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Abstract: 

The purpose of this project was to design and prototype a foil bearing dust filter to be used 

in Honeywell auxiliary power units (APU). Currently, APUs feature no filter before the foil 

bearing leading to frequent maintenance and damaged parts. This project aimed to design a 

filter that would improve foil bearing life and eliminate maintenance by significantly reducing 

the amount of contaminants entering the foil bearing. A test rig was designed to evaluate the 

performance of the filter. The test rig simulated an environment with high concentrations of 

contaminants in the air by supplying dust into the rig at a constant rate. The test rig also 

simulated flow conditions experienced inside APUs. A flow of Mach 0.1 ± 0.01 was 

generated, and a pressure drop large enough to draw air into the filter. SolidWorks and 

ANSYS were used to design the filter according to the customer’s requirements. Overall, the 

team provided Honeywell with three filter prototypes that could potentially be used to solve 

the foil bearing problem. 
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1.0 Introduction 

Honeywell is looking to design and develop a foil bearing dust filtration system that 

will be integrated into the APU of aircrafts. APUs are Gas Turbine Engines (GTE) that are 

used to power electronic systems, provide pneumatic pressure for air conditioning in the 

cabin, and start the main engines. Foil bearings are journal bearings that are found inside 

APU units. Some foil bearings currently have a lubricating film thickness of 50 nanometers 

(nm) or less and use a polished surface to obtain a high load capacity. Aircrafts that are 

subject to harsh and dusty environments experience wear and damage to the foil bearings 

and other engine components. This is especially prevalent in places like China, India, and 

the Middle East. If dust particles get between the foil and journal, the surface finish can 

become roughened up and the bearing loses load capacity. 

The goal of the proposed filter is to remove particles greater than 10 microns from the 

flow that goes into the foil bearing. Developing a filtration system that can be integrated into 

the APU unit at the cost, weight, and filtration performance targets will be beneficial in 

reducing the damage and prolonging the life of various parts. A previous team from last year’s 

Senior Design Project worked on designing a foil bearing filtration system using a reverse 

pitot tube to filter out the dust particles. Honeywell has tasked our team with improving the 

design of the reverse pitot tube dust filtration system and finding a way to accurately test the 

system in a rig that simulates the flow that the bearing will experience in actual practice. 

An example APU unit can be viewed in Figure 1 below. The air enters through the 

inlet and experiences high temperature and pressure conditions as it passes through the 

combustor. The goal of the dust filtration system is to use the pressure differential created 

within the APU unit to direct a clean and filtered stream of air into the location of the APU 

that houses the foil bearings. 
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Figure 1: Path of air through 131-9 APU unit with arrows denoting the flow of air in red and 

the dust filtration system in green. 

 

A diagram of a foil bearing can be viewed below in Figure 2. Removing dust 

particles from the air that flows into the bearing will reduce the possibility of dust getting 

between the foil and journal, resulting in a loss of load capacity. 

 

 
Figure 2: Foil bearing in APU unit 
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2.0 System Description 

 

Honeywell Aerospace is seeking to improve the life of foil bearings in Auxiliary Power 

Units (APU). Foil bearings are subject to wear due to high concentrations of contaminants in 

the air and engine. Honeywell would like to integrate a dust filtration system into their APU 

units that would significantly reduce the amount of contaminant ingested to the foil bearing. 

The goal of the filtration system is to filter out a clean stream of air from the main flow that 

will pass through the foil bearing. The project team has been tasked with designing and 

testing a dust filtration system along with a mounting device for the filter on the APU. A 

successful design will filter particles 10 microns or greater with 95-98% efficiency. To achieve 

this goal, a test rig that simulates environments with high dust concentrations along with 

actual engine flow rates will be developed to evaluate the filter’s performance. This will allow 

the team to verify the efficiency of the filtration system. An iterative design process will be 

executed to ensure all design requirements are met. The team will test a scaled prototype of 

the final design to facilitate testing. 

 

2.1 System Block Diagram of Dust Filtration System in APU Unit 

 

The system block diagram for the dust filtration system integrated into an actual APU 

unit can be viewed below in figure 3. The team is responsible for everything to the right side 

of the dashed line in the figure. 

 

 
Figure 3: System block diagram for dust filtration system in APU unit. 
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2.2 System Block Diagram of Dust Filtration System in Test Chamber 

  

In addition to designing a dust filtration system to be integrated into an APU unit, the 

team has been tasked with designing a test chamber to test and analyze the performance 

of the filtration system in conditions that simulate an APU unit. A test chamber was 

designed and the system block diagram showing the integration of the dust filtration system 

can be viewed in Figure 4 below.  

 

 
Figure 4: System block diagram for the integration of the dust filtration system in the test 

chamber. 
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2.3 System Architecture 

 

 
Figure 7: System Architecture 

 

 

The foil bearing dust filtration system is comprised of 3 sublayers: the test rig, foil 

bearing filter and dust dispersion system. The overall system will serve to test and verify that 

all the projects requirements are met. These requirements are listed below.  

 

The test rig system is housed by a hollow aluminum tube. The blower is attached on 

one end and a vacuum on the other. Pitot tubes will be used to measure the pressures and 

velocities of the flow in the tube, and dust filters will capture the dust that travels past the foil 

bearing filter. The second sublayer, the foil bearing filter, will be inserted in the test rig for 

testing. The primary prototype is the reverse pitot tube, however, if time and budget allows, 

a reverse pitot tube with vanes, straight tube, and static port will also be tested. The third 

sublayer is the dust dispersion system, which will also be connected to the test rig 
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immediately following the blower. The dust dispersion system is a screw auger conveyor that 

can be programmed to feed dust at any specific rate. Details are given in the SDD.  
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3.0 Description of System Requirements 

 

 The requirements for the test chamber and dust filter can be viewed in Table 1 below: 

 

Table 1: Verification Requirements 

System Requirements and Verification Plan 

Requirement Description Verification Plan 

Verificati

on 

Method 

1.0 Interface Requirements - - - 

1.1. Pressure Sensors 

Two pitot tubes shall be 

mounted and secured into the 

test chamber. One near the 

inlet and the other in the stem 

of the dust filter. This will allow 

for pressure and velocity 

measurements. 

Inspected by using 

System Seal Inspection 

procedure to ensure that 

system is free of leaks. I 

1.2. Blower 

The blower shall be mounted 

securely to the test chamber to 

minimize any air flow losses. 

Inspected by using 

System Seal Inspection 

procedure to ensure that 

system is free of leaks. I 

1.3. Vacuum 

The vacuum shall be secured 

to the dust filter and located 

outside of the test chamber. 

Inspected by using 

System Seal Inspection 

procedure to ensure that 

system is free of leaks. I 

1.4. Particle Filters 

Particle filters shall be secured 

in the dust collection chamber. 

Inspected to ensure that 

all particle filters are 

fastened in dust 

collection chamber. I 

1.5. Dust Dispersion System 

The dust dispersion system 

shall be connected to the dust 

chamber and not allow any 

areas of leakage. 

Inspected by using 

System Seal Inspection 

procedure to ensure that 

system is free of leaks. I 

1.6. Dust Release Chamber 

The dust release chamber shall 

be mounted securely to the test 

chamber. 

Inspected to ensure that 

the dust release chamber 

is secure. I 

2.0 Environmental 

Requirements - - - 

2.1. Operating Temperature 

The dust filter shall operate in 

high temperature conditions 

generated inside APUs. 

Material failure properties 

of dust filter analyzed to 

ensure that the filter 

would not fail under 

environmental conditions. A 
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3.0 Customer Constraints - - - 

3.1. Target Cost 

The dust filter shall meet a 

target cost of $75.00 per unit 

for full scale production of 

1,000 units per year. 

Analyzed using a method 

of 3D printing with the 

selected materials. A 

3.2. Project Budget 

The overall project shall cost 

no more than $4,000. 

Analyzed using a project 

budget sheet. A 

3.3. Material 

The test rig shall use ISO 

12103-1 A2 Fine Dust 

Inspected to ensure that 

ISO 12103-1 A2 Fine 

Dust was purchased and 

used. I 

3.4. Weight 

The dust filter shall weigh less 

than 0.4 lbs. 

Analyzed using drawings 

for foil bearing dust filters 

and chosen materials. A 

3.5. Size 

The dust filter shall be less 

than 0.45" tall by 0.5" wide by 

0.615" long. 

Analyzed with 

SolidWorks drawings of 

foil bearing dust filters. A 

4.0 Performance 

Requirements - - - 

4.1. Flow 

The test chamber shall 

maintain Mach 0.1 +/- 0.01 

past the dust filter. 

Tested with the Flow 

Velocity acceptance test 

procedure, using a pitot 

tube and a digital 

manometer to measure 

velocity in test chamber. T 

4.2. Mass Flow Rate 

The dust filtration system shall 

maintain a mass flow rate of 

0.006 pps or greater. 

Tested with the Mass 

Flow Rate acceptance 

test procedure, using a 

pocket pitot tube and 

digital manometer to 

measure velocity. T 

4.3. Dust Dispersion Rate 

The dust dispersion system 

shall produce a constant rate of 

0.015 +/- 0.002 oz/min into the 

test chamber. 

Tested with Dust Release 

Rate acceptance test 

procedure to ensure that 

the desired amount of 

dust is being input into 

the system. T 

4.4. Particle Filtration Size 

The dust filter shall filter 

particles less than 10 microns 

in size. 

Tested dust samples that 

passed through the filter 

using scanning electron 

microscopy (SEM) to 

analyze particle sizes 

using Efficiency and 

Particle Size acceptance T 
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test procedure. 

4.5. Efficiency 

The dust filter shall have a 95-

98% filtration efficiency by 

weight. 

Tested the dust filter in 

the test chamber using 

the Efficiency and 

Particle Size acceptance 

test procedure and 

determined the efficiency 

by measuring the amount 

of dust that went through 

the foil bearing filter and 

compared it to the 

amount that went into the 

system. T 

4.6. Fatigue Life 

The dust filter shall have a life 

greater than 30,000 cycles or 

10,000 hours. 

Analyzed using 

SolidWorks Simulation. A 

4.7. Vibration 

The dust filter shall not be 

excited at 600, 1200, 1800, 

and 2400 Hz. 

