian motion becomes more active because
there are continually colliding with other particles and smaller gas molecules. Brownian
motion cause small particles to hit fibre surface or particles that already captured by
fibres. The collection efficiency of these capture mechanisms is shown in Figure 1.1. The
total collection efficiency of these mechanisms produces distribution with the smallest
value at a specific particle size and particles that are smaller or larger than this particle
size exhibit lower collection efficiency value. Inversion of the collection efficiency is the
penetration curve of an air filter. A particle size that having the lowest collection efficiency
and the highest penetration value is called Most Penetrating Particle Size (MPPS). At

this particle size, the filtration performance of an air filter is usually defined.

1.1.2 Structure of A High-Efficiency Air Filter

High-efficiency air filters are usually constructed in two ways, either deep-pleated or
mini-pleated. In both methods, the filter paper is folded into a pleated form in order to
increase the surface area of filtration and then fixed into a compact frame. The difference
between deep and mini-pleated filter is mainly based on the number of pleat per unit
length. Deep-pleated filter has a lower number of pleats compared to mini pleated filter.
Due to its lower number of pleats, corrugated aluminium separators typically is fixed
between filter paper pleats for support to keep its shape. Then assembled filter media
is then glued into a frame which gives it final structure to be used. The structure and
cross-section of deep-pleated filter media are depicted in Figure 1.2a. A deep-pleated filter
is usually used in facilities with higher velocity and temperature, due to its strength and

temperature resistance advantage. However, the deep-pleated filter is relatively heavy and




1. Introduction )

not flexible to any change in ventilation system design. This lead to the development of a
deep-pleated filter without separators. This is done by corrugating the filter paper and fold
the media directly into a pleated pack. The structure and cross-section of deep-pleated

filter media without separator is depicted in Figure 1.2b.

Frame

Sealant Corrugated

Sealant filter media

Frame Separator

Filter
media

Gel seal

Gasket

(a) with separators (b) without separators

Figure 1.2: Deep-pleated high-efficiency air filter. Adapted with permission from [41].

Recently, high-efficiency air filters for the cleanroom application is mainly in the
mini-pleated form. Aluminium separators are not used between filter media; instead, lines
of ribbon, glued strings or raised dimples run through the length of the paper medium
acting as separators to maintain an air gap between each pleat. In mini-pleated filters, six
to eight pleats per 2.5 cm are packed into a frame compared with approximately only two
to three pleats per 2.5 cm for the deep-pleated filters. The mini-pleated filter contains
much more filter medium for the same surface area so that these filters can be made
more compact and significantly lighter. Mini-pleated construction is the most widely used
method of construction for a unidirectional flow cleanroom because the larger media area
yields a lower pressure drop than deep-pleated construction for common unidirectional
flow velocities of 0.35-0.5 m/s. Such methods of construction are shown in Figure 1.3.

Constructed Filters need to be passed through factory test at the manufacturer’s premises
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where filters are classified accordingly to their performance and later another test usually

performed in field test after the installation of the filters at the user’s facilities.

Gasket Knife-Edge Flange
i Filter for Fluid Seal
Ribbon or Media Raised
Glye Sealant Dimple
Filter

3 _Msdia |

Frame I g it —Frame

(a) with separators (b) without separators

Figure 1.3: Mini-pleated high-efficiency air filter. Adapted with permission from [41].

1.2 Filter Factory Test and Filter Classification

There are two different kinds of HEPA and ULPA filter integrity tests throughout the filter
lifetime using for a clean space environment. Figure 1.4 illustrates the filter integrity tests
done to HEPA and ULPA filters before and after the installation at the users’ facilities.
Filter factory test is to be made at manufacturer site uses and uses test rigs; complicated
and expensive equipment. Manufacture can and must provide comprehensive testing of
his products. Then after being installed at a facility, installed leak test is to be made at
the point of use in cleanrooms. The latter test used simpler procedures and equipment
than the factory test. Table 1.1 summarises a list of some of air filter standards practised
at the manufacture’s premises with different application such as nuclear air cleaning
systems, cleanroom, ventilation and electric air cleaners.

In this study, we are going to be focusing on air filters used in cleanrooms that are
built for the electronics industry, hospital surgery rooms and medicine or food production

which require very high level of cleanliness. The commonly used and generally known
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standards for filter factory testing and classification are EN 1822-1: 2009 [9] (Europe),
the RPs of the IEST (USA). Bin Zhou et al. [42] provided detailed discussions on these
standards and comparison between them. Table 1.2 lists filter class and type for both EN
1822-1: 2009 [9] and IEST RPs with their respective filter performance classification. A

brief description of these two standards will be given in the next subsection.

Filter Manufacturing T ey .

Filter Transportation

Filter Installation

Installed Leak Test
(this study)

Normal Operation

Disposal

Figure 1.4: A typical flow of Filter integrity test went through by HEPA and ULPA filters
before and after installed in a facility.

Table 1.1: International standard concerning HEPA and ULPA filters factory test.

Country /region Standard Title

] JIS 7 4812 HEPA Filters for radioactive aerosols
apatl JIS B 9927 Cleanroom- Air filters- Test methods

USA IEST-RP-CC001 HEPA and ULPA Filters

MIL STD-282 Filter units: Performance Test Methods
Europe EN 1822 High-efficiency air filters (HEPA and ULPA)

1.2.1 EN 1822: 2009

The latest version of EN 1822: 2009 has five parts:
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1. EN 1822-1: Classification, Performance Testing and Labelling

2. EN 1822-2: Aerosol Production, Measuring Equipment and Particle Count Statistics
3. EN 1822-3: Testing Flat Sheet Filter Media'.

4. EN 1822-4: Determining Leakage of Filter Elements

5. EN 1822-5: Determining the Efficiency of Filter Elements

EN 1822-1: 2009 [9] is based on an MPPS. MPPS has been previously discussed in
section 1.1. It applies to ULPA filters as well as HEPA filters. The efficiency is determined
by particle number counting. If the aerosol is quasi-monodispersed, the aerosol generated
has to have a particle size near MPPS. If the aerosol is polydisperse its fractional efficiency
counting is done to determine MPPS. MPPS is determined from flat sheet testing of the
filter medium in accordance with EN 1822-3. The filter is tested at this predetermined
particle size. The E classes (E10, E11 and E12) were designated as efficiencies (>85%),
but are in the sub-HEPA in their ratings (<99.95%). EN 1822-1: 2009 [9] continued to
rate H13 and H14 as HEPA class filters and U15, U16 and U17 as ULPA class filters.

1.2.2 IEST Recommended Practice (RP)

The IEST issues RPs for testing HEPA and ULPA filters. Below are related RPs:

1. IEST RP-CC-001.5: "HEPA and ULPA Filters": provides a glossary, definitions and
classifications of HEPA and ULPA filters, test instruments and requirements for
other RPs. This RP describes 11 levels of filter performance and six grades of filter
construction.

2. TEST RP-CC-007.2: "Testing ULPA Filters": provides the test methodology for the
overall efficiency of ULPA filters using particle counter(s). The penetration range of
this procedure is 0.001-0.0001%.

3. IEST RP-CC-021.3: discusses test methods for physical and filtration properties of
HEPA and ULPA filtration media.

'EN 1822-3 is used for flat sheet testing to determine most penetrating particle size (MPPS)
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The testing of HEPA filters is different that ULPA filters. The RPs recommended that
the less efficient HEPA filters be tested with an aerosol photometer and the efficiency
based on 0.3 pm particles. The assumption is that the particles are more or less the same
diameter. The RPs recommendation for ULPA filters is that they are being tested for a
fractional efficiency test using a particle counter. The size range for the particles is 0.1-0.2
pm. There is also a filter medium identified as a Super ULPA which efficiency is rated at
99.9999%. MPPS is recommended as the rating method for this type of filter.

1.3 Installation of High-Efficiency Air Filters in
Cleanroom

As mentioned briefly by name at the previous section, cleanrooms can be classified by
airflow type into unidirectional and non-unidirectional flow type cleanroom. Both of these
cleanrooms use different configuration of high-efficiency air filter at the upstream of the
air ventilation system. Filters are being installed at the ceiling of cleanrooms with various
installation type. Figure 1.5 type shows two examples of a conventional filters installation
type in cleanrooms. The first type is called gel-seal type. This type commonly used in
a central system type cleanroom which has been widely adopted since the early days of
the cleanroom. High-efficiency air filters are installed by covering a lot of surface area
of the ceiling at the plenum chamber. The indoor air pressure at the downstream side
of the filter on the ceiling has a higher pressure compared to the upstream side of the
filter, so it is necessary to pay close attention to unfiltered air leakage from the filter
frame. As a result, method of ensuring the airtightness which is highly important for leak
countermeasure by inserting a packing between a filter housing and an installation ceiling
surface and a method of improving airtightness by pouring gel into the channel on the
filter, or mounting frame or ceiling grid has been put into practical use.

The second system is called the Fan Filter Unit (FFU) which is a pair of high-efficiency
air filter, and a small blower unit is simply set on the ceiling. This creates lower pressure

at the upstream side of FFU compared to the downstream side, thus, significantly reduced
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(b) FFU type

Figure 1.5: Filter installation type in cleanrooms.
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the importance of leakage countermeasures. Besides, this also will give more freedom
for the layout change in the cleanroom. The FFU type installation type emerged in the
cleanroom world in the latter half of 1980 and until now most of the current cleanrooms

adopted FFU unit for the air ventilation system.

1.3.1 Causes of Filter Leaks in Cleanrooms

At the time before the shipment from filter manufacturer factory, all filters were inspected
and guaranteed to have specified performance, but any improper treatment during
transportation, filter installation and cleanroom operation, filter surface or frame may
be damaged and causing leaks. In addition, even for filters that have been used for a
long period of time may produce leaks due to ageing and deterioration. These possible

leak factors and actual damage cases are shown in Figure 1.6.

Table 1.3: Failure mode

Failure Mode Number % of Total
Failure mode unknown 702 64
Handling or installation damage 213 19
Frame failure 65 6
Gasket or seal failure 62 6
Media rupture 54 5
Filter construction 6 <1
Media to frame sealant failure 3 <1

Furthermore, reports concerning the reliability and performance characteristics of
HEPA filters have been reported in several studies supporting all type of leak factors stated
in the previous paragraph. For example, Carbough [5] reported the results of a survey of
HEPA filter applications and experience at the Department of Energy (DOE). Table 1.3
summarises the findings of this study with reference to the filter failure modes reported
in this study. Filter failures occurred with approximately 12% of all installed filters. Of
these failures, most occurred for unknown or unreported reasons with 64%. Handling or

installation damage accounted for an additional 19% of reported failures. Media ruptures,
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filter frame failures and seal failures each accounted for approximately 5 to 6% of the
reported failures. Except for the 19% resulting from handling or installation damage,
the other modes are likely due to deterioration and ageing effects which accumulates up
to 81%. Most of the filter leaks associated with damage from handling and installation
or ageing and deterioration are considerably larger than the normal undamaged filter.
To put into perspective, when a filter surface is scanned by a particle counter, there is
almost no count at the undamaged part of a filter, while a count in the order of several

hundred to thousands is detected at the damaged part of a filter.

1.4 Installed Filter Leak Testing at Cleanrooms

A filter leak test is performed after filters were installed in a cleanroom. This is to ensure
that HEPA or ULPA filters are free of damages and small leaks described in the previous
section. ISO 14644-3: 2005 [21] (International) and IEST RP-CC0034 (USA) are two very
commonly known and generally practised standards. In particular, ISO 14644-3: 2005 [21]
is the first International standard established for the installed filter leak test which gives
cleanroom community a common standard to work to. Before ISO 14644-3: 2005 [21],
there was no international standard on the installed filter leak test, but due to progress in
technology, there is a need for international standard as a base for contamination control
and monitoring. This is really important for a country that does not have any related
standard locally available at that time, especially japan which experiencing fast-growing
and mass-production in electronic devices industry. Without any locally or internationally
available standard, cleanroom users did not have any reliable method for an installed
filter leak test. In the industry such as the production of semiconductor devices, a huge
cleanroom with a floor area over 1000 m? has been built. Furthermore, it is near impossible
to do a leak test manually. Therefore, autonomous robots have been actively developed.

In ISO 14644-3: 2005 [21], two conditions of Installed filter leak test are presented: a

final filter installed at a predetermined location in a cleanroom and a system of air supply




1. Introduction 15

Multiple particles
are measured
~ simultaneously

B Detector

Figure 1.7: An illustration of the internal components and measurement principle of an aerosol
photometer.
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Figure 1.8: An illustration of the internal components and measurement principle of a discrete
particle counter.
or duct used for testing. In this study, we will be focusing on the former condition. Two
different leak detection methods are given in annexe B.6 of the standard. The procedure
B.6.2 for installed filter system leak scan test with an aerosol photometer and the procedure
B.6.3 for installed filter system leak scan test with a Discrete Particle Counter (DPC).
Both test methods are performed by introducing an evenly distributed challenge aerosol
at upstream of the filter unit and scanning immediately at the downstream side of the
filter gasket, filter frame and filter media. The Figure 1.9 shows the measurement method
diagrammatically using an aerosol photometer and DPC, respectively.

The first in situ test method is the traditional aerosol photometer test. Figure 1.7 shows

a simple illustration describing the general internal components of an aerosol photometer.
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This is commonly known as the DOP integrity test and utilizes the aerosol photometer
as the primary measuring instrument and an aerosol generator to produce a uniformly
distributed aerosol challenge at the upstream of filter media. Historically, this method
has been used since the 1950s and appears in many different standards throughout the
world such as IEST RPs. The aerosol photometer uses light scattering techniques and
scattered an ensemble of particles and a photomultiplier tube as its detection method. The
scattered light is directly proportional to the aerosol mass concentration. The instrument
is a continuous real-time detector and usually allows a pre-set alarm point to be set for easy
detection leaks. An upstream concentration is taken, and the aerosol generator is adjusted
to achieve a challenge level approximately 10 mg/m? to 100 mg/m?® with a mass median
particle diameter (MMD) typically between 0.5 um to 0.7 pm and a geometric standard
deviation (GSD) of up to 1.7. The aerosol photometer method requires the upstream
challenge aerosol to be set into 100% as a reference for the downstream concentration
measurement. The downstream concentration measurement of the filter is then directly
scanned using a probe and turns into percentage penetration. A leak is detected when the
downstream measurement is larger than 0.01% of the upstream concentration.

