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Air filters are routinely used to remove various aerosols ranging from radioactive
particles to airborne viruses. The overall performance of a filter may be simplified to consider
only two main performance characteristics: 1) the efficiency at which particles are removed by
the filter, and 2) the filter’s resistance to air flow. Per the DOE Nuclear Air Cleaning Handbook,
HEPA filters require a minimum filter efficiency of 99.97% for particles 0.3 micrometers in
diameter. Understanding how filters will perform with respect to time and mass loading is
essential towards building more robust filters that operate more efficiently and safely. Analyzing
the mechanics of the filter media will provide better direction towards design improvement by
exploring the relationship between the pressure drop and loaded particle mass. This work
summarizes the design, construction, and characterization of a testing apparatus intended to

perform penetration and loading testing on various test medias with selected aerosols.
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CHAPTER I

INTRODUCTION

1.1 Project Overview

The process of filtration can be described as removing particles suspended in a gas or
liquid by utilizing a porous medium. Although the definition of filtration is broad, it is typically
subdivided into liquid and gas filtration. Gas filtration is commonly used in everyday
applications ranging from residential Heating, Ventilation, and Air Conditioning (HVAC) air
filters to pleated High Efficiency Particulate Air (HEPA) filters to remove radioactive particles
and airborne viruses. Ensuring that these filters perform as well as they physically can is
essential to protect workers and their environments. Therefore, improving the understanding of
how these filters work, specifically how particles load onto the filter during its service life, is
essential. In order to simplify the testing methods and analysis of filtration, flat sheet HEPA
media is used in place of the full-sized pleated filter specifically for this characterization.
Focusing squarely on the media itself provides an isolated baseline of understanding that can be
built upon to further improve filter designs. Therefore, we have designed, constructed, and
characterized the Small Scale Test Stand (SSTS) that is capable of performing penetration and
loading tests on various forms of flat sheet filter media with a range of particle types to study the
filter’s efficiency and the relationship between the differential pressure (dP) drop and the total

mass of the deposited particles.



1.2 Statement of Need

The Institute for Clean Energy Technology (ICET) has been collaborating with the
Department of Energy (DOE) to continue research of HEPA filtration. The SSTS was developed
with the hope of contributing to our understanding of the mechanics of aerosols and filter
loading. The concept of exploring the need for a small scale filter loading test stand originates
from what ICET’s large scale testing stands cannot offer: flat sheet filter media testing. ICET’s
two large scale test stands, the Axial Large Scale Test Stand (ALSTS) and the Radial Large
Scale Test Stand (RLSTS), perform tests using full-sized pleated axial (or box) and radial pleated

HEPA filters, respectively. The SSTS is funded by the DOE under contract DE-EM0003163.

1.3 Objectives

The objective of the development of the SSTS was to produce high-quality, research-
grade data that could determine a filter media’s efficiency and evaluate the particle loading of
various filter medias. The prescribed requirements to achieve this objective include:

e Generating a constant flow rate of up to 20 actual cubic feet per minute (ACFM)
with a maximum temperature of 250°F

e Inject particles, such as Aluminum Trihydroxide (AlI(OH)3), Arizona Road Dust
(ARD), and Polyalphaolefin (PAO)

e Ensure that the aerosols become well-mixed with a uniform flow distribution
prior to reaching the test filter face

e Efficiently sample the air stream to capture accurate data of the particle counts

and particle size distribution



CHAPTER II

OVERVIEW OF HIGH EFFIENCY FILTRATION AND AEROSOL MEASUREMENT

2.1 Background of HEPA Filtration

Understanding the development of HEPA filters and the testing that has been done is
crucial in being able to move forward to produce quality results. HEPA filters were developed
due to a series of events stemming from World War II. The British forces acquired German gas
masks containing filter paper that greatly outperformed the resin-wool filters typically used at the
time. The German filter was sent to the United States Army Chemical Warfare Service
Laboratories where they performed testing in order to be able to reproduce the superior media.
The filter media was found to be made of asbestos mixed with esparto grass. This combination
provided improved air flow while still having a high particle capturing ability. Obtaining the new
type of filter media was the jump start of aerosol filtration research which had previously been a
basis of water filtration knowledge [1]. The next step taken was to develop a larger scale filter
that used the same high efficiency properties to protect workers in a facility from chemicals in
the air. This eventually led to the development of modern HEPA filters, such as the filter

illustrated in Figure 2.1 [1].
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Figure 2.1 = HEPA Filter Diagram

This filter uses pleated filter media, usually comprised of fiberglass fibers, in order to
maximize the area of the media, therefore increasing the efficiency. The American Society of
Mechanical Engineers (ASME) AG-1 Code on Nuclear Air and Gas Treatment standard set the
performance and construction criteria for HEPA filters used in many DOE facilities. In short
summary: (1) a 99.97% particle removal efficiency for particles of 0.3 micrometers; (2) a
maximum pressure drop of 1 inch of water column (inWC) when the filtration media is clean; (3)
a ridge frame or casing that covers the entire depth of the filter. These casings are typically made
of wood or metal. HEPA filters are used in multiple industries today, especially in medical or

industry settings where radioactive particles are a potential threat [1-3].



With these standards, high-efficiency filters are now commonly produced and used in
various applications. The efficiency of the HEPA filters leads to a more rapid particle cake
formation compared to less efficient filter media. The filter cake eventually performs as the

primary filtration of the air. The stages of particle loading are shown in Figure 2.2 [2].

b)

d)

Figure 2.2 Stages of Particle Loading: (a) clean filter, (b) depth loading, (c) transition from
depth loading to surface loading, (d) surface loading

Initially, the HEPA filter experiences normal particle deposition inside the depth of the
filtration media. As the particles load into the filter, the loading regime as the particle deposits

merge together, transitioning from depth loading to surface loading where the deposited particles



themselves constitute the main filtration component. Figures 2.3 and 2.4 show the before and

after results, respectively, of a full-sized HEPA filter loading test performed at ICET.

Figure 2.3  Pre-Filter Loading Test



Figure 2.4  Post-Filter Loading Test

Flat sheet media is commonly selected in filtration loading research, as the filtration area
remains constant. In contrast, the filtration area of a pleated filter will change over time as the
creases in-between the pleats become clogged. The importance of having a constant surface area

can be shown using Bergman’s analytical model for HEPA filter loading, shown in Equation 2.1

[2].

2 2.1)
Where AP, is the pressure drop for particle loaded filter, AP, is the initial pressure drop

of the clean filter, p,p is the density of the particles deposited, D,, is the particle diameter, V,,, is

the velocity at the filter face, n is either 1 for depth loading or 2 for surface loading, M is the



mass of the particles deposited, and k; is a constant depending on the previously mentioned type

of loading. For depth loading, Equation 2.2 may be used.

64

k1
Dy (2.2)

Where a; is the porosity of the filter and Dy is the fiber diameter. When the filter

transitions to surface loading, Equation 2.3 is used.

180a,
2= 3
(1-Dp) 2.3)
Where a,, is the porosity of the particle cake. Unfortunately, both of these porosities are

difficult to calculate or measure. However, an experimental correlation from Novick et al may be

used to circumvent the need for knowing the porosity, shown below in Equation 2.4 [4].

0.963 5
k; = D — 1.64 %« 10> | * ppp * Dpyn

p (2.4)

These equations can be used to generate a theoretical pressure drop evolution as particle
mass is loaded onto the flat sheet media. Three distinct regions are expected as the particle

loading goes through the stages shown in Figure 2.5.



General Loading Curve for Flat Sheet Media

20

i8

16

14

12 Surface

Loading
10 ¢

dp

Transition

6 Depth Loading

Loading

Y

o 5 10 15 20 25

Mass Loaded per Unit Area

Figure 2.5  General Loading Curve for Flat Sheet Media

The shown loading curve is what is expected for the SSTS to produce when performing a
loading test. The differential pressure across the test filter is directly measured during testing, but
the mass loaded onto the test filter must be calculated. In order to determine the mass loaded
onto the filter over a period of time, Equation 2.5 can be used [5].

s
M=N*D§’*pp*g 2.5)

Where N is the number concentration. It is important to note that this equation only
accounts for the mass the particles for a single diameter, although it is common to have an
aerosol with a distribution of particle diameters. Equation 2.5 may be easily modified to sum the

masses of the particle diameters to accurately represent the total mass.



2.2 Sampling Method

In order to calculate the loaded particle mass, the concentration of the particles in the air
before and after the filter must be determined. This is accomplished using the aerosol sampling
system, and constitutes one of the most important components of the SSTS. The aerosol
sampling system consists of the sampling probes, tubing, sampling train, and the previously
mentioned sampling instrumentation. The sampling must be as accurate as possible in order to
provide meaningful data. The main concern when sampling is whether or not the samplers are
isokinetic. By definition, isokinetic sampling requires that the air velocity in the sampling tube is
equal to the velocity of the duct. Thus, the kinetic energy of the particles remains the same, and
inertial effects of large particle or the effects from external forces on smaller particles are ideally
avoided. The relationship of the flow rates and diameters of the sampling probe and duct is

shown in Equation 2.6 [5].

&_(Ly
Qo \Do (2.6)
Where Q; is the sampling flow rate, Q,, is the duct flow rate, D; is the probe diameter,
and D, is the duct diameter. An example of an isokinetic sampling probe is shown in Figure 2.6

[5]. Having the air velocities to be equivalent is one of the best ways to ensure that the sample

flow concentration is the same as the duct flow.

10
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Figure 2.6  Example of an Isokinetic Sampling Probe

The opposite of isokinetic sampling is anisokinetic sampling. There are three examples of
anisokinetic sampling shown in Figure 2.7 [5]. The first is a misaligned probe. A misaligned
probe will not sample accurately as the particles may be unable to make the turn into the probe.
The next anisokinetic sampling type is super-isokinetic. This occurs when the sample line is
sampling more than the duct. Super-isokinetic sampling causes particles with a large amount of
inertia to cannot make the sharp turn into the sampling probe leading to the sampled
concentration to be lower than the actual. Finally, if the sample line is sub-isokinetic, the sample

probe will not capture enough of the particles.

11
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Figure 2.7  Examples of anisokinetic sampling probes

(a) Misaligned probe. (b). Super isokinetic sampling. (¢) Sub isokinetic sampling

If unable to satisfy the isokinetic conditions, an analysis of the particle motion can be
conducted to determine the impact of having anisokinetic conditions. An important part of this
analysis focuses on a dimensionless number called the Stokes number (Stk). The Stk can be
determined by the equation 2.7.

T* U,
Ds 2.7)

Stk =

Where 7 is the is the “relaxation time” of the particle, U is the undisturbed air velocity,

and Dy is the diameter of the sampling probe. 7 is referred to as the relaxation time it represents

12



the time required for a particle to transition from one velocity to another. T can be found using

equation 2.8.

T=m=xB
(2.8)

Where m is the mass of the particle and B is the mechanical mobility of the particle. The

mass of the particle can be found using equation 2.9.

T 3
ng*pp*dp (2.9)

Where p,, is the density of the particle and d,, is the diameter of the particle. The

mechanical mobility of the particle can be determined using equation 2.10

3mndy (2.10)

Where C, is the Cunningham correction factor, and 7 is the viscosity of the air. The
Cunningham correction factor is needed due to smaller particles (<1.0 um) settling faster. This is
a result of the smaller particles are more influenced by the gas velocity. Whichever Cunningham
correction factor equation that is used is dependent on the size of the particle. For diameters
greater less 0.1um equation 2.11 is used. For diameters 0.1-1um, equation 2.12 is used. For

diameters greater than 1um, no correction is needed.

2 d
C.=1+-—(2.34 + 1.05exp (—0.39 ) (2.11)
d, 2
2.521
C.=1+ (2.62)
dp

13



Where A is the mean free path for air. The mean free path takes into account a particle’s
interaction with the molecules of the gas the particle is traveling through. This value is
represented as the number of collisions between the particle and gas molecules during a one
second time period divided by the distance covered in that time. After deriving the Stk number
from the previous equations, if the resulting value is less than 0.01, the particles inertia can be
neglected, and the sampling can be considered efficient [5]. In order to further assure that the
sampling efficiency is adequate, the concentration ratio of the aerosols in the duct compared to
the aerosol concentration in the sampling probe can be determined. This equation is given in

equation 2.13.

_ Yo _ _ L
Co L+ (U ) ~( 1+(2+o.62*U%)5tk) (2.73)

Where C, is the concentration in the duct, C is the concentration in the sampling probe,
and U is the velocity of the gas in the duct. If the resulting ratio is close to 1, it can be assumed
that the anisokinetic conditions have a negligible effect on the concentration output of the

measurement instruments.

23 Sampling Instrumentation

Assuming that either the sampling probes are isokinetic or the concentration ratio
evaluation is satisfactory, the next step is running the sampled air through particle counting
instruments. In general, there are two methods of sampling instrumentation: direct and indirect
[5]. Direct measurement of mass concentration is done by detecting the particle’s inertia or mass,
while an indirect measurement is typically done by light scattering. The simplest form of direct

aerosol measurement would be to perform a gravimetric analysis by measuring the weight of the
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filter before and after a particle loading test. However, there can be errors associated with
ensuring the particles remain on the filter when moving to measure. Another disadvantage of
gravimetric analysis is that the concentration during the test is unknown. Therefore, a common
alternative to obtain real time, direct particle measurements is to use an electrical mobility

analyzer [5,6]. A diagram of a TSI Inc. Electrostatic Classifier (EC) can be seen in Figure 2.8

[7].

X-Ray
onfoff

Polydisperse
AprosolIn

IaguRY®T 1RaH

Monodisperse
Aerosol Out

Figure 2.8  Electrostatic Classifier Schematic

This instrument takes sampled aerosol and sorts it by their diameters by utilizing their
electrical mobility. This is done by the use of a Differential Mobility Analyzer (DMA). The

DMA generates a varying electric field in order to sort the different particle diameters based
15



upon their electrical mobility. The relationship between a particles diameter and their electrical

mobility can be seen in equation 2.14 [6].

