ABSTRACT
JOHNSON, NATHANIEL D. Experimental Validation of Monolith Filter Capture Efficiency.
(Under the direction of Dr. Warren J. Jasper and Dr. Andrey V. Kuznetsov).

The objective of this research is to establish the experimental aerosol filtration efficiency
response of two samples of a polypropylene monolith filter over a range of particle diameters.
These experimental results are to provide validation to newly developed CFD codes that model
the physical phenomena of inertial impaction, interception and Brownian motion diffusion and
their interactions in a single channel model of the monolith filter.

A TSI Scanning Mobility Particle Spectrometer™ system was used to generate a
monodisperse aerosol classified by nominal particle diameter via particle electrical mobility, and
count the number of upstream and downstream particles relative to each filter sample. A full
factorial designed experiment was developed to set up the experimental measurements.

Results were analyzed with statistical methods to model the predicted capture efficiency
of two monolith filter samples with a multiple regression least squares method. The predicted
mean capture efficiency varied from 12.00% to 55.45% for the 8.2 um thick filter sample with a
nominal channel diameter of approximately 4.29 um and calculated face velocity of 0.13 m/s. At
the same face velocity, the capture efficiency varied from 17.05% to 60.50% for the 13.5 um
thick sample with a nominal channel diameter of approximately 3.76 um. The predicted mean
Quality Factor under these conditions was found to range from 0.54 to 3.33 kPa™ at 250.3 and
49.6 nm particle diameter respectively for the 8.2 um thick filter and from 0.28 to 1.40 kPa™ for
250.3 and 49.6 nm particle diameter respectively for the 13.5 um thick filter.

The results were validated with confirmation runs, and methods for statistical process

control of future experiments have been proposed to monitor filter fouling.
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1. Introduction and Background

1.1 Motivation for this Research

This study was motivated by the need to experimentally validate CFD codes that model the
submicron capture efficiency of electrostatically charged monolith filters. While traditionally the
mass collection efficiency of a filter has been the metric of choice for respirator testing,
Donaldson et. al reported that there is a cutoff point for toxicity of some otherwise unharmful
particles below a particle diameter of 64 to 202 nm [1]. The findings that the same mass of
particles below this cutoff point may cause greater harm than those above it suggests that the
number efficiency of a filter may be more important in determining its ability to protect an
individual from potential harm caused by smaller particles. These smaller particles have a higher
surface area to volume ratio and hence a larger contact area with the lungs if they are breathed in.
It is important to understand the health effects of a large variety of submicron particulates as they

are more likely to impact the human respiratory system than their larger counterparts.

While methods of measurement for the mass distribution of filtered aerosol may be appropriate
for the traditional metric, there is also large possibility for error in using the mass mean diameter
to calculate the count mean diameter due to the fact that the mass depends on the cube of the
diameter and the area depends on the square of the diameter. [2] The mass weighted cumulative
percent distribution of particle concentration is also more left skewed than the number weighted
distribution, causing the mean particle diameter to be higher than that of the number distribution.
This in effect minimizes the impact that smaller particles have in viewing the whole distibution.
Thus, it is advantageous to use a direct counting method of particles in the aerosol stream to

determine the number efficiency.



This method is made possible by the work done by Liu and Knutson on improving the electrical
mobility analyzer in 1974 and 1975 [3],[4],[5]. This instrument uses a highly charged central rod
and grounded housing to segregate particles in a moving aerosol by their electrical charge. Two
laminar airstreams enter into an annulus without mixing and guide particles through the electric
field. Early designs used a stepped voltage pattern to control the size of particles that could exit
the annulus. The particle trajectories through an electrical mobility analyzer can be defined by a
single, first order, exact differential equation and subsequent transfer function which defines the
mobility bandwidth under some voltage and flow conditions. [5]. The results of this work are the
ability to classify particles by size, concentration and charge with a relationship of flow rates and
electric field strengths. This method is used to effectively produce monodisperse test aerosols
from a polydisperse source. As the particles within a given size range are not removed from the
moving aerosol stream they are easily used in applications such as filtration testing where it is

necessary to accurately determine the moments of the electric mobility distributions. [6].

Due to the stepped nature of the voltage profile in early mobility analyzers it was initially not
possible for this system to react quickly to instability in the concentration of the aerosol.
Improvements were made on the system developed by Knutson and Liu that allowed the electrical
mobility analyzer to overcome this challenge. In a system where the concentration can vary over
time it is necessary to have a classification and detection method capable of adapting quickly to
these changes. Wang and Flagan reported in 1990 that a method of continuous, or differential,
scanning of the voltage allowed the system to gain time resolution when measuring particles less
than 0.1 um that could previously only be interpreted as noise. [7] This also drastically improved
the time spent by the operator in taking a measurement. The same measurement was taken in 30
to 60 seconds with the differential scanning mode vs. 7 minutes with the stepped mode with

included condensation nuclei counter in tandem with the differential mobility analyzer. These



instruments have developed today into many highly versatile systems for aerosol measurements

such as the TSI Scanning Mobility Particle Spectrometer used in this experimental study.

Particle sizes of interest in this study range from 100 to 300 nm for two reasons. Due to the
physical mechanisms behind particle capture, filters typically have the highest capture efficiency
at the two extremes of the size distribution of the aerosol. This leads to what is called the most
penetrating particle size at some minimum in the capture efficiency curve which is often located
in the 100 to 300 nm range. Additionally, this is the range where many harmful viruses, bacteria,
and potential biological threats are found. [2] As new developments continue to show the need
for a better understanding of the capture mechanisms for particles in the submicron range, better

predictive codes must also follow.

This experimental study was complementary to a model for laminar flow of aerosols through a
monolith filter with uniform micro-machined circular channels of approximately 5 um in
diameter. Samples of polypropylene monolith filters used in the experiment were produced at
Cornell University via a spin-coating and photo-etching technique to measured specifications of
8.2 and 13.5 um thickness with 5 um channel diameters. Each filter was machined to have
exactly one million channels spaced in a uniform square grid within a 1 cm by 1 cm area of the
polypropylene sheet as shown in Figure 1 (a). To aid in the handling and long term integrity of
the filters a plastic support ring was affixed to one side of each filter. The support rings each had
a 9 mm circular hole at their center, which reduced the effective filtration area by approximately

36% for each filter.



(a) (b)

Figure 1: (a) SEM Imaging of a 2.3 um thick Sample at 1520x (b) Filter Sample with Attached Support Ring

While the CFD codes included the effects of electrostatic charging on the overall particle capture
efficiency, this initial experimental study was performed on uncharged filter samples to validate
the completeness of the model without that effect. The primary scope of this study was to
generate efficiency curves and estimate experimental errors over a range of particle diameters and
for a variety of filter thicknesses. The effects of flow rate were also investigated; however, in
order reduce the number of runs required to obtain a good estimate for the experimental error, the

flow rate was fixed.

1.2 Background on Particle Capture Mechanisms

While there are several mechanisms by which a filter can capture a particle from a moving
aerosol stream there are three that play the most important role. Those are namely, interception,

inertial impaction and diffusion. [8]



As streamlines approach the filter medium, i.e. a single fiber or the face and channel walls of a
monolith filter, they are redirected around the obstruction. Of the particles that follow the
streamline through this redirection if any come within one particle radius of the filter medium
they are said to be intercepted and hence captured. This phenomenon is typically seen for

particles above 0.1 um in diameter.

If on the other hand a particle following the streamline is massive, then its inertia will cause it to
continue in its original path and leave the streamline. Once a particle leaves the streamline it can
impact the filter medium and become captured as well. This phenomenon, known as inertial

impaction, is typically seen for particles above 0.4 um in diameter.

Finally, Brownian motion diffusion is the dominant capture mechanism for particles whose
diameters are of the order of the mean free path of the gas in which they flow. Particles at this
size range move by colliding with other particles and gas molecules and follow a random
trajectory that zigzags through the domain. Brownian motion diffusion is the dominant particle
capture mechanism for particles between about 0.9 nm and 100 nm in diameter, can contribute in
small degree to particles between approximately 100 nm and 300 nm, and becomes more

pronounced as the flow rate through the filter medium is decreased.