The second method offered in the standard is the particle counting method. Figure 1.8
shows a simple illustration describing the general internal components of a DPC.This
method also requires is evenly challenged with a known recorded concentration of aerosol,
an aerosol diluter (optional if aerosol generator could not produce concentration low
enough) and a discrete particle counter (DPC). This method is relatively new and uses
DPC. The DPC uses the light scattering technique to count particles by measuring the
peak light scattered height of the individual particle passing through the beam sensing
area. It cannot count two particles in the sensing area at the same time (known as
coincidence counting), and therefore a diluter has to be used to measure the upstream
aerosol challenge if aerosol generator could not produce concentration low enough. Due
to its reliance on a low concentration, the upstream challenge aerosol concentration is

determined based on relatively complex sets of mathematical relation with a count median
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particle diameter (CMD) typically between 0.1 pm to 0.5 pm and a GSD of up to 1.7. In
the DPC method, the leak threshold uses the value obtained by multiplying the MPPS of
the test filter with a factor K (usually K=10) as the threshold value. When the scanning
probe scanning at the immediate filter downstream, a leak is detected when particles
exceed the 95% upper confidence limit of the Poisson distribution. When a possible leak

is detected the stationary re-measurement should be performed.

1.5 Problems in ISO 14644-3: 2005 [21]

The aerosol photometer has a long history while DPC method is relatively new and far from
perfect. For example, at the time of this standard establishment, many of the members
who created this standard did not truly understand the characteristics of leaks occurred in
the field test of an installed filter as previously mentioned in section 1.2. Because of this
matter, a very strict and unpractical test similar to the filter factory test (section 1.2) at
the time before the shipment was established. Since the establishment of this standard,

below are problems encountered by the users presented in the DPC method:

Problem 1: MPPS as the test particle size
In the DPC method, the test particle size is MPPS but most of the penetration
rate for filter specification are available at a particle size of 0.3 pm. Besides, the
penetration rate at MPPS is often one order larger than at 0.3 pm and due to this,
there is a possibility that a small leak will not be able to be determined.

Problem 2: Short sampling time interval
The sample acquisition time stated in ISO 14644-3: 2005 [21] is about 0.4 second. A
normal commercially available DPCs have the minimum sampling about 1 second,
which makes this standard inapplicable.

Problem 3: Impractical ULPA filter leak test
In a cleanroom where ULPA filters are installed, applying the threshold value

determined from the penetration rate of the filter, it is necessary to set the upstream
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concentration to a considerably high concentration making an initial condition difficult
to set. In addition, from the viewpoint of contamination control, it is not desirable
to produce a very high upstream concentration more than necessary. Subsequently,
lower concentration means longer sampling time to produce a statistically valid
result.

Problem 4: Difficulty in parameter determination
All parameters are described so that they can be freely selected to some extent by
the user. Conversely, this further complicates the selection of test parameters. In
addition, there are parameters such as upstream concentration which it is more
reasonable to perform reverse calculation after pre-determine first the allowable
count. This also creates confusion for users in knowing the order of determining the
parameters if the whole calculation is not well understood.

Problem 5: Different leak threshold criteria depending on filter grade
In order to set the threshold, users need to know the performance of the installed
filters. However, in many cases, users will not know this information. Therefore, an
additional test needs to be done to determine the filter’s performance which further

creates complexity and adding unnecessary procedure.

Suzuki et. al. [36] addressed problems 1 to 4 and but did not cover problem 5 in
their work. They gave a new proposal from a practical viewpoint to problems 1,2 and 3.
Meanwhile, for problem 4, they only gave countermeasure suggestion without proposing
any new method unlike in the previously mentioned problems. The summary of the

proposal respectively to each problem is written below:

Problem 1 :
They experimentally proved that leaks could not be detected even when K=10 when
applying MPPS as the test particle size. A designated pinhole leak was artificially
produced and they found that test particle size at 0.3 pm or larger are observed to

clearly differentiate between normal filter and damage filter even when K=10 is used.
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As a result, they proposed 0.3 pm or larger shall be used as the test particle size
instead of MPPS.

Problem 2 :
Based on the Poisson distribution, they proposed a series of test conditions that
can detect the possibility of a leak according to the number of acceptable counts
occurred during the scanning process, and the existence of leaks is being alarmed by
a sound of a buzzer of the measuring instrument.

Problem 3 :
In the case of ULPA, they proposed a new evaluation method based on the
specification of the cleanroom cleanliness class monitoring concept. For example, in
an Industrial Cleanroom (ICR) used in the semiconductor processing process, it is
only necessary to ensure the cleanliness of the cleanroom in the entire ventilation
system. If the cleanliness inside the ventilation system is maintained and satisfied, it
can be considered that there will not be any failure happened at the filter downstream
and passed the filter leak test.

Problem 4 :
They proposed to simplify the selection of test conditions by fixing some parameter

values.

Since 2010, ISO organized a working group (WG) consists of Technical Committee
(TC) who represented their respective standard organisations to discuss the revision of
the ISO 14644-3: 2005 [21] named ISO/TC209. Since then, with regards to problems 1
to 4, in order to solve the problems related to the installed filter leak test, they decided
to incorporate the results presented in Suzuki et al. [36] Some adjustments were made
to fit the requirement of general cleanroom community. However, for problem 5, Suzuki
et al. [36], did not address this problem thus no solution was provided. Revision for

each problem are summarized as below:

Problems 1 and 2 :

The test particle size is set to 0.3 pm, and the possibility of a leak is determined
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when the measuring instrument counts one or more counts during the scanning
process and the presence or absence of a leak is alarms by a buzzer sound.

Problem 3 :
Prior to the paper by Suzuki et al. [36], ULPA filters were mainly used in cleanrooms
for manufacturing semiconductor devices (ICR). However, since then, the number of
cleanrooms in the biological (BCR) field started using ULPA in their air filtration
system. In BCR the contamination control is very strict and the method proposed
by Suzuki et al. [36] is not suitable to be applied. Therefore, it was cancelled and
not incorporate into ISO 14644-3: 2005 [21].

Problem 4 :
Selection of test conditions is greatly simplified by fixing the probe size and scan
speed.

Problem 5 :
This problem was based on the result produced by this study. As a result, the
Technical Committee decided to use leak detection threshold of 0.01% (same as used
in aerosol photometer method) of the upstream challenge aerosol concentration for
the H14 filter grade and higher and a 0.1% threshold of the upstream challenge

aerosol concentration for the H13 and lower.

1.6 Research Motivation and Problem Statement

This dissertation is the product on tackling problem 5 found in the current ISO 14644-3:
2005 [21]. This problem is have been circling around for a long time in the cleanroom
community. This is because complexity in the DPC method presented in current ISO
14644-3: 2005 [21] always been critiqued by the non-DPC country users. The DPC
method for the installed leak test is relatively new compared to the traditional aerosol
photometer method. It is far from perfect and needs to be evaluated time by time to

make it more user-friendly and practical.
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The other thing regarding the difference in the leak threshold criterion between aerosol
photometer and DPC method, currently available threshold for both of these threshold
mentioned in ISO 14644-3: 2005 [21] are inconsistent with some of the locally available
standards that came before ISO 14644-3: 2005 [21]. For example, the same 0.01%
threshold criterion has been long used for both aerosol photometer and DPC as in IEST-
RP-CC034.4 in the United States of America. However, to our knowledge, the basis of
this implementation is not mentioned in any of the filter leak test-related Recommended
Practice series by the IEST organisation which remain suspicious and need to be studied
and explored. This suspicion is natural since the leak evaluation methods provided are
different between these two methods. Aerosol photometer evaluates leak rate in term of a
ratio of the total mass concentration of the existing challenge aerosol at the downstream
and upstream side of a filter media, while DPC evaluates leak rate discretely in term of
a ratio between the number concentration of a particular particle size or range at the
downstream and upstream of a filter media. In logic, difference in the leak evaluation

method between these two instruments will not produce similar a degree of value.

Although many studies have been conducted on the differences in measurement
sensitivity of aerosol photometer and DPC, however, so far relatively only a few studies have
been conducted on the comparison between these two instruments in the context of a leak
test of an air filter and those studies produced inconsistent results with each other. Some
researchers [10, 14, 40] observed a good correlation between DPC, while others [12, 26]
found a significant difference between these two instruments. This contradiction probably
caused by the difference in the limitation of the experimental conditions. Most of these
studies where done before the establishment of the ISO 14644-3: 2005 [21]. Which means
the experiments were not done based on the range of the allowable condition stated in the
ISO 14644-3: 2005 [21]. This remains the case for current ISO 14644-3: 2005 [21] which is

very few literature dedicated to test and challenge the validity of ISO 14644-3: 2005 [21].
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1.7 Research Aim and Objective

The main aim of this dissertation herein is to unify the leak threshold criteria for the
installed filter leak test in cleanrooms for aerosol photometer and DPC method. The idea
is to use the same leak threshold criterion of aerosol photometer in the DPC method. The
focus of this dissertation circulating around the fundamental differences between aerosol
photometer and DPC method and extended to the use for various DPC specifications. In

order to achieve the main aim, three key objectives are being set as below,

Objective 1 :
To study the difference between aerosol photometer and DPC on the measurement
unit and leak evaluation method.

Objective 2 :
To study the difference between aerosol photometer and DPC on the instrument
response.

Objective 3 :

To determine the Leak rate for various DPC specifications.

As a final remark, this dissertation intends to build the underlying platform on a
uniform leak threshold criterion to improve the complexity present in the current ISO
14644-3: 2005 [21] standard. As such, we have tried to communicate the work as plainly
and clearly as possible through the use of diagrams, charts and simple mathematical
modelling. We have also included additional detail to show where the work could be

extended, in the hope that this dissertation will form a point of reference for future work.

1.8 Dissertation Outline

This dissertation consists of five chapters.

Chapter 1: Introduction
This chapter sets the tone and direction of this dissertation. In this chapter, we

present the background, motivation, problem statement and objectives.
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Chapter 2: Measurement unit and Leak Evaluation Method
In this chapter, we investigate the comparison between aerosol photometer and DPC
method on the measurement unit and leak evaluation methods (Objective 1). The
comparison is done solely based on the measurement unit. Aerosol photometer and
DPC are represented by mass and number concentration, respectively. We also study
two leak evaluation method used in DPC method, which is discrete and cumulative
leak evaluation method. The sensitivity of leak rate values for different filter grade
(H13 to U16 according to EN 1822-1: 2009 [9]) by aerosol photometer and DPC
based on the difference in measurement unit and leak evaluation method according
to the installed filter leak test requirements stated in ISO 14644-3: 2005 [21] are

discussed..

Chapter 3: Instrument Responses
In this chapter, we extend the comparison made in Chapter 2 by considering the
instrument responses (Objective 2). We model the instrument response of aerosol
photometer and DPC to reproduce the real measurement value. A theoretical model
of the response of aerosol photometer and DPC is described, and then, as in Chapter
2, the sensitivity of leak rate values by aerosol photometer and DPC for different

filter grade are discussed.

Chapter 4: Evaluation by Differen DPCs
In this chapter, we revisit the model of DPC response (i.e counting efficiency function)
proposed in Chapter 3 and explore the leak evaluation by different DPCs (Objective
3). Extending the calculation made in Chapter 3, we calculate the leak rate values
within the allowable range of the counting efficiency for a DPC stated in ISO 21501-4:
2018 [22].

Chapter 5: Conclusion and Future Work
This chapter summarizes and concludes the dissertation, stating the benefits, limi-
tations and difficulties. Finally, the research direction for possible future works is

suggested.
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2.1 Introduction

Aerosol instrument does not only differ in term of different measuring technique (which
will be further discussed in Chapter 3 that is utilised to quantify aerosol, but also differ
on how they “weigh” the particle size. In the case of aerosol photometer and DPC, a
different measurement unit is being used for these two instruments. The aerosol photometer
measures particles in term of mass concentration, whereas DPC measures particles in term
of number concentration. The way mass and number concentration measure sample of
particles are very different. Furthermore, in ISO 14644-3: 2005 [21], the leak evaluation
method is also different. The aerosol photometer measures aerosol by the total mass
concentration of a sample, in a way, evaluated the leak cumulatively.

In contrast, DPC sizing aerosol into discrete groups and evaluates leak discretely which
we called as discrete leak evaluation method. With a different measurement unit and
leak evaluation method between aerosol photometer and DPC, different leak rate value
is expected as reported by many studies. The difference between these two instruments
needs to be critically studied in order to find a possible common ground on the evaluation
of leak between these two instruments.

As mentioned in Chapter 1, the downstream concentration equal to 0.01% of the
upstream concentration has been used as the threshold criterion for the leak detection
in aerosol photometer method. Therefore, in this chapter, based on the comparison
between measurement unit and leak evaluation method, we explore the possibility of
unified threshold criteria for DPC method using the same threshold criterion as in the
aerosol photometer method. The comparison is just based on the measurement unit,
and the instrument response is not considered and will further address in Chapter 3. In
this chapter, aerosol photometer and DPC are being represented by mass concentration
and number concentration, respectively. Furthermore, we will test the difference in leak
evaluation methods for the DPC method using discrete and cumulative leak evaluation

method to find which one produces comparable values to the aerosol photometer method.
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2.2 General Knowledge and Terms in Aerosol
Research

Before moving forward, it is appropriate to highlight some of the important general

knowledge and terms used throughout this dissertation.

2.2.1 Definition of Particle Size

In the studies of aerosol, particle size is often expressed in terms of equivalent diameter
to represent the specific property or behaviour of interest in a given system. For a
spherical particle, the geometric diameter is simply used to define the size whereas, for
an aspherical particle, the equivalent diameter is used. The most common one is the
aerodynamic diameter which is defined as the diameter of a spherical particle of a unit
density having the same terminal settling velocity as that of the particle in question.
The aerodynamic diameter is useful to describe particles in a system where the inertial
behaviour dominates such as inertial impactor and cyclones.