7 = Particle Velocity =~ v = mpxexC
P Electric Field Strength  E~ 3 xmx*pxD, (2.14)

where Z), is the electrical mobility, n,, is the number of charges per particle, e is the
elementary unit of charge, and p is the viscosity of the gas. As the field intensity changes by
increasing or decreasing the input voltage, the particles electrical mobility change. The aerosol is
sorted based upon the concept illustrated below in Figure 2.9 [7].

Polydisperse
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Sheath
Air In

d Laminar
i Flow Filter
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— |

High
Voltage For
Rod —_| }=
Monodisperse
Excess

Aerosol Out

e o

Figure 2.9  Schematic of the DMA

16



As these particles are sorted, they are sent to a Condensation Particle Counter (CPC) to
be counted. The CPC condensates a fluid, such as butanol, to the sorted particles in order to
make them larger to be more easily detected [7]. The CPC lines up the particles and counts them

as they pass through a laser photodetector. The counting process can be seen in Figure 2.10 [8].
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Figure 2.10  Schematic of the CPC

The combination of the EC, DMA, and the CPC is known as the Scanning Mobility
Particle Sizer (SMPS), manufactured by TSI Inc. During the sampling period, by knowing the

DMA voltage and flow rates through the EC and CPC, the instruments can determine the total
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concentration per volume. This instrument is capable of handling concentrations up to 107
particles per cubic centimeter (ccm). However, the particle size range can be limited depending
on the aerosol to be measured, namely its size if it’s comprised of large particles. The SMPS can
measure diameters of 0.24nm — 1um. Therefore, a combination of two different types of

sampling instruments can be used in tandem. The SMPS set up is shown in Figure 2.11.

LR RRT NN VA TT AT I 1 RN AR ANLL

Figure 2.11 SMPS Configuration

A common indirect measurement instrument is TSI Inc.’s Laser Aerosol Spectrometer
(LAS). Similar to the counting method of the CPC, the LAS uses the optical method of light

scattering to measure the particle size. The LAS schematic can be seen in Figure 2.12 [9].
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Figure 2.12  Schematic of the LAS

The LAS can provide a larger particle size range compared to the SMPS with the
capability of detecting a size range of 0.09nm — 7.5um. A LAS is pictured in Figure 2.13. Using
the SMPS and LAS at the same time provides a greater range of particle sizes to be measured, as
well as validate each other since there is an overlap of the diameter ranges. The given

uncertainties for the LAS and SMPS are provided later in Chapter 3 within Table 3.3.



Figure 2.13 LAS for SSTS

However, the drawback of the LAS is that maximum readable concentration is 3,600
particles/ccm. Any higher of a concentration would lead to the laser to be overwhelmed.
Therefore, when using the LAS, the sample must be diluted before entering the instrument.
Diluters use isokinetic capillaries in order to reduce the concentration by a factor of either 20 or

100. A set of 20:1 and 100:1 diluters are shown in Figure 2.14.
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Figure 2.14  Set of Diluters for the SSTS

In order to function correctly, the diluters are sized to subsample a flow of 5 L/min. The
dilution method of subsampling is more of an artificial dilution. Instead of a typical dilution
method of adding clean air to a sampled concentration, subsampling decreases the concentration
by the rated factor. The dilution factor (DF) is a ratio of the subsample flow rate (@) and the

dilution flow rate (Qgjyte)- This ratio is shown in Equation 2.8.

DF = Qdilute

B Qsample (2'8)
The flow rate through the capillary is adjusted by a dP adjustment valve to the calibrated
aerosol and total dP values. These diluters can be used in series in order to reduce the

concentration low enough for the LAS to be used. A schematic of a typical diluter is provided in

Figure 2.15 [10].
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Figure 2.15 Schematic of a TSI Inc. Diluter
Since the HEPA filter media is so efficient, in order to be able to sample downstream,

very high concentrations must be used upstream. Therefore, this requires the use of the diluters

when sampling upstream.
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CHAPTER III

TEST STAND DESIGN AND CONSTRUCTION

3.1 Test Stand Criteria

With an understanding of particle loading, sampling, and particle counting
instrumentation, the design and construction of the SSTS can be reviewed. As previously

mentioned, the design criteria of the SSTS is as shown in Table 3.1.

Table 3.1 SSTS Performance Criteria

Flow Generate a constant flow of near zero to 20
ACFM
Particle Measurement Accurate sampling and measurement of

particle concentration and size distributions

Condition Measurement Accurate measurements of differential
pressure across test article, static pressure,
temperature, relative humidity, and flow rate

High Temperature Range of lab temperature (~70°F) to 250°F

Another design constraint given was the assigned lab to hold the SSTS. Lab 282 at ICET
was provided to be used to house the SSTS. The dimensions of Lab 282 in inches can be seen in
Figure 3.1. In order to minimize the footprint of the SSTS, a duct diameter of 4 inches was
assigned for the testing section. Since the SSTS would be operating at atmospheric pressure,

schedule-10 stainless steel piping was selected.
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Figure 3.1  Layout of Lab 282 at ICET.

With the given design criteria and constraints known, the calculations of the individual

components could be performed.

3.2  Design Calculations

In order to satisfy these design criteria, the instrumentation diagram shown in Figure 3.2

was developed as a preliminary concept.
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Figure 3.2  Instrumentation Diagram of the SSTS

Piping. To ensure that the aerosols injected into the duct would fully develop by the time
they reach the upstream sampling probe, the 10 duct diameters “rule of thumb” was applied
when determining the pipe length [5]. This “rule of thumb” also calls for 5 duct diameters of
length downstream of the sampling probe. Since the duct diameter is 4 inches, 40 inches of
obstruction free piping was allotted upstream of the probe and 20 inches downstream of the
probes. While 10 duct diameters rule is adequate for flow development, the Reynolds number
(Re) for each of the flow rates must be determined. The Re is a dimensionless value and is used
to characterize the air flow by determining if the flow is laminar or turbulent [6]. Equation 3.1

provides the Re formula.

- (3.1)

Where p is the air density, V is the air velocity, d is the nominal duct diameter, and 7 is
the air viscosity. If the Re is less than 2000, the flow is considered laminar. Turbulent flow
within a pipe is considered to be when Re is greater than 4000. Any Re value between these two
phases is considered to be transitional flow. Standard conditions for air are considered to be 68°F

and 14.7 pounds per square inch (psi). At these conditions, air density and viscosity are 0.075
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Ib/ft® and 1.216e-5 1b/ft*s, respectively. Using these values and considering a 4-inch duct, the Re
for flows between 0 and 20 cfm can be found. The Re for each flow can be found using the plot

in Figure 3.3.

Reynolds Number for Duct Flow

G107

w

4x10°

Reynolds Number

2=10°F

1] 3 10 13 20
i

Air Flow in CFM

Figure 3.3  Re for the Desired Flow Rates in a 4-inch Duct.

It can be observed that air flows between 0 and 5 cfm may be considered laminar, flows
between 5 and 10 cfm are transitional, and flows greater than 10 cfm are turbulent. This is
important to note for sampling particles in elevated flow rates that they may not be evenly
distributed, possibly resulting in random fluctuations in the concentration or size distribution in
the sampled flow. Tests later performed mostly took place in the laminar zone of flow rates to

ensure repeatability when characterizing the SSTS.
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Coil Heater. In order to achieve the desired air flow temperature of 250°F, a detailed heat
transfer analysis was performed. These calculations for the different expected air flow rates can
be found in Appendix A. These calculations resulted in needing a minimum of a 1.053-kilowatt
(kW) heater coil to obtain the maximum temperature. As a result, a 2 inch, 2 kW heat coil was

procured. This coil is pictured in Figure 3.4.

Figure 3.4  2-kilowatt Heater Coil

These calculations considered cool air from the aerosol injection as well. A relay is used
to regulate the current provided to the heater coil. The relay is controlled by a constant control
loop in order to hold the temperature at near steady-state. The selected relay is pictured in Figure

3.5.
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Figure 3.5  Heater Relay Controller.

Blower. To ensure that the selected blower was adequately sized to pull the desired flow
rate, an expected head loss estimate was performed. This estimate can also be found in Appendix
A. This estimate considered pulling air through the pre- and post-filters, test filter at max
loading, heater coil, instrumentation, piping, and transitional piping. Figure 3.6 provides the

anticipated head loss with respect to the selected flow rate.
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Figure 3.6  Estimated Head Loss through the SSTS.

Using the maximum expected head loss, a 1.5 horse power (hp) blower was selected to
pull the air flow through the test stand. In order to control the flow, a Variable Frequency Drive
(VFD) is used. This is done by simply scaling the frequency to the set flow rate. The blower and

the VFD can be seen in Figure 3.7.
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Figure 3.7 1.5 hp Blower and VFD.

Sampling System. As discussed in section 2.2, when possible, having isokinetic sampling
probes is the best way to ensure that the duct samples accurately represent the aerosol
concentration within in the duct. The diluters that are used at ICET also use the concept of
isokinetic sampling by sizing the capillaries, shown in Figure 2.15, to sample either a twentieth
or hundredth of the sampled flow rate. As previously mentioned, these diluters are specified to
be used at a flow rate of 5 L/min to be functioning as characterized. Therefore, the flow rate

going through the sampling probes will also be 5 L/min. Using Equation 2.6, the size of the
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sampling probes can be determined for isokinetic sampling. The needed probe diameter and the

percentage of the duct it would occupy for a range of low flow values is provided in Table 3.2.

Table 3.2 Probe Diameters for 5 L/min Sampling

Duct Flow Rate (cfm) | Isokinetic Probe Diameter | Percent of Duct (%)
(inches)
0.5 2.377 59.4
1.0 1.681 42
1.5 1.372 343
2.0 1.189 29.7
2.5 1.063 26.6

There is no considered maximum amount of space that a probe is allowed to take up;
however, it can be assumed that taking nearly 60% of the aerosols out of the test stand would
have negative impacts on the test. In order to get around this issue, the Stk for the particles was
calculated using Equations 2.7 through 2.12. Figures 3.8 and 3.9 provide plots of the Stk for

Al(OH)3 and PAO, respectively, for particle diameters between 0.025 and 5.025 pm.
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Figure 3.8 Stk Calculation for AI(OH)3
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Figure 3.9 Stk Calculation for PAO
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These calculations were performed at standard conditions with a 5 L/min sample flow
rate, 0.5 cfm duct flow, arbitrarily picked 0.27-inch diameter sample probe, and the 4-inch duct
diameter. Since Al(OH)s has a greater particle density (2.42 g/ccm) compared to PAO (0.833
g/ccm), the Stk for AI(OH); is higher than PAO [11,12]. However, both yielded a Stk much less
than the 0.01 threshold, making the conditions very efficient. To further show the efficiency of
the concentration ratios for each particle type, Figures 3.10 and 3.11 show the concentration ratio
for AI(OH)s and PAO, respectively, calculated using Equation 2.13. Duct flow rates of 0.5, 6,
and 20 cfim were used for calculations to get a wide view of the concentration efficiencies for

both sets of particles.

Concentration Ratio for Anisokinetic Sampling Conditions - AI(OH)3
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Figure 3.10 Concentration Ratios for AI(OH);3
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Concentration Ratio for Anisokinetic Samplng Conditions - PAO
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Figure 3.11 Concentration Ratios for PAO

For AI(OH)s, the least efficient particle was 5.025 um at 0.5cfm with a concentration
ratio of 96.6%. This was expected since the Stk should increase as the mass of the particle
increases. For PAO, the least efficient particle was the same size and flow rate but with a better
concentration ratio of 98.8%. The selected 0.27-inch diameter probe accounts for only 6.8% of
the flow area.

Injection Assembly. In order to promote a well mix of aerosols in the air stream, an
injection manifold was designed and built in-house. The design was guided by the AG-1
standard for injection manifolds. The exit holes’ total area is suggested to be 1.25 times the cross

section of the manifold. A 1-inch diameter manifold was selected resulting in 36, 3/16-inch
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diameter exit holes. These perforations were placed in staggered rows, 45 degrees apart starting
from above and below the main axis of the manifold. The spacing of the exit holes as well as the
manifold was determined to be sufficient in turbulating the air and distribution of the aerosols
using Analysis System (ANSYS) simulations. The machined injection manifold can be seen in

Figure 3.12.

Figure 3.12 Injection Manifold Assembly.

This manifold is compatible for both liquid and solid aerosols, and requires compressed

air to push the aerosols through the exit holes.
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33 Test Stand Components

With the piping, heater, blower, sampling, and injection requirements calculated and
designed, the rest of the SSTS components could be selected.

Pre-and-Post-Filters. To ensure the air entering the SSTS is free of any particles,
ambient lab air enters the test stand through a pre-filter. Since the lab air is relatively clean, a 2
inch by 12 inch by 12 inch, high temperature, Minimum Efficiency Reporting Value (MERV) 13
filter is used to remove any particles that may be in the ambient air. For reference, a HEPA filter
is considered to be MERV 17 or higher. A MERV 13 filter was also selected to limit the amount
of dP that the blower would have to overcome to pull the desired flow. The same filter is also
placed downstream in order to protect the mass flow meter and blower from any aerosols that
pass through the test filter. These filters are rated for air flow temperatures up to S00°F. The type
of filter used is shown in Figure 3.13, and the pre-and-post-filter housings are shown in Figures

3.14 and 3.15.

o

Q

w,

Lo

Figure 3.13  Pre-and-Post-Filter
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Figure 3.15 Post-Filter Housing
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Filter Coupon Holder. A custom made test filter holder was machined in order to secure
and seal the test filter inside of the SSTS. Two flanges were fitted to sandwich the test filter,

gaskets, and filter backing. This assembly is shown in Figure 3.16.

