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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.  
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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:  

• Generating a constant flow rate of up to 20 actual cubic feet per minute (ACFM) 

with a maximum temperature of 250℉  

• Inject particles, such as Aluminum Trihydroxide (Al(OH)3), Arizona Road Dust 

(ARD), and Polyalphaolefin (PAO) 

• Ensure that the aerosols become well-mixed with a uniform flow distribution 

prior to reaching the test filter face 

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

and particle size distribution 
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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].  
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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].  

 

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 
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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 
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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].  

 

(∆𝑃𝑚 − ∆𝑃𝑚0) ∗
𝜌𝑝𝐷𝐷𝑝

𝑛

𝑉𝑚
= 𝑘𝑖 ∗

𝑀

𝐴
 

(2.1) 

Where ∆𝑃𝑚 is the pressure drop for particle loaded filter, ∆𝑃𝑚0 is the initial pressure drop 

of the clean filter, 𝜌𝑝𝐷 is the density of the particles deposited, 𝐷𝑝 is the particle diameter, 𝑉𝑚 is 

the velocity at the filter face, n is either 1 for depth loading or 2 for surface loading, M is the 
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mass of the particles deposited, and 𝑘𝑖 is a constant depending on the previously mentioned type 

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

 

𝑘1 =
64√𝛼𝑓

𝐷𝑓
 

 
(2.2) 

Where 𝛼𝑓 is the porosity of the filter and 𝐷𝑓 is the fiber diameter. When the filter 

transitions to surface loading, Equation 2.3 is used. 

 

𝑘2 =
180𝛼𝑝

(1 − 𝐷𝑝)
3 

 
(2.3) 

Where 𝛼𝑝 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].  

 

𝑘3 = (
0.963

𝐷𝑝
− 1.64 ∗ 105) ∗ 𝜌𝑝𝐷 ∗ 𝐷𝑝𝑛 

 
(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.  



 

9 

 

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].  

 

𝑀 = 𝑁 ∗ 𝐷𝑝
3 ∗ 𝜌𝑝 ∗

𝜋

6
 

(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. 
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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].  

 

𝑄𝑠

𝑄𝑜
= (

𝐷𝑠
𝐷𝑜
)
2

 

 
(2.6) 

Where 𝑄𝑠 is the sampling flow rate, 𝑄𝑜 is the duct flow rate, 𝐷𝑠 is the probe diameter, 

and 𝐷𝑜 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.  



 

11 

 

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.  
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Figure 2.7 Examples of anisokinetic sampling probes 

(a) Misaligned probe. (b). Super isokinetic sampling. (c) 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.  

𝑆𝑡𝑘 =
𝜏 ∗ 𝑈0
𝐷𝑠

 

 
(2.7) 

Where 𝜏 is the is the “relaxation time” of the particle, 𝑈0 is the undisturbed air velocity, 

and 𝐷𝑠 is the diameter of the sampling probe. 𝜏 is referred to as the relaxation time it represents 
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the time required for a particle to transition from one velocity to another. 𝜏 can be found using 

equation 2.8.   

 

𝜏 = 𝑚 ∗ 𝐵 

 (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. 

 

𝑚 =
𝜋

6
∗ 𝜌𝑝 ∗ 𝑑𝑝

3 

 
(2.9) 

Where 𝜌𝑝 is the density of the particle and 𝑑𝑝 is the diameter of the particle. The 

mechanical mobility of the particle can be determined using equation 2.10  

 

𝐵 =
𝐶𝑐

3𝜋𝜂𝑑𝑝
 

 
(2.10) 

Where 𝐶𝑐 is the Cunningham correction factor, and 𝜂 is the viscosity of the air. The 

Cunningham correction factor is needed due to smaller particles (<1.0 µm) 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 0.1μm equation 2.11 is used. For diameters 0.1-1μm, equation 2.12 is used. For 

diameters greater than 1μm, no correction is needed.  

𝐶𝑐 = 1 +
𝜆

𝑑𝑝
(2.34 + 1.05exp⁡(−0.39

𝑑

𝜆
) (2.11) 

𝐶𝑐 = 1 +
2.52𝜆

𝑑𝑝
 (2.62) 
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Where 𝜆 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.  

 

𝐶

𝐶𝑜
= 1 + (

𝑈𝑜

𝑈
− 1) ∗ (1 −

1

1+(2+0.62∗
𝑈

𝑈𝑜
)𝑆𝑡𝑘

) (2.73) 

 

Where⁡𝐶𝑜⁡ 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.  

2.3 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].  

 

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

mobility can be seen in equation 2.14 [6].  

 

𝑍𝑝 =
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒⁡𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐⁡𝐹𝑖𝑒𝑙𝑑⁡𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ
=
𝑣

𝐸
=

𝑛𝑝 ∗ 𝑒 ∗ 𝐶

3 ∗ 𝜋 ∗ µ ∗ 𝐷𝑝
 

(2.14) 

where 𝑍𝑝  is the electrical mobility, 𝑛𝑝 is the number of charges per particle, 𝑒 is the 

elementary unit of charge, and µ 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].  

 

Figure 2.9 Schematic of the DMA 
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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].  

 

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 – 1µm. 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.  

 

 

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 – 7.5µm. 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. 
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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 (𝑄𝑠) and the 

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

 

𝐷𝐹 =
𝑄𝑑𝑖𝑙𝑢𝑡𝑒

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 (~70⁰F) to 250⁰F 

 

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.  