For devices that use light scattering technique as the principle of the measurement
such as aerosol photometer and DPC, an optical diameter is commonly used. The optical
diameter is defined as the diameter of a calibration particle scattering the same amount
of light in a specific instrument as the particle being measured. An extensive calibration
is needed before any measurement because the scattering properties of the particles are
very dependent on the physical size, chemical composition of the particles, and the optical
configuration. According to ISO 21501-4 [22], polystyrene latex (PSL) is normally used
by manufacturers to calibrate the DPC. Therefore, particle diameter reported by the
DPC in many cases is the PSL equivalent diameter. There are also equivalent diameters
based on a particle property such as mass, volume, or surface area. These equivalent
diameters often used in the chemical reaction and multiphase flow-related field. It is
important to know the details of the data represented by a particular instrument when

comparing measurements between different instruments.
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2.2.2 Particle Concentration and Size Distribution

Particle concentration is used to quantify particles in a particular aerosol property of
particle suspension per unit volume of gas. Mass and number concentration are two
of the most commonly used types of particle concentration. Particle concentration is
defined as the number of particles per unit volume of gas with a unit often denoted as

particles/cm?

. In contrast, mass concentration is defined as the mass of particles per
unit of volume of gas with unit such as mg/cm?3.
For a monodisperse aerosol, conversion between different measurement units is rather

simple. For example, assuming a spherical particle with a diameter of D,, the mass

concentration can be obtained from

M =22 p3
6 p

(2.1)
Then, for a sample consists of N number of monodisperse aerosol having the same

diameter of D,, the mass concentration for the sample is

M=Nx2ps
6 p

(2.2)
where, p, is the particle density. In a very controlled experimental setup, a particle
population with a relatively high monodispersity can be artificially generated. However,
this is not the case for most of the natural and artificial particle systems. They have
a certain degree of dispersity and exhibits a range of particle sizes that we called as
polydisperse aerosol. It is more complicated to do conversion between different measurement
units. This is because a different measurement unit might exhibit different particle
size distribution. Different measurement units weigh the particle size differently when
they construct a size distribution.

When sampling a population of particles, particles are “sized” and “counted” into
different discrete groups, we called bins. These bins then plotted into a histogram with the

particle “number” on the y-axis versus particle size on the x-axis to represent a particle

size distribution. The total area of all block is the total number of particles in the sample.
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However, in this way, the particle “number” is very dependent on the size of the bin width.
Larger bin width will cover a broader range of particle size, thus, increases the number
of particle for the respective bin. Therefore, in order to remove this dependency, it is
necessary to normalise the particle “number” in each bin by their respective bin width.
Furthermore, by dividing each block with the total number of particles, describes each
block as the fraction of the total number of particles. In this way, connecting the midpoint
of at the top of each block of particle “number” with a continuous smooth curve, we
can represent the particle size distribution in term of any probability density function
(PDF) since the total area of all block is equal to unity.

Following the above explanation, if d/V is the number of particles in size intervals

(bins) of D, + dD,, the number distribution function as
dN = Fyx dD, . (2.3)

The number distribution can be expressed in term of any PDFs f(D,) and the total

number of particles Ny in a sample as below

AN
v =3p

= Nrf(Dyp) (2.4)

p

2.2.3 Lognormal Distribution

As explained in section 2.2.2; particle size distribution can be represented in term
of PDF. However, even with a known PDF, it is not very easy for direct conversion
between different measurement unit for a polydisperse aerosol. This is not the case for a
lognormal distribution. A lognormal distribution can be described as a positively skewed
(asymmetrical) unimodal distribution, as shown in Figure 2.1a. When the abscissa is plotted
in a logarithmic scale, it produces a normal (Gaussian) distribution (see Figure 2.1b).
Due to its non-negative value and broad range values coverage properties, it is very useful

to describe particle size distribution which often covers a broad magnitude of particle
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Figure 2.1: Particle number concentration distribution at the upstream side of the filter media.

sizes with different orders. A lognormal distribution is given by

1 (log D, — log D,,)?
D) — _ D Py : 2.5
f(Dy) V2rlogo, P 2 (log o) (2:5)

where, D, is the geometric mean diameter and o, is the geometric standard deviation
(GSD). The lognormal distribution is a very robust and many studies have found that it
fits well with most of particle size distribution®. Statistically, lognormal distribution gives
a distribution of the same GSD throughout all of its moments. The median diameter of
the distribution of any moment is equal to the corresponding geometric mean diameter
and is related to the integral by a simple factor (due to a Gaussian-like distribution).
This also means that the median diameter of any moment is connected to the median
diameter of any other moment by an analytical relationship. This was shown by Hatch
and Choate [15] in their paper which derivation of the relation between the median
diameter of different moments with GSD was done.

For a particle size distribution describing particle count (number concentration), D,,
is replaced by count median diameter (CMD). To avoid any symbols complexity o, is

replaced with an abbreviation GSD throughout this dissertation. Thus, for lognormal

2There is no fundamental theoretical reason why particle size data should approximate the lognormal
distribution, but it has been found to apply to most single-source aerosols. Hinds addresses the theoretical
basis for aerosol particle size distribution in his book [16].
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number distribution, the PDF can be expressed as

f(Dy)

1 . [_ (log D, — log CMD)Z] (2.6)

= V2rlogGSD 2 (log GSD)?

Substituting Equation (2.6) into Equation (2.4), the particle number distribution is

FN (Dp>

2
dN Nr b [_ (log D,, — log CMD) ] 2.7)

= = eX
dlog D,  v/2mlog GSD 2 (log GSD)?
One can obtain the lognormal mass distribution can by converting the CMD to MMD

using the relation by Hatch and Choate as below

MMD = CMD exp (3 x In” GSD) . (2.8)

2.3 Difference in leak detection sensitivity by
photometer method and DPC method

Using an example of apple and grape, Hinds [16] explains the relationship between the
number concentration and mass concentration of particles with different particle sizes in the
book Aerosol Technology: Properties, Behavior, and Measurement of Airborne Particles.
By assuming a case where one apple and ten grapes are in a basket as in Figure 2.2a,
comparing only based on the sheer number, the ratio is 10:1. The number of grapes is
larger in number, but in term of mass, apple has a relatively larger mass. Applying the
same analogy, we try to explain the difference in sensitivity of filter leak detection with
different particle sizes between number concentration and mass concentration as follows.

Given the principle of particle capture on or inside a filter medium, the smaller particles
(grapes) have a higher possibility to pass through the filter medium as compared to larger
particles (apples). In the current filter leak test, leak is evaluated by the penetration of
the filter defined as the ratio between the concentration of challenge aerosol particles at
the downstream side of filter media and the concentration of challenge aerosol particles
at the upstream side of filter media. In term of logic and possibility, at the upstream

side, larger number of large particles (apples) will be present, while possibly only small
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Figure 2.2: Difference in leak detection sensitivity between mass and number concentration.

particles without any large particles will be present at the downstream side of the filter
media as illustrated in Figure 2.2b.

Based on the explanation above, since a mass concentration measurement is applied in
the aerosol photometer method and a number concentration for DPC method, the particle
concentration at the upstream side which acts as the denominator in the evaluation of
the penetration rate (leak rate) is significantly larger in the aerosol photometer method.
Therefore, even if a cumulative number exceeding a specified particle size is used in the
filter leak test, the leak evaluation by the DPC method applying the number concentration
measurement can be expected to be more severe than the aerosol photometer applying mass
concentration measurement. The word severe here is because of a higher leak evaluation
(penetration rate) will be produced by the DPC method as compared to the aerosol
photometer method. We will confirm and investigate this effect through different leak
evaluation methods presented in the ISO 14644-3: 2005 [21] which are the cumulative
evaluation method and discrete evaluation method representing aerosol photometer method
and DPC method, respectively. Furthermore, we also explore the possibility of cumulative

leak evaluation method in the DPC method.
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2.4 The Nature of Data Acquisitions and
Assumptions

2.4.1 Particle Diameter Range and Upstream Concentration of
Challenge Aerosol

In ISO 14644 Part 3: 2005 [21], the requirement of the upstream aerosol of photometer is
presented as “the Mass Median Particle Diameter (MMD) for this production method will
be between 0.5 pm to 0.7 pm with a Geometric Standard Deviation (GSD) of up to 1.77,
while for DPC, “the Count Median Diameter (CMD) for this production will typically be
between 0.1 pm to 0.5 pm with a GSD of up to 1.7”. In order to satisfy the requirements
mentioned, the particle number distribution of poly-alpha olefin (PAO) particles generated
from the Laskin nozzle type polydisperse particle generator plotted against the logarithmic
particle diameter as shown in the Figure 2.1 is used. The physical properties of PAO is
tabulated in Table 2.1. The particle number distribution in Figure 2.1 shows a curve having
the form of log-normal probability density distribution with a GSD of 1.7, MMD of 0.53
nm and CMD of 0.23 pm as expressed in Equation (2.7). In addition to this, a parametric
study is also done by varying the value of MMD and CMD within the value accepted by

the ISO 14644-3: 2005 [21] standard to produce different particle size distribution.

Table 2.1: The physical properties of PAO?

Relative Viscosity at 293 K [20 °C] Refractive
Density® (Pa - s) Index
0.819" 0.027° 1.456"

& Poly-alpha olefin, with a Chemical Abstracts Service Reg-
istry Number of CAS No. 68649-12-7 issued by American
Chemical Society.

P Data for Emery 3004 as a specific example of a PAO [16].
¢ Density relative to water. Multiply by 1000 for density in
kg/m? or by 1.0 for density in g/cm?.
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2.4.2 Standard Penetration of a filter and its Particle Size
Distribution

For the whole calculation conducted in this dissertation, filters equivalent to H13, H14,
U15 and U16 of the European standard EN 1822-1: 2009 [9] standard® are chosen as the
test filters. These filter grades are frequently used in the cleanroom as the final filter in
the air ventilation system. The penetration as a function of particle diameter for various
filter standards, including the filter mentioned above, is shown in Figures 2.3a and 2.3b.
Figures 2.3a and 2.3b show the penetration for each particle diameter plotted for filter
grade H13 and H14 in a linear and log-log plot, respectively. The penetration curve of
these filters is denoted as the standard penetration curve to avoid any confusion. The
standard penetration curve represented by a linear plot shows a steep curvature change,
and it is difficult to use a simple function for a data fitting. However, by converting it
to a log-log plot, the data fitting process can be easily done using a quadratic function

expressed in the summation notation as follows

Pautpy) e {530, (M) 1 2.9

where, B is the constant and b,, is the coefficient of the quadratic equation at n'" degree.

Data retrieved from [39] are in the range of 0.05 pm to 0.4 pm in particle diameter.
In order to compare the characteristics between the aerosol photometer method and the
DPC method aimed in this study, data on the large particle diameter side is insufficient.
Therefore, the standard penetration data is plotted in a log-log plot and then a quadratic
function is used as a fitting line as described by Equation (2.9) to approximately extend
the particle size range from 0.01 pm to 10 pm considered in the numerical integration.
The penetration curve from the original data is not a symmetrical curve. Two quadratic
curves are used to extrapolate the original data at the small particle size (0.01 pm
to 0.05 nm) and large particle side (0.4 pm to 10 um). The coefficients used for the

extrapolation lines are tabulated in Table 2.2.

3These correspond to ISO 35, ISO 45, ISO 55 and ISO 65 by the classification of ISO 29463-112 [23],
respectively.
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Figure 2.3: Standard penetration as a function of particle size distribution of a H13 and H14
filters with two different scale plots.

As can be seen from Figures 2.3a and 2.3b, the standard penetration of particles with
a particle diameter of 0.05 pm or less and particle sizes of 2 pm or more have significantly
decreased. When comparing the area under the penetration curve between the extrapolated
particle range and the whole integration range (0.01 pm to 10 pm), the effect of small
particle size is less than 1%, and large particle size is less than 2%. These values indicate
that even in the most extreme case of 100% margin of error when absolutely no data
representing small particles and large particles considered in the penetration curve function
relatively small margin of error can be achieved. However, since the original data is

smoothly extrapolated at both ends, a much smaller margin of error can be expected.

Table 2.2: The coefficient of the fitting line used in the extrapolation of the standard penetration
curve.

Coefficient H13 114
0.01-0.05 pm  0.4-10 pm 0.01-0.05 pm 0.4-10 pm
B 2.509 2.632 2.775 2.502
bo -9.540 -7.049 -9.456 -8.337
by -13.098 -11.408 -14.157 -11.408

by -7.805 -7.819 -8.769 -7.431
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2.5 Downstream Concentration of Challenge
Aerosol

Using the data in Figures 2.1 and 2.3, the challenge aerosol concentration at the downstream

side of a filter media was calculated as follows
Fna(Dp) = Fnu(Dp) X Paa (D,) (2.10)

where, Fiy is the number of particles per unit volume with size parameter between D,
and D, + dD, (as in Equation (2.7)), with u and d as subscripts to indicate upstream
and downstream and Py4(D,) standard penetration rate for different filter grades. Leak
rate evaluates by both methods are defined by L with subscripts of M and N denoting

mass (aerosol photometer) and number (DPC) concentration, respectively.

2.6 Leak Evaluation Method

Filter leak test evaluation by the aerosol photometer and DPC method were calculated
by the following procedure. It is important to note that, here, the comparison between
both methods is only done in the context of the difference between evaluation by mass
concentration and number concentration representing aerosol photometer and DPC

method, respectively.