Figure 3.16 Coupon Holder Assembly.

Controls and Data Recording. The SSTS is controlled by a National Instrument (NI)
LabVIEW program. This program is displayed on a lab computer, but the communications

happen within a NI CompactDAQ. This CompactDAQ can be seen in Figure 3.17.
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Figure 3.17 NI CompactDAQ

All communications to and from the CompactDAQ to the instruments are delivered using
a 4-20mA current with the exception of the VFD that requires a digital input to power on. The 4-
20mA current is scaled appropriately to where 4mA signals that there is the minimum reading
and 20mA is the maximum. For example, when using the heater, a 20mA current is sent to the
relay in order to begin heating the air. As the air temperature gets closer to the desired
temperature, the current begins to lessen and hold the temperature steady. Two control loops are
programmed in order to run the blower and heater coil. Both loops use a constant check in order

to provide the set conditions. These loops can be best visualized in Figures 3.18 and 3.19.
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Figure 3.18 Control Loop for the VFD.
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Figure 3.19 Control Loop for the Heater Relay.
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The mass flow rate program takes the measured downstream standard flow rate and
converts it to the actual cfm at the filter face using the air properties at the filter face. These

calculations are shown in Figure 3.20.

o]
» P, = Partial Pressure of Water Vapor

* T = Temperature Measured at Filter Face
(0.621945 X B,) )
T * B,s = Saturation Pressure

* P = Pressure Measured at Filter Face

* v = Specific Volume

Y

Ry X T X (14 1.607858 x W)
=

P * W = Humidity Ratio
* Rgq = Gas Constant for Dry Air
— * SCFM = Standard Cubic Feet Per Minute
Pasoua =5, * ACFM = Actual Cubic Feet Per Minute
| * ¢ = Relative Humidity at Filter Face
AcFM = (Petandard) o scpy

actual

Figure 3.20 CFM to ACFM

The control panel for the test stand is shown in Figure 3.21. This panel is useful to view

the real-time data to observe the data output of the SSTS. Having this ability provides the ability

to monitor for any testing errors that may arise.
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Figure 3.21 LabVIEW Control Panel.

All the data is recorded once the testing conditions have been met. The data is stored and

presented in an Excel sheet at the conclusion of the test.

Sample Train and Operation. Since the SSTS only has one set of sampling

instrumentation, the sampling has to be manually switched between upstream and downstream

sampling. This is done by the use of a sampling train pictured in Figure 3.22.
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Figure 3.22 Sampling Train

The sampling train is made up of two, three-way valves. These valves give the ability to
direct the sample flow to the SMPS and LAS from either upstream, downstream, or the purge
line. The purge line is used in order to move between upstream or downstream sampling since
the instruments must first be purged of any remaining particles still inside the instrument. The
purge pulls lab air through a HEPA capsule. When sampling downstream, the control program
has a setting to account for the change of sampling location. This is because the sample probes
pull a flow rate of 5 L/min (0.177cfm). When sampling upstream, an additional 5 L/min is pulled
along with the set flow rate. When sampling downstream, the additional flow rate from the

sample probe is accounted for by decreasing the set flow rate by 5 L/min. This system ensures
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that whether sampling is happening upstream or downstream, the flow rate at the filter face

remains constant. An illustration of the two scenarios is shown in Figure 3. 23.

Upstream Sampling Arrangement

Downstream Upstream
3 efm 3.177 cfm
P
0.177 cfm
Downstream Sampling Arrangement
Downstream Upstream
2.823 cfm 3eh

—

0.177 cfm

Figure 3.23  Upstream and Downstream Flow Conservation

Sampling upstream slightly affects the upstream concentration as it pulls in more air from
the lab compared to the downstream setting, but the flow rate and pressure drop at the filter face
was deemed more important to hold steady. The 5 L/min sample line is pulled by both
instruments and a vacuum pump that is regulated by a mass flow controller. The SMPS pulls a
flow rate of 0.3 L/min, and the LAS pulls a flow rate of 0.05 L/min. The mass flow controller is
set to limit the vacuum pump to pull a flow rate of 4.65 L/min to bring the total flow rate to the
required 5 L/min for the diluters. The vacuum pump and mass flow controller can be seen in

Figure 3.24.
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Figure 3.24 Sampling Vacuum Pump and Mass Flow Controller

The flow is split twice using a flow splitter. First, the flow is split between the
instrumentation and vacuum pump. Then, the flow is split between the LAS and SMPS. The flow

splitter can be seen in Figure 3.25, and a simple diagram of the sampling system can be seen in

Figure 2.26.

45



Figure 3.25 Flow Splitter
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Figure 3.26  Schematic of the SSTS Sampling System
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Powder Feeder. In order to generate solid particle aerosols, a powder feeder is commonly
used. Traditionally at ICET, a twin screw powder feeder with a VFD driven motor is used in
order to feed powder into the injection assembly. However, the twin screw assembly is used to
feed at much higher rates than what was anticipated for the SSTS. Therefore, a single screw

powder feeder was acquired. This powder feeder can be seen in Figure 3.27.

Figure 3.27 Powder Feeder for AI(OH); and ARD.

The powder feeder turns the screw at the feed rate set on the control panel and moves

powder to the outlet where the powder is pulled into a vacuum nozzle that is driven by
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compressed air. The compressed air is measured using a pressure gauge attached to the vacuum
nozzle. The pressure gauge and vacuum nozzle can be seen attached to the injection manifold in
Figure 3.12. The compressed air breaks up the powder chunks into a cloud of particles. The
cloud is pushed through the injection manifold and pulled through the test stand.

Atomizer. To generate liquid aerosols, an atomizer is used. An atomizer uses compressed
air to generate the cloud of particles similar to the vacuum nozzle. However, instead of a vacuum
nozzle, the compressed air is pushed through an orifice. The liquid is pulled up by the air and
blown into an aerosol cloud. After, the cloud is pushed through the outlet and through the

injection manifold. This process is represented in Figure 3.28 [13].

6 aerosol outlet tube

9*5 dilution

— air inlet
i

v
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3 pressurized
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2 liguid tube

8 atomizer liquid -)

Figure 3.28 Atomizer schematic from TSI.
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An atomizer that could provide the number of aerosols needed to inject into the SSTS

was provided by ICET. This atomizer is shown in Figure 3.29.

Figure 3.29  Atomizer for PAO.

Upstream Instrumentation. At the filter face, the air flow’s temperature, humidity, and
static pressure are all measured. These values are important in knowing the state of the air and
mechanical properties of particles as they pass through the filter face. In knowing these values,
the ACFM can be calculated and used in the previously mentioned flow correction loop. These

instruments are shown in Figure 3.30.
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Figure 3.30 Upstream Temperature and RH Probe and Static Pressure Transducer.

Differential Pressure Measurement. The dP sensor is one of the most important
measurements in the SSTS. This measurement must be highly accurate in order to evaluate the
relationship between the mass loaded and dP. The selected dP sensor is capable of measuring 40
inWC which is greater than the maximum testing value of 35 inWC. If the test filter experiences
a dP greater than 38 inWC, the program automatically shuts the blower off in order to protect the
dP sensor. This sensor is shown in Figure 3.31. The upstream and downstream pressure locations

can be best seen in Figure 3.30 on either side of the test coupon.
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Figure 3.31 dP Sensor for Test Filter.

Downstream Instrumentation. After the post-filter, the remaining instrumentation is the
mass flow meter and downstream temperature and humidity probe. The selected mass flow meter
can measure a flow range of 0 to 17 cfm and can only be in air flow temperatures less than
212°F. To ensure the mass flow meter does not overheat, the downstream temperature probe
monitors the temperature of the flow. If the downstream temperature reaches 200°F, the program
automatically cuts off the heater as a precaution. The mass flow meter and downstream

temperature probe are pictured in Figure 3.32.
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Figure 3.32 Downstream Temperature and Humidity Probe and Mass Flow Meter

Make-up air valve. A make-up air valve with an electronic actuator was installed after the
mass flow meter and before the blower in order to provide additional air for low flow test. Make-
up air is needed for whenever the set flow causes the frequency to fall below 10% of the
maximum speed. In this case, the pump is a 60 Hz motor. The make-up air valve forces the
blower to require more than 6 Hz in order to pull the selected flow. The make-up air valve and

actuator can be found in Figure 3.30.
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Figure 3.33 Make-up Air Valve and Actuator

Pictured below in Figure 3.31 is the completed and labeled SSTS.
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Figure 3.34 Completed SSTS Labeled
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Table 3.3 provides a summary of the SSTS instrumentation which includes their

respective makes, models, ranges, and uncertainties.

Table 3.3

SSTS Instrumentation

Instrument

Manufacturer

Model

Range

Accuracy

SMPS

TSI Inc.

EC -3082
CPC - 3775

0.024nm — 1 pm
010’
particles/ccm

+10% at
<50,000
particles/cm3
+20% at <
10,000,000
particles/cm3

LAS

TSI Inc.

3340

0.09nm — 7.5um
0 - 3,600
particles/ccm

<5% efficient
for a particle
diameter of 0.1
um

Static Pressure
Gauge

Endress+Hauser

PMCs51

1.5 psi gauge

+0.075% of
span

Temperature and
Humidity Probe

2

Vaisala

HTM335

-40 — 365°F,
0-100% RH

+0.18°F,
+0.5 %RH (0-40
%RH) +0.8
%RH (40-95
%RH)

dP Gauge

Endress+Hauser

PMD75

0—-40 inWC

+0.035% of
span

Mass Flow Meter

Alicat

500SLPM

0-17.6 cfm
(0 —500 L/min)

+0.32% of
reading or
+0.02% of full
scale
(whichever is
greater)

Mass Flow
Controller

Alicat

S5SLP

0-0.177 cfm
(0 — 5 L/min)

+0.5% of
reading or
+0.1% of full
scale
(whichever is
greater)

The general uncertainty of the flowrate being pulled through the sample line was

calculated to be 6.3% (£0.32 L/min) using both the Monte Carlo and Taylor Series methods for
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uncertainty. This uncertainty in addition to the accuracy of the sampling instrumentation should
be taken into account when evaluating the sampling data. The general uncertainty for the
standard flowrate going through the duct can be taken from accuracy of the mass flow meter in
Table 3.3. The actual uncertainty is assumed to be greater, however, as the standard mass flow
rate is converted to the actual flowrate using the humidity, temperature, and pressure measured at

the filter face.
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CHAPTER IV

RESULTS AND DISCUSSION

The following results and verifications were performed in order to characterize the SSTS.
This characterization was important to determine how well the SSTS met the design criteria,
verify the design calculations, and evaluate the overall performance of the test stand. PAO was
used for the diluter characterization and traverse measurements due to the consistent aerosol
production form the atomizer relative to the powder feeder. PAO is also more spherical
compared to the powders which increases the accuracy. Only the SMPS was used for the
characterization of diluters, sampling efficiency, and flow development due to the unknown

concentrations that could potentially damage the LAS.

4.1 Air Flow Condition Capabilities

For both the volumetric flow rate and temperature, the selected mass flow meter was the
limiting factor of the test stand. The maximum flow rate that the mass flow meter can handle is
500 L/min (17.657 cfm). Despite not reaching the desired 20 cfm, this mass flow meter was
selected due to cost, familiarity with the company, and accuracy. The measured air flow rates for

0.5 cfm and 17 cfm can be seen in Figures 4.1 and 4.2.
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It can be easily observed that the low flow is much more challenging to maintain
compared to high flow setting. This is due to the correction time intervals not being fast enough
in order to hold the flow rate steady. There is certainly room for improvement, but this proved to
not be a large issue when running tests.

This mass flow meter is the company’s high temperature option, but even this model can
only withstand air temperatures of 212°F. However, the 250°F air temperature is the desired
temperature at the test filter face. In preliminary testing, most of the heat in the air dissipates as it
moves through the downstream portion of test stand by the time it reaches the mass flow meter.
If the tests were long enough, the downstream portion of the test stand would eventually heat up
and allow the air flow temperature to reach the maximum for the flow meter. In order to assure
this does not happen, the program is designed to cut the heater coil off if the downstream
temperature probe reaches a temperature greater than 200°F. Another safety feature included in
the program is that the heater coil will not turn on unless the blower is running. This ensures that
the heater is able to be cooled and not burn up. The temperature measurement at the filter face, as

well as the downstream temperature for 17 cfm, is shown in Figure 4.3.
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Figure 4.3 17 cfm Temperature Measurement

The control loop is unable to hold a near steady state condition. This is due to the
temperature being recorded in one location, and the heat being controlled in another leading to a

large response time. Figure 4.4 provides a comparison of a filter that experienced 250°F, 17 cfm

air flow conditions, and an unused filter coupon.
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Figure 44  New vs Baked Filter Coupon

The heater coil was unable to perform properly at the low flow conditions due to not

enough air passing through the coil to cool it down.