Analyzed using ANSYS 

Modal Vibration with the 

provided frequencies. A 

Notes:    

T: Test    

A: Analysis    

D: Demonstration    

I: Inspection    
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4.0 Technical Data Package (TDP) 

  

4.1 Drawings 

 

 All assembly drawings, part drawings, and part drawings can be found in Section 1 

of Appendix A. The indentured drawing list (IDL) can be viewed below that summarizes the 

status of all of the drawings and models. 

 

Indentured Drawing List (IDL) 

Part Number Drawing / Document / Analysis Status Revision 

100,000 Dust Filtration Test Chamber Assembly  A 

100,000-01 Bill of Materials  A 

 100,100 Body Assembly  A 

  100,110 Duct  A 

  100,120 Conversion Piece - Blower to Duct  - 

  100,130 Duct Holder  - 

  100,140 Duct Base  - 

  100,150 Split Sleeve Bushing  - 

 100,200 Dust Release Chamber  A 

  100,210 Auger  A 

  100,220 Feeder Frame  A 

  100,230 Auger Conveyor Stand  - 

  100,240 Dust Release Funnel  A 

  100,250 Dust Tube  - 

  100,260 Dust Release Base  - 

  100,270 WYE Connection  - 

  100,280 Computer Fan Conversion  A 

 100,300 Dust Filtration System Assembly  A 

  100,310 Reverse Pitot Tube  A 

  100,320 Straight Tube  A 

  100,330 Reverse Pitot Tube with Swirling Vanes  A 

  100,340 Nut  A 

  100,350 Test Ring  - 

 100,400 Vacuum System  A 
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  100430-01 Dust Collection Filter Top  - 

  100430-02 Dust Collection Filter Bottom  - 

 100,500 System Models  - 

  100,510 Flow Rate  - 

  100,520 Blower Specification and Test Chamber Diameter  - 

  100,530 Flow Characterization  - 

  100,540 Test Chamber Length  - 

  100,560 Thermal Expansion  - 

  100,550 Filter Vibration Modes  - 

  100,570 Temperature  - 

  100,580 Filter Fatigue Life  - 

  100,590 Dust Dispersion Rate  A 

  100,600 Cost  A 

 

 

4.2 Specifications Sheets 

 

 Specifications sheets can be found in Section 2 of Appendix A.  The following table 

details the specifications can be found in the appendix. 

 

Specifications Sheets 

# Part Name Part Number Description 

1 

Stepper Motor 

(NEMA 17) 

17PM-

K077BP01CN 

Details the step angle, maximum RPM output, and 

shaft diameter. 

2 Fine Dust ISO 12103-1 A2 

Details the percentage of each particle size that is 

contained. 

3 Blower BR-292A 

Details the voltage, current draw, internal RPM, and 

output CFM. 

 

 

4.3 Software Design Document 

 

 The complete Software Design Document (SDD) can be found in Section 3 of 

Appendix A. The SDD outlines the approach that was used to program the stepper motor 

and integrate it into the screw auger conveyor. The screw auger conveyor was used to 

release dust at a constant rate into the system, and the RPM of the stepper motor was able 
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to be controlled through programming which in turn controlled the rate of dust that was 

released.  

 

4.4 Test Chamber Characterization Procedures 

 

 All test chamber characterization procedures can be found in Section 4 of Appendix 

A. A summary of the procedures and their descriptions are given in the table below: 

 

Test Chamber Characterization Procedures 

Reference Number Title Description 

4.1 System Seal Inspection 

Ensures all major connections in the test chamber 

are sealed without any leakage. 

4.2 Loss Characterization Test 

Measures the amount of losses of dust that occur 

in the test chamber. 

 

 

 

4.5 Acceptance Test Procedures 

 

 All acceptance test procedures can be found in Section 5 of Appendix A. A 

summary of the ATPs along with their descriptions can be viewed in the table below: 

 

 

Acceptance Test Procedures 

Reference Number Title Description 

5.1 Dust Dispersion Rate Test 

Quantifies the amount of dust by weight going into 

the system over a period of time. 

5.2 Flow Velocity Test 

Procedure for measuring the velocity of air going 

through the test chamber. 

5.3 

Filtration Efficiency and 

Particle Size Test 

Procedure for calculating the efficiency by weight 

of the dust filter and finding the largest particle 

size. 

5.4 

Dust Filtration System Mass 

Flow Rate Test 

Procedure to determine the mass flow rate of air 

passing through the foil bearing dust filter. 
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4.6 Models and Analysis 

 

 The complete models and analysis can be found in Section 6 of Appendix A. A 

summary of the expected performance for each model has been provided.  

 

Summary of Models (100,500) 

Model 

Number Model Title 

System 

Level 

Tools 

Used 

Associated 

Reqs. 

Requirement 

Description Results Status 

100,510 Flow Rate 

2: Test 

Rig Excel SRD 4.1 

Mach 0.1 +/- 

0.01 

Flow rate of 6600 fpm 

needs to be produced.  

100,520 

Blower 

Specification 

and Test 

Chamber 

Diameter 

2: Test 

Rig Excel SRD 4.1 

For duct 

diameter of 4.5 

in., blower 

requires rating 

of > 730 CFM. 

Blower rated at 1700 

CFM was chosen (BR-

292A)  

100,530 

Flow 

Characterizat

ion 

2: Test 

Rig Excel N/A 

Test chamber 

flow must 

reflect flow 

through APU. 

APU Reynolds Number: 

38876 (Turbulent)  

Test Chamber Reynolds 

Number: 252345 (Turb.)  

100,540 

Test 

Chamber 

Length 

2: Test 

Rig Excel N/A 

Dust filter must 

be a distance of 

> 45 inches 

from blower. 

The dust filter was 

placed 48 inches from 

blower and a duct length 

of 70 inches was used.  

100,550 
Thermal 

Expansion 

2: Foil 

Bearing 

Filter Excel N/A 

Thermal 

expansion of 

the dust filter 

should be 

evaluated. 

Orifice expansion of 

3.534E-4 in.  

100,560 

Filter 

Vibration 

Modes 

2: Foil 

Bearing 

Filter 

ANSYS 

Modal 

Vibration SRD 4.7 

The dust filter 

shall not be 

excited at 600, 

1200, 1800, 

and 2400 Hz. 

The final dust filter 

design was not excited 

at the given vibratory 

frequencies.  

100,570 Temperature 

2: Foil 

Bearing 

Filter Excel SRD 2.1 

The filter 

material should 

be evaluated at 

APU 

temperatures. 

The chosen coating of 

Inconel 718 is expected 

to meet temperature 

requirements.  

100,580 
Filter Fatigue 

Life 

2: Foil 

Bearing 

Filter 

SolidWorks 

Simulation SRD 4.6 

Filter should 

have a fatigue 

life of greater 

than 30,000 

cycles 

Fatigue life of 

approximately 3,000 

cycles (without coating)  
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100,590 

Dust 

Dispersion 

Rate 

2: Dust 

Dispersi

on 

System Excel SRD 4.3 

Release a 

constant rate of 

dust into the 

system that is 

similar to APU. 

A rate of 0.015 +/- 0.02 

oz/min was chosen to 

release into the system.  

100,600 Cost 

2: Foil 

Bearing 

Filter Excel SRD 3.1 

Cost of less 

than $75.00 per 

unit per annual 

production of 

1000 units 

Cost of one unit was 

calculated to be $144.98  

 

Note: Model 100,580 was unable to be completed since the simulation can’t be run with the Inconel 

718 coating that was added to the design. 
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5.0 Acceptance Test Results 

 

5.1 Dust Dispersion Rate Test 

 

5.1.1 Introduction:  

This acceptance test procedure outlines the method of determining the dust 

dispersion rate that is being input into the system from the screw auger conveyor. The 

screw auger conveyor is powered by a stepper motor that has a controlled variable angular 

velocity. By following this procedure, the rate that dust is being released will be measured 

and the motor speed can be modified until the requirement is met. Measurements for each 

motor speed will are recorded over a period of time, so it will also be analyzed if the rate 

going into the system is constant for any given time. The goal is to produce a constant dust 

rate of 0.015 +/- 0.002 oz/min. 

 

5.1.2 Reference document: 

System Requirement 4.3 

 

5.1.3: Required Test Equipment   

 

Description Model Number Accuracy 

Dust Release Chamber 100,200 N/A 

Dust ISO-12103-1 A2 N/A 

Scale  USS-DBS3-2 0.001g 

Weigh Boat (2) 43237-2 N/A 

Excel Sheet (Personal Laptop) N/A N/A 

Nitrile Gloves 08754000975 N/A 

Honeywell Disposable Dust Mask RWS-54001 N/A 

Bison Life Safety Glasses BIS-SG-02 N/A 

Oven AzCl-L020 1350FM N/A 

 

5.1.4 Table Of Test:  

 

Test # Test Requirement 

5.1 Dust Dispersion Rate Constant 0.015 +/- 0.002 oz/min  
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5.1.5 Dust Dispersion Rate Test Procedure 

 

1. Ensure that all testing team members are wearing PPE (dust masks, nitrile gloves, 

and eye protection).  

2. Turn on the scale. Place a large weigh boat on the center of the scale and zero. 

Weigh out 4 oz of ISO-12103-1 A2 Fine Dust. 

3. Preheat oven to 125 degrees C (257 degrees F). Pour dust into glass beaker. After 

oven heats up, place baking tray in oven and set timer to 4 hours. Ensure that the 

dust is removed after 4 hours. Transfer beaker to desiccator and close seal until 

time of test.  

4. Set the stepper motor to produce the desired RPM. Arrange the screw auger 

conveyor above the scale so that the end of the auger is over the center of the scale 

as shown in the diagram below. 

5. Place second large weigh boat on the scale in the center and zero/tare the scale.  

6. Plug the stepper motor into a power source, and observe the auger turning inside 

the cylinder.  

7. Add dust into the top of the feeder frame. When the first dust specimen reaches the 

weigh boat, start the timer. Record the scale readings every 30 seconds and input 

measurement into spreadsheet. 