2.6.1 Reproduction of an Evaluation by the Aerosol
Photometer Method (Mass Concentration)

For aerosol photometer method, measurement unit of mass concentration is used. In
the calculation of the penetration rate (leak rate), particle shape factor is cancelled out
since the downstream side concentration is divided by the upstream side concentration.
For this reason, in the present calculation, a particle with a perfectly spherical shape

is assumed. Following Equations (2.1) and (2.2), the particle mass distribution of the
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challenge aerosol at the upstream and downstream side of the filter media can be expressed

as particle number distribution as follows

T
Faru (D) = Fxa (Dy) % %D;” :

po

s (2.11)
6 "

FM,d (Dp) = FN,d (Dp) X

where, Fiy(D,) is the mass of particles per unit volume with size parameter between
D, and D, 4+ dD,. Aerosol photometer produces a single value measurement of mass
concentration which is in the integral form of Equation (2.11) of an effective particle

range. The integral form of Equation (2.11) is given by

Dp,max

]M7u = /D _ FM,u (Dp) de )
p,min (212)

Dp,max
hia= [ Fua(D,) dD, .
Dp,min
where, I); is the cumulative mass concentration. Finally, the leak evaluation L,; by the
aerosol photometer is defined as the ratio between cumulative mass concentration at the

downstream side and upstream side which can be expressed by

Yy

L (2.13)

IM,u

2.6.2 Reproduction of an Evaluation by the Discrete Particle
Counter (DPC) Method (Number Concentration)

In current ISO 14644-3: 2005 [21], DPC method leak evaluation is presented as the
ratio between number concentration of the challenge aerosol at the downstream and
upstream side of filter media discretely at certain particle size. In this study, we called
this evaluation method as the discrete leak evaluation method. This method calculates

leak rate using the following relations

_ FN,d (Dp)

LN,discrete (Dp) — T(D)
7u p

(2.14)

In this study, aside from the discrete leak evaluation method, we will also consider

the cumulative leak evaluation method similar to the concept in aerosol photometer but
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with number concentration. The cumulative form of number concentration is

Dp,max
]N,u:/D 4 FN,u (Dp) de ’

57p,manx (215)
Inag= /D " Fya(D,) dD,

Thus, the leak rate Ly, cumulative is given by

I
N.d (2.16)

LN,cumulative =
]N,u

2.7 The Process of Numerical Experiments
Calculations

Given the data for the filter penetration (Figure 2.3) and aerosol distribution functions
at upstream and downstream (Figures 2.4 and 2.5), leak rate evaluated by both aerosol
photometer and DPC method can be calculated. Numerical integration is done by writing
a FORTRAN programming on a computer, and for this, we calculated the integrals
over particle size distributions for both methods. First, the discrete leak evaluation
method by the DPC method is done by comparing the downstream and upstream number
concentration at a particle size of 0.1 pm, MPPS, 0.2 pm, 0.3 pm, 0.4 pm and 0.5 pm. Next,
as for the cumulative leak evaluation method by the DPC method, we did an integration
for several particle size ranges of >0.1 pm, >MPPS, >0.2 ym, >0.3 pm, >0.4 pm and
>0.5 pm. As for aerosol photometer, we did the integration between 0.01 pm to 10 pm. In
a preliminary study, we found that the ratio between DPC and aerosol photometer method
converged at a particle size equal to 5.8 pm. Integration at where the maximum particle size
limit more than of this particle size will give the same value, regardless of any particle size.

Therefore, we set the maximum particle size limit for all integration calculations to 10 pm.

2.8 Results and Discussion

Table 2.3 shows the leak rate for filter grade H13 to U16 which was evaluated by the

cumulative leak evaluation method for aerosol photometer method and the discrete leak
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evaluation method for DPC method (at particle size of 0.1 pm, MPPS, 0.2 pm, 0.3 pm,
0.4 ym and 0.5 pm) calculated using data presented in Figures 2.4 and 2.5. The aerosol
photometer method produced leak rate lower than currently presented in the ISO 14644-3:
2005 [21] for aerosol photometer method (0.01% or 1 x 10~*). Meanwhile, for the DPC
method, discrete leak rate for filter grade H13 at particle sizes 0.1 pm, MPPS, 0.2 pm
and 0.3 pm exceeded the threshold value of 0.01%. If the same threshold criterion of
0.01% shall be used for the DPC method with a discrete leak evaluation method filter
grade H13 will be mistakenly concluded to have leaks. It is important to remember that
currently used standard penetration rate function described in section 2.4.2 are barely
positioned at the boundary of each filter grade classification presented in EN 1822-1: 2009

[9]. Therefore, the leak evaluation in this dissertation will be very severe.

Table 2.3: Leakage rate value for aerosol photometer method and DPC method (discrete leakage
evaluation method). Green and red coloured cells represent leak rate value smaller and greater
than 0.01% (1 x 10~%), respectively.

Filter Aerosol DPC

Grade Photometer 0.1 pm MPPS 0.2 pm 0.3 pm 0.4 pm 0.5 pm
H13 2.06 x 107° 3.85x 107*% 5.00 x 10°* 3.75 x 107* 1.09 x 10~* 2.50 x 107® 5.69 x 1076
H14 2.06 x 1075 3.85x 10™® 5.00 x 10™® 3.75 x 10™° 1.09 x 10=° 2.50 x 1076 5.69 x 1077
Ul5  2.06 x 1077 3.85x 1078 5.00 x 107% 3.75 x 107¢ 1.09 x 10=¢ 2.50 x 10~7 5.69 x 1078
Ul6 2.06x 107 3.85x 107" 5.00 x 1077 3.75x 1077 1.09 x 1077 2.50 x 10~% 5.69 x 10~*

Interestingly, the filter grade of H14 for the DPC method has a value a 1.09x107°
which indicates that, if 0.01% is being used, this value corresponds to the threshold of
0.001%, currently used in the DPC method for discrete leak evaluation method. This is in
a good agreement with the suggestion made by Suzuki et al. [36] as discussed in Chapter
1. Suzuki et al. [36] showed that a pinhole leak could not be determined clearly unless a
leak evaluation criterion about ten times of the standard penetration rate is being used.
Therefore, the leak evaluation criterion of 0.01% perfectly matches with the filter grade of
H14. The advantage of the discrete leak evaluation in the DPC method is the value of leak
rate will not be affected by the changes of upstream challenge aerosol. This is because

a pointwise (discrete) measurement is used to compare the upstream and downstream
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Figure 2.4: Particle mass concentration distribution at the upstream and downstream of a H13
and H14 filters. The shaded regions are the area considered in the integration calculation for the

leak rate evaluation.
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Figure 2.5: Particle mass concentration distribution at the upstream and downstream of H13
and H14 filters for discrete leak evaluation method at 0.3 pm and cumulative leak evaluation
method of >0.3 pm. The discrete leak evaluation method represented by the points at the
intersections between the dashed line and the upstream and downstream distribution value.
The shaded regions are the area considered in the integration calculation for the leak rate by
cumulative leak evaluation method.
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concentration. However, if the same leak threshold as in aerosol photometer shall be used
for DPC method, a different leak evaluation method need to be applied since the discrete
leak rate produced by the DPC method does not have the same order and any correlation
with the leak evaluation by the aerosol photometer. As explained in the leak evaluation
method in section 2.1, we will investigate the possibility of unifying the threshold leak
criteria by adapting the cumulative leak evaluation method to the DPC method.
Table 2.4 shows the leak rate for filter grade H13 to U16 which was evaluated by the
cumulative leak evaluation method for both the aerosol photometer method and the DPC
method (at particle size ranges of >0.1 pm, >MPPS, >0.2 ym, >0.3 pm, >0.4 pm and
>0.5 pm). A similar trend as in the discrete leak evaluation method for the DPC method
were observed but the values seems to have a correlation to the leak rate of the aerosol
photometer. First of all, leak rate evaluated cumulatively produced values that is near
or below that of 0.01%. All leak rates except for >0.1 pm, >MPPS and >0.2 ym for
filter grade H13 by the DPC method were below than 0.01%. Based on these results,
at >0.3 nm, >0.4 pm and >0.5 pm, the DPC method consistently produced leak rate
values. These create a question needs to be answered, which particle range are the most

suitable for cumulative leak evaluation method by the DPC method.

Table 2.4: Leakage rate value for aerosol photometer method and DPC method (cumulative
leakage evaluation method). Green and red coloured cells represent leak rate value smaller and
greater than 0.01% (1 x 10~%), respectively.

Filter Aerosol DPC
Grade Photometer >0.1 pm >MPPS >0.2 pm >0.3 pm >0.4 pm >0.5 pm

H13  2.06x107° 1.73x10% 1.85x10°% 986 x10° 286 x10° 6.79x 10°° 1.59x 106
H14 206 x 1075 1.73x10™° 1.85x10° 9.86 x 1076 2.86 x 1076 6.79 x 10°7 1.59 x 10~7
Ul5  206x 1077 1.73x107°% 1.85x 107 9.86 x 1077 2.86 x 107 6.79 x 108 1.59 x 1078
U16  2.06x 1078 1.73x 1077 1.85x 1077 9.86 x 107® 2.86 x 10™® 6.79 x 1072 1.59 x 107°

Cumulative leak evaluation method differs from the discrete leak evaluation method in
the sense of dependency on the particle size distribution. When the filter performance
does not change with time, the discrete method will produce the same value regardless

of a change occurred in the upstream challenge aerosol particle distribution. This is
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unlikely the case for the cumulative evaluation method. Thus, we did a parametric study
by varying the MMDs (CMDs also directly changes) to observe the characteristic of the
cumulative evaluation method when adapting it to the filter leak test. First, Figure 2.6
illustrates the leak rate for filter grades H13 and H14 at different polydisperse aerosols
distribution with a GSD=1.7 and plotted against variation of MMDs from 0.01 pm to
1.5 pm. The green and yellow coloured shaded region shows the allowable range of
MMD (0.5 pm to 0.7 pm) and CMD (0.1 pm to 0.5 um), respectively. The DPC method
observed to have a relatively flatter curve as compared to the aerosol photometer method.
Once again, >0.1 pm and >MPPS constantly produced leak rate larger than the aerosol
photometer method by 0.01%. The other particle ranges were observed to have a region

where the higher and lower leak rate values than aerosol but seems to have comparable

values within the allowable MMD and CMD.

Within the allowable MMD and CMD region, only >0.3 pm, >0.4 pm and >0.5 pm
produced values that are smaller than 0.01% with >0.3 pm is found to be the nearest
to the aerosol photometer method. In a practical point of view, both >0.3 pm and >0.5
pm are frequently used as the reference particle for many tests in contamination control
monitoring such as in ISO 14644-1: 2015 [20] to determine the class of a cleanroom.
Therefore, unlike >0.4 pm, most of the commercially existed DPCs usually have the
channel specification being set to these sets of particle range. However, comparing between
>0.3 pm and >0.5 pm, 0.5 pm is too large and there will be a lot of loss in information
regarding the smaller particle. Smaller particles will not have any effect on the leak rate
value, resulting in a very unreliable leak test. Therefore, based on this reason, we deduced
that >0.3 pm is the most suitable particle range for the cumulative leak evaluation by
the DPC method. Cumulative leak evaluation method for particles >0.3 pm will be used

throughout this dissertation for the DPC method.
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Figure 2.6: Leak rate calculated by the cumulative leak evaluation method for DPC method
and aerosol photometer at GSD=1.7. The shaded areas represent the allowable MMD (0.5 to
0.7 pm) and CMD (0.1 to 0.5 pm) range for aerosol photometer and DPC in ISO 14644-3: 2005
[21], respectively. The left figure shows the result for MMD range (0.01 to 1.5 pm) used in the

calculation. The right figure shows the zoomed-in result within the allowable CMD range. The
red dashed line indicates the threshold criteria of 0.01% (1 x 10~%).
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2.9 Conclusion

A comparison between the aerosol photometer method and DPC method presented in ISO
14644-3: 2005 [21] were done in term of difference in the measurement unit and the leak
evaluation method. Aerosol photometer and DPC were represented by mass concentration
and number concentration by their respective measurement unit. Furthermore, two types
of leak evaluation method were considered in the calculation of the leak rate by the DPC
method which are the discrete leak evaluation method and the cumulative leak evaluation
method. The discrete leak evaluation method by DPC produced values that is higher
than 0.01% leak threshold criteria and about one order difference with the leak rate of the
aerosol photometer method were observed at particle size 0.1 pm, MPPS, 0.2 pm and 0.3
pm. On the other side, when cumulative leak evaluation method is used, the values of
leak rate for DPC method showed a good agreement with the aerosol photometer method
and fulfil the requirement of below the value of 0.01%. We found that >0.3 pm is the
best particle range for the cumulative leak evaluation method. As a result, for a filter
having a filter grade of H14 or higher in EN 1822-1: 2009 [9], the same leak threshold
criterion of 0.01% as the aerosol photometer method can also be applied in the DPC
method. On the other hand, considering the risk of misevaluation and misjudgement,
it was found that it is not possible to apply the threshold criterion of 0.01% for filters
with a grade of H13 or lower. Therefore, it is impossible to apply the same threshold
criterion through all the filter grades but based on the results, it is possible to use unified

threshold criterion at certain range of filter grades.
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3.1 Introduction

In Chapter 2, a theoretical comparison on the filter leak test result based on the direct
comparison between the mass concentration and number concentration which is the yield
measurement of aerosol photometer and DPC respectively was done. It was found that
a significant difference obtained between leak evaluation by these two concentration
measurements. In particular, DPC produced more severe result as compared to aerosol
photometer and if the same leak criterion of 0.01% is used for filter grade lower than
H14 as in EN 1822-1: 2009 [9], this can easily be misevaluated as leak by the inspector
during a leak test even though there is no leak on the filter. On the other hand, since
filter H14 or higher grade have relatively higher performance, it is possible to use the
same criteria of 0.01% for aerosol photometer and DPC. In this chapter, we extend our
investigations by considering instrument responses to describe more accurately on the

different leak test evaluation by aerosol photometer and DPC method.

3.2 Light Scattering by a Sphere

Figure 3.1 shows an incident light pass along Z-axis from A direction is scattered by a single
perfectly spherical particles at the P point. Now, the incident light is a monochromatic
plane wave which the plane of vibration is linearly polarised parallel to the X-Z plane. The
incident light is scattered by a particle having a radius of D, and a refractive index of m,
then spread as a spherical wave throughout a scattering medium. Let the wavelength of the
incident light to be A, the intensity of the scattered light in the direction of the scattering
angle 6 on the observation plane Y’-Z plane that makes an angle ¢ with the X-Z plane at

a position B with a distance R from the particle at point P can be expressed as follows
2

A . .2 . 2
I(a,m,0,0,R) = Iom {21(04, m, 0) sin” ¢ + iy (a, m, 0) cos qb} ) (3.1)
Here, Iy W/m? is the intensity? of incident light and « (= 27D, /) is the dimensionless

particle size parameter. In the above equation, ¢ = 7/2 and zero correspond to the I; and

2Precisely speaking, W/m? is an irradiance, watts/steradian is an intensity, but common usage often
finds intensity applied to W/m?.
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Figure 3.1: Angular relationship between the incident and scattered light in Mie theory
light-scattering calculations.