4.2 Diluter Characterization

One of the most important components of the sampling system is the diluter setup.
Specifically, knowing the actual dilution factor is key to accurately determining the upstream
aerosol concentration. This can be used to know the filter efficiency, and the mass deposited onto
the test filter. Once again, the expected upstream concentration between 103 to 10° particles/ccm
must be diluted due to the LAS only being able to sample a maximum concentration of 3600
particles/ccm. Therefore, two diluters in series are required. A 20:1 and 100:1 diluter
arrangement is used to provide a nominal dilution factor of 2000:1. However, the actual dilution
factor must be known in order to know what the actual concentration is upstream. In order to do

this, the SMPS is used to sample upstream with both diluters, only the 20:1 diluter, and then only
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the 100:1 diluter. Using the average concentration from each of these sample groups, the
resulting difference in factors can be found. Six samples with the SMPS were taken using both
diluters at a selected velocity of 30 ft/min for a baseline test. The average concentration was

1650 particles/ccm. Figure 4.5 shows the average particle distribution.
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Figure 4.5  Diluter Characterization Baseline Test

Next, the 20:1 diluter was removed and only the 100:1 diluter was used to sample the
upstream concentration. This yielded an average concentration of 1.64E+04 particles/ccm over 4

samples. The distribution curve is shown in Figure 4.6.
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Figure 4.6  100:1 Dilution Particle Distribution

By dividing the average concentration of the 100:1 samples by the 2000:1 samples, the
dilution factor for the 20:1 diluter could be found. This actual dilution factor was determined to
be 15.26. Finally, the same process was performed instead with the 20:1 as the only diluter in the
system. This yielded an average concentration of 1.55E+05 particles/ccm over 4 samples. The
particle distribution curve is shown in Figure 4.7. It is interesting to note the increasing
resolution that happens as the concentration is diluted less and less. This is likely due to the

particle losses associated with the additional transportation and wall deposition.

62



20 DF -SMPS

250000
200000

150000

#/ccm

100000

50000

25
30
359
42.9
51.4
61.5
73.7
88.2
105.5
126.3
151.2
181.1
216.7
259.5
310.6
371.8
4451
532.8
637.8
763.5
914

Particle Diameter (nm)

=

Figure 4.7  20:1 Dilution Particle Distribution

By once again dividing the average 20:1 concentration by the 2000:1 samples, the actual
dilution factor for the 100:1 diluter was found to be 93.93. Multiplying the two actual dilution
factors for the diluters resulted in an actual dilution factor of 1433.5 compared to the nominal
value of 2000. Now with this actual dilution factor, the average concentration and particle
distribution curve of the original 2000:1 samples can be scaled to represent the actual upstream
concentration inside of the test stand. The actual concentration of the 2000:1 sample set could
now be determined to be 2.38E+06, and the scaled particle distribution curve can be seen in

Figure 4.8.
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Figure 4.8  Scaled 2000:1 Particle Distribution
To further provide a visual of the scaling factors of the different diluters, Figure 4.9 is

provided. This plot shows all three particle distribution curves on a logarithmic scale regarding

the concentration.
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Figure 4.9  Diluter Characterization Distributions

4.3 Sampling Efficiency Verification

In order to verify that the Stk and sampling efficiency calculations performed are correct,
a comparison of using two different probe sizes was performed. This would verify the
assumption that the anisokinetic conditions would have minimal effect on the sampling if the two
different probe sizes produced the same average concentration. The two selected probe sizes

were a 0.27-inch ID and 0.67-inch ID. These two probes are pictured in Figures 4.10 and 4.11,

respectively.
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Figure 4.11 0.67-inch ID Sampling Probe
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Both sample probes pulled the same 5 L/min flow rate. This equated to the 0.27-inch

probe pulling an air velocity of 444 ft/min, while the 0.67-inch pulled an air velocity of 72.73
ft/min. With these drastically different air speeds, if the concentrations are similar, it could be
verified that the anisokinetic conditions have a minimal effect on the sampling efficiency. A duct
flow rate of 0.5 cfm was selected to perform this test since the calculations resulted in this flow
rate being the least efficient. The isokinetic flow rate for the 0.67-inch probe is 7.165 cfm, but
this flowrate is within the non-laminar zone and would not yield accurate results. Five samples of
both probes were taken under the same conditions. The average particle distribution curves for

each probe can be seen in Figure 4.12.
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Figure 4.12  Anisokinetic Sampling Condition Test

It can be observed that the two different probe sizes provided very similar particle
distribution curves. The average concentration of the 0.27-inch probe sample set was 1170
particles/ccm compared to the average concentration of the 0.67-inch probe sample set was 1190
particles/ccm. These average concentrations are quite similar, and the slight increase in
concentration for the 0.67-inch probe can be potentially be accounted by considering either noise
in the data, or the difference in transportation losses due to different velocities. Overall, this

concludes that the previous design calculations of the Stk and sampling efficiency were correct.

4.4  Well Mixing of Aerosols Verification

In order to determine that the 10 duct diameters were enough pipe length to allow the air

flow to develop, travers sampling measurements were taken across the diameter of the duct. Two
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measurements were taken every 0.5-inch of the 4-inch duct for the slowest available flow rate of
0.5 cfm. Due to the shorter nature of the 6 cfm test, only one measurement at each 0.5-inch spot

was taken. A visual of the location of the traverse measurement is shown in Figure 4.13.

4” Duct

Figure 4.13 Diagram of Traverse Measurement in the Duct

A custom probe had to be manufactured that was long enough to reach each side of the
duct to allow for position adjustment. This custom probe is shown in Figure 4.14. This probe has
the ability to slide during the test which helps to ensure that the conditions were consistent across

each sample.
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Figure 4.14 Traverse Sample Probe

The SMPS results of the traverse samples for 0.5 cfm and 6 cfm are shown in Figures

4.15 and 4.16, respectively.
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Figure 4.15 0.5 cfm SMPS Traverse Sample Measurements
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Figure 4.16 6 cfm SMPS Traverse Sample Measurements
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As expected, the slower flow rate of 0.5 provided a lesser developed flow compared to
the faster 6 cfm flow rate. However, both traverse measurements were deemed to be mixed
enough to be able to obtain the average concentration of the injected aerosols during the test

period.

4.5 Filter Efficiency Results

As previously mentioned, an important characteristic of any filter media is its particle
capture efficiency. The procedure used to perform filter efficiency tests for the SSTS can be
found in Appendix B. In short, five samples are taken downstream at the start of the test then five
samples upstream after purging the instrumentation. For efficiency test, PAO is used as the
challenge aerosol. Both the LAS and SMPS were used to compare the results to one another. The
upstream samples were scaled by the previously derived dilution factor of 1433.5. The
downstream samples were not diluted, as the concentration is low enough for both instruments
after the particle have passed through the filtration media. The Most Penetrating Particle Size
(MPPS) and the filter’s efficiency and penetration fraction of this particle were calculated along
with the filtering efficiency and penetration fraction of the 0.3 um particle. For the sake of
characterization, four different air velocities were tested to determine what the controls needed to
be to successfully perform the test. These air velocities include 5, 15, 31.7, and 45 ft/min (0.495,
1.477, 3, and 4.4 cfm). The following Tables and Figures provide a summary of the respective
air velocity testing results.

Figure 4.17 provides the particle size distribution of the upstream and downstream
samples from both the LAS and SMPS for 5 ft/min. Figure 4.18 provides the penetration fraction

plot for both the LAS and SMPS.
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Figure 4.17 5 ft/min Up and Downstream Particle Distributions per LAS and SMPS
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Table 4.1 provides a summary of the testing results for the 5 ft/min filtering efficiency
test. The initial and final dP for this test were 0.614 inWC and 0.804 inWC, respectively. The

compressed air for the atomizer was set to 8 psi.

Table 4.1 5 ft/min Filter Efficiency Test Results

LAS SMPS
0.3 pm Penetration Fraction 5.42E-05 7.373E-05
0.3 pm Filtering Efficiency 99.9946% 99.9926%
MPPS (um) 0.1605 0.1663
MPPS Penetration Fraction 1.9847E-04 1.7464E-04
MPPS Filtering Efficiency 99.98015% 99.98254%

While the HEPA filter media by itself does not require it to be 99.97% for 0.3 pm, at 5
ft/min, the selected filter media was extremely efficient against this particle. The results and
particle distributions were as expected when compared to previously acquired data. The LAS and
SMPS samples produced similar efficiency results for both particles.

Figure 4.19 provides the particle size distribution of the upstream and downstream
samples from both the LAS and SMPS for 15 ft/min air velocity. Figure 4.20 provides the

penetration fraction plots for both the LAS and SMPS.
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Table 4.2 provides a summary of the testing results for the 15 ft/min filtering efficiency
test. The initial and final dP for this test were 1.264 inWC and 5.602 inWC, respectively. The

compressed air for the atomizer was set to 8 psi.

Table 4.2 15 ft/min Filter Efficiency Test Results

LAS SMPS
0.3 pm Penetration Fraction 3.0751E-04 4.885E-04
0.3 pm Filtering Efficiency 99.9692% 99.9512%
MPPS (um) 0.1314 0.1276
MPPS Penetration Fraction 3.653E-03 3.5506E-03
MPPS Filtering Efficiency 99.6347% 99.64494%

At 15 ft/min, the HEPA filter material slightly missed the HEPA filter requirements of
99.97% efficient against the 0.3 um particle. Again, this is not a requirement for standalone filter
media, but it is worth noting that the overall efficiency of the media decreases with increased

velocity, as expected.

Figure 4.21 provides the particle size distribution of the upstream and downstream

samples from both the LAS and SMPS for 31.7 ft/min air velocity. Figure 4.22 provides the

penetration fraction plots for both the LAS and SMPS.
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Table 4.3 provides a summary of the testing results for the 31.7 ft/min filtering efficiency
test. The initial and final dP for this test were 3.534 inWC and 7.036 inWC, respectively. The

compressed air for the atomizer was set to 8 psi.

Table 4.3 31.7 ft/min Filter Efficiency Test Results

LAS SMPS
0.3 pm Penetration Fraction 2.8064E-04 4.235E-04
0.3 pm Filtering Efficiency 99.9719% 99.9577%
MPPS (um) 0.1284 0.107
MPPS Penetration Fraction 5.6401E-03 7.069E-03
MPPS Filtering Efficiency 99.43599% 99.2931%

Once again, the overall filtering efficiency decreased with the increased air velocity as expected.
Figure 4.23 provides the particle size distribution of the upstream and downstream
samples from both the LAS and SMPS for 45 ft/min air velocity. Figure 4.24 provides the

penetration fraction plots for both the LAS and SMPS.
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Table 4.3 provides a summary of the testing results for the 45 ft/min filtering efficiency
test. The initial and final dP for this test were 5.351 inWC and 7.41 inWC, respectively. The
compressed air for the atomizer was set to 6 psi. The psi had to be reduced from 8psi due to the

concentration being too high downstream for the LAS to function properly.

Table 4.4 45 ft/min Filter Efficiency Test Results

LAS SMPS
0.3 pm Penetration Fraction 2.3732E-04 3.254E-04
0.3 um Filtering Efficiency 99.9763% 99.9675%
MPPS (um) 0.1215 0.128
MPPS Penetration Fraction 7.1568E-03 1.01E-02
MPPS Filtering Efficiency 99.28432% 98.98651%

Overall, the filter efficiency characterization testing was successful. The results proved
that the SSTS was capable of performing penetration testing and able to provide meaningful data

about the test media properties.

4.6  Filter Loading Results

The next type of test that can be performed using the SSTS is a loading test. The
procedure used to perform filter loading tests for the SSTS can be found in Appendix C. Unlike a
penetration test, only upstream samples are taken during the test. Both AI(OH)3; and ARD are
typical aerosols used to load the test filter. Only the SMPS was used to sample the loading test
and to calculate the mass loaded onto the filter. This is because the SMPS records each samples
total concentration, and there were concerns about using powder with the LAS. The dP of the test

filter is also shown as a function of the mass loaded. The upstream samples were scaled by the
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previously characterized dilution factor of 1433.5. Once again, for the sake of characterization,
four different air velocities were tested to determine what the controls needed to be to
successfully perform the test. These air velocities include 5, 10, 30, and 45 ft/min (0.495, 1.0,
2.955, and 4.4 cfm). The following figures provide a summary of the respective air velocity
testing results.

Figure 4.25 provides the particle size distribution of the upstream samples from both the
LAS and SMPS for 5 ft/min air velocity. Figure 4.26 provides dP and mass loaded plot while
Figure 4.27 shows the dP as a function of mass loaded. The initial and final dP for this test were

0.524 inWC and 1.667 inWC, respectively. The compressed air for the vacuum nozzle was set to

12 psi.
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Figure 4.25 Al(OH); Particle Size Distributions for 5 ft/min Loading Test
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SMPS Mass and Differential Pressure During Loading
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Figure 4.27 Mass Loading Curve for 5 ft/min
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Due to the low flow rate, a low pressure from the compressed air must be used. This
causes challenges in maintaining a constant feed rate as can be seen in the previous figures.

Figure 4.28 provides the particle size distribution of the upstream samples from both the
LAS and SMPS for 10 ft/min air velocity. Figure 4.29 provides dP and mass loaded plot while
Figure 4.30 shows the dP as a function of mass loaded. The initial and final dP for this test were

1.483 inWC and 6.752 inWC, respectively. The compressed air for the vacuum nozzle was set to

14 psi.
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Figure 4.28 Al(OH); Particle Size Distributions for 10 ft/min Loading Test
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SMPS Mass and Differential Pressure During Loading
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Figure 4.29 dP and Mass Loaded for 10 ft/min
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Figure 4.31 provides the particle size distribution of the upstream samples from both the
LAS and SMPS for 30 ft/min air velocity. Figure 4.32 provides dP and mass loaded plot while
Figure 4.33 shows the dP as a function of mass loaded. The initial and final dP for this test were

3.406 inWC and 24.226 inWC, respectively. The compressed air for the vacuum nozzle was set

to 18 psi.
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Figure 4.31 Al(OH); Particle Size Distributions for 30 ft/min Loading Test
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SMPS Mass and Differential Pressure During Loading
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The 45 ft/min test did not provide enough samples to reduce into a mass loading diagram
due to a dP spike across the filter at the same concentration as the previous test. The
concentration could not be reduced as any less would not be enough to obtain an accurate
distribution. The initial and final dP for this test were 5.331 inWC and 33.252 inWC,
respectively. The compressed air for the vacuum nozzle was set to 26 psi. Figure 4.34 provides
the one sample of the particle size distribution, and Figure 4.35 provides the dP curve with

respect to time.
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Figure 4.34  Al(OH)3 Particle Size Distribution for 45 ft/min Loading Test
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The performed loading test proved to be able to provide meaningful data about the mass

loaded and dP for the test filter. For the selected HEPA media, a velocity range of 5 to 30 ft/min

can be performed. Other less efficient filter medias may be able to be tested at high flow rates.