A typical capture efficiency curve showing the combined effects of interception, inertial
impaction and Brownian motion diffusion is shown in Figure 2 across a range of particle
diameters. While filter performance may vary these capture mechanisms are present in all filters.
The experimental runs should encompass a similar range of particle diameters to allow for this

curvature to be modeled appropriately.
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Figure 2: Capture Mechanisms by Particle Size [8]

1.3 Background on Electrical Mobility

As defined in the TSI SMPS™ manual, the phenomenon of electrical mobility was employed to

classify and segregate particles for counting in this experiment [9]. Given some number of

elementary charges on a particle, the electrical mobility is a measure of that particle’s ability to

traverse an electric field. The electrical mobility Z, is defined by the equation:

__ neC
p 3muDy

where:

n = number of elementary charges on a particle
e = elementary charge (1.6 x 10 *° Coulomb)

C = Cunningham slip correction =

1 +Kn[a + Bexp(-y/Kn)]

a=1.142, = 0.558,y = 0.999

Kn = Knudsen Number = 2A/D,

A =gas mean free path =

(1.3.1)

(1.3.2)



& () (7) Grgs) (133)

i = gas viscosity (dyness/cm?) poise =

b (22) (%)3/2 (13.4)
A, = mean free path of air at 1 atm

1L, = viscosity of air (dynees/cm®) poise

D, = particle diameter [cm]

S = Sutherland constant [K]

T = temperature [K]

T, = reference temperature [K]

P = Pressure [Pa]

P, = Reference pressure [Pa]

A TSI model 3080 Electrostatic Classifier with 3081 Long Differential Mobility Analyzer was
used for this experiment. The distribution showing the probabilities that a particle will have some
number of elementary charges is modeled by the Fuchs Distribution in the instrument software
[9]. Particles below a certain mass enter an annulus which has a given average center rod voltage
V and flow rates associated with the instrument setup. By selecting the flow parameters and
center rod voltage, a monodisperse range of particle diameters can be selected for output by the
instrument. The relationship of particle diameter, center rod voltage, number of charges on the

particle, Classifier flow rate, and geometry for the 3081 DMA is given by:

Dp _ 2nevlL
2 _“hevr
€ 3uqspint

(1.3.5)



where:

r, and r, are the inner and outer radii of the annular space in the 3081 DMA respectively.
V = Average center rod voltage
qsn, = sheath air flow rate

L = length between exit slit and polydisperse aerosol inlet

Monodisperse particles passing through the Long DMA and exiting the classifier were counted by
a TSI model 3785 Condensation Particle Counter. Particles entering the CPC were grown via
heterogeneous condensation to an optically detectable size, counted by the instrument and
recorded in individual data files. The concentration range for this instrument is from 1 to 10°
particles/cm®, the range of particle diameters that can be counted is from 5 to 1000 nm, and the

inlet sampling flow rate is a maximum of 1.0 Ipm.

1.4 Capture Efficiency and Quality Factor

The following equation was used in measurements of the Capture Efficiency:

CE [%] — 100 % (CT,upstream_CT,downtream) (141)

CT,upstream

where:
C+ = the total number counts

and the Quality Factor:



m(—L
QF [1/kPa] = W (14.2)
where:

CE = Capture Efficiency [%]

AP = Pressure drop across filter [kPa]

The Quality Factor (QF) is a metric often used to quantify and compare the performance of filters
in respirator applications. The formula for the Quality Factor is simply a ratio of the filter capture
efficiency to its pressure drop when subjected to a monodisperse aerosol stream and at some face
velocity. The face velocity is determined by dividing the volumetric flow rate through the filter
by the effective filtration area. It is important when comparing quality factors of different filters
to make comparisons based on the same particle diameter since capture efficiency is a function of
particle diameter, and the overall penetration through a filter for a polydisperse aerosol is not

equivalent to that of a monodisperse aerosol.

In fibrous filters the particle penetration P can be related to the filter thickness t by the following

derivation [2]:

n, = Nydt (1.4.3)
n. = number of particles captured when a unit volume of aerosol passes through the layer

N = particle number concentration entering the layer

y = the fractional capture per unit thickness for a differentially thin layer dt

dN = —n, = —Nydt (1.4.4)



The combined effect of all the layers is obtained by integrating over the entire thickness t:

f,lvvifl”t%]v = [, (—p)dt (1.4.5)
to get
n () = —yt (1.4.6)

~in(5) n(2)

Also: y = . == (1.4.7)

P=e", (1.4.8)
_yt _n(3)

QF = = =—- (1.4.9
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2. Experimental Apparatus

List of Equipment

TSI model 3076 Constant Output Atomizer

TSI model 3062 Diffusion Dryer

TSI model 3080 Electrostatic Classifier (ESC)

Model 3081 Long DMA

Impactor: 0.071cm

TSI model 3785 Condensation Particle Counter (CPC)
Gelman Sciences 25mm In-Line Filter Holder, Stainless Steel
TSI Alnor AXD620 micromanometer

Plenum — fabricated

Computer — Control and Data Acquisition

ONoO,rTDTDLLNE

Figure 3: Experimental Apparatus

Experimental validation of the monolith capture efficiency was performed via a TSI Scanning
Mobility Particle Sizer (SMPS™) spectrometer made up of the model 3080 ESC and 3785 CPC
as shown in Figure 3. Particles ina 0.1 g/l solution of NaCl and deionized water were atomized
with pre-filtered air from a 30 psig source. The stream of atomized particles was dried when

passed through the Diffusion Dryer containing desiccant material in its outer annulus. The dried

11



particles passed into a plenum that allowed the pressure to equalize with the atmosphere. The
plenum has a HEPA-filtered outlet port open to the atmosphere as well as a second port for
particle sampling via suction pressure from the CPC. This mode of suction flow from the CPC is
referred to as underpressure mode. Figure 4 shows the arrangement of the CPC as it is used to

draw the sample flow through the Long DMA and Classifier at a maximum value of 1.0 Ipm.

+—7— Model 3081 Long

Model 3785

AUag—

< Model 3080 J

Flectrostatic Classifier

Excess Air Valve

Figure 4: SMPS™ Components [9]

A filter holder and stand was attached to the line in between the Long DMA and CPC as shown in
item 5 of Figure 3. The Electrostatic Classifier was set to output particles of a user determined
size range to the inlet of the filter holder. In the absence of a filter sample in the filter holder,
particles counted were considered to be upstream or unfiltered counts while particles counted
with a filter sample in place were considered to be downstream or filtered counts. The particle
capture efficiency was determined by dividing the difference in upstream and downstream
particle counts into the upstream particle counts at a particular size range and fixed volumetric

flow rate through the filter.
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In order to determine the Quality Factor, the pressure drop was also measured across the filter for
each run. The micromanometer was attached to ports on either side of the filter holder to record

an averaged value of pressure over a given time.

3. System Characterization

3.1 Instrument Modifications

In addition to the standard equipment in the SMPS system some modifications were made to
facilitate the measurement of the capture efficiency. As shown in Figure 5 (a) the 3076 Atomizer
combines compressed air with the liquid solution of NaCl to generate a fine mist of water vapor
and particles that can be passed into the plenum for sampling. The particles and water vapor
impinge upon the adjacent internal wall and most of the liquid is able to drain back into the
reservoir for recirculation. In spite of this, the NaCl particles exiting the atomizer are still wet, so

they cannot be sampled or passed through a filter without first undergoing some drying method.

One option was to combine this incoming air stream of wet particles with a large amount of pre-
filtered and dried air, thus diluting the moisture in the stream. To eliminate the need for
additional compressed air and filters the group instead opted to use the 3062 Diffusion Dryer to
absorb excess water vapor from the aerosol stream prior to sampling. Additional large droplets of
water were removed as the flow was redirected through the liquid droplet trap in the dryer as
shown in Figure 5 (b). The aerosol stream was then passed through the central tube of the
diffusion dryer and exposed to the dry silica gel around the stream via a porous tube wall. As the

silica gel becomes more saturated around the central tube wall the diffusion dryer will become

13



less effective in fully drying the sampled particles. The effectiveness of this drying method can
be measured by the ability of the operator to detect changes in color of the silica gel at the center
and replace it as needed. This was one aspect of the system in which stability of the
measurements could potentially depend greatly on operator behavior. The silica gel was changed
out as deemed necessary; however, this could have contributed to some of the variation in the

results.

inner Tube Made of Wire Screen

Annular Space Filed with Sikca Gel

(a) (b)

Figure 5: (a) Schematic of 3076 Atomizer (b) Schematic of 3062 Diffusion Dryer

In order for the SMPS system to operate in underpressure mode, that is, sampling via suction
pressure from the CPC pump, the positive pressure from the atomizer had to be equalized with
the atmosphere. A plenum was fabricated via a 0.1 m diameter extruded acrylic tube
approximately 0.6 min length. The tube was sealed at both ends with UHMWPE (Ultra High
Molecular Weight Polyethylene) caps, and tapped with three ports. On one end of the tube dried
aerosol entered the plenum, while a HEPA filtered outlet port along the side of the tube allowed
pressure equalization with the atmosphere and a horizontal port at the far end of the tube allowed
for sampling. Hinds notes that the effect of the horizontal placement of a sampling port is to

eliminate known sampling errors due to particle settling in still air. [2]

14



The second source of particle transport losses are those losses in the tubes and connectors.

Within this category are losses due to electrostatic attraction between statically charged tube
walls and particles as well as impaction losses due to bends in the tubing. The electrostatic losses
were minimized by choosing conductive silicon rubber tubing as well as stainless steel fittings in
all sampling paths. Tube bends, though gradual, were a necessary part of this setup in order to
maintain the required upright positioning of the filter holder in between the electrostatic classifier
and the CPC. An empirical relation for the bend losses encountered in laminar flow through a

circular channel is cited by Hinds as:

Bend Loss = (Stk)¢ (3.1.1)
where:
Stk = Stokes Number = ;—U (3.1.2)

S

T = relaxation time
¢ = bend angle in radians
U = probe inlet velocity

D¢ = probe diameter

While the bend loss also generates some error in assuming the true distribution of particles in the
plenum, it equally affects both the upstream and downstream counts measured for efficiency
calculations. Since no tubing length is added or subtracted from upstream to downstream

counting this was not considered as a source of error in the Capture Efficiency measurements.