I, which is when the observation plane is perpendicular and parallel to the polarisation

plane of the incident light. I; and I, take a form of

A2
Il(aum707¢7 R) = IOFRQ@I(OQT’%Q) ) (3 2)
A2 '
I2(a7 m, 67 ¢7 R) = I()le(Oé, m, 9)

Where, i; and i included in the above equation are the intensity of light vibrating
perpendicular and parallel to the plane through the directions of propagation of the incident

and scattered beam which can be given in the term of amplitude functions S; and Sy

i (a,m, 0) =[Sy (o, m, 0)]>
(3.3)
() (Oé, m, ‘9) = |SQ (Oé, m, 9)’2
For a perfectly spherical particle, S; and Sy can be analytically solved by means of
Mie Theory [30]. For example, a detailed solution is presented by Van de Hulst [19] in
his very famous book named Light Scattering by Small Particles. The solutions for Sy

and Sy can be obtained by expanding the electric fields of the incident and scattered
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waves, and the wave inside the particle in a series of spherical harmonics. Provided
that the tangential components of the electric and magnetic fields are continuous across
particle surface, the coefficients of these expansion functions can be derived, leading to

the following series expressions for S; and Sy

X 2n+1
Si(a,m,0) = n;l m {a, (a, m) 7, (cos @) + b, (o, m) 7, (cos )} | o
Sy (ar,m, 0) i 22—:_11) n (0, m) 7, (cos0) + ay, (o, m) 7, (cos6) }

The size parameter-dependent coefficient functions a,, and b,, can be expressed in terms

of refractive index mand dimensionless diameter parameter « as follows

a (a m) _ wn (a) %' (ma) B m¢n (ma) @Zjn, (Oz)

O = @) () — b (ma) G () .
by (@, m) = miby, (@) P, (ma) — ¥, (ma) Uy (@)

e mG, (@) ¥, (ma) — ¥, (ma) ¢ ()

In this case unpolarised incident light, the azimuthal dependence completely cancels
out, so that Equation (3.1) is simplified into

/\2

I(0,m, 6,6, R) = Iog 5 {151 (0, m. 0)* + 1Sy (. m, 0) "} (3.6)

This is the principle used for many light-scattering techniques instruments such as aerosol

photometer and DPC.

3.3 Response of an Aerosol Photometer

An aerosol photometer receives light scattered by a number of particles, simultaneously
illuminated in an optical sensing volume. This measurement depends on the incident
light, geometry of the photo-detecting optical system and the aerosol physical parameters.
Given the Mie theory of particle-light scattering as described in section 3.2, the response
of an aerosol photometer can be theoretically calculated. When particles have diameter

D, refractive index m in an optical sensing volume Vj illuminated by an unpolarised




3. Instruments Responses 50

beam of a wavelength A, the resulting light flux, collected by the collecting lens with

a specific lens geometrical arrangement is given by

VA2
[c,single 8 2R2 / / 7/1 + Z2 WFN( p) dede 9 (37)

where Fy(D,) is the number of particles per unit volume with size parameter between D,
and D, 4+ dD, as described in Equation (2.7). For the sake of ease, from here onwards,
D,, will be used instead of a for describing the size parameter of a particle. The fraction
of scattered light collected depends on collecting lens geometry is expressed by w. In
the presence of multiple particles inside the sensing volume, substituting Fin(D,) in
Equation (3.7) may be rewritten in term of the probability density function of the

particle size distribution

Fy(Dp) =Cnf(Dp) (3.8)

where Cly is the number of particles per unit volume and f(D,) is the probability density
function of a particle size distribution which can be represented by any probability density
function such as log-normal distribution function. The resulting light flux collected

by the collecting lens is given by

C’ VA2
Ic,multiple N2R2 / / 21 + Z2 (A)f( ) d@de . (39)

Equation (3.9) demonstrates the problem of photometric measurements of particle con-
centration: if the aerosol photometer response varies, one cannot distinguish whether the
number concentration Cy, the size distribution f(D,) or the optical properties m of the
material have changed [3, 38]. Rearranging Equation (3.9) and using relations in Chapter

2 to express in term of mass concentration C; we will get

Cus 1 o roo
Ic multiple ~ K / / D dodD . 3.10
5 ltipl pp fOOO ngf (Dp) d.D 0 0 (21 + ZQ)Wf ( p) p ( )

In case of a homogeneous and monodisperse aerosol, Equation (3.10) can be simplified into

OM 1 o0
Icmu iple,mono ~ K—— ) -+ ] de . 3.11
multiple, oy D7 o (11 +i2)w (3.11)
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The term homogeneous here implies the constancy of the particle density, refractive index
and shape allowing the response to be functionally described by the geometric particle

size alone. If the aerosol is polydisperse, this relationship has the form

D, [
[c,multiple,poly ~ l)p?’/(] Ic,multiple,monof (Dp> de ) (312)

P

where K (= 31,V,/47?) is the constant on the aerosol photometer performance.

3.3.1 Geometrical Factor

The approximation symbol in the Equations (3.9)—(3.12) originates from the fact that
the value of w for each particle is slightly different due to different position inside an
optical sensing volume. However, there is no problem as long as the size of the optical
sensing volume is not particularly large. Even if it is somewhat large, an appropriate
average value of w can be selected to reduce the influence in the calculation value. The
light intensity distribution function ¢; and 75 can be calculated as described in previous
section 3.2. On the other hand, the function w determined by the geometric configuration
of the aerosol photometer optical system is given by Gucker et al. [13] and Hodkinson
et al. [18] as shown in equations below for the sideway scattering type (Figure 3.2a) and
the forward scattering type (Figure 3.2b), respectively.

Sideway scattering type:
forp —y=B<O<¢+v+0;

w= [ 4sin0sin GACF (8,0, 6) ACF (v, 6,0) do
Y=y (3.13)
for0 <oy—~v—0,0>0+~v+p3;
w=20

Forward scattering type:

forn—B8<0<~v+5;
Y
W= / 47 sin fsin pACF (8,0, 6) do
" (3.14)
for0 <n—p, 0>~v+p;

w=20
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where, 7 is the semi-angle of the light incident, [ is the semi-angle of the collection aperture,
1 is the angle between the axis of illumination and collection aperture for sideway scattering

type and 7 is the semi-angle of the dark stop or light trap for the forward scattering type.

aerosol
particle
light
soirce B

(a) Sideway scattering

7'M aerosol 0 08
particle

light ] photomul
dark stop light trap

(b) Forward scattering

Figure 3.2: Schematic diagram of the typical optical systems of the aerosol photometer.

The ACF(f,0,¢) function is defined as
for 0 < 8 — ¢;

ACF (B,0,¢) =

for f—¢p<0<p+¢;

_ycos 3 — cosfcos ¢ (3.15)

ACF (8,0, ¢) = cos sin 0 sin &

for 0 > B+ ¢;

ACF (B,0,¢9) =0
The details on other geometrical factors by different instrument optical arrangement

are presented in Appendix A.
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Figure 3.3: Schematic of the aerosol photometer measuring chamber. (a) HUND TM digital
pP. (b) MINIRAM PDM-3. Adapted with permission from [11], available at https://wuw.
sciencedirect.com/science/article/pii/0021850295000496.
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3.3.2 Reproduction of an Evaluation by the Aerosol
Photometer method

By combining the Mie theory applied for an aerosol photometer as in Equation (3.12) and
one single experimental measurement for an arbitrary aerosol, Gorner et al. [11] presented
the theoretical way to evaluate the response characteristic of the HUND TM digital pP (H.
Hund, GmbH, Wetzlar, F.R.G.) and MINIRAM PDM-3 (Mie Inc., Bedford, MA, U.S.A.)
(see Figure 3.3). They introduced the calibration index k/C'F' which allows one to calculate
the aerosol photometer response for any other aerosol with known physical parameters.
The coefficient k is the ratio of transformation between scattered light intensity /. utipie
obtained by the calculation and the same intensity expressed in voltage output (mV) given
by the aerosol photometer in the experiment. In other words, k is a value of amplification
of the photodetector voltage signal. The value k£ remains as constant as long as the aerosol
photometer calibration does not change. The conversation factor CF is given by the
factory setting which is an analogic-numeric, or voltage-display correspondence of the
aerosol photometer. The ratio of the calibration constant £ and C'F yields a calibration
index k/CF of the aerosol photometer, relating the intensity of scattered light to the
mass concentration in mg/m3. Thus, the concentration measured by the photometric

method corresponding to a polydisperse aerosol Cpyo is

k
C(PHO = ﬁ]c,multiple,poly . (316)

Table 3.1: Optical parameters of HUND TM digital pP.

Wavelength of illumination light beam, A 950 nm
Angle of detection of scattered light, ¢ 70°
Semi-angle of light collection, /3 10°

Using the same aerosol photometer specification as in Gorner et al. [11] (Table 3.1),
the calculation of the aerosol photometer response I muitipie.mono i Mg/ m? as a function
of particle diameter was performed for PAO particles which is the same particle type

that will be used for this study. The results are reported in Figure 3.4 versus particle
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Figure 3.4: HUND TM digital pP aerosol photometer response function calculated as a function
of the particle diameter for a polydisperse PAO particles.

diameter. The decline in response with an increasing particle size above 1 pm is common
to all aerosol photometers [3, 4]. Complex interactions between the incident light and
particle results in a wavy response curve. Finally, the leak rate evaluated by an aerosol

photometer is calculated as below

CrHo,d

Lpno = (3.17)

Cruowu

3.4 Response of a Discrete Particle Counter

Discrete Particle Counter (DPC) counts and sizes aerosol particles by measuring the light
that is scattered when an individual particle passes through a light beam. Figure 3.5
is a schematic diagram of a generic DPC data treatment process. Figure 3.5 illustrates
the data processing required to convert from raw voltage pules data to a particle size
distribution. A continuous stream of a single aerosol entered into detection chamber of
a DPC via a narrow flow stream sandwiched by filtered sheath flows which then, these

3

particles are illuminated by a light source® one at a time.

3white light has been used as a light source but current models use laser a light source
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Figure 3.5: Discrete particle counter and data treatment process.

The scattered light by a single aerosol is collected by the photodetector position at
a specific optical arrangement, thus, generates voltage pulse proportional to the total
amount of scattered light. Then, via a signal processor, the pulse is amplified and grouped
into several corresponding voltage bins (this is usually done by a built-in pulse height
analyser (PHA)). Collection of these data formed a pulse height distribution data. A
set of comparators (the threshold set to differentiate particle size according to different
size intervals) then compare the pulse height distribution to the calibration data and
finally converted them to a particle size distribution and reported as the particle number
concentration per interval of particle diameter, which is called the channel.

The response of a DPC can be calculated using the same light scattering theory as
explained in section 3.2. However due to complex post data processing, it is easier to use

counting efficiency function of each channel that will be explained in the next subsection.
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3.4.1 Counting Efficiency Function

An ideal DPC would have a counting efficiency function same as a step-function which
represents 100% probability for larger particle size and 0% for smaller particle size than
a specified particle size as illustrated by the dashed line in Figure 3.6a. This line will
represent as boundaries for channels in a DPC. For this ideal DPC, a channel will produce
a similar shape to a Dirac delta function as represented in (Figure 3.6b). In contrast, a
real DPC will have a particular size resolution due to the effects such as non-uniform light
intensity in the sensing area where the sample air passes through the illuminating flux,
variations in the sensitivity of the surface of a photodetector and electrical noise. These
factors will underestimate and overestimate the particle size reported by a DPC, thus
producing not a step function counting efficiency but rather a curve with a slope.

The solid line in Figures 3.6a and 3.6b shows the counting efficiency function and the
channel response (resulted by the subtraction of a two consecutive counting efficiency
curves acting as the channel boundaries of a discrete size interval) of the PMS LAS-X
particle counter by the Particle Measuring Systems used in this chapter. This model has
been discussed and studied extensively in many research papers [37, 17]. PMS LAS-X is
capable of particle sizing in the diameter range from 0.1 pm to 7.5 pm in which this size
range is divided into 16 channels. The sigmoidal function according to the requirements
of the ISO 21501-4: 2007 [22] and (JIS B 9921: 2010 [25]) standard are found to be the
best fit for the counting efficiency function of the PMS LAS-X particle counter.

The counting efficiency of the DPC for any channel, 7; .s¢(D,), can then be represented

for any particle size as follows

Nierf (Dp) :A{1+6Tf (Dpw;\/l;bm>} , (3.18)

where, the function erf is the error function, W is a measure of the distribution width
producing different resolution in the counting efficiency curve at a particular channel
boundary size Dy;,. The properties of n;.¢¢(D,) is equal to >0 for D, < Dy, 0.5 for

D, = Dy, and 1 for D, > Dy;,. Thus, Dy, becomes the radius representing the 50%
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Figure 3.6: Comparison between an ideal and a real DPC (PMS LAS-X particle counter). The
dashed and solid lines represent an ideal particle counter and PMS LAS-X particle counter,
respectively.

counting efficiency point for any one channel of the DPC. 7, .r;(D,) has the right limiting
behaviour, and the rate at which 7; .¢¢(D,) approaches the lower and upper limits of

0 and 1, and the spread is determined by W.