The powder and injection assembly is capable of producing a fairly constant feed rate, but for a

lengthy test, clogging in the injection manifold and vacuum nozzle can become an issue due to

the powders properties.
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CHAPTER V

CONCLUSIONS

The intent of this work was to design, construct, and characterize the capabilities of a test
stand that could perform penetration and loading test on various filter medias on a small scale.
This was accomplished with the SSTS. A thorough design of the test stand was done in order to
best satisfy the design criteria. However, these design criteria provided a series of issues that had
to be addressed through different design calculations, compromises, and verifications. These
issues, and what was required to overcome them, will hopefully be applied to future test stand
developments at ICET.

The original goal for the maximum flow rate was 20 cfm, but there were difficulties in
attempting to find a flow meter that was capable for the high temperature flow rates. Another
criterion that limited the flow meter options was the selected vendor list. In order to provide
Quality Assured (QA) data, ICET only procures instrumentation from approved, audited
vendors. With these limitations and attempts to stay under a certain price limit, a flow meter with
a maximum flow rate of 17.6 cfm and temperature of 212°F was selected. This flowmeter was a
good compromise of the criteria and what was available.

The next challenge was presented with the 4-inch duct diameter requirement. This
requirement led to turbulent conditions after only 5 cfm flow rate according to the Re number
calculations. In addition, the increased air velocity made obtaining isokinetic sampling
conditions virtually impossible for the slower flows with reasonably size sampling probes.
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However, this issue was eluded by a detailed calculation of the particles Stk and verification
using different sampling probes. There are still errors involved with the anisokinetic conditions,
but there is great confidence that the samples provide an adequate representation of the
concentration in the duct that the test filter experiences.

Finally, the last challenge faced was maintaining an elevated temperature for the air flow.
This was largely due to the temperature being measured further downstream than the heater coil
and the transient nature of the heating process. This caused the temperature to rise and fall over
the given period of time due to the control scheme. Also, the heater coil was unable to work at
flows lower than 17 cfm. When attempting to test the heater with the lower flows, the coil would
begin to overheat. Both of these issues were acceptable; however, as the intent of the elevated
temperature is to essentially “bake” the filter for a period of time. Then, once everything cooled
down, the “baked” filter would be tested normally. This allows the high flow and varying
temperature to be sufficient in simply changing the filters characteristics.

In regards to what could be improved, the selected powder feeder had difficulties
providing a consistent feed rate. This was due to the powder’s characteristics, as well as the
small-scale system. The powder had a tendency easily clump together and form a bridge above
the screw. This led to constant attention being required to ensure that the powder bridge was
broken up as it began to form. The powder would also clog certain components of the injection
system over time, specifically in the vacuum nozzle. On the larger scale test stands, the
compressed air for the vacuum nozzle is set to 60 psi in order to ensure that the powder is broken
up. However, for the SSTS, the maximum compressed air settings ranged from 8 to 26 psi. Other

injection methods should be explored for smaller scale applications.
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The LabVIEW program and station can also be improved. As more and more data is
stored, the program begins to lag and struggle to compute the loops. A more powerful computer
and efficient programming is recommended over the long term, especially when lengthy loading
tests are being performed. The heater loop should also be adjusted to better handle the low flow
settings. This can be done by adjusting the voltage output to the heater and the pulse time.

Overall, the development of the SSTS required a few compromises and design
calculations to best satisfy the design criteria. The SSTS can perform excellent and consistent
filter efficiency testing, with low testing times. The loading testing certainly has room for
improvement but is still capable of providing good data that can be used for a multitude of other
research projects. The SSTS is an ideal option to perform tests on prototype medias such as
carbon fiber and electrospun media, as well as other types such as ceramics and metal media due
to the SSTS’s modular capabilities. In regards to future work, the SSTS hopes to provide data for
the previously mentioned filter medias and generate filter loading models to predict the filters
expected life. In order to obtain these goals, the next step for the SSTS is to begin the process of
being a QA test stand. This includes calibrating all of the instrumentation through an ICET,
audited company and going through a series of document reviews. Once the test stand has

achieves this, official testing can be done.
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L. Background

This document describes the preliminary design of the Small-Scale Filtration Test Stand
(S8TS) at the Institute for Clean Energy Technology (ICET) at Mississippi State University. The
purpose of this decurment is to serve as a deseription of the current design proposed for the S8TS
in order to facilitate in future assembly and ongoing improvement.

A desipgn for new testing equipment was conceptualized based upon common operating
conditions found in related research in order to expand upon the capability already installed at
ICET. The function of the S8TS is to provide conditioned, particle laden air to the test article
while continuously measuring the aerosol characteristics and performance characteristics of the
test article. These goals will be achieved by broadly defining the performance characteristics of
a test article as the Pressure Drop (dP) and Particle Capture Efficiency (simply capture efficiency
or filtering efficiency) of said article induced by the loading of particles onto the media over
time. The dP between points immediately upstream and downstream of the test article is
constantly measured with respect to time in order to capture this performance characteristic. The
filtering efficiency of the test article is measured by isokinetically sampling a representative
portion of the airstream and measuring the distribution of known particle types based upon their
diameter or mass and respective counts. An assumption 18 introduced here that the Particle Size
Distribution (PSD) and concentration are considered to remain constant in the time between
consecutive samples. This is relevant as the particle sampling will alternate between upstream
sampling and downstream sampling and is not anticipated to remain at constant values
throughout the entirety of the tests. Knowing these few characteristics with respect to time will
allow for a comprehensive analysis of the performance of the test article, i.e., the evolution of dP
actoss the test article as a function of mass loading or the analysis of variables indicating
imminent filter failure.

The S5TS is anticipated to be primarily used for testing flat-sheet High Efficiency
Particulate Air (HEPA) media, but may also potentially be retrofitted for use with small axial-

flow filters, sintered metal filters, and ceramic filters if the appropriate modifications are added.
Given common filtration velocities in current research (approximately 1-100 fi/min) and the
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standard maximum filtration velocity for HEPA filters as defined by the AG-1 standard (5
ft'min}, a test duct of 4 inches in diameter (D) was selected with a maximum volumetric fow
rate of 20 Actual Cubic Fect per Minute (ACFM). Common aerosols will be used to challenge
the test article to include: Arizona Road Dust (ARD), Aluminum Trihydroxide {AL{OH)s),
Polyalphaolefin (PAD), and Acetylene Soot.

II. Performance Ohjectives

The performance objectives are as follows:

1. The flow conditions at the inlet to the test article shall be:
a. Flow rate up to 20 actual cubic feet per minute (ACFM).
b. Temperature up to 250 °F (121.11 *C).
c. Relative humidity up to 90% (this capability will be installed later, after the initial
construction and analysis of the S8TS).

2. To maintain a 20 ACFM flow rate when the pressure drop across the test article may be
as high as 35 inches of water column (inch w.c.) and as low as 1 inch w.c..

3. To allow the introduction of various aerosols, initially anticipated as Arizona Road Dust
(ARD), Aluminum Trihyvdroxide (AI(OH)), Polyalphaolefin (PAQ), and Acetylene Soot
for the purpose of loading the filter and increasing the pressure drop across the filter.

4. To ensure (within reasonable expectation) the umiform distribution of the challenge
aerosol within the cross-sectional area of the test duct.

5. To ensure the capture of relevant data related to the properties of the conditioned air in
order to maintain proper control of the flow rates within the test stand. This includes air
temperature, pressure, and relative humidity immediately upstream of the test article and
the mass flow rate of air through the test stand and sampling instruments.
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6. To allow for the expansion of the S8TS to include additional capability by incorporating
amodular design in an effort to aceommodate unplanned but probable tests in the future.
These will likely include sintered metal and ceramic filtration media, pleated fibrous
filter media, and other novel medias, Furthermore, the addition of planned &nd unplanned
equipment, such as a humidifier and dehumidifier for control of the humidity the test
article is subjected to.

7. To operate within the floor space profile determined by its designated laboratory space,
Currently, Room 282 is assigned for the S8TS and future additions, Figure A.5 shows the
proposed layout of Room 282 with the test stand.

IT1. Flow Path Deseription

The test stand 15 to be assembled in a single-pass arrangement, with the air intake (test
stend entrance) open to the lab environment and the air exhaust (test stand exit) venting through
the available exhaust vents in the lab to the roof outside. Each section of the S5T5 will be
modular, consisting of flanged pipe sections that are bolted to one another. The SSTS can be
divided into three sections: 1) Flow Conditioning, 2) Testing and Measurement, and 3) Flow
Measurement and Control. The flow path begins with the air intake in the lab and passes
immediately into the flow conditioning section. Following this, the air passes through the testing
and measurement section, and then finally into the flow measurement and control section. After
the flow measurement and control section, the air is exhausted. The flow conditioning section is
comprised of equipment necessary to condition the flow to the desired testing point. Currently,
the equipment in this section will be a pre-filter to remove any ambient dust or other particles
from the air and a heating element to provide the necessary heat to reach the required
temperature of the air. A humidifier will be added at a later time in order to control the relative
humidity (RH) passing through the test article. The testing and measurement section will consist
of & manifold style particle injector, an upstream isokinetic particle sampling system, a RH and T
probe, a set of pressure transducers, the test article and holder, and a downstream isokinetic
particle sampling system. The flow measurement and control section will consist of a
downstream post-filter, temperature probe, mass flow meter, a blower fan to induce the flow, a
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Variable-Frequency Drive (VFD) to control the power imparted to the fan, and an electrically
actuated valve to control the flow of make-up air required for the fan. Figures A.1 and A.2 in
Appendix A show the overall layout of the S8T8. A more detailed description of each section is

given helow:

1. Flow Conditioning
The flow conditioning section is made of steel, with a square cross-section piece for the
pre-filter housing, and a small diameter piece of pipe for the heating element. The

nominal dimensions of the pre-filter housing will be 12x12-inches, and the piece of pipe

will have a nominal inner diameter of 2-inches.

a. Air Inlet

b

Fresh air from the ambient lab environment is drawn in through the test stand by
the vacuum induced from the blower fan. This serves to facilitate a simple control
of the mass flow rate through the test stand, as the added flow from the particle
injection is accounted for automatically. However, the fraction of flow removed
for particle sampling must still be accounted for in order 1o ensure an accurate
sense of the volumetric flow of air through the test article, The flow rate of air
will be controlled by balancing the effects of simultaneously utilizing the
Variable-Frequency Drive (VFD) to decrease the power of the fan and utilizing
the valve to control the amount of make-up air added downstream of the flow
meter. A HEPA filter is recommended for use within the pre-filter housing in
order to achieve low background counts for aerosol testing and to provide the
ability 10 assert in any publication that the test article is solely challenged with a

known variable.
Heating Element
A small electric heating coil will be placed directly downstream from the pre-

filter howsing in a reduced diameter section of pipe (nominal 2-inch inner
diameter) in order to condition the air flow to the desired testing condition. The
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caleulations to estimate the required size of this heating coil are available in
Appendix B..

¢. Conditioning Section to Measurement Section transition
A small transition from a 2-inch inner diameter to a 4-inch inner diameter
connects the Flow Conditioning Section to the Testing and Measurement section.

2. Testing and Measurement
The testing and measurement section is made of stainless steel with a nominal cireular
cross-section of 4-inches. The testing and measurement section consists of, in order from
upstream to downstream:

a. Upstream section
There is a roughly T4-inch long straight run of pipe to the inlet of the test article
holder, This provides sufficient space to inject particles into the flow and to
sample the particle concentration upstream of the test article. It is assumed that
the flow will be fully developed by the time it has reached the test article,
Caleulations estimating the flow conditions may be found in Appendix B.

L. Aerosol Injection
There are four anticipated particle types that will be used for testing: 1)
Arizona Road Dust (ARD), 2) Aluminum Trihydroxide (AIl(OH)), 3)
Polyalphaolefin (PAO), and 4) Acetylene Soot. The injection of bulk
powders will be facilitated with a K-TRON SODER model KMVET20
powder feeder that feeds powdered material from a feed hopper using twin
screw augers. Control of the feed rate is possible by controlling the
rotational speed of these screw augers. A VACCON venturi vacunm pump
will be installed between the particle feeder and the test stand and supplied
with dried compressed air. This venturi will create a blast of air that
subjects the particles to high murbulence levels and high shear rates, and
thus serves to break up any large agglomerates that form. Furthermore, the
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venturi will have the additional benefits of creating a suction at the outlet
of the particle feeder, entraining the test particle in a steady flow of dry,
clean air and smoothly conveying the particles into the particle injection
manifold and ultimately the test stand. The particle injection manifold will
be used to inject this flow of entrained particles into the test stand and
facilitate in a uniform dispersion of the particles across the cross-sectional
area of the pipe. Designs of the particle injection manifold are currently
under development, but are likely to include several key concepts; 1)
numerous small-diameter outlets that serve to deposit the particles at
multiple locations distributed across the pipe cross-section, 2) outlets
facing towards the encoming flow of air, serving to briefly turbulate the
air and assist in mixing the particles, and 3) streamlined construction in
order to reduce the amount of drag and losses incurred by its presence
within the flow. The design will be in accordance with the AG-1
Appendix HA-C Manifold Design Guidelines.

b. Test Article Holder
This is intended to hold the flat sheet media during tests. It is designed to hold a
single piece of circular media backed with a very coarse wire mesh for added

strength. An illustration of the initial design is given in Figure A.4.

c. Downstream Section
There is an 80.25-inch long straight run of pipe downstream of the test article
running to the post-filter. This provides sufficient space 1o avoid flow
disturbamces for the downstream sampling, in the same way as the upstream
particle sampling. It is assumed that the flow will be fully developed.

i

There are no tums or elbows. This is intentionally done to reduce particle
deposition to the walls of the pipe and to ensure and maintain a developed
flow profile.

ii. A postfilter is housed in a housing similar to the pre-filter in order to

remove any remaining aerosol. This is important, as the mass flow meter
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and blower fan both require clean air flows, Furthermore, it is necessary to
remove any particles from the air before exhausting the flow, as the
particles are potentially hazardous to breathe in.
3. Flow Measurement and Control Section
The flow measurement and control section is comprised of 0.75-inch stainless steel pipe
connecting the mass flow controller to the post-filter housing, and then connecting the
mass flow meler (o a pipe tee. The tee will also connect the make-up air flow through its
branch and will continue into a section comprised of 1.5-inch flexible hosing of sufficient
length to reach the blower fan. The blower fan will also be connected to the ceiling vents
with 1.5-inch flexible hosing.

a. The mass flow meter will be incorporated into a feedback loop with the VFD, fan,
and the actuated valve in order to provide automatic control of the Mlow through
the test stand with no interaction from testing personnel,

b. The electrically actuated valve is intended to be a ball-valve. Although a ball-
valve does not provide the same control over the flow as a globe valve, for
example, it should be sufficient for the proposed application given the electric
actuation and the VFD controlling the speed of the fan. A simple filter and sereen
will be added to the inlet of the ball valve in order to keep out larpe particles and
objects that may damage the valve or the fan.