8. Turn off the dust dispersion system after 10 minutes. 

9. Record the final weight reading. 

 

 
5.1.6 Support Requirements:  

 

 This test is to be performed in a controlled environment without disturbances and 

significant airflow in order to obtain accurate readings.  
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5.1.7 Data sheets 

 

Referenced ATP Paragraph Number: 5.1 

Analysis Referenced (Verification by T/A) : Test  

Name of the Test: Dust Dispersion Rate Test  

Unit Under Test (UUT): 
Name : Dust Dispersion System  
Part number : 100,200 

Pass/Fail Criterion: 

   ⃞    Release rate constant 0.015 +/- 0.002  

                    (Requirement is met) 

   ⃞    Release rate greater than 0.017 oz/min or 

          Release rate less than 0.013 oz/min 
                    (Requirement not met) 

Date of Test :  
 
4/28/2019 

Requirement of test 
measurement: 
 
Dust Dispersion Rate 

Requirement : 
 
 
0.015 +/- 0.002 oz/min 

Test Equipment 
Error: 
 
+/- 0.001 oz/min 

Adjusted 
Test Limit : 
 
N/A 

Computations :  
 
In order to obtain the average release rate of dust into the system, the following equation will 
be used: 
 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑅𝑎𝑡𝑒 (𝑜𝑧/𝑚𝑖𝑛)  =  𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑜𝑧)/𝑇𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛) 
 
In addition, a local release rate will also be determined for each 30 second interval that occurs 
in the test. In order to obtain the weight of dust in this time period, the previous total dust 
weight that was measured before the 30 second period began will need to be subtracted from 
the weight after. In addition, since the intervals are in 30 second increments, the weight will 
need to be multiplied by a factor of 2 to get the number of oz/min. 
 

𝐿𝑜𝑐𝑎𝑙 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑅𝑎𝑡𝑒 (𝑜𝑧/𝑚𝑖𝑛)  =  2 ∗ ( 𝑊𝑒𝑖𝑔ℎ𝑡𝑎𝑓𝑡𝑒𝑟 (𝑜𝑧)  −   𝑊𝑒𝑖𝑔ℎ𝑡𝑏𝑒𝑓𝑜𝑟𝑒 (𝑜𝑧) )  

 
This will allow for the release rate to be analyzed over a period of time. 

Signatures:  
 
Tester:  Printed name: ___Faisal Alhussain____  Signature:  
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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5.2 Flow Velocity Test 

 

5.2.1 Introduction:  

This procedure outlines the acceptance test being performed on the dust filtration test 

chamber to ensure that it simulates the velocity that is present in APU units. This acceptance 

test will verify that the test chamber will produce a velocity of Mach 0.1 with a tolerance of 

10% past the dust filter. 

 

5.2.2 Reference Document: System Requirement 4.1 

 

5.2.3: Required Test Equipment   

 

Description Model Number Accuracy 

Dust Filtration Test Chamber Assembly 100,000 N/A 

Dwyer Series 160 Pitot Tube 160-18 0.1% 

Dwyer Differential Pressure Digital Manometer 470-1-FM 0.5% 

O-Ring AS568B# 224 N/A 

Excel sheet (Personal Laptop) N/A N/A 

Timer (Personal Phone) N/A 0.01 Seconds 

Nitrile Exam Gloves 08754000975 N/A 

Honeywell Disposable Dust Mask RWS-54001 N/A 

Eye Protection 32392 N/A 

 

5.2.4 Table Of Tests:  

 

Test # Test Requirement 

5.2 Flow Velocity Mach 0.1 +/- 0.01 
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5.2.5 Step-by-step procedure 

 

1. Secure the two Dwyer Series 160 Pitot Tubes in the test chamber. Ensure that the 

center of the pitot tubes are a distance 1.75” from the inner diameter of the test 

chamber by checking that the marking on the outside of the pitot tube is flesh with 

the outside of the test chamber. 

 
2. Turn on the Dwyer Differential Pressure Manometer and zero. Connect the tubes to 

the two probes at the end of the pitot tube that is closest to the blower in the test 

chamber. 

3. Slide the O-Ring onto the dust filtration system. Take measurements to ensure that 

the center of the dust filtration system opening is 1.75” from the base of the sealing 

part. 

4. Insert the dust filtration system and O-ring into the open end of the test chamber. 

Secure the dust filtration system in the designated hole, and slide Test Filter Ring 

(100,350) over the dust filter. Connect with the vacuum module (100,400). 

            
5. Turn on the Dust Filtration Test Chamber (100,000). This can be performed by 

turning on the blower, vacuum, and dust dispersion fan. 

6. Start the timer. 

7. Every 30 seconds record the differential pressure (in. water) measured by the 

Dwyer Differential Pressure Manometer. Record until the timer reaches 5 minutes. 

8. Turn off all components of the dust filtration test chamber. 

 

5.2.6 Support Requirements:  

 This test is to be performed in a controlled environment without disturbances and 

significant airflow in order to obtain accurate readings.   
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5.2.7 Data sheets 

 

Referenced ATP Paragraph Number: 5.2 

Analysis Referenced (for verification by T/A) : Test  

Name of the Test : Flow and Velocity Test  

Unit Under Test (UUT): 
Name : Dust Filtration System 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

   ⃞  Mach 0.09 < Flow Velocity < Mach 0.11 

       (Requirement is met) 

   ⃞  Flow Velocity > 0.11 Mach or  

        Flow Velocity < 0.09 Mach 
       (Requirement is not met) 

Date ot Test:  
 
4/28/2019 

Requirement of test measurement: 
 
Flow Velocity in Test Chamber 

Requirement : 
 
Mach 0.1 +/- 0.01 

Test Equipment 
Error: 
0.001 

Adjusted 
Test Limit : 
N/A 

Computations :  
 
From Bernoulli’s equation, the following formula was derived.  

𝜌
𝑉2

2
+ 𝑝𝑠 = 𝑝𝑡 

 
Now, rearranging the equation, we can solve for the velocity of the test chamber: 
 

𝑉 = √
2(𝑝𝑡  −𝑝𝑠)

𝜌
 

 
If the pressure differential represents the difference between the total pressure and static 
pressure, we can substitute 𝛥𝑝 =  𝑝𝑡  −  𝑝𝑠 and get: 
 

𝑽 = √
𝟐𝜟𝒑

𝝆
 

 
V = velocity in test chamber; 𝛥𝑝 = pressure differential read by manometer, 𝜌 = air density 
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Signatures:   
 
Tester:  Printed name: ____Kiana Arias________  Signature:  
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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Referenced ATP Paragraph Number: 5.2 

Analysis Referenced (for verification by T/A) : Test  

Name of the Test : Flow Velocity Test  

Unit Under Test (UUT): 
Name : Dust Filtration System 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

   ⃞  Mach 0.09 < Flow Velocity < Mach 0.11 

       (Requirement is met) 

   ⃞  Flow Velocity > 0.11 Mach or  

        Flow Velocity < 0.09 Mach 
       (Requirement is not met) 

Date ot Test :  
 
4/28/2019 

Requirement of test measurement: 
 
Flow Velocity in Test Chamber 

Requirement : 
 
Mach 0.1 +/- 0.01 

Test Equipment 
Error: 
0.001 

Adjusted 
Test Limit : 
N/A 

Computations :  
 
From Bernoulli’s equation, the following formula was derived.  

𝜌
𝑉2

2
+ 𝑝𝑠 = 𝑝𝑡 

 
Now, rearranging the equation, we can solve for the velocity of the test chamber: 
 

𝑉 = √
2(𝑝𝑡  −𝑝𝑠)

𝜌
 

 
If the pressure differential represents the difference between the total pressure and static 
pressure, we can substitute 𝛥𝑝 =  𝑝𝑡  −  𝑝𝑠 and get: 
 

𝑽 = √
𝟐𝜟𝒑

𝝆
 

 
V = velocity in test chamber; 𝛥𝑝 = pressure differential read by manometer, 𝜌 = air density 
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Signatures:  
  
Tester:  Printed name: _____Kiana Arias______  Signature: 
 
Customer: Printed name: __Ryan Meyer____  Signature: 
__________________________ 
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Referenced ATP Paragraph Number: 5.2 

Analysis Referenced (for verification by T/A) : Test  

Name of the Test : Flow and Velocity Test  

Unit Under Test (UUT): 
Name : Dust Filtration System 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

   ⃞  Mach 0.09 < Flow Velocity < Mach 0.11 

       (Requirement is met) 

   ⃞  Flow Velocity > 0.11 Mach or  

        Flow Velocity < 0.09 Mach 
       (Requirement is not met) 

Date of Test :  
 
4/28/2019 

Requirement of test measurement: 
 
Flow Velocity in Test Chamber 

Requirement : 
 
Mach 0.1 +/- 0.01 

Test Equipment 
Error: 
0.001 

Adjusted 
Test Limit : 
N/A 

Computations :  
 
From Bernoulli’s equation, the following formula was derived.  

𝜌
𝑉2

2
+ 𝑝𝑠 = 𝑝𝑡 

 
Now, rearranging the equation, we can solve for the velocity of the test chamber: 
 

𝑉 = √
2(𝑝𝑡  −𝑝𝑠)

𝜌
 

 
If the pressure differential represents the difference between the total pressure and static 
pressure, we can substitute 𝛥𝑝 =  𝑝𝑡  −  𝑝𝑠 and get: 
 

𝑽 = √
𝟐𝜟𝒑

𝝆
 

 
V = velocity in test chamber; 𝛥𝑝 = pressure differential read by manometer, 𝜌 = air density 
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Signatures:  
  
Tester:  Printed name: _______Kiana Arias_____  Signature: 
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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5.3 Filtration Efficiency and Particle Size Test 

 

5.3.1 Introduction:  

This acceptance test procedure outlines how the efficiency of the dust filtration 

system (100,300) will be measured. The goal of the dust filtration system is to remove 

particulates from the main flow stream and direct a cleaner stream of air into the foil 

bearing. A successful dust filter will remove 95% of the dust by weight that is input into the 

system. By knowing how much dust is being input into the system over a given time period 

and how much dust goes through the filter, the efficiency will be able to be calculated. The 

efficiency test will be completed a total of 3 times with each filter. 