The addition of the filter holder shown in Figure 3 and Figure 6 also brought new considerations

to the overall system. All conductive materials were used in the construction of the filter holder

15



S0 as to once again minimize losses associated with its being in the flow path. At a flow rate of
0.5 Ipm it added an additional resistance of 1.5 Pa to the sampling line that was not due to the
pressure drop across the filter. This was subtracted from all of the pressure readings when

calculating the Quality Factor.

t Sleeve (Aluminum)

KAARXUXACRA
S

g‘_ s

REPLACEMENT PARTS

e
‘\QDDUCT NO. ITEM

m‘______“- 73336 Q-Ring, Vilon (Mo, -020)°
Tare Support Screen, 31655
d 79752 Underdrain Screen, 31653
73179 Hosebarb adapter, Myfon, 1/pkg
(standard)

Base (31635)
“The ARP Uniform Dash No. is an SAE originated
syatem for indicating G-Ring sizes. The Uniform
- Dash No. gives inner, guter, and cross-sectionai di-

amsters, It does nol define the matartal of
coenstruction,

Figure 6: Schematic of In-Line Filter Holder

16



3.2 Sample Distribution Benchmarking

Prior to sampling at a narrowed range of particle diameters the full size distributions were
obtained with the instrument and benchmarked against an expected size distribution of NaCl
particles. Both the experimentally obtained size distribution and the TSI published size
distribution for atomized particles from a 0.1 g/l solution of NaCl in water are shown in Figure 7.
The experimental data resulted in a lognormal size distribution of particle counts with mean
particle diameter of 78.5 nm. The lower magnitude of the experimental result is due to the fact
that the plenum dilutes the concentration initially and allows it to slowly increase with time. This

was shown consistently across several subsequent samples.
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Figure 7: (a) Experimental Size Distribution for 0.1 g/l solution of NaCl in H,O (b) TSI Published Size Distribution for
0.1 g/l solution of NaCl in H,0
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3.3 Pressure Drop Considerations

Early pressure drop trials were conducted on two new filter samples which were also specified to
be 8.2 and 13.5 um thick respectively with channel diameter of 5 um. The measured pressure

readings for each filter are shown in Figure 8 below.

Experimental Pressure Drop by Flow Rate
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Figure 8: Experimental Pressure Drop for 8.2 and 13.5 um Filters

While the channels were initially fabricated to be 5 pm in diameter there was some suspicion as
to the dimensional stability of the thin film polypropylene material due to higher than expected
experimental pressure drop across all of the filters. Dimensional stability is given by a percent
reduction or elongation in size due to factors such as temperature, moisture, pressure and other
stresses [10]. During the processing phase the polymer chains can become oriented in an
elongated position that is locked in when the material sets. This leaves residual stresses in the

material which through the influences above can lead to a dimensional change over time. One
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thin film oriented polypropylene sheet of 20 um thickness is noted by Maier to have a 13%
reduction along the Machine Direction, or direction in which it was stretched during processing.
The polypropylene monolith filters used in these experiments were produced via a spin-coating

process that may yield similar properties along a single direction across the filters.

SEM imaging was used to investigate the possibility that the channels had in fact been reduced in
size since the initial processing phase. One filter sample which was specified to be 2.3 um thick
also had an abnormally high pressure drop. A section of the filter was cut and evaluated under
the SEM to find that the actual channel diameters measured at six locations ranged from
approximately 2.58 to 3.24 um across. While this is not a large sampling out of one million
channels the images did reveal that the channels were both smaller than expected and quite
uniform across the face of the filter. The original spacing between the channels was also
designed to be 5 um which would allow the grid of one thousand by one thousand channels to be
spaced evenly withina 1 cm by 1 cm grid. The SEM imaging in Figure 9 showed anywhere
between 5.42 and 6.30 um between channels, suggesting for that particular sample that the 5 um

spacing underestimated the true spacing.
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Figure 9: (a) Distance between channels on 2.3 um thick filter (b) Channel diameter on 2.3 pum thick filter

Whatever the reason may have been for the reduction in channel diameter the measured flow
rates and pressure drops were used to calculate the actual channel diameter in the thicker samples
that were not sacrificed for the SEM imaging. Using the pressure drop values determined by the
curve fits in Figure 8 or by a set of filtration run data and assuming fully developed laminar flow,
the mean channel velocity and channel diameter can be estimated by the Darcy-Weisbach

equation.

L pU?
AP = f 555

(3.3.1)

where:

AP = pressure drop across filter

f = Darcy friction factor (Laminar Flow)
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L = channel length (filter thickness)

D, = channel diameter

p = density of air

U = fully developed mean channel velocity

Solving for U:

2D AP
fLp

(3.3.2)

Substitute:

64 _ 64y

/=%

e pD.U

(3.3.3)

where:

U = dynamic viscosity of air

U=-2 (3.3.4)

Atot

where:
Q = total volumetric flowrate through all channels

Aior = face area of all channels

U= [PRlawe (3.3.5)
64ULAtot
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D2AP
U —_ ~ > C Q
32uL<n—C)(No.of Channels)

_ APQ
- 8uLm(No.of Channels)

The Darcy-Weisbach equation can also be written in terms of the channel diameter, D,

L pU?
AP 2

D, =

Once again, substitute:

f= 64 _ 64u
" Re  pD.U

to get:

2 64uLpU?  32uLU
DC = =

2pUAP AP

32uLU
D, = /—”
AP
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Equations 3.3.1 and 3.3.11 were used to calculate the channel size of each filter based upon
pressure values from the actual run data as well as the following physical constants and

assumptions:

For the 8.2 um filter

AP = 234.82 Pa; This value was determined by obtaining the mean pressure drop of the first 20
runs in the final dataset. This refers to the first grouping of pressure data tested as shown in the I-
MR Control chart in the appendix.

L = 8.2 x 10~ m; Filter thickness

Total number of channels = 6.36 x 10°; Estimated from the fraction of one million holes

exposed by the 0.009 m diameter round hole in the plastic support ring of each filter.

Q = 0.50 I[pm = 8.33 x 1077m3 /s ; The flow rate at which all of the final runs were taken

p=1822x10"%kg/(m"s)

The physical constants are in accordance with the values used in the SMPS™ software and data

analysis of the final results.

Thus for the 8.2 um filter:

_ APQ _
U= \/SuLn(No.of Channels) = 0.905 m/s (3-3-12)
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D, = /% =429x10"%m (3.3.13)

For the 13.5 um filter 4P and L change as such:

AP = 657.87 Pa; This is the mean pressure drop for all 18 runs through the 13.5 um filter and is

also shown in the appendix.

L = 1.35 x 105 m; Filter thickness

Thus for the 13.5 um filter:

— 4PQ _
U= \/8[!.LTL’(N0.0f Channels) 1181 m/s (3-3-14)

D, = [Z2Y =376x10"m (3.3.15)
AP

3.4 Instability in the System

The first real limitation of the experimental setup was the fact that with one CPC it would be
impossible to count both upstream and downstream particles simultaneously. Initially, this meant
that either the plumbing in the system had to be capable of diverting particles from an upstream to

a downstream counting mode or separate runs had to be employed. The former option required
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complex plumbing with tee’s and a three-way valve, and would force the aerosol stream to
undergo four 90° bends when sampling around the filter rather than through. The bend losses due
to inertial impaction caused within the plumbing could be a substantial bias to any sampling taken
with this method, so ultimately it was not considered further. The option of using two separate

runs to establish a stable upstream and downstream concentration over time was explored next.

As the atomized particles first entered the plenum prior to sampling the desired situation would
be to have stable counts over the entire duration of the sample. This required stability in both the
atomizer output as well as matched inlet and outlet flows to the plenum. The plenum was purged
before each run and the atomizer was used to begin filling the space with the desired particles.
Three input pressures to the atomizer are shown in Figure 10 to show how the measured
concentrations varied with time. There is an obvious upward trend at both 20 and 10 psig runs,
however, the system seems to be more stable as the input pressure is decreased. The sensible
minimum to the input pressure was approximately 5 psig, below which there was not enough
pressure in the line for reliable operation. In comparison to the magnitude of increase of the other
two pressure inputs the 5 psig run looks stable. When looking at the relative fluctuations from
sample to sample within each however, this is not the case. One particle diameter at 101.8 nm is
shown in Figure 11 for each pressure input. This revealed that while the 5 psig run seemed more
stable between runs 5 and 15 at around plus or minus 2% relative change it quickly went out of

control like the other runs. This local stability could also not be repeated reliably across runs.