 

𝑅𝑒 =
𝜌𝑉𝑑

𝜂
 

(3.1) 

 

Where 𝜌 is the air density, 𝑉 is the air velocity, 𝑑 is the nominal duct diameter, and 𝜂 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 68⁰F 

and 14.7 pounds per square inch (psi). At these conditions, air density and viscosity are 0.075 
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lb/ft3 and 1.216e-5 lb/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. 

 

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 250⁰F, 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 

(inches) 

Percent of Duct (%) 

0.5 2.377       59.4 

1.0 1.681 42 

1.5 1.372 34.3 

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 µm.  
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Figure 3.8 Stk Calculation for Al(OH)3 

 

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)3 has a greater particle density (2.42 g/ccm) compared to PAO (0.833 

g/ccm), the Stk for Al(OH)3 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 Al(OH)3 and PAO, respectively, calculated using Equation 2.13. Duct flow rates of 0.5, 6, 

and 20 cfm were used for calculations to get a wide view of the concentration efficiencies for 

both sets of particles. 

 

Figure 3.10 Concentration Ratios for Al(OH)3  
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Figure 3.11 Concentration Ratios for PAO 

 

For Al(OH)3, the least efficient particle was 5.025 µm 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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3.3 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 500⁰F. 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.  

 

Figure 3.13 Pre-and-Post-Filter 
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Figure 3.14 Pre-Filter Housing 

 

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.  

 

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. 

 

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. 

 

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.  
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Figure 3.25 Flow Splitter 

 

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 Al(OH)3 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].  

 

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 

212⁰F. To ensure the mass flow meter does not overheat, the downstream temperature probe 

monitors the temperature of the flow. If the downstream temperature reaches 200⁰F, 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.  

 

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  

 

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 

Instrument Manufacturer Model Range Accuracy 

SMPS TSI Inc.  EC – 3082 

CPC – 3775 

0.024nm – 1 μm 

0 – 107 

particles/ccm 

±10% at 

<50,000 

particles/cm3 

±20% at < 

10,000,000 

particles/cm3 

LAS TSI Inc. 3340 0.09nm – 7.5μm 

0 – 3,600 

particles/ccm 

<5% efficient 

for a particle 

diameter of 0.1 

μm 

Static Pressure 

Gauge  

Endress+Hauser PMC51 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 5SLP 0 – 0.177 cfm 

(0 – 5 L/min) 

±0.5% of 

reading or 

±0.1% of full 

scale 

(whichever is 

greater) 
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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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Figure 4.1 0.5 cfm Flow Measurement 

 

Figure 4.2 17 cfm Flow Measurement 
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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 212⁰F. However, the 250⁰F 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 200⁰F.  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 250⁰F, 17 cfm 

air flow conditions, and an unused filter coupon.  
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Figure 4.4 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 105 to 106 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.  

 

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.  
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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 4.10 0.27-inch ID Sampling Probe  

 

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. 

 

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 

 

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 µm 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 

 

Figure 4.18 LAS and SMPS Penetration Distribution for 5 ft/min 
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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 µm Penetration Fraction 5.42E-05 7.373E-05 

0.3 µm Filtering Efficiency 99.9946% 99.9926% 

MPPS (µm) 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 µm, 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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Figure 4.19 15 ft/min Up and Downstream Particle Distributions per LAS and SMPS 

 

Figure 4.20 LAS and SMPS Penetration Distribution for 15 ft/min 
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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 µm Penetration Fraction 3.0751E-04 4.885E-04 

0.3 µm Filtering Efficiency 99.9692% 99.9512% 

MPPS (µm) 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 µm 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.  



 

77 

 

Figure 4.21 31.7 ft/min Up and Downstream Particle Distributions per LAS and SMPS 

 

Figure 4.22 LAS and SMPS Penetration Distribution for 31.7 ft/min 
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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 µm Penetration Fraction 2.8064E-04 4.235E-04 

0.3 µm Filtering Efficiency 99.9719% 99.9577% 

MPPS (µm) 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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Figure 4.23 45 ft/min Up and Downstream Particle Distributions per LAS and SMPS 

 

Figure 4.24 LAS and SMPS Penetration Distribution for 45 ft/min 
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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 µm Penetration Fraction 2.3732E-04 3.254E-04 

0.3 µm Filtering Efficiency 99.9763% 99.9675% 

MPPS (µm) 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 Al(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.  

 

Figure 4.25 Al(OH)3 Particle Size Distributions for 5 ft/min Loading Test 
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Figure 4.26 dP and Mass Loaded for 5 ft/min 

 

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.  

 

Figure 4.28 Al(OH)3 Particle Size Distributions for 10 ft/min Loading Test 
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Figure 4.29 dP and Mass Loaded for 10 ft/min 

 

Figure 4.30 Mass Loading Curve 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.  

 

Figure 4.31 Al(OH)3 Particle Size Distributions for 30 ft/min Loading Test 
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Figure 4.32 dP and Mass Loaded for 30 ft/min 

 

Figure 4.33 Mass Loading Curve for 30 ft/min 
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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. 

 

Figure 4.34 Al(OH)3 Particle Size Distribution for 45 ft/min Loading Test 
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Figure 4.35 dP for 45 ft/min Loading Test 

 

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℉ 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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APPENDIX A 

PRELIMINARY DESIGN OF THE SMALL-SCALE FILTRATION TEST STAND 
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APPENDIX B 

SMALL-SCALE TEST STAND FILTER EFFICIENCY TEST PROCEDURE 
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APPENDIX C 

SMALL-SCALE TEST STAND LOADING TEST PROCEDURE 
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