3.4.2 Reproduction of an Evaluation by the DPC method

Assuming that a DPC with n number of channels counts a discrete set of measurement in
each channel. The total number of particles detected by a DPC in a given sample with a

number of particles per unit volume of Cy and particle size distribution function of f(D,)

CDPC—ZZCN X

ey (Dy) = nlF (Dy)| £ (Dy), i=1,2,n ,  (3.19)

where, 7% (D,) — n/%4 (D,) is the difference between the upper and lower counting
efficiency boundary corresponding to the counting efficiency of the ith channel. By
comparing the cumulative count between downstream and upstream challenge aerosol

concentration, leak rate evaluated by DPC is as follows

Cbrod (3.20)

Lppc =
C1DPC,u
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3.5 Results and Discussion

Figure 3.8 shows the upstream and downstream particle concentration distribution of
the H13 filter (standard penetration at MPPS: Most penetrating particle size is 0.05%)
evaluated by the number concentration (Equation (2.16)) and DPC (Equation (3.20)).
Similarly, Figure 3.7 shows the upstream and downstream particle concentration dis-
tribution evaluated by mass concentration (Equation (2.13)) and aerosol photometer
(Equation (3.17)) methods. The leak rate for the number concentration and DPC methods
in Figure 3.8 were calculated by comparing downstream concentration to upstream
concentration cumulatively for particles larger than 0.3 pm shown by the area of the
shaded regions. However, for the mass concentration and aerosol photometer methods,
the integration across the whole particle range is considered in the leak rate calculation
as illustrated by the shaded regions in Figure 3.7. These figures depict the case for a
filter barely satisfies a standard performance (based on the EN 1822-1: 2009 [9] standard)
with exactly no leak such as a pinhole or tear present of the filter media. If there are
any leaks, the downstream concentration curve shown in the graph will indicate a larger
value than presented in the figures.

As can be seen from the figures, all evaluation methods show a decreasing trend for
larger particle size after peaking at certain particle size. In the case of filter upstream
and downstream distribution, mass concentration and aerosol photometer evaluation
methods peak at a larger particle size as compared to the number concentration and
DPC evaluation methods. Furthermore, mass concentration and aerosol photometer
methods have significantly lower the gradient for small and large particles with aerosol
photometer having a higher value at the peak around particle size 0.5 pm and a steeper
gradient for particle larger and smaller than peak particle size as compared to the mass
concentration method. Aerosol photometer response decreases for particles smaller and
larger than particle size around 0.5 pm which gives a less weighted value as compared

to mass concentration evaluation method. Since the leak rate is the ratio between the
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Figure 3.7: Particle concentration distribution at the upstream and downstream side of an H13
filter (Standard penetration at MPPS: 0.05%) as a function of particle diameter evaluated by (a)
mass concentration and (b) aerosol photometer (HUND TM digital pP). The leak rates for both
methods were calculated by comparing the area of the shaded regions for the whole existing
particle size range considered (0.01 pm to 10 pm) at the upstream and downstream of a filter.
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Figure 3.8: Particle concentration distribution at the upstream and downstream side of a H13
filter (Standard penetration at MPPS: 0.05%) as a function of particle diameter evaluated by (a)
direct number concentration method and (b) number concentration measured by PMS LAS-X
particle counter. The leak rates for both methods were calculated by comparing the area of the
shaded regions for particle size >0.3 pm at the upstream and downstream of a filter.
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area under the curves shown as two different hatched regions in each figure, the evaluation
of the number concentration and DPC methods are expected to be more severe than

the mass and aerosol photometer methods.

Table 3.2: Leakage rate of each filter evaluated by number concentration, DPC, mass
concentration and aerosol photometer method. Green and red coloured cells represent leak
rate value smaller and greater than 0.01% (1 x 10™%), respectively.

Leakage rate

Filter grade Number Conc.? DPC Mass Conc.* Photometer

H13 (0.05% at MPPS) 286 x 10 ° 290x 10 ° 203x10° 1.07x10°
H14 (0.005%) 2.86 X 1076 2,90 x 1076 2.03 x 1076 1.07 x 10~
U15 (0.0005%) 2.86 x 1077 2.90 x 1077 2.03 x 1077 1.07 x 1077
U16 (0.00005%) 286 x 1078 2,90 x 1078 2.03x 108 1.07 x 108

& The same data as presented in Table 2.4 for cumulative leak evaluation at Dp < 0.3 pm.

Table 3.2 shows the leak rate for each filter from H13 to U16. As expected, number
concentration and DPC methods produced larger values but within the same order as
compared to mass concentration and aerosol photometer methods. DPC method has
relatively the same value as the number concentration method. The difference between these
two measurements is caused by the resolution of the counting efficiency curve of a particle
counter as shown in Figure 3.6b. The aerosol photometer method has a leak rate value of
approximately half of the mass concentration method. This is due to the different weighted
value applied to particle correspond to the aerosol photometer response curve (Figure 3.4).

In the current ISO 14644-3: 2005 [21], an evaluation based on the detection of
downstream particle concentration exceeding ten times the standard penetration of the
test filter is currently used. This is based on the experimental result of Suzuki et al. [30]
which became the basis of this standard. Suzuki et al. [36] found that pinhole leak could
not be determined clearly unless a leak evaluation criterion about ten times of the standard
penetration is being used. Therefore, based on the calculated leak rate, the leak criterion
of 0.01% for H13 or higher performance filter perfectly matched this condition. However, in
order to clearly assign the unification of leak evaluation criterion further investigation across

allowable GSD, MMD and CMD range presented in ISO 14644-3: 2005 [21] were done.
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Figure 3.9 illustrates the leak rate seen by the instruments for different polydisperse
aerosols, all with GSD=1.7 for the H13 and H14 filters evaluated by Equations (3.17)
and (3.20) for the aerosol photometer and DPC method, respectively. Both DPC and
number concentration method measurements produced relatively flatter curve as compared
to mass concentration and aerosol photometer methods. DPC and number concentration
methods agree well with each other which is expected. Aerosol photometer leak rate curve
resembles that of a mass concentration measurement method but detects maximum leak
rate at a much smaller MMD. As explained before, both methods give more weight to the
larger particles and see the aerosols as having a larger size than number concentration
and DPC methods. However, since aerosol photometer utilises light scattering to observe
particles, the particle size dependence weight is different from a normal mass concentration
method due to the response function as illustrated in Figure 3.4.

A striking feature is that starting from a particular particle size, the DPC method
seems to agree with aerosol photometer method for larger MMD and CMD. Aerosol
photometer method produced leak rate of the same order to DPC method starting around
MMD=0.2 pm (CMD=0.1 ym) and DPC method intersects with aerosol photometer
method at CMD approximate to MPPS. The shaded region with green and yellow colour
represents the allowable MMD (0.5 ym to 0.7 pm) and CMD range (0.1 pm to 0.5 pm)
for aerosol photometer method and DPC methods as presented in ISO 14622-3: 2005
[21]. In the green shaded region, DPC and aerosol photometer methods have the same
order in leak rate value but the difference increases as the MMD increases. In the case
of H13 filter, leak rate within the allowable CMD range (0.1 pm to 0.5 ym) of a DPC
method, the values of leak rate are very close to the leak evaluation rate criterion of
0.01% represented by the red dashed line which can be ambiguous if the same criterion
shall be used for both aerosol photometer and DPC methods. This is not the case for
H14 filter. All leak rate values are below than 0.01%.

Figures 3.10 and 3.11 summarise the results for log-normal aerosols concentration

distribution having different GSDs in the range of 1.1, 1.3, 1.5 and 1.7 for H13 and H14
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Figure 3.9: Leak rate calculated by the cumulative leak evaluation method for DPC method
and aerosol photometer at GSD=1.7. The shaded areas represent the allowable MMD (0.5 to
0.7 pm) and CMD (0.1 to 0.5 pm) range for aerosol photometer and DPC in ISO 14644-3: 2005
[21], respectively. The left figure shows the result for MMD range (0.01 to 1.5 pm) used in the

calculation. The right figure shows the zoomed-in result within the allowable CMD range. The
red dashed line indicates the threshold criteria of 0.01% (1 x 107%).
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filter, respectively. Results are plotted for both MMD and CMD within the allowable
CMD (0.1 to 0.5 pm) range. As the aerosol comes closer to being monodisperse, the DPC
and aerosol photometer methods leak rate agrees well regardless of the aerosol size. This
convergence corresponds to the first limiting case for current calculation, regardless of any
measurement methods but only concentration for corresponding particle size is calculated.
For any given GSD, there is also an aerosol of a certain size that produces the same leak rate
value. Such a family of curves exists having different leak rate. Although DPC and aerosol
photometer methods differed in values, they correlated reasonably well within the allowable
MMD and CMD range, which is unexpected since both yield a different unit of measurement.
However, since we made a comparison based on the cumulative calculation across particle
size range, the difference that was thought significant when the previously compared result
between DPC leak rate value at a particular size to a single aerosol photometer leak rate
value for the whole existing particle size range was significantly diminished.

The H13 filter leak rate result obtained by the DPC method for smaller GSD (<1.2)
produced values larger than 0.01%. In contrast, all leak rate values by the DPC method for
H14 filter had values under 0.01% even for small GSD. Practically, a low GSD <1.2 is usually
not set for the upstream challenge aerosol due to the performance of the aerosol generator.
However, this will create possibility of a misjudgement of leak during an inspection. For
this reason, it is considered unreliable to apply for the same standard leak evaluation
criteria of 0.01% as the aerosol photometer method to the filter with a performance of
H13 or less for the DPC method. On the other hand, since the installed filter leak test is
not done to evaluate the performance of the filter itself, leak evaluation criterion of 0.01%

is considered applicable to the filters with H14 or higher performance (U15 and U16).

3.6 Conclusion

The responses of the aerosol photometer and DPC methods were considered to investigate

theoretically the leak evaluation of air filters. The theoretical approach involves calculating
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Figure 3.10: Comparison of leak rates detected by the DPC and aerosol photometer for different
upstream lognormal distribution of challenge aerosols (GSD=1.1, 1.3, 1.5 and 1.7) for H13 filter
within the allowable range of CMD (0.1 to 0.5 pm). The red dashed line indicates the threshold
criteria of 0.01% (1 x 107%).
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Figure 3.11: Comparison of leak rates detected by the DPC and aerosol photometer for different
upstream lognormal distribution of challenge aerosols (GSD=1.1, 1.3, 1.5 and 1.7) for H14 filter
within the allowable range of CMD (0.1 to 0.5 pm). The red dashed line indicates the threshold
criteria of 0.01% (1 x 107%).
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the filter leak rate in which an instrument measures by numerical integration of aerosol
size distributions, filter penetration, aerosol photometer and DPC response functions.
Based on the calculation, the DPC method produces a leak rate value that gives equal
importance on each set of particle range regardless of its size. On the other hand, the
aerosol photometer which emphasises more on the larger particles in a distribution, yields
the value more closely associated with the particle mass concentration penetrating the
filter. The differences between these two instruments are further dependent on the MMD
or CMD of the challenge aerosol distribution. When test aerosols have a CMD greater
than MPPS for the filter, the DPC method can be expected to have higher leak rate
values than aerosol photometer method. In contrast, when aerosols have a CMD less
than the MPPS, the aerosol photometer method shows higher leak rate values than the
DPC method. The possibility of a unified criterion for a leak test of an installed filter
system by considering the characteristics of DPC and aerosol photometer methods were
studied through the trends and values of the calculated leak rate. As a result, it was
found that for a filter having H14 or higher performance in European standard EN 1822-1:
2009 [9], the same leak evaluation standard 0.01% as the aerosol photometer method
can be applied in the DPC method. On the other hand, it was found that it was not
possible to apply the uniform criterion for filters with H13 or lower performance, therefore,

it is necessary to establish different criteria.
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4.1 Introduction

In Chapters 2 and 3 we discussed the fundamental differences between aerosol photometer
and DPC method. In Chapter 2 we did a comparison between mass concentration and
number concentration which is the principle measurement unit for aerosol photometer
and DPC method, respectively. We found that in the current leak evaluation method
for aerosol photometer (cumulative) and DPC (discrete) presented in ISO 14644-3: 2005
[21] differ tremendously in term of leak rate values calculated. It is not possible to use
the same 0.01% threshold for DPC as used in the aerosol photometer method. Then,
a cumulative leak evaluation method was proposed as an alternative method. Within
the allowable range of GSD, MMD and CMD according to ISO 14644-3: 2005 [21], the
cumulative leak evaluation method produced leak rate values lower leak rate than 0.01%
and comparable to the aerosol photometer method.

Through the comparison between the real measurement value of the aerosol photometer
and DPC method by considering the respective instrument responses, results with a
similar trend were obtained. This shows that by using cumulative leak evaluation method
instead of the discrete leak evaluation method currently presented in ISO 14644-3: 2005
[21] for DPC method give a possibility on unifying threshold criterion for both aerosol
photometer method and DPC method. However, with that being said, based on the
results from Chapters 2 and 3, the same threshold could not be used for all filter grades.
For filter grade performance of equal to H14 and greater, the same threshold of 0.01%
same as aerosol photometer can be used, while for filter grade equal to H13 and lower,
a different threshold should be used.

The investigation done in the previous chapters in particular Chapter 3, only one type
of DPC response (channel counting efficiency) was considered, the leak rate evaluated
by DPC method for filter grade H13 came very close to the threshold criterion of 0.01%.
Considering the risk of leaks to be misevaluated, we concluded the same conclusion as in

Chapter 2. Furthermore, based on the studies done by Katagiri et al. [27] with 25 different
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DPCs showed that with different optical configuration, light source type, amplification
system and post-data processing treatment gives different counting efficiency function.
This is due to different characteristics of scattered light produced, systemic error and
noises occurred inside the DPC. In addition, they also found that even with the same DPC,
the performance is different. This means that the age of a DPC also plays an important
factor in the performance of the counting efficiency of a DPC.

Therefore, in order to establish a well-defined study, an elaborate study by considering
other types of DPC responses need to be done. This will answer our remaining question,
is the DPC reliable to produce constant leak rate value below 0.01% with presently used
standard penetration rate function in this study. In this chapter, we will do calculations
on various type of DPC responses based on measurement channel specification and

counting efficiency performance.

4.2 Calibration Process and Source of Error of a
DPC

In Chapter 3, the counting efficiency function was used to model the response of a DPC.
The counting efficiency acts as the boundaries between channels. A response of a channel
is obtained by the subtraction between two consecutive counting efficiency functions. The
counting efficiency function used to model DPC in Chapter 3 was obtained from the
experimental data of a monodisperse aerosol presented in the research paper. To our
knowledge, data on the counting efficiency of a DPC is very limited'. Therefore, in order
to model a counting efficiency of a DPC, we need to understand the fundamental principle
of a DPC and some assumption and limitation need to be established.