Some runs were taken at 30 psig input to the atomizer, which was close to the maximum allowed
supply pressure. As the atomizer was running at its peak the time to wait for the plenum to fill
was reduced. This was an important factor as a thirty sample run would take seventy five minutes

to complete. That seventy five minute run also had to be repeated for the filtered sample as well
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to get one measured estimate of the capture efficiency at a single particle diameter. The
independence of the two runs used to establish upstream and downstream counts also led to
difficulty in the repeatability of the results. Ultimately this procedure was too cumbersome and

could not produce usable results.
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4. Data Collection

4.1 Data Collection Procedure

A new procedure for taking measurements was adopted that would also require the operator to
add and remove the filter sample during runs, but would use interpolation rather than
extrapolation of the data to allow for upstream and downstream counts to be taken sequentially

and under the same plenum conditions.

At the beginning of each run the plenum was purged and refilled with clean air through a HEPA
filter to eliminate buildup of the salt concentration from previous runs. The SMPS was set to
desired settings with a 10:1 ratio of sheath to sample flow rate and the desired range of particle
diameters. A particle density of 2.165 g/cc was specified in the instrument software for the
aerosolized salt particles. The correction for diffusion broadening was selected for runs at
particle sizes less than 50 nm per the instrument manual. The inlet to the 3076 atomizer was
connected to a 30 psig source of compressed air to begin filling the plenum with atomized and
dried salt particles. After selecting the number of samples desired the sampling procedure was

started.

Each run consisted of the twenty one consecutive samples, each with one 135 second up scan and
15 second downscan of the ESC and took approximately one hour of total sampling time. The
data output was set to the highest resolution at sixty four channels per decade with limits on
particle diameter such that only three levels of desired nominal particle sizes were passed into the

CPC. The three bins are shown in Figure 12 as a subset of the total distribution prior to
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passing through the classifier and DMA. The central bin is the one closest to the nominal size of
interest; in this case the run would be for an efficiency calculation at 101.5 nm. This subset
allowed for the bins to be combined at a lower resolution to average out noise in the system in
exchange for more variance in the particle diameter; however this was not shown to be necessary
in the following datasets. The runs were taken at limited particle size ranges to delay the effects
of filter fouling while also decreasing the statistical uncertainty in each measurement. By only
scanning over a small range of particle diameters, the total number of counts at the desired size
increased substantially. The statistical uncertainty, oy, in the particle count also decreased

substantially with increased counts by:

SlE

oy = (4.2.1)

Thus, the total counts provide a more suitable measure of the overall capture efficiency than the

concentration at any given time.
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Figure 12: Sampled Subset from Full Distribution
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One problem encountered was that the upstream particle count was not constant during an
experimental run. Rather than match the input and output flows in the plenum in attempt to keep
the sampling concentration constant, the samples were recorded sequentially and fitted with a
third order polynomial curve to describe how the concentration levels changed with time. The
inlet flow to the plenum was greater than the desired sampling flow rate, so the concentrations
increased overall with time. Given the inability to sample upstream and downstream particle
counts simultaneously with only one CPC, the filter had to be added to and removed from the
system during sampling. It was determined by trial and error that a minimum of five consecutive
samples provided a reasonable stability in reading the concentration sampled from the plenum
over time, so three groupings of five consecutive samples were used within the full twenty one to
establish upstream and downstream counts. A typical run is shown in Figure 13. Samples 1 and
2 were discarded to eliminate initial fluctuation in the counts as the flow stabilized through the
system and the plenum was initially filled. Samples 3 through 7 represented the first of two parts
of the “upstream”, or unfiltered counts. A filter was added into the filter holder during the
beginning of sample 8, and samples 8 and 9 were also discarded to eliminate data sampled during
this interference. Samples 10 through 14 thus represented the downstream or filtered counts. The
filter was removed at the beginning of sample 15, two samples were again discarded, and samples
17 through 21 represented the second of the two parts of the upstream counts. Once the output
was obtained the values given by the third order fit between the two upstream groupings yielded
an estimation of the total sampling concentration over the full length of the run. Interpolated
values of the upstream counts at the levels of samples ten through fourteen were compared with
the measured values from the downstream counts to calculate five values for the capture
efficiency for each individual run. The five values were then averaged to provide a better
nominal estimate for the capture efficiency, and this value was treated as one measurement in

further analysis.
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A constant sample flow rate of 0.50 Ipm was maintained throughout the measurement by
adjusting the flow equalizer valve on the CPC. While sample flow rate was initially set at some
value the addition of the filter added resistance to the line and required the operator to adjust the
valve accordingly to maintain the same flow through the filter for downstream counting. Once
the flow was stabilized after adding the filter a ten minute average of the pressure drop was
measured and recorded by the AXD 620 micromanometer. The average was then recorded

manually for each run to be included in the dataset.

At the end of each run the raw counts data from the Aerosol Instrument Manager® software was

exported to JIMP® 9.0.0, a statistical analysis software package.

The full measurement procedure is detailed step by step in Figure 14.
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Figure 13: Capture Efficiency Measurement by Interpolation
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Parallel Path A Parallel Path B

B1. Turn on the 3785 CPC

Al. Prepare 1000ml of 0.0001 g/ml solution of NaCl in Deionized H,O in 3076 Atomizer.

B2. Allow the CPC to warm up. Thiswill take several minutes, and the status will be indicated by the
asterisks displayed on the screen. When the unit is warm the message will disappear.

A2. Ensure that the desiccant material in the dryer is sufficiently blue in color and does not need to

be changed out.
B3. Toggle through on the menu to the Prime Growth Tube option, and hold down the Display button until
itis selected. Press the Display button several times until the number on the screen reads greater than 400.

A3. Remove from the plenum the tube for the HEPA filter and the tube for the sampling.
B4. Allow the unit to finish this process.

A4, Attach the tube for the HEPA filter to the sampling port of the plenum, ensuring that the flow BS5. When the CPC returns to the home screen, ensure that the Status light s lit and continuous. If the
direction arrow on the filter faces out from the plenunll. light is blinking, perform step 6. If the light it is continuous, skip to step B7.

B6. Ensure that one tube of the drain reservoir is attached to the rear port of the CPC labeled “Drain”.
) Toggle through the menu and select Drain to begin draining the excess water. Tilt the CPC back and to
A5. Cover and hold the rear port on the plenum with a rubber seal. the left if necessary to help the water fully drain during this process. When the drain message stops,
remove the drain tube and return to step B5.

A6. Slowly pull the threaded rod out through the rubber stopper until the plenum has been fully B7. Turn on the 3080 ESC and ensure that the unit is connected to the computer.

evacuated through the HEPA filter.

A7. Leaving the plunger in this position, remove the HEPA filter tube, unscrew the stainless hose B8. Via the ESC software on the PC, switch the ESC to Analog Mode.
barb attachment on the HEPA body, and attach it to the other side.

BY. Set desired flow rate for “Sheath Air Flow” to be 10 times the desired sample flow rate provided by
the CPC.

AA8. Reattach the HEPA filter tube to the plenum sampling port such that now the flow direction

arrow on the filter faces in towards the plenum.
B10. Load the Aerosol Instrument Manager program, and ensure that it connects to the instrument without
€rror messages.
A9. Ensuring that the rubber seal is held as in step A5, use the threaded rod to move the plunger back
to its starting position. B11. Turn on the micromanometer and zero the
pressure.

A10. Remove the HEPA filter and tube from the sampling port, attach the tube to the other side of B12. Turn on the CPC pump, and with the Excess Air Valve on the CPC HEPA filter fully closed check
the HEPA body and reattach to the rear port of the plenum body. that the sample flow rate reading on the ESC is ranges from 0.97 Ipm to 1.0 Ipm. I the reading is higher
than 1.0 Ipm, turn off the flows and clean the impactor with deionized water and dry filtered air and/or
impactor plate according to the manual. If the reading is lower than 0.97 Ipm check for leaks in the
plumbing according to the manual.

Al1. Reattach the sampling tube from the E3080 ESC to the sampling port on the plenum B13. Use the Excess Air valve on the attached HEPA filter to adjust sample flow rate until the ESC
sample flow rate reads the desired value. Check that the 10:1 ratio of Sheath Flow:Sample Flow is

maintained.

C1. Load a new file in the Aerosol Instrument Manager software to the desired hardware and operation
settings.

C2. Attach the air fitting to provide compressed air to the atomizer (< 35 psig inlet).

C3. Begin sampling by clicking the green circle in the Aerosol Instrument Manager program.

C4. Add and remove a filter as desired during sampling. Ensure that the filter is placed between the
Support Screen and the Viton O-ring.

C5. Record pressure readings as desired during sampling.

C6. Export and post process data as desired.