 

This procedure also outlines the acceptance test to determine the size of the 

particles that pass through the dust filtration system and into the foil bearing housing. This 

test verifies that the filtration system shall filter out particles greater than 10 microns in 

diameter. A scanning electron microscope (SEM) will be utilized to determine the size of 

the particles that pass through the filter. 

 

5.3.2 Reference document: System Requirements 4.4 and 4.5 

 

5.3.3 : Required Test Equipment   

Description Model Number Accuracy 

Dust Filtration Test Chamber Assembly 100,000 N/A 

Polycarbonate (PCTE) Membrane Filter PCT109030 1 micron 

Scale  USS-DBS3-2 0.001 grams 

Dust ISO-12103-1 A2 N/A 

O-Ring AS568B# 224 N/A 

Timer (Personal Phone) N/A 0.01 seconds  

Specimen Bag (6” x 9”) CAN-BIO-100 N/A 

Excel Sheet (Personal Laptop) N/A N/A 

Nitrile Gloves 08754000975 N/A 

Honeywell Disposable Dust Mask RWS-54001 N/A 

Bison Life Safety Glasses BIS-SG-02 N/A 

Scanning Electron Microscope Hitachi S-3400  1 nanometer 

Oven AzCl-L020 1350FM N/A 
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5.3.4 Table Of Tests:  

Test # Test Requirement 

5.3 Filtration Efficiency Greater than 95% filtration efficiency by weight 

5.3 Particle Filtration Size < 10 microns in diameter 

 

 

5.3.5 Step-by-step procedure 

 

1. Ensure that all team members are wearing PPE (safety glasses, dust masks, and 

nitrile gloves).  

2. Turn the scale on. Place a large weigh boat on the scale and tare. Weigh out 5 

ounces of ISO-12103-1 A2 Fine Dust. 

3. Preheat oven to 125 degrees C (257 degrees F). Pour dust into glass beaker. After 

oven heats up, place baking tray in oven and set timer to 4 hours. Ensure that the 

dust is removed after 4 hours. Transfer beaker to desiccator and close seal until 

time of test.  

4. Ensure that the dust filtration test chamber and all testing components are wiped 

clean of dust particles. 

5. Label the filter paper specimen bag with the part being tested, the test name, and 

date: 

i.e.  100,310 / Test 2 / January 1, 2019 

6. Weigh the specimen bag on the scale and record in excel spreadsheet. Remove 

specimen bag from scale. 

7. Place a new weigh boat on the scale and zero. Next, place PCTE Membrane Filter 

Paper on top of the weigh boat and record the value of the clean filter paper in the 

excel spreadsheet. Using a weigh boat to conduct measurements reduces the risk 

of contamination. 

8. Insert the filter paper into the dust collection chamber (100,430). The collection 

chamber can be disassembled by rotating the top “key” in (100,430-01) and lifting 

the part out of the “slot” in (100,430-02). Insert the filter paper and reassemble by 

lining up the key with the slot and twisting.  
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9. Slide the O-Ring onto the dust filtration system. Take measurements to ensure that 

the center of the dust filtration system opening is 1.75” from the base of the sealing 

part. 

10. Insert the dust filtration system and O-ring into the open end of the test chamber. 

Secure the dust filtration system in the designated hole, and slide Test Filter Ring 

(100,350) over the dust filter. Connect with the vacuum module (100,400). 

             
11. Turn on the Dust Filtration Test Chamber (100,000). This can be performed by 

turning on the blower, vacuum, and dust dispersion fan. 

12. Turn on the screw auger conveyor by turning the switch. Insert dust into funnel 

attached to screw auger conveyor. Have timer ready. 

13. When the dust reaches the exit of the screw auger conveyor, start the timer. 

14. After 5 minutes, turn off the screw auger conveyor motor and stop the timer. Turn 

off the dust filtration test chamber by powering down the blower, vacuum, and dust 

dispersion fan. 

15. Carefully remove the filter from the collection chamber by disassembling. Place filter 

in designated specimen bag. Weigh the specimen bag on the scale and record the 

final value. Record the final scale reading in excel spreadsheet. 

16. Calculate the dust input into the system by multiplying the dust dispersion rate (from 

ATP 4.2) and the duration of the test in minutes. 

17. Send specimen bag containing paper dust filter to Kuiper Imaging Cores for SEM 

particle size analysis.  

18. Record results and attach SEM images to datasheet. 

 

5.3.6 Support Requirements:  

 

 This test is to be performed in a controlled environment without disturbances and 

significant airflow in order to obtain accurate readings.   
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5.3.7 Data sheets 

 

Referenced ATP Paragraph Number: 5.3 

Analysis Referenced (For Verification by T/A) : Test  

Name of the Test: Filtration Efficiency Test  

Unit Under Test (UUT):  
Name : Dust Filtration System 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

⃞    Filtration efficiency greater than 95% 

        (Requirement met) 

⃞    Filtration efficiency less than 95% 

        (Requirement not met) 

Date of Test :  

Requirement of test 
measurement: 
 
Filtration Efficiency:  

Requirement : 
Filtration efficiency by 
weight of greater than 
95% 

Test Equipment 
Error: 
 
+/- 1% 

Adjusted 
Test Limit : 
None 

Computations :  
If we define the following variables: 
 
The efficiency can be calculate  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐷𝑢𝑠𝑡𝑒𝑥𝑖𝑡,𝑚𝑎𝑖𝑛

𝐷𝑢𝑠𝑡𝑖𝑛
× 100% =

𝐷𝑢𝑠𝑡𝑖𝑛 − 𝐷𝑢𝑠𝑡𝑒𝑥𝑖𝑡,𝑓𝑖𝑙𝑡𝑒𝑟

𝐷𝑢𝑠𝑡𝑖𝑛
× 100% 

 
Now, if we assume a constant percentage of losses throughout the system, the dust going into the 
system gets multiplied by a fraction of itself and the equation becomes: 
 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
(1 − % 𝐿𝑜𝑠𝑠𝑒𝑠)(𝐷𝑢𝑠𝑡𝑖𝑛) − 𝐷𝑢𝑠𝑡𝑒𝑥𝑖𝑡,𝑓𝑖𝑙𝑡𝑒𝑟

(1 − %𝐿𝑜𝑠𝑠𝑒𝑠)(𝐷𝑢𝑠𝑡𝑖𝑛)
× 100% 

 
 

Signatures:  
Tester:  Printed name: __________________  Signature: ______________________ 
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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Referenced ATP Paragraph Number: 5.3 

Analysis Referenced (for verification by T/A): Test  

Name of the Test: Particle Filtration Size Test  

Unit Under Test (UUT): 
Name : Dust Filtration System  
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 
 

⃞    Particle sizes are < 10 microns in size (Requirement is met) 

⃞    Particle sizes are > 10 microns in size (Requirement is not 

met) 

 

Date of Test :  

Requirement of test measurement: 
 
Particle sizes in scanning electron 
microscope (SEM) 

Requirement : 
 
Particle sizes are < 10 
microns 

Test Equipment 
Error: 
 
N/A 

Adjusted 
Test Limit : 
 
N/A 

SEM Test Results Images from Kuiper Cores: 
 
 
 
 
 
 
 
 
 
 
 
Largest Particle size:                             microns   
 
Smallest Particle size:                           microns 

Signatures:  
  
Tester:  Printed name: __________________  Signature: ______________________ 
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Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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5.3.8 Test Note 

 

The filter efficiency and particle size test was unable to be performed due to a vacuum 

failure. The filter paper removed a significant amount of flow to the vacuum and the motor 

was unable to sufficiently cool down. If this test is to be attempted to be replicated, it is 

essential to (1) shorten the testing time, (2) allow the vacuum to take substantial breaks 

between tests, or (3) obtain a vacuum that does not rely on air to cool the motor and uses 

an internal coolant.   
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5.4 Dust Filtration System Mass Flow Rate Test 

 

5.4.1 Introduction:  

 

This acceptance test procedure outlines how the mass flow rate going through the 

dust filtration system will be measured and calculated. The goal is to meet or exceed the 

requirement that 0.006 pounds per second (pps) flows through the dust filtration system 

and into the foil bearing housing in an APU unit. By knowing the velocity of air that moves 

from the main flow through the dust filtration system along with the density of air that is 

being used, the mass flow rate is able to be calculated.  

 

5.4.2 Reference document: System Requirement 4.2 

 

5.4.3: Required Test Equipment   

 

Description Model Number Accuracy 

Dwyer Series 160 Pocket Pitot Tube 167-6 0.1% 

Dwyer Differential Pressure Digital Manometer 470-1-FM 0.5% 

O-Ring AS568B# 224 N/A 

Excel Sheet (Personal Laptop) N/A N/A 

Timer  (Personal Phone) N/A 0.01 seconds 

Nitrile Gloves 08754000975 N/A 

Honeywell Disposable Dust Mask RWS-54001 N/A 

Bison Life Safety Glasses BIS-SG-02 N/A 

 

5.4.4 Table Of Tests:  

 

Test # Test Requirement 

5.4 Dust Filtration System Mass Flow Rate Mass Flow Rate ≥ 0.006 

lb/s 
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5.4.5 Step-by-step procedure 

 

1. Slide the O-Ring onto the dust filtration system. Take measurements to ensure that 

the center of the dust filtration system opening is 1.75” from the base of the sealing 

part. 

2. Insert the dust filtration system and O-ring into the open end of the test chamber. 

Secure the dust filtration system in the designated hole, and slide Test Filter Ring 

(100,350) over the dust filter. Connect with the vacuum module (100,400).  

 
3. Connect the differential pressure sensor to the Dwyer Series 160 Pocket Pitot Tube 

located in the vacuum module. 

 
4. Turn on the Dwyer Differential Pressure Manometer and zero. Connect the tubes to 

the two probes at the end of the pitot tube that is closest to the blower in the test 

chamber. 

5. Turn on the Dust Filtration Test Chamber (100,000). This can be performed by 

turning on the blower, vacuum, and dust dispersion fan. 

6. Start the timer. 

7. Every 30 seconds, record the differential pressure (in. water) measured by the 

Dwyer Differential Pressure Manometer. Record until the timer reaches 5 minutes. 