Calibration of a DPC is done by passing a continuous stream of a monodisperse particle
through DPC detection chamber (sensor). The particles are illuminated by the light source
and scattering the light. This generates a series of electrical pulses (see Figure 4.1) with

each pulse corresponds to a particular particle size, then, sorted to a distribution of pulse

'Most of counting efficiency reported are for condensation particle counter (CPC).
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Figure 4.2: Pulse height distribution of a monodisperse aerosols.

heights. Figure 4.2 shows a typical pulse height distribution measured by a DPC for a
sample of monodisperse aerosols for cases with and without noise. The median value
of the distribution is treated as the appropriate channel calibration threshold for that
particle size. Even though a sample consists of monodisperse aerosols being measured but
resulting in a distribution with a spread, typically have a property similar to Gaussian
distribution as in Figure 4.2. Although a theoretical light scattered (see section 3.1) by
a single particle supposedly have a single-valued voltage, but due to the unavoidable

spectra broadening effect creates what we called as resolution (as shown in Figure 4.3)
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Figure 4.3: Resolution in light scattering response of a DPC.

in the DPC measurement. This spread is what is called spectra broadening effect of a

DPC which truly depicts the response of a DPC.

4.2.1 Spectral Broadening Effect

The spectra broadening effect can be caused by several possible factors such as

i ) Photoelectron statistical broadening,

iii) Non-uniformity in particle illumination,

(1)
(ii) Different particle residence time in the illumination volume,
(iii)
(iv)

variation in point-to-point photomultiplier tube (PMT) response.

The signal broadening can be further enhanced by other effects such as the varying
orientation of aspherical particles with respect to the direction of the incident light and
coincident count events. The latter becomes relevant for a very high particle concentration
when the average inter-particle distances are not larger than the size of the sampling
volume anymore. In such a case, the probability of erroneously interpreting the sum of

several scattering signals from multiple particles as a single particle’s signal increases.
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In addition to an artificial deformation of the size distribution towards larger sizes, this
entails an underestimation of total particle number concentration. These two effects can
be minimised with proper calibration and aerosol generation.

Many studies have addressed the coincident error count by a DPC but only scarce
studies focusing on the spectral broadening effect of a DPC. Pulse height distribution
produced by a DPC exhibits the spectral broadening effect that typically in the form
of Gaussian distribution. Van der Meulen et al. [29] and Deshler et al. [6] stated that
the ideal counting efficiency function of a DPC is the product of the convolution of
several Gaussian distributions. The first Gaussian distribution arises from generated
sample aerosol which at each size measured, results from a narrow Gaussian distribution.
The other Gaussian distributions arise from the PMTs used to obtain from the DPC
measurement. The output of each PMT is a Gaussian pulse height distribution, which
arises from the pulse broadening inherent to the PMTs used in the instrument.

The convolution of Gaussian distributions is also a Gaussian distribution with well-
defined dependencies between the convolved distribution and the underlying distributions.
Thus, it is reasonable to use a Gaussian function to represent since they resulted from
the convolution of several Gaussian distributions. The measured counting efficiency
of any DPC channel can be represented as the integral of a Gaussian distribution or
cumulative distribution function, characterised by a distribution median and width

as in Equation (3.18).

4.3 Requirements regarding the Counting Efficiency
of a DPC

A brief explanation on ISO 21501-4: 2018 [22] was given in Chapter 3 as a basis to our
DPC response modelling. This standard is a typical standard being used for instruments
applied in contamination control monitoring in cleanrooms and the associated environment
under the ISO 14644-1: 2015 [20] (JIS B 9920) standard. In accordance to this standard,

the counting efficiency for a single particle measurement instrument should be within
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30% to 70% which corresponds to 50%+20% for the minimum detectable particle size
and within 90% to 110% corresponds to 100%+10% for particle size 1.5 to 2 times larger
than the minimum detectable particle size. This does not mean that DPC will only
count 50% of the minimum detectable particle size. In fact, all particles greater than
0.3 nm will be counted. Furthermore, if the next channel is smaller than 1.5 to 2 times
the minimum detectable particle size, it does not means that the channel will have the
counting efficiency at the channel lower particle size boundary. The fact is all channels in
a properly calibrated DPC will, by definition have a counting efficiency of 50%+20% at
the channel lower particle size boundary and a counting efficiency of 100%+10% at 1.5
to 2 times the channel lower particle size boundary. Figure 4.4 shows region where DPC

counting efficiency bounded by the ISO 21501-4: 2018 [22] standard requirement.
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Figure 4.4: The limitations stated in ISO 21501-4: 2018 [22].

4.4 Modelling DPCs with different counting
efficiency

As discussed in Chapter 3 (see section 3.4) a sigmoidal function as in Equation (3.18)

proved to be the best fit for the counting efficiency function representing the upper
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and lower boundaries for each channel in a DPC. Using a sigmoidal function and the
limitation conditions provided by ISO 21501-4: 2018 [22], we tried to calculate the leak
rate evaluated by a DPC using cumulative leak evaluation method proven to be suitable
for threshold unification in order to determine whether a DPC is reliable to produce

constant leak rate values below 0.01%.
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Figure 4.5: Different in resolution of the counting efficiency across 50% at 0.3 pm.

4.4.1 Difference in Resolution

In order to determine counting efficiency within this region, several parameters are needed
to be assigned. Okui [32], in his paper on the counts difference between different DPCs,
proposed two different parameters in order to differentiate the counting efficiency between
different DPCs. The first one is the difference in resolution. The resolution of a DPC
is represented by the gradient of the slope of the counting efficiency function. The
slope gradient can be changed by adjusting the value of W in Equation (3.18). The
difference in resolution by counting efficiency function is illustrated in Figure 4.5. A
smaller value will give steeper counting efficiency function. In other words, a smaller

value will give higher measurement resolution to the DPC. This is only limited for the




4. Evaluation by Different DPCs 77

case of 50% counting efficiency at the minimum detectable particle size and the particle

size at the lower boundary of each channel.
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(a) Counting efficiency across 30% at 0.3 pm
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Figure 4.6: Different in diameter of the counting efficiency across 30% and 70% at 0.3 pm.
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4.4.2 Difference in Diameter Sensitivity

Next, is the difference in the diameter sensitivity. Diameter sensitivity is when the
lower channel boundary have a counting efficiency that is not equal to 50%. However,
this could not be done by only changing the spread of the function. This is because,
Equation (3.18) is equal to >0 for D, < Dy, 0.5 for D, = Dy, and 1 for D,, > Dyy,.
Thus, Dy;,, becomes the radius representing the 50% counting efficiency point for any
one channel of the DPC. Therefore we need to adjust both W and Dy, until we find
the functions that agree with the limitations by the ISO 21501-4: 2018 [22] standard for
counting efficiency 30% and 70% at the minimum detectable particle size. In Figure 4.6,
counting efficiency functions with diameter sensitivities are illustrated. Based on the
counting efficiency function of different resolutions and diameter sensitivities, the leak

rate evaluated by the DPC method is calculated.

4.4.3 Channel Specifications

The other important thing needs to be considered is the channel specification of a
DPC, DPC method is called discrete due to channel used as the principle measurement
method. DPC counts particle at sets of different particle size interval. We surveyed some
commercially available DPCs that are certified for the use of contamination monitoring of
a cleanroom under ISO 14644-1: 2015 [20] and ISO 21501-4: 2018 [22] standard. Table 4.1
shows some of the DPC models with their respective channel specifications. Based on our
survey, we found that >0.3 pm, >0.5 pm, >1.0 pm, >3.0 pm, >5.0 pm and >10.0 pm
are the generally available channel specification in commercial DPC. In this chapter, this
channel specification is chosen to be the principal channel specification in the calculations.
Next, a parametric study for all filter grades of H13 to U16 were also taken with the
different challenge aerosol concentrations at the upstream side through the allowable GSDs

(up to 1.7) and CMDs (0.1 pm to 0.5 pm) for a DPC method in the ISO 14644-3: 2005 [21].
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Table 4.1: Channel specification of DPCs

Brand Model Size Range

3413/3423 >0.3 pm, >0.5 pm, >1.0 pm, >3.0 pm, >5.0 pm, >10.0 pm

Met One [34] 3415/3425 >0.5 pm, >1.0 pm, >2.0 pm, >3.0 pm, >5.0 pm, >10.0 pm or >25.0 pm
3445 >0.5 pm, >1.0 pm, >2.0 pm, >3.0 pm, >5.0 pm, >10.0 pm
3411 >0.1 pm, >0.2 pm, >0.3 pm, >0.5 pm, >1.0 pm, >5.0 pm
KC-22A >0.1 pm, >0.15 pm, >0.2 pm, >0.3 pm, >0.5 pm
KC-22B >0.08 pm, >0.1 pm, >0.2 pm, >0.3 pm, >0.5 pm
KC-24 >0.1 pm, >0.15 pm, >0.2 pm, >0.3 pm, >0.5 pm

Rion [33] KC-31 >0.3 pm, >0.5 pm, >1.0 pm, >2.0 pm, >5.0 pm, >10.0 pm
KC-32 >0.3 pm, >0.5 pm, >1.0 pm, >2.0 pm, >5.0 pm, >10.0 pm
KC-01E >0.3 pm, >0.5 pm, >1.0 pm, >2.0 pm, >5.0 pm
KC-03B >0.3 pm, >0.5 pm, >1.0 pm, >2.0 pum, >5.0 pm

Lasair III 310B  >0.3 pm, >0.5 ym, >1.0 pm, >3.0 pm >5.0 pm, >10.0 pm
Lasair III 310C  >0.3 pm, >0.5 pm, >1.0 pm, >5.0 pm >10.0 pm, >25.0 pm

PMS [28] Lasair III 310L  >0.3 pm, >0.5 pm, >1.0 pm, >5.0 pm, >10.0 pm, >25.0 pm

Lasair III 5100 >0.5 pm, >1.0 pm, >2.0 pm, >5.0 pm, >10.0 pm, >25.0 pm
Kanomax [35] 3905/3910 >0.3 pm, >0.5 pm, >1.0 pm, >3.0 pm, >5.0 pm, >10.0 pm

AeroTrak 9110  >0.1 pm, >0.15 pm, >0.2 pm, >0.25 pm, >0.3 pm, >0.5 pm, >1.0 pm, >5.0 pm
TSI [1, 2] AeroTrak 9310  >0.3 pm, >0.5 pm, >1.0 pm, >3.0 pm, >5.0 pm, >10.0 pm

AeroTrak 9350 >0.3 pm, >0.5 pm, >1.0 pm, >3.0 pm, >5.0 pm, >10.0 pm

4.5 Results and Discussion

Based on the different resolutions and diameter sensitivities, the leak rate evaluated by
the DPC method is calculated. Figure 4.7 shows a compilation of the leak rate values
of the filter grades of H13 and H14 filter grades in which was calculated based on the
cumulative leak evaluation method for different DPCs as described in equation tested with
different GSDs of the challenge aerosol concentration distribution at the upstream side
of the filter. Based on data plotted, some DPCs did not pass the test of producing the
leak rate below 0.01% for filter grade H13. However, the maximum value of leak rate still
in the order of 107* and below 0.1%. For all GSDs a divergence of the leak rate values
at small CMDs were observed, while for larger CMDs the values converged into almost
similar value for all different DPCs. Starting from the CDM at approximately 0.3 um,
leak rate values starts to go over 0.01% and diverge more towards smaller CMD.

It is important to emphasise that the purpose of this chapter is not to test the accuracy
of a particular DPC specification, but instead, to confirm an important question whether

can different DPCs produce a constant leak rate below 0.01% in order for the same
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threshold criterion as in aerosol photometer to be used for DPC method. Based on our
parametric study with different DPC counting efficiency functions, the results obtained
from previous chapters still stand and true which is the same threshold criterion of 0.01%
can be used for both aerosol photometer and DPC for filter grade H14 or higher but,
different 0.01% could not be used for filter grade H13 and lower.
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Figure 4.7: Leak rate for different DPCs with different GSDs and CMDs for upstream particle
distribution.
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4.6 Conclusion

In this chapter, we tested different DPC responses by changing the counting efficiencies in
accordance to the limitations provided by the ISO 21501-4: 2018 [22]. We tested all filter
grades but we only showed results for H13 since H13 presented a risk for misevaluation
and misjudgement during filter leak test. This is based on the previously obtained result
from Chapters 2 and 3 where H13 produced value below 0.01%, but since in Chapter 3,
we only considered one type pf DPC response thus result alone does not represent all
DPCs. In addition, a parametric study by changing the GSD and CMD of the upstream
challenge aerosol distribution within the allowable ranges provided in ISO 14644-3: 2005
[21] were taken. Based on the result obtained some DPCs failed the test thus solidify
the concluded remarks obtained in Chapters 2 and 3. The same threshold as for aerosol
photometer can only be used for filter grade equal to H14 or higher, but for filter grade

equal to H13 and below, a lower threshold should be used.




Chapter 5

Conclusion and Future Work

5.1 Conclusion

This dissertation is to study the possibility to unify the leak threshold criterion for both
aerosol photometer and DPC method presented in ISO 14644-3: 2005 [21]. The idea is to
use the leak threshold criterion of aerosol photometer method in DPC method. First, we
did a comparison based on the difference in measuring unit and leak evaluation method.
The measuring unit for both instruments provided different platform in the instruments’
measurement. DPC always has more severe leak evaluation. However, we found that this
matter can be improved if a different leak evaluation method is used. Instead of discrete leak
evaluation method that is currently stated in ISO 14644-3: 2005, cumulative leak evaluation
method provides more reliable leak rates for DPC method. The values are comparable with
the aerosol photometer method. Thus, throughout this dissertation, the cumulative leak
evaluation was tested for its validity towards the possibility for a unified threshold criterion.