Figure 14: Measurement Procedure Flow Chart
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4.2 Response Surface Design of Experiment

A response surface design was used as a preliminary study to investigate the performance of the
monolith filter over a range of flow rates and particle diameters. Flow rate was varied at three
levels from 0.20 to 0.80 Ipm, and particle diameter was also varied at three levels from 50 to 300
nm. This central composite design is best understood graphically as shown in Figure 15. This
face-centered uniform precision design was chosen to model the capture efficiency within the
limitations of the instrument flow rates and measurable particle diameters. The three levels of
each factor configured in a “box-shaped” fashion as shown allows for second order regressions to
be made through any three points in the box. This multiple regression tool ultimately allows for a
great deal of flexibility in pointing towards potential optima that may exist within these bounds.
The error in the model was approximated by analysis of the variance of four data points that were
positioned in the center of the model. As the remaining vertices and face-centered points only
contain one run each this model is not to be interpreted as a final model on the capture efficiency,
but rather as a screening tool for further experimental runs. Once again, the three factor levels
here only allowed for a second order curvature to be modeled; however, the real benefit was to
provide a great deal of predictive capability over the factors while minimizing the required

number of runs and necessary resources to do so.

One output of a typical report for this design is a list of the parameter estimates, which is a
comparison of the statistical relevance of each factor used in the model to the others. The
elimination of a single factor using this method has great impact on the focus, resources, and
capability of subsequent models. With this as well as the overall project scope in mind it was
decided to fix the flow rate at 0.50 Ipm for the next design. This served the purpose of

eliminating one factor and thus a great deal of trial runs in the final experimental design.
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The output of the response surface design is shown in Figure 16. The parameter estimates in the
appendix revealed that the statistical significance of the flow rate was second only to the particle
diameter; however, the influence of the change in flow rate was qualitatively just a linear shift up
and down of the capture efficiency. The overall trend shown in the data was an increase in
capture efficiency with lower flow rate with a slightly larger influence on the lower particle
diameters. This was in line with what was already known in that the primary capture mechanism
for small particles is Brownian motion diffusion which will result in a higher probability of

capture with increased residence time.

Fractional Factorial Points

Axial Points

Center Points 4/'\ i

C C

Figure 15: Representation of Central Composite Response Surface DOE

Runs for this design are shown sorted by flow rate and particle diameter in Table 1; however,
they were run in randomized order for the actual experiment for the purpose of averaging out the

variance from uncontrollable factors over all of the data points.
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Table 1: Response Surface DOE Runs Sorted by Flow Rate and Particle Diameter

PATTERN FLOW PARTICLE

RATE DIAMETER
-— 0.2 50
A0 0.2 175
—+ 0.2 300
0A 0.5 50
0 0.5 175
0 0.5 175
0 0.5 175
0 0.5 175
0 0.5 175
0A 0.5 300
+— 0.8 50
A0 0.8 175
++ 0.8 300

Response Surface Output on Capture Efficiency [%] |

98
75
51
Particle p
= ‘ "CEDEMSZP’!A.yjl 28
~ =

| 25 i

F1ow Rate [P

Predicted Mean Capture Efficiency [* ovg )

8te, /’7/7./ -

Figure 16: Results of Response Surface DOE for Capture Efficiency
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4.3 Full Factorial Design of Experiment

From the initial findings of the screening design a second designed experiment was formed. A
full factorial design was chosen to focus all resources on providing a higher order estimation of
the curvature over changes in the particle diameter as well as the main effect significance
between two filter thicknesses. The factors included were six levels of particle diameter from 50
to 300 nm as well as two levels of filter thickness at 8.2 and 13.5 um. Four additional center
points were added to the 8.2 pum filter runs to provide an initial estimation of the error in the
model. In total, there were sixteen original runs in the randomized full factorial DOE as shown in

Table 2.

The naming convention for the data was as follows:
OR_xx: Original Run_numbered by order
Rxx_yy: Repetition on OR_xx_numbered by order

RC_xx_yy: Run Confirmation on OR_xx_numbered by order

Both the OR_xx runs and the Rxx_yy runs were included in the multiple regression least squares

fit of the data for the final prediction curves. Confirmation runs RC_xx_yy were benchmarked

against the final prediction curve for validation.
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Table 2: Full Factorial DOE Runs in Randomized Order

Filter .
Run Thickness I;Z:r?e(ﬂ:r

[um]
OR_01 135 300
OR_02 13.5 250
OR_03 8.2 175
OR_04 8.2 250
OR_05 8.2 100
OR_06 8.2 50
OR_07 8.2 200
OR_08 135 150
OR_09 8.2 175
OR_10 8.2 300
OR 11 8.2 175
OR 12 135 50
OR_13 135 200
OR 14 8.2 175
OR_15 135 100
OR_16 8.2 150

|Full Factorial Surface Output on Capture Efficiency [%]

Filter Thickness [um]

82 135 50

Particle Diameter [nm]

100 150

200 250 300
e : t

Predicted Mean Capture Efficiency %]

Capture Efficiency [%]

Predicted Mean

78
62
45
29

Figure 17: Full Factorial Results for Capture Efficiency
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5. Results and Analysis

5.1 Measurement Systems Analysis

The ability of the measurement system to detect differences in output at different levels of
particle diameter was also evaluated. Total variation can be subdivided into two categories,
namely the variation due to combined repeatability and reproducibility and the variation between
distinct levels being measured. Repeatability is variation due to the measurement device. As
defined by NIST Technical Note 1297 the repeatability of results of measurements is the
“closeness of the agreement between the results of successive measurements of the same
measurand carried out under the same conditions of measurement. [11] Per this definition the
conditions for repeatability measurement are the same measurement procedure, the same
observer, the same measuring instrument, used under the same conditions, the same location, and
with repetition over a short period of time. These conditions were applied when taking repetition
data for 49.6, 174.7, and 299.6 um. As the measurement of a moving aerosol stream through a
filter is a dynamic process, the individual runs were considered to be destructive in nature. Thus,
a nested Gauge R&R study was used to evaluate the data. The assumption held in doing this was
that the measurements within each particle size were close enough to consider each a repetition
that should measure the same nominal efficiency. Finally, the particle diameters were considered

to be nominal data rather than continuous data.

Also per NIST TN 1297 the reproducibility of results of measurements is defined as the

“closeness of the agreement between the results of measurements of the same measurand carried
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out under changed conditions of measurement” [11]. These changes often include principle or
method of measurement, observer, measuring instrument, reference standard, location, conditions
of use, and time. The final datasets were taken by a single operator under identical conditions of
measurement to the extent that this could be held constant, so the reproducibility component was
zero. Any variation caused by reproducibility factors such as time or environmental differences

were simply included within the repeatability component.

As shown in the variability gauge study in the appendix for the 8.2 um filter the percentage of
total variation due to repeatability was 3.48% with the remaining 96.52% of the total variation
being attributed to detectable differences from Part-to-Part, i.e. between levels of the particle
diameter. The % Gauge R&R value was 18.66 defined by the variation in Gauge Repeatability
and Reproducibility divided into the total variation. The Gauge study for the 13.5 um filter
resulted in 6.18% of total variation due to repeatability and the remaining 93.82% due to Part-to-

Part variation, and the % Gauge R&R was 24.86%.

One author makes the recommendation that an ideal measurement system is one that has a

% Gage R&R of less than 10% [12]. For a measurement system where combined repeatability
and reproducibility contribute between 11 and 20% of the total system variation the measurement
system is considered to be adequate, and between 21 and 30% the system is said to be marginally
adequate. By these standards the measurement system would be deemed adequate for the 8.2 um
filter and only marginally adequate for the 13.5 pm filter. The primary motivation behind these
recommended levels comes from statistical process control in manufacturing and the necessity to
detect unacceptable levels of variation, although this analysis still provides insight into the
adequacy of the measurement system nonetheless. Given the limitations of this measurement

system the guidelines need not be as stringent at this stage of research. The relative increase in
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variation between the 13.5 um filter measurements and the 8.2 um filter measurements could also
point to other contributing factors that are not a result of the measurement system or data
collection procedures. Instability in the filter performance over time due to fouling will be
discussed in greater detail later in this report. Data in the gauge study also includes confirmation
runs that were not used in generating the least squares model but that contribute to additional
variation within the repeatability component. The results of the measurement systems analysis
both confirmed the appropriateness of the measurement system for the given application and
pointed out the need for additional investigation of how to reduce variation within the unique

measurement levels.

Table 3: Suggested Levels for % Gage R&R

<10% excellent

11% to

20% adequate
21to marginally
30% acceptable

> 30% unaccepetable
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5.2 Least Squares Modeling

The capture efficiency was modeled via a multiple regression tool with a standard least squares
method. The final model had an R? value of 0.981 in fitting the data. Inputs for the model were
first order filter thickness and particle diameter through the fifth order. The multiple regression
method above allowed for the relative significance of all model parameters to be established
within the bounds of the data. This is shown in the Least Squares Model 2 in the appendix via the
parameter estimates section within each model report. An alpha level of 0.05 was maintained
throughout this analysis with respect to determining which inputs explained a significant amount
of the variation shown in the data. The primary objective of this analysis was to model the data
as it was while establishing the validity and repeatability of the measurement system. In this case
the purpose of the parameter estimations was for confirmation of the type of curvature displayed,
and thus some parameters without a significant p-value, i.e. the second order particle diameter
input, were left in the model. This comparison revealed that there was a high statistical
significance to the difference in capture efficiency response due to the filter thickness, p-value of

0.0003, tested relative to the other model components.