8. Turn off all components of the dust filtration test chamber. 
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5.4.6 Support Requirements:  

 

 This test is to be performed in a controlled environment without disturbances and 

significant airflow in order to obtain accurate readings.  
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5.4.7 Data sheets 

 

Referenced ATP Paragraph Number: 5.4 

Analysis Referenced (for verification by T/A) : Test  

Name of the Test: Particle Filtration Size Test  

Unit Under Test (UUT): 
Name : Dust Filtration System (100,300) 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

⃞    Mass Flow rate ≥ 0.006 lb/s (Requirement is met) 

⃞    Mass Flow rate < 0.006 lb/s (Requirement not met) 

Date of Test  
 
4/28/2019:  

Requirement of test 
measurement: 
 
Mass Flow Rate 

Requirement : 
 
 

Mass Flow Rate ≥ 0.006 lb/s 

Test Equipment 
Error: 
 
+/- 1% 

Adjusted 
Test Limit:  
 
N/A 

Computations :  
 
From Bernoulli’s equation, the following formula was derived for the pitot tube measurement:  

𝜌
𝑉2

2
+ 𝑝𝑠 = 𝑝𝑡 

 
Now, rearranging the equation, we can solve for the velocity of the test chamber: 

𝑉 = √
2(𝑝𝑡  −𝑝𝑠)

𝜌
 

 
If the pressure differential represents the difference between the total pressure and static 
pressure, we can substitute 𝛥𝑝 =  𝑝𝑡  −  𝑝𝑠 and get: 

𝑽 = √
𝟐𝜟𝒑

𝝆
 

V = velocity in test chamber; 𝛥𝑝 = pressure differential read by manometer; 𝜌 = air density 
 
The mass flow rate can be represented as: 
 

𝑚𝑟𝑎𝑡𝑒 =  𝜌𝑉𝐴 
 
𝜌 = air density; V = velocity through dust filtration system; A = area of dust filtration system  
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Signatures:  
  
Tester:  Printed name: ____Kiana Arias___  Signature:  
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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Referenced ATP Paragraph Number: 5.4 

Analysis Referenced (for verification by T/A) : Test  

Name of the Test: Particle Filtration Size Test  

Unit Under Test (UUT): 
Name : Dust Filtration System (100,300) 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

⃞    Mass Flow rate ≥ 0.006 lb/s (Requirement is met) 

⃞    Mass Flow rate < 0.006 lb/s (Requirement not met) 

Date of Test :  
 
4/28/2019 

Requirement of test 
measurement: 
 
Mass Flow Rate 

Requirement : 
 
 

Mass Flow Rate ≥ 0.006 lb/s 

Test Equipment 
Error: 
 
+/- 1% 

Adjusted 
Test Limit:  
 
N/A 

Computations :  
 
From Bernoulli’s equation, the following formula was derived for the pitot tube measurement:  

𝜌
𝑉2

2
+ 𝑝𝑠 = 𝑝𝑡 

 
Now, rearranging the equation, we can solve for the velocity of the test chamber: 

𝑉 = √
2(𝑝𝑡  −𝑝𝑠)

𝜌
 

 
If the pressure differential represents the difference between the total pressure and static 
pressure, we can substitute 𝛥𝑝 =  𝑝𝑡  −  𝑝𝑠 and get: 

𝑽 = √
𝟐𝜟𝒑

𝝆
 

V = velocity in test chamber; 𝛥𝑝 = pressure differential read by manometer; 𝜌 = air density 
 
 
The mass flow rate can be represented as: 
 

𝑚𝑟𝑎𝑡𝑒 =  𝜌𝑉𝐴 
 
𝜌 = air density; V = velocity through dust filtration system; A = area of dust filtration system  
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Signatures:  
  
Tester:  Printed name: ___Kiana Arias_____  Signature:  
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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Referenced ATP Paragraph Number: 5.4 

Analysis Referenced (for verification by T/A) : Test  

Name of the Test: Particle Filtration Size Test  

Unit Under Test (UUT): 
Name : Dust Filtration System (100,300) 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

⃞    Mass Flow rate ≥ 0.006 lb/s (Requirement is met) 

⃞    Mass Flow rate < 0.006 lb/s (Requirement not met) 

Date of Test :  
 
4/28/2019 

Requirement of test 
measurement: 
 
Mass Flow Rate 

Requirement : 
 
 

Mass Flow Rate ≥ 0.006 lb/s 

Test Equipment 
Error: 
 
+/- 1% 

Adjusted 
Test Limit:  
 
N/A 

Computations :  
 
From Bernoulli’s equation, the following formula was derived for the pitot tube measurement:  

𝜌
𝑉2

2
+ 𝑝𝑠 = 𝑝𝑡 

 
Now, rearranging the equation, we can solve for the velocity of the test chamber: 

𝑉 = √
2(𝑝𝑡  −𝑝𝑠)

𝜌
 

 
If the pressure differential represents the difference between the total pressure and static 
pressure, we can substitute 𝛥𝑝 =  𝑝𝑡  −  𝑝𝑠 and get: 

𝑽 = √
𝟐𝜟𝒑

𝝆
 

V = velocity in test chamber; 𝛥𝑝 = pressure differential read by manometer; 𝜌 = air density 
 
 
The mass flow rate can be represented as: 
 

𝑚𝑟𝑎𝑡𝑒 =  𝜌𝑉𝐴 
 
𝜌 = air density; V = velocity through dust filtration system; A = area of dust filtration system  
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Signatures:  
  
Tester:  Printed name: ___Kiana Arias_____  Signature:  
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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6.0 Verification Table  

System Requirement Verification Table 

Requirement 

T 

A 

D 

I 

Limit 

Reference Measured Value Margin Pass/ Fail 

1.0 Interface Requirements - - - - - 

1.1 Pressure Sensors: Two pitot 

tubes shall be mounted and 

secured into the test chamber. 

One near the inlet and the other 

in the stem of the dust filter. This 

will allow for pressure and 

velocity measurements. 

I 
Data Sheet 

(ATP) 
N/A N/A Pass 

1.2. Blower: The blower shall be 

mounted securely to the test 

chamber to minimize any air flow 

losses. 

I 
Data Sheet 

(ATP) 
N/A N/A Pass 

1.3. Vacuum: The vacuum shall 

be secured to the dust filter and 

located outside of the test 

chamber. 

I 
Data Sheet 

(ATP) 
N/A N/A Pass 

1.4. Particle Filters: Particle 

filters shall be secured in the 

dust collection chamber. 

I 
Data Sheet 

(ATP) 
N/A N/A Pass 

1.5. Dust Dispersion System: 

The dust dispersion system shall 

be connected to the dust 

chamber and not allow any 

areas of leakage. 

I 
Data Sheet 

(ATP) 
N/A N/A Pass 

1.6. Dust Release Chamber: 

The dust release chamber shall 

be mounted securely to the test 

chamber. 

I 
Data Sheet 

(ATP) 
N/A N/A Pass 

2.0 Environmental 

Requirements - - - - - 

2.1. Operating Temperature: 

The dust filter shall operate in 

high temperature conditions 

generated inside APUs 

A 
600 - 1200 

F 
1700 - 2000 F 500 F Pass 

3.0 Customer Constraints - - - - - 

3.1. Target Cost: The dust filter 

shall meet a target cost of 

$75.00 per unit for full scale 

production of 1,000 units per 

A 

$75.00 per 

unit per 

1,000 units 

$144.98 -$69.98 Fail 
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year. 

3.2. Project Budget: The overall 

project shall cost no more than 

$4,000. 

A < $4,000.00 $3,265.56 $734.44 Pass 

3.3. Material: The test rig shall 

use ISO 12103-1 A2 Fine Dust 
I 

ISO 12103-

1 A2 Fine 

Dust 

ISO 12103-1 A2 Fine 

Dust 
N/A Pass 

3.4. Weight: The dust filter shall 

weigh less than 0.4 lbs. 
A < 0.4 lbs 0.003 - 0.004 lbs 0.396 lbs Pass 

3.5. Size: The dust filter shall be 

less than 0.45" tall by 0.5" wide 

by 0.615" long. 

A 

0.45" H by 

0.5" W by 

0.615" L 

Drawings 100,310 

100,320 100,330 

At least: 0.05" H 

0.01" W 0.015"L 

Pass 

4.0 Performance 

Requirements - - - - - 

4.1. Flow: The test chamber 

shall maintain Mach 0.1 +/- 0.01 

past the dust filter. 

T 
Mach 0.1 

+/- 0.01 

100,310: Mach 0.010 

100,320: Mach 0.094 

100,330: Mach 0.096 

100,310: Mach 0.01 

100,320: Mach 0.004 

100,330: Mach 0.006 

Pass 

4.2. Mass Flow Rate: The dust 

filtration system shall maintain a 

mass flow rate of 0.006 pps or 

greater. 

T 
>= 0.006 

pps 

100,310: 0.096 pps 

100,320: 0.101 pps 

100,330: 0.081 pps 

100,310: 0.090 pps 

100,320: 0.095 pps 

100,330: 0.075 pps 

Pass 

4.3. Dust Dispersion Rate: The 

dust dispersion system shall 

produce a constant rate of 0.015 

+/- 0.002 oz/min into the test 

chamber. 

T 

0.015 +/- 

0.002 

oz/min 

0.0143 oz/min 0.0013 oz/min Pass 

4.4. Particle Filtration Size: The 

dust filter shall filter particles 

less than 10 microns in size. 

T 
< 10 

Microns 
TBD TBD 

Test 

Unable to 

be 

Performed 

4.5. Efficiency: The dust filter 

shall have a 95-98% filtration 

efficiency by weight. 

T 95-98% TBD TBD 

Test 

Unable to 

be 

Performed 

4.6. Fatigue Life: The dust filter 

shall have a life greater than 

30,000 cycles or 10,000 hours. 

A 
30,000 

cycles 

15,000 cycles 

(without coating) 
-15,000 cycles 

Analysis 

Unable to 

be 

Performed 

4.7. Vibration: The dust filter 

shall not be excited at 600, 

1200, 1800, and 2400 Hz. 

A x600 Hz >10,000 Hz >7,600 Hz Pass 

Notes:      

Requirement 4.4: Test unable to be performed due to vacuum failure. 
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Requirement 4.5: Test unable to be performed due to vacuum failure. 