This evaluation method was further was tested in the leak rate calculation with
instrument responses considered. The only slight change was observed for DPC as
compared to number concentration values. However, the leak rate evaluated by aerosol
photometer has a relatively big change compared to the mass concentration measurement.
This all because of the natural behaviour of the aerosol photometer response. Different
weight is applied for each particle size. As a result, it was found that for a filter having

H14 or higher performance in European standard EN 1822-1: 2009 [9], the same leak
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evaluation standard 0.01% as the photometer method can be applied in the DPC method.
On the other hand, similar to results obtained in chapter 2 it was found that it was not
possible to apply the uniform criterion for filters with H13 or lower performance, therefore,
it was necessary to establish criteria for each filter grade instead.

Next, different DPC responses by changing the counting efficiencies in accordance
to the limitations provided by the [SO 21501-4. We tested all filter grades but we only
showed results for H13 since H13 presented a risk for misevaluation and misjudgment
during filter leak test. This is based on the previously obtained result from chapter 2 and
3 where H13 produced value below 0.01%, but since in chapter 3, we only considered one
type of DPC response thus that result alone does not represents all DPCs. In addition,
a parametric study by changing the GSD and CMD of the upstream challenge aerosol
distribution within the allowable ranges provided in ISO 14644-3: 2005 [21] were taken.
Based on the result obtained some DPCs failed the test, thus solidify the concluded
remarks obtained in chapter 2 and 3. The same threshold as for aerosol photometer
can only be used for filter grade equal to H14 or higher, but for filter grade equal to
H13 and below, a lower threshold should be used.

The results presented in this dissertation were presented in the working group 3(WG3)
consists of Technical Committee (TC) whose representing their respective standard
organisations to discuss the revision of the ISO 14644-3: 2005 organised by International
Standard Organization (ISO) named ISO/TC209. The Final Draft International Standard
(FDIS) consisting the results and findings of this dissertation were proposed and through
voting process by the principal members (P-members) carried out in July 2019, with 19
out of 20 votes with 95% acceptance rate (requirement: >66.66%) and 1 negative vote
out of 23 votes in the member bodies meeting (requirement: <25%). Then, the FDIS
was approved and ISO 14644-3: 2005 was also withdrawn and a new ISO 14644-3: 2019
was established. As a result, a leak detection threshold of 0.01% (same as used in aerosol
photometer method) of the upstream challenge aerosol concentration for the H14 filter
grade and higher, and a 0.1% threshold of the upstream challenge aerosol concentration

for the H13 and lower were established in the new ISO 14644-3: 2019.
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5.2 Future Work

Throughout this dissertation, a leak evaluation by the aerosol photometer and DPC
method was theoretically investigated based on the requirements stated in ISO 14644-3:
2005. Therefore, all requirements applied in the calculation in this dissertation are based
on the previous standard. Further detailed examination, including the experimental
verification, is still necessary. Aside from that, there are still several things that are
not covered in this dissertation but based on the findings from this dissertation opens
up possibilities for improvement.

Although we managed to unify the leak threshold criteria between aerosol photometer
and DPC, the basis of 0.01% as the leak threshold criteria remains unclear. To our
knowledge, no explanation or background is given in any standard concerning the installed
filter leak test. A study on the leak characteristic of an installed filter media needs to
be done to determine the suitable leak threshold criteria. Regarding this matter, several

questions might be considered, for example

i) What is the smallest leak that can be detected?

(1)
(ii) What should be the criteria for a qualified claim of a leak?
(iii) Can a leak be detected without a filter scan?

(iv)

iv) What is the efficiency of leak for different particle sizes?

Next, till now, the scanning method is used as the test method in the installed leak
test. It is a very time and cost consuming procedure. Study on alternative method in
installed leak test is important, in particular for cleanroom that does not require a high
level of cleanliness. We are already done a preliminary study on the idea of applying the
overall filter leak test to the installed filter leak test. In this method, if a detectable in
penetration is observed, considering that there are no other changes in test condition, this
increase can be attributed to the existence of a leak. The overall filter leak test is a very
quick way of separating the leaking filters from those that do not. Since the test period is
relatively short, the filter will not be loaded as heavily as in the scanning test. The leaking

filters can be scanned afterwards to pinpoint the location of the leak for repair if necessary.
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Appendix A_

Geometrical Factor in Light-

scattering Instruments
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The calculation of the flux collected for various geometries have been discussed in many
old literatures. Geometrical factor affects the total collection of scattered light by particles.
The verification of the reported results on response function might be therefore difficult,
especially when the formulation of geometrical factor is ambiguous. In this appendix, the
explicit functional form of the geometrical factor for various geometries of the optical

systems of commonly used light-scattering instruments is presented.
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A.1 Definition of Geometrical Factor

Let the particle be illuminated by parallel rays making an angle ¢ with the axis of collection
aperture, carrying unit energy flux, per unit transverse area. Let the intensity scattered by
the particle in the direction 6 be the I(#) unit of flux per unit solid angle per unit transverse
area of the particle. Then, the total flux F' scattered through the angles ¢ and 6 + d6,

collected by the collection system for any geometry, may be written in a general form as

F = f(0,¢)I(0) dido, (A.1la)
or if ¢ = 0
F=f(0,0)I1(0) do, (A.1Db)

where, F'(0, ) may be defined as the geometrical factors for this geometry of illumination
and collection system. Thus, f(6,¢) represents in a way the collection efficiency of the
deferentially scattered flux through 6 and 6 + df. This definition constitutes the basis for

calculation of f(6,¢) for all the instrumental arrangements considered in this analysis.

A.2 Geometries of Illumination and Collection

In what follows the geometrical factor has been calculated and its plot discussed for
various geometries in the order of their complexity. Such curves illustrating variations

of geometrical factor have not yet been reported.

A.2.1 Instruments with Collimated Illumination along the
Axis of Collection Aperture

In this type of instruments, laser light is normally employed for illumination in order
to achieve a highly intense and collimated beam. Figure A.1 shows the geometry of
illumination and collection for this arrangement. AB is the circular collection aperture

which subtends an angle 23 at O, where the scattering particle is situated. OG represents
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the direction of illumination beam. The light directed into the collection aperture is
eliminated by a light trap of circular aperture which subtends an angle 2n at O. The

whole light scattered through the angles n to [ is collected.

)

Figure A.1: A scheme of the instruments with collimated illumination along the axis of
collection aperture, and OG is the direction of the illumination beam, 7 is the half-angle of the
light trap, O is the illuminated particle.

The light scattered through angles 6 to 6 + df passes through a circular strip of radius
ristnf and width r;df to the surface of a sphere of radius r; centred at O. The area

of this strip is 277? sin #d# which subtends at O solid angle

wo = 2msin 6 d6. (A.2)
Therefore, the flux F' collected by the collection system is given by

Fy =wy(0)1(0) = 2msiné dO1(0). (A.3)
Comparing Equations (A.1) and (A.3), we can write

f1(0,¢) = 2msin @, where n < 0 < 3, and ¢ = 0, (A.4)

where, f1(0,¢) = 27sin6 is the geometrical factor for this simple geometry.
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A.2.2 Instruments with Collimated Illumination Not Co-axial
with Collection Aperture

In this type of instruments, the collimation direction makes the angle ¢ with the axis
of collection aperture so that the collimated beam is not intercepted by the collection
aperture. Figure A.2 shows the scheme of geometrical arrangement for such instruments.
KCBFE represents the collection aperture of semi-angle 8. The particle at O is illuminated
by a pencil of rays travelling to the axis of collection aperture in the direction OB at an
angle ¢ > (. The locus of rays scattered through the angle € is a cone of semi-angle ¢
about ON. C'LFE is the intersection of this cone with the spherical surface centred at O,
and the collection aperture. All the scattered rays passing through C'LE are collected. If
the radius of the sphere is ry, the angle DAC = cos™ [cos beta — cos 6 — cos ¢/ sin 0 sin ¢,
so that arc length CLE = 2AC' x angle DAC. the increases of angle 6 by df widens this

arc to a strip of the width rodf which subtends at O a solid angle

w (0, ¢) = 2sin 6 df cos™! [cos beta — cos @ — cos ¢/ sin O sin ¢). (A.5)

It is easily seen that if 6 < ¢ — f or 8 > ¢ + [ no flux is collected. As required,
w; = 0, when 0 = ¢ — [ or 0 = ¢ — 3.

Equation (A.5) holds for the light scattered through an angle 6 from all illuminating
rays inclined at the angle ¢ to the axis of collection aperture. Thus, the total flux scattered

into the collection system for this geometry can be written as

Fy = wi(0,9)1(0). (A.6)

From Equation (A.1), it follows that for ¢ — 5 < 0 < ¢ + f8

f2(0,¢) = 2sinf cos™ " [cos beta — cos § — cos ¢/ sin f sin ¢]. (A.7)
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Figure A.2: A scheme of the instruments with collimated illumination not co-axial with
collection aperture: ¢ is the angle between direction of collimation and axis of collection aperture.

A.2.3 Instruments with Convergent Illumination not Co-axial
with Collection Aperture

In order to increase the level of illumination of this type of instruments, the illuminating
rays should converge on the view volume. Here, the axis of collection aperture is inclined
to the axis of illumination at an angle ¢ such that no light from the illumination cone
is intercepted by the collection aperture.

Let the illumination be provided by a lens of circular aperture I X JW (Figure A.3)
which subtends an angle 2v at O where the light converged at the particle, and where
the axis is inclined at an angle ¥ to the axis OG will appear to originate from the
circular are WY X, which is the intersection of the conical surface of semi-angle ¢ about
collection axis, with the surface of the sphere. Thus, illuminating rays inclined to the
collection axis OG at angles ¢ and ¢ + d¢ originated from a band of the length WY X

which subtends at O a solid angles

wy(0,9) = 2sin 6 df cos™* <COSV - COS¢008¢>'

sin 1) sin ¢ (A-8)
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Thus, for this geometry the scattered flux received from the particle will be

Fy = w, () ws(0)1(0) (A.9)

So that,

F5(0, ¢) =4sinfsin ¢ lcos—l (cos 8 — cos @ cos (b)]

sin 0 sin ¢
_, (cosy — cosfcosp) (A.10a)

X |cos pend 7
prisiEerd vmysanty (A.10Db)

Figure A.3: A scheme of instruments with convergent illumination not co-axial with collection
aperture: v is the angle between axis of illumination and collection aperture, v is the half-angle
of the illumination.
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A.2.4 Instruments with Hollow-cone Illumination, Co-axial
with Collection Aperture inside the Cone of Darkness

2

Q 0

S

YL

J

Figure A.4: A scheme of instruments with hollow cone illumination co-axial with collection
aperture inside the cone of darkness: 2¢, 28 and 20 are the angles subtended by the illumination
lens, collection aperture and circular dark stop respectively at the particle.

As in the case of dark field microscopy, in this type of instruments illumination lens
subtending angle 2¢ (see Figure 7) at the particle is co-axial with the collection lens
and has a circular dark stop which subtends at the particle an angle 20 greater than 25
subtended by the collection lens. Now, the illuminating rays inclined at an angle ¢ to the
common axis appear to originate from the entire circle Y Z of the radius r4 sin ¢ made by
the intersection of the cone with semi-angle ¢ about this axis and the sphere of radius
ry centred at O. Illuminating rays, from ¢ to ¢ + d¢, thus appeared to originate from a

circular strip of width r4,d¢. The solid angle subtended by this strip at O is given by
w3 = 27 sin ¢ do. (A.11)

Thus, the flux scattered through angles 6 to 6 + df from a circular strip of radius

rqdphi, collected by the collection aperture is given by

Fy = w1 (0)ws(¢) = 2w sin pI(0) deo. (A.12)
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Thus

cos 3 — cos 6 cos ¢)

)

f1(0,¢) = 4sin ¢sin |cos™! (

sin 6 sin ¢ (A.13)

p—P<O<Pp+p,0<p<e.

A.2.5 Instruments with Convergent Illumination, Co-axial
with Collection Aperture having a Central Dark Stop

N
N
e ey Ny

‘i’llll /ll’i—

~

<

Figure A.5: A scheme of the instruments with convergent illumination co-axial with collection
aperture having central dark stop: 3, v and 7 are the half angles subtended by collection aperture,
illumination lens and light trap repectively at the particle.

A schematic representation of the geometry of this type of instruments is shown in
Figure A.5. Here, BK represents the aperture of the collection lens which subtends an
angle 23 at O. IJ is the intersection of a cone with semi-angle around the common
axis OG, and sphere of arbitrary centred at 0. The formulation of geometrical factor
is slightly complicated in this case. This is because the collection of the flux scattered
through angles # and 6 + df by illuminating rays inclined at an angle ¢ to the axis
of collection is not always complete, as a part of the flux is lost in the light trap. A

complete collection of scattered flux can be achieved only when n + ¢ < 6 < § — ¢.
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Under these conditions the total flux collected is

F3 = wg(gb)wOI(H)

= 47% sin O sin @I (#) dfd¢

In fact, flux is lost under the following circumstances:

(A.14)

(i) 0 <6 <n—¢: no flux is collected, as the whole scattered flux falls into the light
trap.

(ii) n—¢ <60 <n+ ¢: only a part of the scattered light falls into the light trap, and
the rest into the collection aperture.

(iii) B — ¢ <0 < 0: part of flux falls outside the collection aperture and the rest falls
into it.

(iv) B+ ¢ <6 < m: the whole scattered flux falls outside the collection aperture.

Under condition (ii), the flux lost in the dark stop is calculated by putting n =
in Equation (A.13)

(A.15)

’ — cosf
F, = 4rsinfsin ¢ df cos™ l@osn cos b cos Qb)]

sin 6 sin ¢
Similarly, based on the discussion in the previous section, the flux lost under the

condition (iii) is given by

, — cosf
Fl = drsin@sin ¢ d0de |7 — cos! | (07 = cosOcosd) |} (A.16)
sin 6 sin ¢
Thus, the total flux received by the collection aperture can be written as
Fy = f5(6,6)1(0) dodo, (A.17)
where
f5(0,0)=A+B+C (A.18a)

A =4r*sinfsing, (n—¢ <0< B+9),

cosn — cos 6 cos ¢

B:—47rsinﬁsin¢cos_l< >7 m—0<0<n+9¢),

cos 8 — cos 0 cos ¢

sin # sin ¢

sin 6 sin ¢

C——4¢sin¢sin9[7r—cosl< >], (B—p <0< 5+9).

(A.18b)
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