The first assumption of the least squares model is normally distributed error, i.e. variation about a
given particle diameter. To adequately validate this assumption with the data, additional runs
were added as repetitions to the original sixteen runs in the DOE. The goal was to have ten runs
at 49.6, 174.7, and 299.6 pm particle diameter respectively to check the normality of the data.
The locations of these extra runs were also chosen to compare the levels of errors in the model at
its extremes and center point. As Brownian motion diffusion becomes the dominant force on
particles in the 50 nm range a recommended diffusion correction factor in the instrument software
was applied to the data, so additional confidence was needed in the repeatability of results at this

level. The statistical uncertainty in the measurement system is also known to increase as the total
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counts decrease [9]. A look at the full range distribution in Figure 7 reveals that the counts are

typically lowest at the two extremes, hence increasing the measurement uncertainty at these

levels.

The second assumption of the least squares model is that the errors, i.e. residuals, are not
autocorrelated. This means that for any error index, i, of time or run order there should not be
any correlation in the residuals [13]. Residuals for the initial model with fifth order particle

diameter and first order filter thickness inputs are shown below in Figure 18.

|Residual by Row Plot

5 .
47
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1.6466721 41 01612 0.0570

Figure 18: Durbin-Watson Test for Autocorrelation
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The Durbin-Watson Statistic, which came out to be 1.647, is calculated by the equation:

DW =2(1-1) (5.2.1)

where DW is the Durbin-Watson statistic and r; is the correlation coefficient of the residuals
[13]. Somewhat arbitrarily, if DW is close to 2, then the presence of autocorrelation can be ruled
out. To investigate further a time-series study was performed on the data. The relative strengths
of each level of autocorrelation from Lag 1 to Lag 25 are shown in Figure 19. The most likely
type of autocorrelation for this type of experiment being Lag 1 describes a situation where the
error in each run depends on the error in the run just previous. This may describe an effect of
fouling on the filter. In order for any given line in Figure 19 to be significant however, the p-
value must be less than 0.05, shown by a bar that exceeds the blue boundaries. The Lag 0 is 1 by
default and does not describe autocorrelation. Thus, while there was a visible trend in the
residuals it was not significant enough to violate this assumption of least squares regression or to
warrant an additional correction factor to the capture efficiency model. This demonstrated the
value of randomizing the runs in the design of experiment, as this effect would likely have been
more pronounced and could have yielded incorrect results in a sequential sweep across the

particle diameter.
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Figure 19: Time Series Detection of Autocorrelation

44



5.3 Outlier Detection

Distributions of the averaged efficiency values were plotted for the data at 49.6, 174.7, and 299.6
pUm and subjected to the Shapiro-Wilk W test for normality. The null hypothesis of this test is

that the data is normally distributed using an alpha level of 0.05. Thus, for a p-value of less than
0.05 the null hypothesis must be rejected in favor of the alternative hypothesis that the data is not
from a normal distribution. Only the distribution at 49.6 nm initially failed this normality test

with a p-value of 0.032. Two of the runs were initially removed at 49.6 nm, namely R06_01 and
R06_02, as they were taken sequentially and showed the same large systematic bias from the rest

of the results.

After removing the above two runs a 5" order least squares model was fitted to the remaining
data for residual analysis. The Studentized residuals of the model showed two additional outliers
in the distribution, namely OR_06 and R06_12, which were also both at  49.6 nm particle
diameter. These runs were removed, and additional runs were taken to replace those that were
removed. The results of the One Sample t-Test are a 95.64% and 88.74% probability of obtaining
a higher value than the t-statistic from random chance for the 8.2 um and 13.5 um filter

respectively. Thus, the residual error of the model was determined to be normally distributed.
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5.4 Final Model Validation

After having used consistent methods of data validation for the final data set a prediction
expression was generated for the mean capture efficiency for the filters over the full range of
particle diameters. The resulting plots for the capture efficiency are shown individually in Figure

20 and overlaid in Figure 21 (a). The individual standard error:

Xj

StdErr = m

(5.4.1)

where ¥; is the sample mean for one particle diameter,

was calculated for each level of particle diameter to represent the possible range of the true
population mean given the number of runs taken at that level. As the number of runs taken
approaches infinity the standard error will go to zero. The individual 95% confidence intervals
are also shown to include the possible variation due to the individual standard error. These bound
a region that should contain an individual realization of the capture efficiency 95% of the time

assuming the normal distribution validated earlier in the report.

Two sweeps of confirmation runs were used to provide additional validation of the assumed
prediction curves. Levels for the confirmation runs were those intermediate points where the
model only used one run in the determination of the final regression. The results of these

randomized runs are plotted over the prediction curves and confidence limits in Figure 20.
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Figure 20: Final Prediction Curves for Capture Efficiency at 0.50 Ipm (a) 8.2 pum filter (b) 13.5 um filter

While most of the confirmation runs fell within the 95% confidence intervals as expected a trend
did begin to emerge. With the exception of the first confirmation run at 250 nm for the 8.2 um
filter, each of these runs fell below the respective prediction means. Not only this, but between
the first and second confirmation runs of identical conditions the efficiency decreased in every
case. This was cause for further investigation and is discussed in detail in the Statistical Process

Control section of this report.

From the predicted mean capture efficiency at each level of particle diameter and an average of
pressure drop readings by subgroup of particle diameter within each filter the Quality Factor was
determined. The results are plotted in Figure 21 (b). Values for the individual standard error at
each particle diameter were already available from the least squares model. These were
normalized by their respective nominal values of capture efficiency to obtain the relative standard
uncertainty with k-factor of 1 per NIST TN 1297. A Type B analysis of measurement uncertainty

was used to estimate the combined relative measurement uncertainty on each estimation of the
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Quality Factor. This method employs a first order Taylor series expansion on the function to
obtain a combined standard uncertainty [13]. Each variable in the function has some assumed
normally distributed uncertainty described by the distance of one standard deviation away from

the nominal value. The procedure as used on the Quality Factor is as follows:

Recall the equation for the Quality Factor as a function of CE and AP. In general this can be

described by a first order Taylor series expansion as:

W(X,Y) = as + a1 (X — px) + az(Y — piy) (5.4.2)

where:

ao, = ulpx, py) (5.4.3)
, =2 —_— (5.4.4)

a, = ) (5.4.5)

W lx=pxy=ny

uw =EW) = a, (5.4.6)

ot = var(W) = a?6 + a30¢ + 2a,a,0xy (5.4.7)

where agyy is the covariance between the two variables X and Y.
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ForX = CE,Y = AP

It can be shown in the experimental data that there was no correlation between the Capture
Efficiency and the pressure drop. The results of this test are detailed in the appendix. This causes
the 2a,a,oxy term to drop out of the equation.

W(CE,AP) ~ a, + a?c}; + a3c (5.4.8)

The nominal value a, is simply the Quality Factor at predicted mean Capture Efficiency and

pressure drop.

n(—L1
ao = ulpy, uy) = w (5.4.9)

The first partial derivative with respect to CE is:

du(CE,AP) 1 1-22 1-22
u P “Too “Joo
a, = = _—.(—200) [ 100 (5.4.10)
dCE  lcE=pcpy=psp AP 1 AP

The first partial derivative with respect to AP is:

1
—-In|l—————-
du(CE,AP —
ay = ( ) _ (1 C2E/100) (5411)
adP  lcE=pcpy=uap ap

ocg = Indiv.StdErr from Prediction Eqn
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o,p is calculated by the measurement uncertainty expressed in the calibration certificate in
combination with the effect of averaging in the measurement procedure. The manufacturer stated

uncertainty is +/- 1% of the measurand +/- 1Pa.

Averaging takes the sum of all values divided by the total number of values, and as a result
reduces the standard deviation of the result by:

Addition by the conventions of quadrature,

02psum = 0L + 0 + 4+ 02 ; Oppsum = 0L + 0% + -+ 02 (5.4.12)
C . /<712+<722+---+a,2l
and division by n (Total No. of Runs), so that gp g,y = ——. (5.4.13)

n

As the measurement of pressure drop involves a ten minute average of 600 individual points per

run, the standard uncertainty must be multiplied by a factor of:

Vn 1 1 1

1
n ~ Vn 600 * JNo.of Runs ~ ,/(600)-(No.of Runs) (5.4.14)
Thus, the combined relative uncertainty in AP is:
uc_r(AP) _ _100(0.001+0.01+4p) _ 0.1+AP (5.4.15)

AP.[600%(No.of Runs)  AP,/600x(No.of Runs)

Finally, the relative uncertainty in the Quality Factor can be estimated by:
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o =~ aiolg + asaip (5.4.16)

CE\ 2 1 2
17700 _m( - ) 0.1+4P
2 100 2 1-CE/100 .
Ogr % < AP > 0'CE+< AP2 > (AP 600*(No,ofRuns)) (5.4.17)

The final calculated values for the Capture Efficiency and Quality Factor for both filters are

shown in Table 4 and Table 5 respectively.
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Figure 21: Prediction Curve Comparisons for Both Filters (a) Capture Efficiency (b) Quality Factor
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Table 4: Capture Efficiency Prediction Values