Requirement 4.6: Fatigue Life not a pass or fail because our resources do not allow for analysis with the coating (Inconel 718). 
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7.0 Final Budget 
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8.0 Lessons Learned 

 

8.1 Experience Gained 

 

While working on this project, our team learned several important lessons about 

working on larger scale projects. The most important lesson being to build and test early. 

Our team faced several problems when beginning to build our test rig. The first was 

machining holes to the specifications of our dust dispersion system, filter, and measuring 

pitot tubes. Our team had purchased two chambers to have one for backup, and we ended 

up using both. We drilled the holes in the first chamber ourselves, and the fits were not as 

close as we would have liked. After our attempt, we decided to have the UA machine shop 

drill our chamber, and this took a few days from our schedule. 

Other issues arose as we continued building. These included, proper sealing of the 

measuring pitot tubes, for which we designed half sleeve bushings to eliminate the 

problem. Our team also had trouble with catching the dust that exited the chamber when 

testing inside. We designed a collection chamber for the end, but this caused a backflow 

into the system. After several attempts to fix this problem, we were running out of time and 

decided to test outside. If testing and building had begun sooner, a proper solution for 

testing inside could have been made. Additionally, during our final test, our vacuum 

imploded on itself. This was due to a lack of air coming into the vacuum. With little time left 

before design day, our team was unable to purchase a new vacuum to continue testing. 

Other lessons we learned were to check the testing area and ensure that it was 

suitable for the scope of our tests (i.e. power supply). Our team moved through three test 

locations because the blower power requirement was insufficient at the first two sites. This 

also hurt our schedule. We also learned to be precautious with any potentially hazardous 

material we were working with, and to follow all safety procedures. An overarching lesson 

was to always have a backup plan and be flexible with our resources.  
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8.2 Recommendations for Future Teams 

 

In conjunction with our lessons learned, we would recommend future teams to build 

and test early if possible, and to understand the requirements of their test equipment so 

that they function properly in the system and for selecting a test site. Additionally, always 

assume failure. Failures are going to occur regardless of how confident the team may feel. 

As far as the system design, we feel that a higher performing test rig and filter could 

be designed if the project were split into two teams. One that could focus on designing a 

test rig, and the other designing the filter. With the time given in the first semester before 

PDR and CDR, our team was forced to make quick decisions for both parts of the project in 

order to have an overall preliminary design and analysis for the presentations. After this, we 

didn’t have enough time make major changes, go through all the analysis, and risk the new 

design not working as well as the first. We think by splitting this into two teams a 

functioning test rig could be made and more thought could go into the type of system and 

flow in it. Perhaps a suck through system could be designed, and this may represent the 

flow in the APU best. Besides this, a more detailed filter could be designed, and 

manufacturing methods could be looked into at a much greater depth. Our team enjoyed 

working and learning from this project and we all feel that we did the best that we could with 

the knowledge, experience, and time that we had.  

 

 

9.0 Team Member Roles 

 

Mohammad Iskandarani: Engineering Management 

• Team Lead: Mohammad I. was responsible for developing and maintaining the team 

schedule. He set outlines for each of our assignments and delegated related work to 
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each of the team members. He served as the point of contact between the team and 

Honeywell and handled all of the cost requirements and budget. 

Mohammad Alqahtani: Mechanical Engineering 

• Mohammad A. designed the screw auger system and was responsible for the dust 

rate requirement. He also made each of the drawings related to the screw auger. 

Tim Wunderlich: Mechanical Engineering 

• Tim and I (Kiana) served as technical leads. Tim was responsible for determining the 

flow requirement in the test rig and finding parts that could meet this requirement. He 

did the flow analysis, made some of the test rig SolidWorks models, made the 

drawings associated with the test rig, and wrote the SDD. Tim and I were also the 

primary contributors to the overall design of the test rig. We both came up with several 

designs on which the team performed trade studies to select the best one.  

Faisal Alhussain: Industrial Engineering 

• Faisal did all the electrical and software work for powering the screw auger. He 

troubleshooted each of the issues that arose throughout this process and successfully 

got the variable speed motor working. This allowed the team to supply dust at any 

rate needed for the system. He also made the wiring diagrams and helped with the 

SDD. 

Charles George: Industrial Engineering 

• Charles created some of the SolidWorks models and drawings. 

Kiana Arias: Mechanical Engineering 

• I served as one of the technical leads of this project. I was responsible for everything 

related to the filter. I used SolidWorks to design not one, but three filter prototypes 

with the idea of testing all three and proposing the best performing model to 

Honeywell. I designed each of the filters within the given size and weight 
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requirements. I was also responsible for selecting a base material and coat for the 

filter to ensure that they could withstand the pressures and temperatures generated 

in the APU. This resulted in great research to find which materials were best suited 

for long-term use in the hot section of a gas turbine engine. I also conducted the 

analysis to determine the scale factor of the filter for testing. This ensured that the 

ratio of the area of the filter to the area of crossflow was equivalent in both the test rig 

and APU. Honeywell had also asked that we design an integration piece for our filter 

into the APU. I decided on a simple yet effective threaded filter and nut. This would 

mount the filter in a sturdy position and allow Honeywell to place it almost anywhere 

by simply drilling and threading a hole in the desired location. The threads were also 

chosen to be a standard size to allow for ease of manufacturability. I then made the 

engineering drawings of the three filters and integration piece.  

• In designing the filter, I was also responsible for determining the fatigue life and 

vibrational modes to assess the life and vibration requirements provided to us from 

Honeywell. Neither team member had any knowledge in the study of vibrations or the 

software’s used to simulate and test for modal frequencies. However, I took it upon 

myself to learn how to use ANSYS and I was able to successfully perform a modal 

vibration analysis on each of the filters. After the first simulation, one of the filters 

failed the requirement. To fix this, I redesigned the model until they all passed. 

Similarly, I had to learn how to use the SolidWorks Simulator package in order to 

analyze the filter under the pressures and temperatures generated in APUs. I figured 

out how to run a static simulation using the external loads, and how to run a fatigue 

life analysis using the results from the static simulation. Overall, learning how to use 

engineering simulation programs and how to interpret the results was challenging, 

but I was rewarded with the satisfaction of designing three filters that Honeywell could 

potentially implement into their APUs. 
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Appendix A: Technical Data Package 
 

A.1 Drawings 

 

A.1.1 Indentured Drawing List 

 

 

Indentured Drawing List (IDL) 

Part Number Drawing / Document / Analysis Status Revision 

100,000 Dust Filtration Test Chamber Assembly  A 

100,000-01 Bill of Materials  A 

 100,100 Body Assembly  A 

  100,110 Duct  A 

  100,120 Conversion Piece - Blower to Duct  - 

  100,130 Duct Holder  - 

  100,140 Duct Base  - 

  100,150 Split Sleeve Bushing  - 

 100,200 Dust Release Chamber  A 

  100,210 Auger  A 

  100,220 Feeder Frame  A 

  100,230 Auger Conveyor Stand  - 

  100,240 Dust Release Funnel  A 

  100,250 Dust Tube  - 

  100,260 Dust Release Base  - 

  100,270 WYE Connection  - 

  100,280 Computer Fan Conversion  A 

 100,300 Dust Filtration System Assembly  A 

  100,310 Reverse Pitot Tube  A 

  100,320 Straight Tube  A 

  100,330 Reverse Pitot Tube with Swirling Vanes  A 

  100,340 Nut  A 

  100,350 Test Ring  - 

 100,400 Vacuum System  A 
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  100430-01 Dust Collection Filter Top  - 

  100430-02 Dust Collection Filter Bottom  - 

 100,500 System Models  - 

  100,510 Flow Rate  - 

  100,520 Blower Specification and Test Chamber Diameter  - 

  100,530 Flow Characterization  - 

  100,540 Test Chamber Length  - 

  100,560 Thermal Expansion  - 

  100,550 Filter Vibration Modes  - 

  100,570 Temperature  - 

  100,580 Filter Fatigue Life  - 

  100,590 Dust Dispersion Rate  A 

  100,600 Cost  A 
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A.1.2 Bill of Materials 
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A.1.3 Assembly Drawings 

 

Assembly 100,000 
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Assembly 100,100 

 
 

  



  

61 

Assembly 100,200  
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Assembly 100,300 
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Assembly 100,400  
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A.1.4 Parts Drawings 

 

Part 100,110  
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Part 100,120  
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Part 100,130 
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Part 100,140  
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Part 100,150  
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Part 100, 210 
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Part 100, 220 
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Part 100,230  
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Part 100,240  
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Part 100,250 
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5.1.4.7 Part 100,260 
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Part 100,270 
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Part 100,280 
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Part 100, 310 
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Part 100,320 
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Part 100,330 
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Part 100,340 
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Part 100,430-01 
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Part 100,430-02 
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A.1.5 Wiring Diagram for Screw Auger Conveyor 

 

 

 

 
Figure 8: Wiring Diagram for Dust Release System 
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A.2 Specifications Sheets 

 

A.2.1 NEMA 17 Motor Specifications for Dust Release System 
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A.2.2 ISO 12103-1 Dust Specifications 
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A.2.3 XPOWER BR-292A Blower Specifications 
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A.3 Software Design Document 

Dust Release System 

Screw Auger Conveyor 

 

 

Foil Bearing Dust Filtration Team 18013 

January 15, 2019 

Prepared for Honeywell 
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A.3.1 Scope 

 

 This SDD describes the software and hardware that is used to power the dust 

dispersion system, 101200. This document defines the software modules required to power 

the screw auger conveyor that is used in the system. The main software module in use is the 

Arduino Uno Rev-3, which is a microcontroller that is used to power the NEMA 17 Stepper 

Motor with the use of an L298P Shield, and JBTek Breadboard Power Supply.  The goal of 

the dust release system is to release an amount of dust that creates a concentration similar 

to an area that experiences frequently dusty conditions. By programming the Arduino Uno to 

a desired angular velocity and completing testing, this requirement can be achieved. The 

screw auger conveyor is connected to a stepper motor, arduino, and power source. The 

motor will power the screw auger conveyor at a constant speed and the dust will be released 

into the system at a rate that doesn’t change. 

 

A.3.2 Referenced Documents 

 

 There are no referenced documents for the SDD.  