¢, The blower fan is intended to be a Gast R4P115 60Hz blower fan. The
specifications for this blower require that it be able to provide a flow of up to 20
ACFM of air with an inlet temperature up to 250above 200 °F and an inlet
pressure down to 12,72 psia (55 inch w.c. below atmospheric pressure), when
discharging near atmospheric conditions to the exhaust vent. It is worth noting
that the selected fan provides excess flow rate capacity of approximately 17.5
ACFM for a total volumetric flow rate of 37.5 ACFM at the estimated minimum
inlet pressure condition (60 inch w.c. vacuum). This excess air will be added from
the make-up air through the actuated valve and will serve to facilitate in keeping
the: fan at a reasonable temperature over long periods of testing time that require
the fan to operate at maximum capacity.
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1V, Instrumentation and Control

A Piping and Instrumentation Diagram (PID) for the S8T8 is shown below in Figure 1 (a
larger version is available in Figure A.3 in Appendix A). Relevant sections of the pipe will have
ports used for aerosol injection, asrosol sampling, air property measurement, and air
conditioning. Sinee the purpose of this test stand is to subject filtration media to specified testing
conditions of flow rate, temperature, and pressure drop, the instrumentation of the S5T5 is
intended to provide these parameters at the inlet to the filter. Accordingly, the temperature and
relative humidity of the air immediately upstream of the test article holder will be measured.
Furthermore, the decrease in pressure across the test article holder will be measured to provide
the relevant data associated with the loaded particle mass. The volumetric flow rate, and thus the
filtration velocity, will be calculated from the data collected from the mass flow meter and the air
properties immediately upstream of the test article. The temperature will be measured
immediately upstream of the mass flow meter in order to ensure that the instrument is not
gubjected to temperature above its operating envelope. Since the capability to add water vapor to
increase the humidity will not be installed initially, it is not necessary to measure the relative
humidity downstream of the filter as the flow will remain non-condensing at the ambient
conditions within the lab environment or at elevated conditions within the test stand.
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Figure I, PID of the 55T8

The pressure drop across the test article will be measured by two differential pressure
sensors. The reason for having two sensors 18 to provide a low-range sensor to accurately
measure differential pressures from 0 to 10 inch w.¢., and another to accurately measure 10 to 35

8
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inch w.c.. This is consistent with the currently installed capability for the Axial Flow Large Scale
Test Stand (ALSTS).

Particle sampling will utilize the same system as the ALSTS and RLSTS, with the
exception of smaller sampling probes customized for isokinetic conditions at the selected flow
rates. Both a Scanning Mobility Particle Sizer (SMPS) and a Laser Acrosol Spectrometer (LAS)
will be utilized to provide the full-spectrum of particle sizes accurately.

LabVIEW will be used for data acquisition and test stand control, A Data Acquisition Unit
(DAQ) will be used as an interface between the sensors and instruments in order to commumcate
with the LabVIEW program. This will serve to log the data on a computer, as well as provide
feedback for test stand control. The control system for the SSTS will be capable of controlling
three important parameters:

1. The air flow rate, maintained at the desired level by reading the mass flow rate through
the mass flow meter and varving the blower rpim by means of the VFD connected to the
blower motor and the amount of make-up air by opening and closing the valve
incrementally until the desired rate 1s achieved.

2. The air temperature, maintained at the desired level by reading the temperature sensor
immediately upsiream of the filter. Adjusting the current to the electric heating coil will
increase temperature if desired, and maintain it for the duration of the test. This should be
a relatively easy task, as the lab environment is more-or-less stable and remains at a fixed
temperature.

3. The humidity will not be maintained initially. The ability to control the humidity will
require a humidifier at the inlet, and a dehumidifier downstream of the test article in order
to provide non-condensing flow to the flow meter and fan at higher temperatures and
humidities. Higher temperatures and humidities will also require removing the moisture
from the air for the aerosol sampling systems as well. With the capability that will be
initially installed, the relative humidity will have a maximum value equivalent to that of
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the surrounding environment within the lab, and can only decrease with increasing
temperature.

The control of the flow rate through the test stand and the temperature at the test article will be
set by the operator, and maintained automatically through the controls programmed through
LabVIEW, The data will also be logged through LabVIEW. Therefore, the test will not require
constant input from the operators, which will facilitate in providing the highest quality of data
possible. However, the operators will still be required to monitor the conditions of the test stand
for the duration of the test, to ensure proper functionality.

10
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Appendix A. Concept Drawings
|

Figure A1, Preliminary model of the S5T%
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Figure A.2. Annotated drawing of the SSTS model
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Figure A.3. Preliminary PID of the SSTS
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Figure 4.4, Test article holder

14
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Room 282 - Small
Scale Test Stand
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 Figure A3, Room 282 proposed layout
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Appendix B. Calculation and Estimates

Small Scale Test Stand Heat Transfer Analysis.
The goal is to determine what the inlet temperature of the air must be in order for the temp to be
250F when the air reaches the filter. The temperature at each point of interest will be found for each

cfm option.
Knowns/Constants

Ty = 250°F = 12L.111°C Tyim = 68°F D = 4.026n L= 166in of pipe from heater inlet to filter

Assuming that the speaific heat of air 1s constant at 1011 Jkg®

Ibm ]
Pairlsg = D.NE‘D—B CPgir = ]D]]ﬁ
fi

Mow = Scfir will be evaluating 5, 10, and 20 cfm

Arca = 2.D% = 12732 Vel m 2 o g5
4 Area E

Assuming that the convective coefficient is equal to 2 W/ m"2/K.

Assumpting for air outside for natural convection

= 100—-

m

B

Resistance Calculations for each wall layer:

2
Ares ioet = 7 DL = 1.306m
D . - o 1
Tpipe = 5 = +013in Tepo = 00S2AN + fyipe finsul = M0 fepo  ry) = 006290 + gy = 313800
3, 2

Arspipeln = 2024x 10007 Agy, = 1-Lrpq Ajnsul = T L gy Aq) = mrlery

Tinner = Tpipe ~ 0230

Where the radii correspond with the outer radius of the material section.

30458 at 400K
Defining a conservative definition for the total length of 4in ID pipe as 160 inches, 16
Areaine 1y (9) = 1-D-(x) Area ey () == 2n-(3-ry
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fi

} =3.00x 10 0K
W

1
hacir".'mpiplrﬂdﬂ

{2

B .x{];;

Rth{-ﬂ = —Z“'kw.u'{")
h{ Tal ]
o Finsul
Brondamx(® = k)

Ared e = Boerg = 0.501m

W

W
- = (L035—— = M0—

_] ‘

||:{ Tpipe

r‘i.l'ﬂ't‘l' -
Rmndm:l o e = JOEEx 10 -
I Ky L )

#|m

Tinsul
{2
Reondinsal = 2k L "“‘%

ReondinsulX () =
2n- ki (0

|
¥ =—
FoonvamX by Area g ey ()

1

Foomvatm *= By Areigyper- L

17
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Defining the total resistance as a function of the distance X from the inlet of the test stand.

Fiomx(® = Poonyair ™ + Frondsteets (4 + Froondepox (% + Brondatx (™ + Brondinsux (% * Beonvaemx (4

K
Riotal = Poonvair ¥ Peondsteel + Peondepo + Peondal * Peondineul * Pecnvatm = U.T‘?ﬁ;

K Thus, it may be seen that the Total Resistance as a function of X yields the same

=0.T9—
Fioatx (1) W results as the total resistance over the whole length of the test stand, given above.

Defining the density of air at 250°F in order to calculate the estimated mass flow rate through the test artich

[bm
Pairzs= 0.05591—
fi

mdoty 5 1= Sefm Py g

Defining necessary variables and constants

R, = ].IIZIll
p kK
'1";':““[":||Il 1= 250FF

Using a simple LMTD method to determine the inlet temperature of the test stand (post heating coil) to obt:
250°F at the test article. It is worth noting that this does not account for cold air added by the particle inject:

T =T
Tiseiin™ Tatm - im__coupon =312256¢F  Temperature at the inlet of the testing and
i L measurement section
midoty 5 Rt (80)

-1 Temperature ai the

TupstreamSamplingSefm ™= Tatm ~ “{m&w“p'ﬁumx{ﬂ“}}ﬁm = Tmﬂ,.} = 264 613°F up':ih;cmn sampling
poin
-1 Temperature at the test
T =T = b [ ML i = 250-°F ;
T¢m|1:§rarur¢ at the

-1
Tdnwnmumﬁwuplmgﬁ:ﬂn = latm — “{-mq ](Tam. = Tinjcﬂ-:; =120 4F°F downstream
& 5 Dialx sampling point
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= 1 ¥ .. Temperature at the exit of
Toursefim = Tatm = “{Wzm' 'Rmtulx('m)]-{Tm ~Tinsef) = 203612F et stand, upstream
= o of the mass flow meter
[ F"._']'{T'”“ = Tjﬂcﬁ-J = 203.612°F Using this value as a check to ensure that the
ot250%p Rotal resistance as a function of distance works as
intended.

Using the LMTD method to determine the heat transfer rate, along with a check using an energy balance.

{Tntm. Tinﬁeﬁr:l {Talm Tnuﬁc:ﬁn}

AT j = = 102.576K
N Tatm — Twr_'lcﬁu]
Taten — TinSefm
AT
qﬂhﬂ’;}ﬂ = E = 128 2340w

Aeheckz = 005y Tinsofn ~ Toutsehn) = 128.834W

Case for 10 CFM

Using the same method and assumptions as above, but with a volumetric flow rate of 20¢fm.

oty e fig = I'Itl’m-pa.-l.l“—

Ty =T
oz = Soupon i
Tintoem ™= Tatm -1 3 i e Temperature at the inlet of the testing and
ot geitp R [E'l'-inJ] measurement section
: -1 ] : Temperature at the
T i = T — AT — T4 = 257.165°F q
tream ling 1 0cfim i im lllllcﬁ'r]
G . u{uﬂmmcrmcp-RW.[xHﬁn}J { > i :ﬂ?:;“m sampling
=
T TestlOefin = Tum - wi{ ][T - Ti ]ucr“} = 250°F TBI'.I]'[.'!E[ETIJ.I'E at the test
SRl Moty gcgiriCp Fyoralx(80m | 1 T article
T i = Ty — 8% = (Tatm ~ Tinlochd = 235-546°F (LK UITR Bt
downsireamSampling 1 0efm = atm M0ty 1 Rrogal (1 250) atm ~ inlle ' the downstrean
sampling point
-1 Temperature at the exit of th
ik - - ex =225.103°F
outlcfn ™ “atm {nﬁmlmﬁ“cp By, mx{lﬁﬂlﬂ] (Tatm ~ Timtcri test stand, upstream of the

mass flow meter

=] :| { 3 = .
A gt — Iimmﬁ.,]:zlj.lus"r Using this value as a check to ensure that
s [ CP'[H‘IUIBJE the resistance as a function of distance

works as intended.
o [ atm m]ﬂ:ﬁ:} {Ti.h'n nulll:ll.'ﬁ:rJ 19
atm ~ toutl
led Docwment if Printed
'{ ~ Tin) defm
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Aeheckd = _Rw = 127 452V

Qehecks = M40 0 firiSn | Tinl0efm — Toutl0efm) = 127452W

Case for 20 CFM

Using the same method and assumptions as above, but with a volumetric flow rate of 20¢fin.
l‘fl-ii’mlmﬁn: Hcfm Pajrs

Toim — Tcml.pm'l

Tinz20cfm*= Tatm ~

3 =263.89VF  Temperature at the inlet of the testing and
u.{ iy M x{“'ﬂJ mezsurement section
- 1 . o Temperature at the
T 1 =T - |1 = T: = 153 348°F
upstreamSampling20cim ™ Lam "1{ mdotyerin R [5§in]] { st = Tin20c i) upstream sampling
point
el
T = o i = 3 o 1!
cougonTes20chin = “atm up[ mdoty g g np-llmmx{m'n}] (Tatm = Tinzocge = 250°F mﬁmﬂ at the test
cle
A Temperature
T ; T T e = 242.624°F
downstreamSampling2cim atm M{M!wcﬁ'ﬁcp'hﬂmlxﬂ zim][ atm mZﬂcl’nJ ;Lﬂ]ﬂ
sampling poi:
) =] - .. Temperature at the exit
Tﬂ'l.lﬂ“ﬂfl'l'l = ‘atm T E%ﬂ'dﬂ! tp-“ x{lwﬂ]]-[Tm H Tmz{hﬁ'[} =DTOWE Bf "_hﬂ test s-tan-d-g.
upstream of the mass
flow meter

-1
T..  — & F o AR = r7.0040p Using this value as a check to ensure
= {m‘mﬂﬂcﬁﬁ“p'{Rtml}} { e E&J that the resistance as a function of
distance works as intended.