Capture Efficiency

8.2 um Filter

Particle Predicted Mean Individual Lower Upper

Diameter Efficiency [%0] StdErr of Individual Individual
[nm] Mean 95% ClI 95% ClI
49.6 55.45 2.81 49.73 61.17
101.8 27.42 3.14 21.03 33.80
151.2 19.50 3.06 13.28 25.72
174.7 17.01 2.80 11.32 22.70
201.7 14.47 3.12 8.13 20.80
250.3 12.00 3.37 5.17 18.84
299.6 13.53 2.81 7.81 19.25

13.5 um Filter

Particle Predicted Mean Individual Lower Upper

Diameter Efficiency [%0] StdErr of Individual Individual
[nm] Mean 95% ClI 95% ClI
49.6 60.50 3.04 54.32 66.67
101.8 32.46 3.21 25.95 38.98
151.2 24.55 3.24 17.97 31.12
201.7 19.51 3.27 12.87 26.16
250.3 17.05 3.34 10.26 23.83
299.6 18.58 3.04 12.40 24.75

Table 5: Quality Factor Prediction Values at Face Velocity of 0.13 m/s

Quality Factor [1/kPa]

8.2 pm Filter

Particle Diameter

Predicted Mean QF

Individual StdErr of

[nm] [1/kPa] Mean [1/kPa]
49.6 3.33 0.70
101.8 1.30 0.28
151.2 0.95 0.23
174.7 0.79 0.05
201.7 0.67 0.11
250.3 0.54 0.07
299.6 0.59 0.03

13.5 Micron Filter

Particle Diameter

Predicted Mean QF

Individual StdErr of

[nm] [1/kPa] Mean [%]
49.6 1.40 0.14
101.8 0.60 0.03
151.2 0.44 0.01
201.7 0.34 0.01
250.3 0.28 0.01
299.6 0.31 0.01
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5.5 Statistical Hypothesis Testing Summary

A summary of all statistical tests, assumptions behind them, as well as hypotheses and results is

shown in Table 6.

Table 6: Statistical Hypothesis Testing Summary

Statistical | Description Assumptions | Null & Alternative Used in
Test Hypotheses
Shapiro- Test for p and o are Ho: The data is from a Distributions
Wilk W normality unknown normal distribution by particle
Test Ha: The data is not from | diameter
a normal distribution

One The studentized | Normal Ho: p=0, Outlier
sample t- residual, i.e. the | population,c | Ha: pu#0 detection in
Teston residual divided | is unknown least squares
studentized | by the standard model
residuals deviation, is

tested against

the t-distribution
Two Test on Means Variances are | Ho: The means are equal | Mean shift
sample t- equal Ha: The means are detection in
Test in unequal pressure
One-Way data
ANOVA
Bartlett Test for Unequal | Distributions Ho: The variances are Validation
Test Variances to are normal equal of equal

validate t-Test in Ha: The variances are variances in

One-Way unequal pressure

ANOVA shift data
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5.6 Statistical Process Control

While most of the confirmation runs did fall within the 95% confidence intervals all except one of
these runs fell at or below the predicted means of their respective prediction curves. One
potential root cause for the lower efficiencies during confirmation runs was filter fouling. To
further investigate this claim the pressure data was plotted as an Individual Moving-Range (I-
MR) control chart shown in Figure 22 where regions C, B, and A represent plus or minus one,
two and three standard deviations respectively from the mean pressure drop over all runs. The
moving range charts in this case show the moving range for two consecutive runs. Data that was
used in calculation of the curve fit for the model is shown with solid point markers while
confirmation run data is shown with open point markers. The pressure data was subjected to
eight tests for special cause variation to detect trends or extreme points [12]. Four points in the
figure labeled with a “1” represent those outside of the three standard deviation mark; however
these did not include any of the confirmation runs. The data did not indicate any other form of

special cause variation by the eight tests.
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There was also a visible shift in the pressure drop recorded in the 8.2 um filter corresponding to
run R0O6_03, line 426 in Figure 22 where the data seems to split into two separate groupings of
the pressure drop. This is also clearly seen where the moving range chart spikes above the plus
three sigma mark at the same location. The pressure reading data was subdivided into two groups
of runs at this point and analyzed for the statistical significance of the shift. After establishing the
normality of both groupings with p-value of 0.8803 for data prior to R06_03 and p-value of
0.9261 for the grouping of runs R06_03 and later under the Shapiro-Wilk W test the tests on
means and variances were performed. The Bartlett test for unequal variances gave a p-value of
0.1065, indicating that the variances were not statistically different. Thus, having met the
assumptions of the t-Test a p-value of <0.0001 was calculated, confirming the statistical
significance of the mean shift between the two groupings of runs. All p-values were calculated at

an alpha level of 0.05.

The first grouping of pressure data, prior to R06_03, consisted of 20 runs with a mean pressure
drop of 234.82 Pa. This pressure drop was used in calculation of the unfouled channel diameter.
The effect of the pressure shift from 234.82 Pa to 245.06 Pa was an effective channel diameter
reduction of approximately 1.1% by equation 3.3.11. As the sample flow rate through the filter
was held constant leaving the pressure drop to vary this primarily has significance on the assumed
channel diameter of the filter. Thus, it was assumed that the channel diameter for the 8.2 um
thick filter was from 4.29 um as calculated with the first pressure grouping down to 4.25 um with
the second pressure grouping. Any significant reduction in efficiency would have shown up in

the time dependent autocorrelation test.
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5.7 Conclusions & Recommendations for Improvement

Based on the mean shift in the pressure data the conclusion drawn for the 8.2 um thick filter was
that the effective channel diameter was reduced by approximately 1.1% between the first 20 runs
and the last 27 due to filter fouling. Recall however that the time series test for autocorrelation
of the data did not reveal a strong enough correlation to warrant a correction factor over the full
set of runs. A smaller effective channel diameter due to fouling would result in increased
resistance to the flow. To compensate for this the operator would have to increase the pressure
drop across the fouled filter relative to a clean filter, thus resulting in a faster sample flow rate
while the filter was in place. As this does not affect the upstream counts it would serve to lower
the measured capture efficiency as the effects of fouling become more pronounced. A mean shift
in the pressure readings was not present in the 13.5 um filter runs, so any decrease in efficiency
over time could not be attributed to a specific time in which filter fouling occurred in this case.
Significantly more runs were taken on the 8.2 um filter over the 13.5 pum filter at the time the
shift was detected, so a similar mean shift in the pressure was not expected for the 13.5 um filter.
It is also possible that a second factor, namely drift in the sample flow readings in the SMPS over
time, could have contributed to the lower readings in the confirmation runs for both filters as

well.

The 0.071 cm impactor did accumulate some salt over time and was cleaned out as needed
approximately once every five to ten runs per the instructions in the instrument manual.
Repetitions at 49.6, 175.7, and 299.6 um were plotted on a time scale to look for correlations that
would show a time dependency in the repetitions. The correlation coefficients were all below
their respective decision point values for a statistical correlation at a given number of points.

These results are shown in Table 7.
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Table 7: Correlations in Repetition Data

Particle Diameter r n Decision point, r Correlation
49.6 0.595 7 0.754 NO
174.7 0.242 4 >0.878 NO
299.6 0.172 7 0.754 NO

Based on the overall variance in the final data the levels of measurement uncertainty have been
guantified. Potential outliers have been detected and removed from the data set. A predictive
model has been generated for the capture efficiency within the range of particle diameters from
50 to 300 nm and with two levels of filter thickness. This model can now be used to validate and
suggest changes to the CFD code under these conditions. The assumptions held in the calculation
of effective channel diameter are likely the most critical in bringing the experimental and the
CFD models together. Further investigation should be made in the potential to work within some
acceptable range of these assumptions, i.e. the number of exposed channels, filter thickness,
volumetric flow rate and pressure drop. With the information and data available the most
reasonable of these parameters has been chosen, however some measurement uncertainty always

exists and may lead to a discrepancy between experiment and theory.
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In future experimental work it is the recommendation of this author to consider the following:

o Develop a maintenance schedule for items such as cleaning the impactor, impactor plate,
and the replacement of the silica gel. Determine if additional checks are necessary to
maintain dryness of the silica gel inside of the tube as opposed to looking for
discoloration at the outer edge.

e Develop an I-MR chart of the pressure drop for each individual filter prior to running
future experimental designs. With some twenty to thirty points under unfouled
conditions an expected mean and variance can be established. The operator can record
values for the pressure during each run onto this chart and more easily detect shift and/or
other trends that might indicate instability in the measurements.

e Consider changing the NaCl concentration in the atomizer to increase particle counts near
50 and 300 nm for those runs. Increased counts will help with stability of the
measurements at these levels of particle diameter.

o Establish mounting and support methods for any future filter samples such that ambiguity
of the effective filtration area is removed.

e Compare repeatability of underpressure mode with the plenum with that of overpressure
mode without the plenum. This could result in decreased sampling time as well as
increased stability in the particle counts over time.