 

A.3.3 CSCI Wide Design Decisions 

 

The stepper NEMA 17 is a 2 amps geared bipolar stepper motor that will be used to 

power the auger and turn it at a constant rate. It has a gear reduction ratio of 200:1 and can 

spin the auger at a maximum of approximately 4688 revolutions per minute. The motor has 

a maximum Torque of 58.9 oz-in. The motor has four different colored wires that are powered 

in sequence to make the magnetic motor shaft spin. 

 

 L298P Shield is a driver board that can be connected to the stepper motor and allows 

it to be powered by a microcontroller. One side of the board has a 6 wire socket, four of which 

the that the motor wires can be directly attached to. 

 

 The Arduino Uno is the microcontroller that is being used to control the power that 

the motor produces. The code is written on the open-source Arduino IDE program to start 

and stop the motor and control the angular velocity at which it moves.  

 

 The JBTek Power Supply Module is used to provide power to the other modules that 

are connected to the breadboard. The power supply can be plugged into the wall and the 

voltage output can be controlled.  
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A.3.4 CSCI Architectural Design 

 

 The connections and flow diagram for the configuration of the Arduino Uno Rev-3 

interfaces in the test chamber are shown below. 

 

 

 
 Figure 9: Flow Diagram of Software and Hardware Interfaces for Arduino Uno Rev-3 

 

A.3.5 CSCI Detailed Design 

 The Arduino utilizes the Arduino IDE program and the Java code language to control 

the behavior of the motor. The code can be uploaded onto the Arduino Uno Rev-3 to run the 

process.   

 

 The wiring diagram that will be used for this application can be viewed below: 
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Figure 10: Wiring Diagram (Re. Fig 8) 

 

 The wiring associated with the stepper motor can be viewed in the figure below. 

Instead of powering all four coils at the same time, it is recommended to use a half-step 

switching sequence that powers the stepper in eight sequences that can also be viewed in 

the table below: 

 

 
Figure 11: NEMA 17 stepper motor configuration for coils and half-step switching sequence 

 

In order to program the Arduino to control the stepper motor, the number of steps that 

the motor has needs to be defined. The stepper motor is known to have a stride angle of 1.8° 

and a gear ratio of 200.  

𝑆𝑡𝑒𝑝𝑠 𝑝𝑒𝑟 𝑀𝑜𝑡𝑜𝑟 𝑅𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  
360°

1.8°
 =  200 

 𝑇𝑜𝑡𝑎𝑙 𝑆𝑡𝑒𝑝𝑠 𝑝𝑒𝑟 𝑅𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  
360°

1.8°
⋅ 200 =  40,000 
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 The programming steps written on the Arduino IDE program that will be necessary 

are as follows:  

1. Download and run the library that will be used to control the stepper motor. 

#include <Stepper.h> 

2. Define the method that will be used to control the stepper motor. 

  const int stepsPerRevolution = 200; 

3. Initialize the program that will be used to control the stepper motor. 

  // initialize the stepper library on the motor shield: 

Stepper myStepper(stepsPerRevolution, 12, 13); 

 

// give the motor control pins names: 

const int pwmA = 3; 

const int pwmB = 11; 

const int brakeA = 9; 

const int brakeB = 8; 

const int dirA = 12; 

const int dirB = 13; 

 

4. Setup the code with all of the variables that will be used for the loops in the body of 

the code. Initial input values have been initialized for the stepper max stepper 

speed, acceleration, operating speed, and final position.  

  void setup() { 

// set the PWM and brake pins so that the direction pins   

// can be used to control the motor: 

pinMode(pwmA, OUTPUT); 

pinMode(pwmB, OUTPUT); 

pinMode(brakeA, OUTPUT); 

pinMode(brakeB, OUTPUT); 

digitalWrite(pwmA, HIGH); 

digitalWrite(pwmB, HIGH); 

digitalWrite(brakeA, LOW); 

digitalWrite(brakeB, LOW); 

 

// initialize the serial port: 

Serial.begin(9600); 

// set the RPM 

myStepper.setSpeed(1.35); 

} 

5. Execute the code until the motor reaches the desired final position 

  void loop() { 

// step one revolution in one direction: 

myStepper.step(-60); 

} 
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A.3.6 Requirement Traceability 

 

This software is necessary in meeting requirement 4.2.3 in achieving a constant 

dust dispersion rate of 0.015 +/- 0.0005 oz/min.  
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A4.1 System Seal Inspection 

 

A4.1.1 Introduction 

This procedure outlines the method that is followed to ensure that the main 

connection pieces in the test chamber are properly sealed. This inspection verifies that the 

test chamber is free of any air leaking into the atmosphere.  

A4.1.2 Reference Document 

System Requirements 1.1, 1.2, 1.3, 1.5, 1.6  

A.4.1.3: Required Equipment  

 

Description Model Number Accuracy 

Dust Filtration Test Chamber Assembly 100,000 N/A 

Large Container N/A N/A 

4 Liters of Water N/A N/A 

Sponge N/A N/A 

Dish Soap N/A N/A 

Clean Towel N/A N/A 

Paper Towel Roll N/A N/A 

Gorilla Silicone Sealant 8090001 N/A 
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A4.1.3 Step by Step Procedure 

 

1. Fill large container with 4 liters of Water. Add 1 tablespoon of dish soap into the 

same container and mix thoroughly.  

2. Turn on all blowers and vacuums in the test chamber assembly (100,000).  

3. Submerge the sponge into the bucket and lightly apply sponge to the desired 

connection between two pieces of the assembly shown in the diagram below.  

  
4. Observe if there are any bubbles forming. If air bubbles have formed, make a note 

of the location.  

5. Repeat steps 3 and 4 for every connection in the assembly.  

6. Turn off all blowers and vacuums in the test chamber assembly. Dry the places that 

were in contact with the soap-water solution. 

7. Spread silicone sealant across any connection in which air bubbles formed denoting 

a leakage. Wipe the excess with a paper towel. 

8. Repeat steps 2 through 7 until there is no leakage.  
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A4.1.4 Results 
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A4.2 Loss Characterization Test 

 

A4.1.1 Introduction 

This procedure outlines the method that is followed to determine the amount (%) of 

dust that is collected throughout the test chamber before it reaches the dust filter. A major 

component of determining the effectiveness of the dust filter is finding the efficiency by 

determining the amount of dust that it doesn’t allow to pass through. Dust collects in both 

the dust release chamber and test chamber, so the amount that goes into the system from 

the screw auger conveyor is different from the amount that reaches the point in the test 

chamber that the filter is attached to. By measuring how much dust gets collected in the 

test chamber and knowing how much dust goes into the system, the percentage of losses 

that occur before the dust reaches the dust filter can be calculated. 

A4.2.2 Reference Document 

This characterization test does not correspond to any system requirements; 

however, the % losses of dust value that is found will be used in ATP A5.3 that determines 

the efficiency of each dust filter. 

A.4.2.3: Required Equipment  

 

Description Model Number Accuracy 

Dust Filtration Test Chamber Assembly 100,000 N/A 

Polycarbonate (PCTE) Membrane Filter PCT109030 1 micron 

Scale  USS-DBS3-2 0.001 grams 

Dust ISO-12103-1 A2 N/A 

Excel Sheet (Personal Laptop) N/A N/A 

Nitrile Gloves 08754000975 N/A 

Honeywell Disposable Dust Mask RWS-54001 N/A 

Bison Life Safety Glasses BIS-SG-02 N/A 

Oven AzCl-L020 1350FM N/A 
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A4.2.3 Step-by-Step Procedure 

 

1. Ensure that all team members are wearing PPE (safety glasses, dust masks, and 

nitrile gloves).  

2. Turn the scale on. Place a large weigh boat on the scale and tare. Weigh out 2 

ounces of ISO-12103-1 A2 Fine Dust. 

3. Preheat oven to 125 degrees C (257 degrees F). Pour dust into glass beaker. After 

oven heats up, place baking tray in oven and set timer to 4 hours. Ensure that the 

dust is removed after 4 hours. Transfer beaker to desiccator and close seal until 

time of test.  

4. Ensure that the dust filtration test chamber and all testing components are wiped 

clean of dust particles. 

5. Disconnect the 16 oz funnel, dust release funnel (100,240), and WYE connection 

piece (100,270) from the 100,200 assembly. Zero the scale. Weigh each part 

individually and record initial weight on excel spreadsheet. Reassemble 100,200 

assembly by inserting the pieces as shown in the 100,200 drawing.  

  
6. Insert the PCTE Membrane filter paper into the dust collection chamber (100,430). 

The collection chamber can be disassembled by rotating the top “key” in (100,430-

01) and lifting the part out of the “slot” in (100,430-02). Insert the filter paper and 

reassemble by lining up the key with the slot and twisting.  
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7. Fit the dust filtration system to the dust filtration system seal part (100,350). Take 

measurements to ensure that the center of the dust filtration system opening is 

1.75” from the base of the sealing part. 

              
8. Insert the dust filtration system and sealing part into the open end of the test 

chamber. Secure the dust filtration system in the designated hole, and connect with 

the vacuum module (100,400). 

            
9. Turn on the Dust Filtration Test Chamber (100,000). This can be performed by 

turning on the blower, vacuum, and dust dispersion fan. 

10. Turn on the screw auger conveyor by turning the switch. Insert dust into funnel 

attached to screw auger conveyor. Dust will begin to push out of the screw auger 

conveyor 

11. Observe the screw auger conveyor to see when dust stops being released. When 

there is no more dust exiting the screw auger conveyor, power down the test 

chamber Turn off the dust filtration test chamber by powering down the blower, 

vacuum, dust dispersion fan, and screw auger conveyor. 

12. Carefully remove the filter from the collection chamber by disassembling. Filter can 

be discarded of.  

13. Disconnect the 16 oz funnel, dust release funnel (100,240), and WYE connection 

piece (100,270) from the 100,200 assembly. Zero the scale. Weigh each part 

individually and record final weight on excel spreadsheet. Reassemble 100,200 

assembly by inserting the pieces as shown in the 100,200 drawing.  