[Tn'lm - Tinzl:llsl‘rr]I I [Tnlm g TuulID:FrrJ

AT | 0efm™ = 101,20
: Tatm = Tou20efm
Tatm = Tin20cfm
AT yz0em
Uhecks = ————— = 127.108%
Rypgal
Ueheck6 = M08 Cp( Tina0etm ~ Tout2tehm) = 127-109W 20
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Small Scale Test Stand Heating Coil Size Estimate.

Defining the air properties for the lab

T]ah = BE°F b lah = 0.s Pl-!h = latm

Defining a dimensionless temperature, as the ASHRAE function does not take MathCAD units,

Tab
T]ab = ? — 450 67

Using the ASHRAE functions to calculate the properties of the moist air from the lab

] Plab -3
Wigy i= W_ptphi_HAP_IP E,Tlﬂ,,@m = 7.294 10

Plak BTU Btu
by, == b ptW HAP IP| — Ty Wy, [-—— = 2429—
7l [vsi lab ™ lab | b
1 Ibm
Plab = = (LOT4—
Pyap, fi &

v piW HAP IP| — T, W, . |[—

pt psi labr ™ lab Ibm

Defining the anticipated air properties for the particle injector for air from the shop air supply. It
is worth noting that these will likely not be constant in a realistic scenario.

Defining the temperature from the compressed air supply as slightly lower than that of the lab air.
Tinjector = 65°F ¥ injector = 0-F Pinjector == 12im

Defining a dimensionless ternperature, as the ASHRAE function does not take MathCAD units.
Tinjector .
Tinjector = — g 450.6"

Using the ASHRAE functions to calculate the properties of the moist air from the compressed air supply.

P .-
= Lnpector -
Winjoctor = W_piphi HAF_IF (Tﬂinbnwmiﬂjm] = 6.566= 10
P
. injegtor BTU _ B
Binjector == h_PIW_HAP m[ ,Tinjmm,winjmf]-m - 11.?61E
| Ibm
Pinjector = = 0075 —
Finjestor n 7’ 21

v_ptW_HAP_[P T R L
_ptW_HAP ) [ injector® " injectar | T
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Defining the outlet (from the heating coil) air properties as estimated from the preceeding heat
transfer analysis. This represents a "worst-case” scenario with maximum temperature at the
maximum volumetric flow rate.

Ty = 300°F Vot o= 2cfir Pipa) = latm

Defining a dimensionless temperature, as the ASHRAE function does not take MathCAD units,

TIEII.BJ

T — 459,67 = 300

total =

Assuming that the humidity ratio is equal to that of the lab, This is a valid assumption, as long as the
humidity level from the compressed air supply is approximately the same as it is in the lab environement,

Wistal * Wiah

Using the ASHRAE functions to calculate the properties of the moist air from the exiting the heating coil
section.

P

Lozl BT B
=] piW HAP IP| —o T W, .1 | = 81,0432

Bytal [ psi " total mul] " ™

Protal = : - o5z 22

Fiotan i f’
pai

v _plW_HAP_IP[ Tiotal ,1~1|.rm,uﬂ]-g11

Thus, a total mass flow rate may be caleulated by using the total volumetric flow rate exiting the
heating coil section, and the density of the air at that point.

=] ol = 11]3.21M
mdtyotal == Protal Vdotiean = 1032—

Creating s range of possible mass flow rates from the particle injector, in order to investigate the
reguired heat transfer rate from the heating coil under different conditions.

"‘dminjeﬂm = |percent + 1%
for i 0. 84

mtputi  mdoty ., -percent
percent +— percent + 1%
outpuat
From conservation of mass
]'I'I.d-ﬂtl"b = md-tlw — "'d"‘injactnr
Qotyyrer = | for i = 0. length (mdoty ) ~ 1
mdotya Rga - ’“‘dn"injmwi'hinjmbw

md.a‘tllbi 22

Dﬂl‘[ﬂ.ll.l i rndul“hi'[hhb =
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4]

0| -1.03013

1| -1.03041

2| -1.03089

3 -1.03096

4| -1.03124

5| -1.03151

6| -1.03179 ] . _ _ _
Qdoty e =[ 7 | -1.03207| KW ﬁﬂ?ﬂdbﬁ is negative from rhe mmpted_mm convention that

e 103234 to & system is considered negative,

9| -1.03262

0] -1.0329

11| -1.03317

12| -1.03345

13| -1.03373

14 -1.034

15

This represents the maximum heat transfer rate required from the heating
|"W{—Wm} = LOSIEW coil under the conditions defined above, corresponding with the maximum
amount of mass flow through the particle injector assuming a lower
temperature from the compressed air supply than in the lab.

1010 T T T T
'I.I.PS:]I:IJ‘ =
lmnl}vﬂbﬁ' |
i il I
Lodl 0T .
1.03x1 . . . .
o 20 40 50 B0

i 3
Thus, it may be samihatasmﬂma.iriaaddadﬂ:lmugh&Iepmﬁcleinjecmr*ﬂmhmtmrrmstadc?mmehmm
the lab air in order to maintain the cogeegderperaire ahtbe outlet of the conditioning section once the air
mixes.
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Small Scale Test Stand Head Loss Estimate
W = 245 8P

Air Properties:
At 75 degF and 50% RH L
e -l ool
e Pso™= Vi o 2
At 75 degF and 30% RH
3
ft 1 Ibm
Vap o= 13.6— Papyi= —— = 0.0T4—
T Tbm 0 ey 2
At 70 degF and 20% RH
3
it 1 Tbm
= 13.41— pap = — = 0.075—
Vo o 207 50 -
Flow area of the pipe
Afes = -1-:--{4:in}2 = 0.087R°
Stainless Steel Roughness Pipe Diameter (nominal inside diameter)
g 710 D := 4in
Pipe Length, per AutoCAD
L= 160in
Volumeiric Flow Rate Pressure of the fluid Height Difference

()-C-

x P 0
Oppgy= lefi [ ] :z( ]-psi
i=1,2.20= Py P

w |

1 [i q
o o1m
= L - 1| 0.382
2 L - 2| o573
3 ) 3| o7e4
: 3| ¢ 4| 095
— ; : 5[ 1146
: _ velosity range == ——— =[ 7] 1528
T %iﬂ - ﬂrmm" =7 8 “cfm 8 1.719
T gl 9 a| 1m:
- 8| 10 0| z2.1m
- 0] 1 11| 229
4 11| 12 12| 2.483
= 12| 13 13] 2674
13| 14 14| 2.865

14| 15 15

IJn nt If Prined
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Input density Kinematic Viscosity

P =Py pi= 10007 S 3 ngg 1o 7 IF2
2 2
m fit
Constants and Functions
= 3.2_17:1-5I £ = 321
5 Il‘:bl‘-s2
5 0L3I0EG ;
Refa.d) = ~BL  fa,d.e) = S ERA, ) > 2300 pg gyoe— 03086
e . g A1 L
5 s
Re(q,d) 4374 1.7.d
B otherwise
Re(q.d)
Estimated Loss Factors

Ko = 0.4 Kagito= 10 Kojpgy = 30Fp(D,5) Kgg'= [ I; :fﬂ-(]j -+ 1.J;|-I'T{D,t} = {146
Ktan& = EUFI{D,E}
Kior] = 1Ryt t 3Ky + OKgg + 3 Kypeq =3.046

Specific work required

Qe = 206

2
Ph - Pa E -] Qma.t L J
Wa o= + (@b — Fa)—= + —- | £( Qe D = + Ky | = 2978=
[ tf. #2 3;'“:'}4 D k-g

for j 0. length(f) - 1

Wsm| m
]
Q
r Ph- Fu E ] [: mng:ij L
SpexificWork, « + (Eb — Za)- +—-—-(f JDET— 4 )
pten = - @ + L (G )
n g(D)
SpecificWork
For the heater coil section,
The head loss incurred by the heating coil is assumed later in the worksheet to be 2inWC.
L2:=6in  Fop =0
w:wz = | for j = 0. length(i) - 1
2
o]
P -P range .
e - R
p - - _(D}a B%; )]
Uncontrolled Document £ ernee
Speni ficWark
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For the 2in to 4in transition section.

L3:=3in
Hn
fi= E
2
el
(1-p?)
Fuogy =
B
WS ynges = | for j 0. length (7} - |
2
0
) By -Fy E & ( “"E“*J) L3
SpesificWork, + 5 + (Zh - Za)= + ;'m'(f(q““ﬂj’n's}ﬁ + K,DGJ

SpecificWork

For the flex hosing between the flow meter and the blower fan.

A length of 10ft of hosing is estimated, given the unknown total length of hosing that will be used between
the make-up air tee and the fan.

L4 = 10t D4 := 1.5n Biptg = 1

wgmngl:! = | for j 0. length (i) — 1
2
. Py - Py g 8 (le L4
SpecificWork, £h - Fa)- — A f —
Spec — + (Zh - Za) Y += [ [n}m“j.m.:) - K'tol-ﬂ-]

J 1] - :Ec'[mf

SpecificWork

Summing the head loss from each section of the test stand to estimate the total head loss at the define
eonditions above between the inlet of the test stand to the intake of the pump,

AP oees = P'[wgnmgul + Wsm + Wsm + Wuw}

T 1] 1 2 3 4 ;
AP = W
0| 2683103 63687103 0.018 0.029
(P W range g = 0 1 2 3 4 iAWC
0 8.034° 103 2.09410r% 3.87°10% |  6.134-104

(pWs angea)” = 0 1 2 3 | w26
0 2101006 4.2+ 10-6 6.3'106 s 8.4 106
Hreamrodes-Dontrment--Ffted
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0 1 2 3 4 —
0| 7296105 2898°104| 6504104 1155103

(W ranges)” =

0| 2528107 5864103 0.017 0.028

T
p-Ws ranged =

may AP o) = 0.54kmWC

Defining a few expected losses from other components included in the S5TS.
deﬂil-iﬁ. = 35inWC dpprg o= i We dPWH = linWiC d'PGDi.l = W dPﬂ:I'B"III:tr.I = 1linWC

BPiogal = AP josses + Proedin * dem * dF'pcml + dPooip + 4P flowmetes

e’ - 0 1 2 3 4 s 6 7| imwc
0| 50.003) 50,006| S50.018| 50.029%) 50.044 50.06 50.08

ma(dPyppq1) = 50.54HnWC

B2 T T T
I; pqgu
L
L 3
132
sik *
*
L 15
+*
s .
drmulj * Qm.g
- -1
— . 10
LI T3 £ " L2 1)
&*
*
* . » * . 1
PR T § R i L
71 ot SO SEE SRR & . 0013
*
*
F
1 1 1
o 5 10 I8 2

27

The above plot illustrates the head lossdilRBoy-ania) pdottad with a variable flow rate between 1 and 20cfm
(RHS y-axis) plotted against the corresponding index number for each case,
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Small Scale Test Stand Reynolds Number Estimate

Estimated filtration area [ft"2]
Temperature ['F]

RH [%]

Kinematlc Wiscosity [ft~2/s]

Duwct Dlarmneter [in]

Duct cross-section area [ftr2)]
Volumetric Fiow Rate [CFM)]
Fittration Velocity Range [fi/min]
Filtration Velocity Range [cm/s]
Duct Velocity [ft/min]

Duct Valoity [ft/s]

Duct Reynolds Numbar

1/4 In probe diameter

Sampling Velocity 1/4in probe [ft/s]
Probe Area [ft~2)

Sampling valumetric flow rate [CFM]
Sampling wolumetric flow rate [LPM]
1/8in probe diameter

Sampling Velocity 1/8in probe [ft/s]
Probe Area [ft"2]

Sampling volumetric flow rate [CFM]
Sampling volumatric flow rate [LFM]

0.082503139
73

50

000186

OOBTI66EY53
20

241.245
122.553
225.183
38320
TETO118

3820
0.000
0078
2212

10
120.623
61.276
114.592
1510
2835.058

1.5910

0.039
L1106

1910

0.010
0277

3

60311
30.638
57.296
0.255
1517.529

0.555

0.020
0.553

D955

0.005
0.138
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4

458,243
24.511
45.837
0.764
1534.024

0,764

0016
0.442

0764

0.004
0111

a

36.187
1B.383
34.377
0573
1150518

0573

oz
0332

0.003
0.083

24,125
12,355
22818
0233
TET.012

0383

ouoa8
D221

0382

0.002

12.062
E.12E
11.459
0191
383506

0151

0004
0.111

0.191

0.001




OAST L=
LGAST . i

F &

BT MUMBER:

LTD144

REW.