e Set up future experimental designs with long term goals in mind. Consider fractional
factorial designs as these can be set up to efficiently model the desired response while

minimizing runs and allowing for expansion where it is deemed necessary.
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Response Surface Model Report on Capture Efficiency
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Response Surface Model Report on Quality Factor
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Third order Polynomial Fits and Rsquare Values for Full Factorial DOE
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Third order Polynomial Fits and Rsquare Values for Full Factorial DOE
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Third order Polynomial Fits and Rsquare Values for Full Factorial DOE
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alCheck for Normality on All Efficiency Data, @ = 0.05

Hz: The data is from a Normal Dist.
Ha: The data is not from a Normal Dist.
Failure Criterion: Prob<W lessthan0.05, N z 4

Nathan Johnson

Repart: Ustitied 63
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Mathan Johnson

Least Squares Model 1 on Capture Efficiency
RunsR06_01 and R06_02 excluded

Report: Untitled 93 Page 10f1
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Outlier Detection via Studentized Residuals on LSM 1 CE

Nathan Johnson

Runs OR_06 and RO6_12 highlighted as outliers

Report: Untitled 94 Page 1 of 1
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Revised Check for Normalityat Center and Extreme Points, a=0.05
Mathan Johnson
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Least Squares Model 2 on Capture Efficiency
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Gauge Study for 8.2 pum Filter

| Variability Gauge Filter Thickness=8.2

Variability Chart for Average Efficiency [%]
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Part Diam A
Gauge R&R
Measurement Varlatlon
Source (6*StdDev) which is &°sqgrt of

Repeatabllity  (EV) 17354399  Equipment Varialion W(Withiny

Reproducibility (AW} 0.000000  Appraiser Variation

Gauge R&R  (RR) 17354309 Measurement Variation \(Totaly-W(Part Diam A)

Part Variation  (PV) 91.369350  Part Vanation WiPart Diam A)
Total Variation (TV) 93.002867 Tatal Wariation W(Tatal)
] k

186601 % Gauge R&R = 1004{RRITV)
015954 Precision to Part Variation = RR/PY
7 Number of Distinct Categories = 1.41{PVRR)
Wsing last column ‘Part Diam A’ for Part,
|\|"arianr.e Components for Gauge R&R

Var
Comp o t % of Total 20 40 60 80
Gauge R&R 8,36598 348
Repeatability 8.36598 348
Reproducibility 0.00000 0.00
Fart-to-Fart 231808584 96,52 |

| Variability Gauge Filter Thickness=13.5
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Nathan Jehnson Gauge Study for 13.5 um Filter

Report: Untitled 44

| Variability Gauge Filter Thickness=13.5

Variability Chart for Average Efficiency [%]
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Measurament Variation
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Reproducibility (A} 0.00000  Appraiser Variation
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248604 % Gauge RAR = 100%(RR/TV)
0.25666 Frecision to Part ariation = RR/PV
5 Number of Distinct Categories = 1.41{PV/RR)
Using last column "Part Diam A for Part,
|‘Uarian|:e Components for Gauge R&R

Var
Component Component % of Total 20 40 60 80
Gauge RER 19.40445 618
Repeatability 18,4044 B8
Reproducibility 0.00000 0.00
Part-to-Part 284 56520 9382
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MNathan Johnson

Report: Untitled 125

Downward Bias Shown in Added Confirmation Runs

Regression Plot
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t-Test on Studentized Residuals of Final Model

Mathen Johnson

Paga 1 of 1

Rport: Untiths 69
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I-MR Control Charts on Pressure Drop Demonstrating Shift

Nathan Johnson

Report: Untitled 131

Page 1o0f2

[Centrol Chart Filter Thickness=8.2

Individual Measurement of deltaP adj. [Pa]
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Sample
| Control Chart Filter Thickness=13.5
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Nathan Johnson

Report: Untitled 131

Page 20f2

Control Chart Filter Thickness=8.2

Control Chart Filter Thickness=13.5

Individual Measurement of deltaP adj. [Pa]
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Mathan Johnson

Check for Mormality of Pressure Groupings
Grouping 1 before RO6_03

T Grouping 2 R06_03 to End Page 1o 1
[Distributions Sample No.=1 ]
deltaP ad). [Pa] |
— | Quantiles. | | Moments | |Fitted Normal |
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Teston Means with Equal Variances
Grouping 1 before RO6_03
Grouping 2 R06_03 to End

Nathan Johnson

Report: Untitled 180 Page 1 of 2
Oneway Analysis of deltaP adj. [Pa] By Sample No.
260
255 .
N
250 - :
_,...--—-EH-H...__
T, 245 - :
) ' T
© .
F
T 2401 . :
- N .
235 .
230 4 13 .
225 7 T 7
Grouping
[ Oneway Anova
[ Summary of Fit
Rsquare 0.456674
Ad) Rsquare 0.4448
Root Mean Square Error 5645401
Mean of Response 240.7043
Observations (or Sum Wats) 47
tTest
2.1
Assuming equal variances \
Difference 10.2430 t Ratio 6.150051 .'"II \
Std Err Dif 1.6655 DF 45 ;’f "'\
Upper CL Dif 13.5975 Prob = [t] =.0001 * Y
Lower CL Dif 6.8885 Prob=>t =.0001 * // |
Confidence 0.95 Prob<t 1.0000 10 5 0 5 10
Analysis of Variance |
Sum of
Source DF Squares  Mean Square F Ratio Prob >F
Sample No. 1 1205.4442 1205.44 37823 <.0001 *
Errar 45 14341750 31.87
C. Total 46 26396191
Means for Oneway Anova
Level Number Mean  Std Error Lower 95%  Upper 95%
5/14/11
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Testthat Variances are Equal using Bartlett
Nathan Johnson

Report: Untitled 180

| Oneway Analysis of deltaP adj. [Pa] By Sample No.

[ Oneway Anova
| Means for Oneway Anova
Level Number Mean  Std Error Lower 95%  Upper 95%
1 20 234 820 1.2624 23228 237.36
2 27 245 063 1.0865 24287 247.25

Std Error uses a pooled estimate of error variance

Tests that the Variances are Equal

7

G - .

= 6 .

g4
- 3 -
@5

1 =

0 1 ' 2

Sample No.
MeanAbsDif  MeanAbsDif

Level Count Std Dev to Mean to Median
1 20 4455700 3.520000 3.520000
2 27 6.3750925 5.016187 5.014815
Test F Ratio DFNum DFDen p-Value
O'Brien[.5] 2.24390 1 45 0.1407
Brown-Forsythe 2.2700 1 45  0.1389
Levene 2.2829 1 45 01378
Bartlett 2.6054 1 . 01085
F Test 2-sided 2.0478 26 19 01113

5M14/11

93

Page 2 of 2



Test for Covariance of Pressure Drop and Capture Efficiency

Nathan Johnson

Report: Untitled 219

Bivariate Fit of Average Efficiency
[%] By deltaP [Pa] Filter Thickness=8.2

100 o
E
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70 3
EU-E
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40“5
30 4

Average
Efficiency [%]

W 0l .

10 4

0 T
230

. .
240
deltaP [Pa]

— Linear Fit |

[ Linear Fit

MAverage Efficiency [%] = -71.04885 + 0.4027081*deltaF [Pa]

[ Summary of Fit

RSquare 0.032073
RSquare Ad 0.002753
Root Mean Square Error 17.62212
Mean of Response 26.57353
Observations (or Sum Wgts) 34
[Analysis of Variance
Sum of
Source DF Squares  Mean Square F Ratio
Model 1 338.833 338.833 1.0911
Error 32 9937.257 310,539 Prob = F
C. Total 33 10276.090 0.3041
I Parameter Estimates I
Term Estimate  Std Error  tRatio  Prob=|t]
Intercept -71.04885 9350642 -0.76 04529
deltaP [Pa] 04027081 0. 385528 1.04 0.3041
Bivariate Fit of Average Efficiency [%]
By deltaP [Pa] Filter Thickness=13.5
5/14/11

94

Page 1 0of 2



Test for Covariance of Pressure Drop and Capture Efficiency

Continued
Nathan Johnson

Repart: Untitled 219

Bivariate Fit of Average Efficiency [%]
By deltaP [Pa] Filter Thickness=13.5
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e
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1 1

MPPY P P PR PP I P e I

[=:}
[=1

Average
Efficiency [%]
[ B Py o
o o o (=}

-
o

o

deltaP [Pa]

— Linaar Fit |

| Linear Fit

Average Efficiency [%] = -1138.967 + 1.7803179"deltaP [Pa)

[ Summary of Fit

RSquare 0.397181
RSquare Adj 0.246476
Root Mean Square Error 16.30019
Mean of Response 2877333
Observations (or Sum Wats) [
[Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio
IMode! 1 T00.2394 700.239 2.6355
Error 4 1062.7843 265,696 Prob > F
C. Total 5 1763.0237 0.1798

[ Parameter Estimates

|

Term Estimate
Intercept -1138.967
deltaP [Pa) 1.7803179

Std Error  tRatio  Prob>|t]
7193390 -1.58 0.1885
1.086647 1.62 01798

514111
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