Pne AT - 8T
Paxy
Product Specifications
MK VAC | mAX PRESS HET WT.
MOOEL MUMBER | MOTOR SPECFICATIONS | RPM a0 [nbar | Fz0 | moer HP | W R TE
TV II0-240-50-1 2850 | 45 | nz 0 25 )10 |1475
s TESIE-TE0-60-1 3e50 | s0 [ 159 | &5 Wz | s | 1a | 92 |82

SOUND LEVEL FAAFE dBA) MAN. @ 6050 HF
MNDRFAL AMBIEMT -299C 10 40%C

RELATWE HUMDITY 0% = 100% MNOMN CONDEMNSING
ENDRMENT CLEAM DUST FREE

TECHMIKCAL DATA SUBIECT TQ
CHANGE WTHOUT NDTLCE

¥ RECOMMEMOED MaXIMILIM DUTY

Product Perfaormance :Meiric LS. Imperial)

- PERFORMANCE DATA
= THE PERFORMAMCE DATA SHOWH WAS DETERHRMED
UKNCER THE FOLLOWRGE CDHOITIOMS:

LIME VOLTAGE B &40 Hz. 230V O 4600 FOR 3 PHASE
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APPENDIX B

SMALL-SCALE TEST STAND FILTER EFFICIENCY TEST PROCEDURE
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1.0 FURPOSE

The purpose of this procedure 15 to ensure ICET personnel follow the steps necessary for
safely starting up, testing, and shutting down the Small-Scale Test Stand (SSTS) and its
control system.

2.0 SCOPE
This procedure covers the steps involved in startup, operation, and shutdown of the SSTS.

3.0 TERMS / DEFINITIONS
3.1 55TS — Small-Scale Test Stand
3.2 M&TE — Measuring and Test Equipment
3.3 LAS — Laser Aerosol Spectrometer
3.4 SMPS — Scanning Mobility Particle Sizer
3.5 dP — differential pressure
3.6 RH — relative humidity
3.7 CFM — cubic feet per minute
3.8 rpm — rotations per minute
3.9 psi — pounds per square inch
310 inw.c. - inches of water column

4.0 RESPONSIBILITIES
Staft with responsibilities for implementing this procedure are:
4.1 Test Stand Operator(s)Test Personnel

5.0 EQUIPMENT

NOTE:
Measuring and Test Equipment (M&TE) used to collect data during performance of this

procedure is required to be within the current calibration eyele as evidenced by an affixed
calibration label and be capable of the desired range specified in testing documentation.

5.1 BETS control pancl

3.2 Static pressure transmitter

3.3 RH/Temperature probe and transmatter {2)
5.4 dP gange

131



MISSISSIPPI STATE UNIVERSITY..
fﬁmﬁ\[ INSTITUTE FOR CLEAN ENERGY TECHNOLOGY

Institute for Clean Energy Technology Procedure: HEPA-S5TS-001

Rev: 0
Implementing Procedures Revised: December 2, 2021
Small-Scale Test Stand Testing Page 4 of &

5.5 Mass flow meter
5.6 Mass controller
3.7 Actuating Valve
5.8 SMPS

5.9 LAS

6.0 SAFETY AND ENVIRONMENTAL CONCERNS
6.1 Gloves and eye protection when handling cleaning chemicals
6.2 Hearing protection is required during startup and operation of the 85TS
6.3 Dosimeter required when in Lab 282

1.0 PEEREQUISITES

1.1 7.1 All personnel operating the S5TS and instrumentation contained therein must be
tranned in accordance with ICET-0A-001.

8.0 PROCEDURE
Note: Performance of procedures is recorded with supporting document check lists, test
notebooks, and/or a test control document ().
The Test Stand Operator shall:
8.1 Ensure the sampling train is set to purge
8.2 Perform LAS and SMPS readiness and operation procedures if not previously
performed the day of testing
8.3 Perform a Diluter Characterization to determine the dilution factor of the test
8.4 Ensure the following information 18 recorded:
#.4.1 Time and Date
542 RunlD
843  Test Filter Media ID
.44 Challenge aerosol
845 Duect flow rate to be set
846  Aerosol generator settings
8.4.7 Dilution factor from characterization
8.5 Install the filter coupon
8.5.1 Unbolt the test filter coupon holder from the test stand.
8.5.2 Ihsassemble the coupon holder on a table by removing the B set screws
853  Ensure that the coupon holder ig clean of any debris or dust.
8.5.3.1 Use a chem whip and aleohol to remove any debns, dust, or
residue.
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B.5.4 Using tweezers, obtain a filter coupon from the storage bag and install in
the coupon holder. Ensure that the coupon is not damaged or
marked/creased in any way. Starting from the upstream face of the coupon
holder, the components should be installed in the following order: 1)
gasket, 2) test filter article, 3) gasket, 4) wire mesh backing.

#.5.5  Assemble the coupon holder and tighten the set screws in a star pattern to
ensure even distribution of force.

#.3.6 Remnsiall the holder on the test stand, ensuring that the wire mesh 15 on the
downstream side of the test stand and that the flow direction arrows are
pointing towards the blower. Tighten the bolts in a star pattermn.

8.6 Ensure that the test stand control system (computer, software, and control panel) 1s
powered on by checking the breaker switch on the control panel. (If the computer or
control panel is turned off, contact Jay McCown or Mike Sullivan. )

8.7 Zero-out all the pressure gauges, dP sensors, and the mass flow meters if they do not
output a value of zero.

8.8 Tum on the room exhaust fan.

8.9 Turn on the control computer.

8.9.1 Set the desired flow rate for the filter face in CFM.

8.10  Record the following once the system reaches a steady state:

8.10.1 Initial dP

8.10.2 Initial Temperature and RH at the filter face

8.10.3 Velumetric Flow Rate output from LabView program

#.11  Onee the testing conditions are met, elick the “Log to CSV™ button in the
LabView program to begin reconding the data. The button will turn green when
logging data.

8.12  Preparing the atomizer:

#.12.1 Check that there is enough PAO in the atomizer.
8.12.1.1 Do not fill more than 2/3 when refilling.

§.12.2 Connect the compressed air line to the atomizer,

8.12.3 Connect the exhaust line to the injection manifold on the test stand.

8.12.4 Set the pressure on the wall regulator to a setting higher than the intended
pressure to be used on the atomizer.,

8.12.5 Set the pressure on the atomizer to the value that correlates to the desired
duet flow rate according to the Test Plan document.

8.12.6 Ensure that the dilution flow rate valve is reading the expected value.
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8.12.7 When ready to begin injecting the acrosol, flip the switch for the first jet
on the atomizer (top switch). It is important that only the first jet is
engaged, unless specifically noted otherwise.

#.13  Begin recording data on the acrosol measurement instruments. Record which
sample sets are upstream, downstream, and purging.

8.13.1 Chck “Downstream Sampling” on the LabVIEW Program

8.13.2 Record 5 samples downstream

8.13.3 Click “Downstream Sampling™ once again to return the flowrate to the set
flowrate.

8.13.4 Purge for 3 samples

#.13.5 Record 5 samples upstream.

#.14  End of test run (shutdown):

#.14.1 Once the filter has reached the desired dP of the test, the amount of
samples have been recorded, or the filter has failed. power off the selected
aerosol generator. NOTE: The control program should automatically
power off the test stand if a dP of 38 inWC is reached. However, do
not allow the test to run until the dP is at 40 inWC to protect the dP
SENSOr,

8.14.2 Tum the blower off.

8.15  Remove the coupon holder and discard the used filter coupon.
8.16  Clean the coupon holder of any residue or dust acquired during testing or removal
of the test article.

9.0 RECORDS

All records are considered quality records and shall be maintained and submitted to project
records in accordance with ICET-QA-010, Cuality Assurance Records:

10.0

9.1 The records included in this procedure include the following:
9.2 Test Control Document { HEPA-SSTS-000)

REFERENCES
10.1  ICET-QA-010. Quality Assurance Records
10.2 HEPA-ALSTS-, Tesr Control Documentaltion

ATTACHMENTS
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1.0 PURPOSE

The purpose of this procedure is to ensure ICET personnel follow the steps necessary for
safely starting up, testing, and shutting down the Small-Scale Test Stand (S5T5) and its
control system.

2.0 5COPE
This procedure covers the steps involved in startup, operation, and shutdown of the SSTS.

3.0 TERMS / DEFINITIONS
3.1 55T5 — Small-Scale Test Stand
3.2 M&TE — Measuring and Test Equipment
3.3 LAS — Laser Aerosol Spectrometer
3.4 SMPS — Scanning Mobility Particle Sizer
3.5 dP — differential pressure
3.6 RH — relative humidity
3.7 CFM — cubic feet per minute
3.8 mpm — rotations per minute
3.9 psi — pounds per square inch
310 inw.c — inches of water column

4.0 RESPONSIBILITIES

Staff with responsibilities for implementing this procedure are:
4.1 Test Stand Operator(s)Test Personnel

5.0 EQUIPMENT

NOTE:
Measuring and Test Equipment (M&TE) used to collect data during performance of this
procedure is required to be within the current calibration eyele as evidenced by an affixed
calibration label and be capable of the desired range specified in testing documentation.

5.1 55T5 control panel

5.2 Btatic pressure transmitter

5.3 RH/Temperature probe and transmatter (2)
5.4.4dP gange
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5.5 Mass flow meter
5.6 Mass controller
3.7 Actuating Valve
5.8 SMPS

50LAS

6.0 SAFETY AND ENVIRONMENTAL CONCERNS
6.1 Gloves and eye protection when handling cleaning chemicals

6.2 Hearing protection is required during startup and operation of the S5TS
6.3 Dosimeter required when in Lab 282

7.0 PREREQUISITES

1.1 7.1 All personnel operating the SSTS and instrumentation contained therein must be
traned in accordance with ICET-CrA-001.

8.0 PROCEDURE
Mote: Performance of procedures is recorded with supporting document check lists, test
notebooks, and/or a test control document ().
The Test Stand Operator shall:
#.1 Ensure the sampling train is set to purge
8.2 Perform LAS and SMPS readiness and operation procedures if not previously
performed the day of testing
8.3 Ensure the following information is recorded:
8.3.1 Time and Date
#.32 RunlD
#.3.3 Test Filter Media 1D
834 Testtype and challenge aerosol
835 Duct flow rate to be set
B.3.6 Aerosol generator settings
8.3.7 Dilution factor from characterization
8.4 Install the filter coupon
8.4.1 Unbolt the test filter coupon holder from the test stand.
#.4.2 Dhsassemble the coupon holder on a table by removing the 8 set screws
8.4.3  Ensure that the coupon holder is clean of any debris or dust.
£.4.3.1 Use a chem whip and alechol to remove any debris, dust, or

regidue.
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844 Using tweezers, obtain a filter coupon from the storage bag and install in
the coupon holder. Ensure that the coupon is not damaged or
marked/creased in any way. Starting from the upstream face of the coupon
holder, the components should be installed in the following order: 1)
gasket, 2) test filter article, 3) gasket, 4) wire mesh backing.

435  Assemble the coupon holder and tighten the set screws in a star pattern to
ensure even distribution of force.

846 Remstall the holder on the test stand, ensuring that the wire mesh 15 on the
downstream side of the test stand and that the flow direction arrows are
pointing towards the blower. Tighten the bolts in a star pattemn.

8.5 Ensure that the test stand control system (computer, software, and control panel) is
powered on by checking the breaker switch on the control panel. (If the computer or
control panel is turned off, contact Jay McCown or Mike Sullivan.)

8.6 Zero-out all the pressure gauges, dP sensors, and the mass flow meters if they do not
output a value of zero.

8.7 Tum on the room exhaust fan.

.8 Turn on the control computer.

8.8.1 Set the desired flow rate for the filter face in CFM.

8.9 Record the following once the system reaches a steady state:

8.9.1 Initial AP

8.9.2  Initial Temperature and RH at the filter face

893 Velumetric Flow Rate output from LabView program

810 Once the testing conditions are met, elick the “Log to CSV™ button in the
LabView program to begin recording the data. The button will turn green when
logging data.

8.11  Powder testing preparation:

8.11.1 Check to make sure there is enough powder to perform the test.

8.11.2 Connect the vacuum nozzle to the injection manifold in the test stand.

8.11.3 Connect the compressed air line to the vacuum nozzle.

8.11.4 Connect the powder feeder discharge line to the top of the vacuum nozzle.

8.11.5 Set the pressure on the wall regulator to the value that correlates to the
desired duct flow rate according to the Test Plan document.

B.11.6 Set the feed rate to the value that correlates to the Test Plan document.

B 11.7 Fnaure that the lid remains on powder feeder while injecting aernanls to
prevent the inteaduction of particles inta the general lah environment

B17  Regin recarding data an the asmanl measiirement inatmimeants

B2 1 Set the valve tran o sample npstieam
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8.12.2 Record the measured dP of the filter every 3 minutes. If there has been no
increase in dP, ensure that the atomizer has enough PAO or that there is
not a clog in the powder feeder.
8.12.2.1 If there is a clog in the powder feeder lines, sharply

increase and then decrease the ps quickly to attempt to dislodge
and break the clog. If this does not work, pause the test and clean
the tubing, vacuum nozzle, and injection manifold. Use water and
then alcohol/acetone to dry the components. Reassemble the
system and continue testing. Make note of the pause in testing, and
ensure that the dP across the test article is consistent to when the
test was paused.

#.13  End of test run (shutdown):

#.13.1 Once the filter has reached the desired dP of the test, or the filter has
failed, power off the selected aerosol generator. NOTE: The control
program should automatically power off the test stand if a dP of 38
inWC is reached. However, do not allow the test to run until the dP is
at 40 inWC to protect the dP sensor.

8.13.2 Turn the blower off.

8.14 Remove the coupon holder and discard the used filter coupon.

8.15  Clean the coupon holder of any residue or dust acquired during testing or removal
of the test article.

9.0 RECORDS

All records are considered quality records and shall be maintained and submitted to project
records in accordance with ICET-QA-010, Cuality Assurance Records:

9.1 The records included in this procedure include the following:

9.2 Test Conirol Document { HEPA-SSTS-000)

10,0 REFERENCES
10.1  ICET-QA-010. Quality Assurance Records
10.2 HEPA-ALSTS-NM), Tesr Control Documentaltion

1.0 ATTACHMENTS
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