 

  



  

102 

A4.2.4 Results 
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A.5.1  Dust Dispersion Rate Test 

 

A.5.1.1 Introduction:  

 

This acceptance test procedure outlines the method of determining the dust 

dispersion rate that is being input into the system from the screw auger conveyor. The 

screw auger conveyor is powered by a stepper motor that has a controlled variable angular 

velocity. By following this procedure, the rate that dust is being released will be measured 

and the motor speed can be modified until the requirement is met. Measurements for each 

motor speed will are recorded over a period of time, so it will also be analyzed if the rate 

going into the system is constant for any given time. The goal is to produce a constant dust 

rate of 0.015 +/- 0.002 oz/min. 

 

A.5.1.2 Reference document: 

System Requirement 4.3 

 

A.5.1.3: Required Test Equipment   

 

Description Model Number Accuracy 

Dust Release Chamber 100,200 N/A 

Dust ISO-12103-1 A2 N/A 

Scale  USS-DBS3-2 0.001g 

Weigh Boat (2) 43237-2 N/A 

Excel Sheet (Personal Laptop) N/A N/A 

Nitrile Gloves 08754000975 N/A 

Honeywell Disposable Dust Mask RWS-54001 N/A 

Bison Life Safety Glasses BIS-SG-02 N/A 

Oven AzCl-L020 1350FM N/A 

 

A.5.1.4 Table Of Tests:  

 

Test # Test Requirement 

5.1 Dust Dispersion Rate Constant 0.015 +/- 0.002 oz/min  
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A.5.1.5 Dust Dispersion Rate Test Procedure 

 

1. Ensure that all testing team members are wearing PPE (dust masks, nitrile gloves, 

and eye protection).  

2. Turn on the scale. Place a large weigh boat on the center of the scale and zero. 

Weigh out 4 oz of ISO-12103-1 A2 Fine Dust. 

3. Preheat oven to 125 degrees C (257 degrees F). Pour dust into glass beaker. After 

oven heats up, place baking tray in oven and set timer to 4 hours. Ensure that the 

dust is removed after 4 hours. Transfer beaker to desiccator and close seal until 

time of test.  

4. Set the stepper motor to produce the desired RPM. Arrange the screw auger 

conveyor above the scale so that the end of the auger is over the center of the scale 

as shown in the diagram below. 

5. Place second large weigh boat on the scale in the center and zero/tare the scale.  

6. Plug the stepper motor into a power source, and observe the auger turning inside 

the cylinder.  

7. Add dust into the top of the feeder frame. When the first dust specimen reaches the 

weigh boat, start the timer. Record the scale readings every 30 seconds and input 

measurement into spreadsheet. 

8. Turn off the dust dispersion system after 10 minutes. 

9. Record the final weight reading. 

 

 
A.5.1.6 Support Requirements:  

 

 This test is to be performed in a controlled environment without disturbances and 

significant airflow in order to obtain accurate readings.  
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A.5.1.7 Data sheets 

 

Referenced ATP Paragraph Number: 5.1 

Analysis Referenced (Verification by T/A) : Test  

Name of the Test: Dust Dispersion Rate Test  

Unit Under Test (UUT): 
Name : Dust Dispersion System  
Part number : 100,200 

Pass/Fail Criterion: 

   ⃞    Release rate constant 0.015 +/- 0.002  

                    (Requirement is met) 

   ⃞    Release rate greater than 0.017 oz/min or 

          Release rate less than 0.013 oz/min 
                    (Requirement not met) 

Date of Test :  

Requirement of test 
measurement: 
 
Dust Dispersion Rate 

Requirement : 
 
 
0.015 +/- 0.002 oz/min 

Test Equipment 
Error: 
 
+/- 0.001 oz/min 

Adjusted 
Test Limit : 
 
N/A 

Computations :  
 
In order to obtain the average release rate of dust into the system, the following equation will 
be used: 
 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑅𝑎𝑡𝑒 (𝑜𝑧/𝑚𝑖𝑛)  =  𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑜𝑧)/𝑇𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛) 
 
In addition, a local release rate will also be determined for each 30 second interval that occurs 
in the test. In order to obtain the weight of dust in this time period, the previous total dust 
weight that was measured before the 30 second period began will need to be subtracted from 
the weight after. In addition, since the intervals are in 30 second increments, the weight will 
need to be multiplied by a factor of 2 to get the number of oz/min. 
 

𝐿𝑜𝑐𝑎𝑙 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑅𝑎𝑡𝑒 (𝑜𝑧/𝑚𝑖𝑛)  =  2 ∗ ( 𝑊𝑒𝑖𝑔ℎ𝑡𝑎𝑓𝑡𝑒𝑟 (𝑜𝑧)  −   𝑊𝑒𝑖𝑔ℎ𝑡𝑏𝑒𝑓𝑜𝑟𝑒 (𝑜𝑧) )  

 
This will allow for the release rate to be analyzed over a period of time. 

Signatures:  
 
Tester:  Printed name: __________________  Signature: ______________________ 
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Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 

A.5.2 Flow Velocity Test 

 

A.5.2.1 Introduction:  

This procedure outlines the acceptance test being performed on the dust filtration test 

chamber to ensure that it simulates the velocity that is present in APU units. This acceptance 

test will verify that the test chamber will produce a velocity of Mach 0.1 with a tolerance of 

10% past the dust filter. 

 

A.5.2.2 Reference Document: System Requirement 4.1 

 

A.5.2.3 : Required Test Equipment   

 

Description Model Number Accuracy 

Dust Filtration Test Chamber Assembly 100,000 N/A 

Dwyer Series 160 Pitot Tube 160-18 0.1% 

Dwyer Differential Pressure Digital Manometer 470-1-FM 0.5% 

O-Ring AS568B# 224 N/A 

Excel sheet (Personal Laptop) N/A N/A 

Timer (Personal Phone) N/A 0.01 Seconds 

Nitrile Exam Gloves 08754000975 N/A 

Honeywell Disposable Dust Mask RWS-54001 N/A 

Eye Protection 32392 N/A 

 

A.5.2.4 Table Of Tests:  

 

Test # Test Requirement 

5.2 Flow Velocity Mach 0.1 +/- 0.01 
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A.5.2.5 Step-by-step procedure 

 

1. Secure the two Dwyer Series 160 Pitot Tubes in the test chamber. Ensure that the 

center of the pitot tubes are a distance 1.75” from the inner diameter of the test 

chamber by checking that the marking on the outside of the pitot tube is flesh with 

the outside of the test chamber. 

 
2. Turn on the Dwyer Differential Pressure Manometer and zero. Connect the tubes to 

the two probes at the end of the pitot tube that is closest to the blower in the test 

chamber. 

3. Slide the O-Ring onto the dust filtration system. Take measurements to ensure that 

the center of the dust filtration system opening is 1.75” from the base of the sealing 

part. 

4. Insert the dust filtration system and O-ring into the open end of the test chamber. 

Secure the dust filtration system in the designated hole, and slide Test Filter Ring 

(100,350) over the dust filter. Connect with the vacuum module (100,400). 

            
5. Turn on the Dust Filtration Test Chamber (100,000). This can be performed by 

turning on the blower, vacuum, and dust dispersion fan. 

6. Start the timer. 

7. Every 30 seconds, record the differential pressure (in. water) measured by the 

Dwyer Differential Pressure Manometer. Record until the timer reaches 5 minutes. 

8. Turn off all components of the dust filtration test chamber. 

 

A.5.2.6 Support Requirements:  

 This test is to be performed in a controlled environment without disturbances and 

significant airflow in order to obtain accurate readings.   
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A.5.2.7 Data sheets 

 

Referenced ATP Paragraph Number: 5.2 

Analysis Referenced (for verification by T/A) : Test  

Name of the Test : Flow and Velocity Test  

Unit Under Test (UUT): 
Name : Dust Filtration System 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

   ⃞  Mach 0.09 < Flow Velocity < Mach 0.11 

       (Requirement is met) 

   ⃞  Flow Velocity > 0.11 Mach or  

        Flow Velocity < 0.09 Mach 
       (Requirement is not met) 

Date of Test :  

Requirement of test measurement: 
 
Flow Velocity in Test Chamber 

Requirement : 
 
Mach 0.1 +/- 0.01 

Test Equipment 
Error: 
0.001 

Adjusted 
Test Limit : 
N/A 

Computations :  
 
From Bernoulli’s equation, the following formula was derived.  

𝜌
𝑉2

2
+ 𝑝𝑠 = 𝑝𝑡 

 
Now, rearranging the equation, we can solve for the velocity of the test chamber: 
 

𝑉 = √
2(𝑝𝑡  −𝑝𝑠)

𝜌
 

 
If the pressure differential represents the difference between the total pressure and static 
pressure, we can substitute 𝛥𝑝 =  𝑝𝑡  −  𝑝𝑠 and get: 
 

𝑽 = √
𝟐𝜟𝒑

𝝆
 

 
V = velocity in test chamber; 𝛥𝑝 = pressure differential read by manometer, 𝜌 = air density 
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Signatures:  
  
Tester:  Printed name: __________________  Signature: ______________________ 
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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A.5.3 Filtration Efficiency and Particle Size Test 

 

A.5.3.1 Introduction:  

This acceptance test procedure outlines how the efficiency of the dust filtration 

system (100,300) will be measured. The goal of the dust filtration system is to remove 

particulates from the main flow stream and direct a cleaner stream of air into the foil 

bearing. A successful dust filter will remove 95% of the dust by weight that is input into the 

system. By knowing how much dust is being input into the system over a given time period 

and how much dust goes through the filter, the efficiency will be able to be calculated. The 

efficiency test will be completed a total of 3 times with each filter. 

 

This procedure also outlines the acceptance test to determine the size of the 

particles that pass through the dust filtration system and into the foil bearing housing. This 

test verifies that the filtration system shall filter out particles greater than 10 microns in 

diameter. A scanning electron microscope (SEM) will be utilized to determine the size of 

the particles that pass through the filter. 

 

A.5.3.2 Reference document: System Requirements 4.4 and 4.5 

 

A.5.3.3 : Required Test Equipment   

Description Model Number Accuracy 

Dust Filtration Test Chamber Assembly 100,000 N/A 

Polycarbonate (PCTE) Membrane Filter PCT109030 1 micron 

Scale  USS-DBS3-2 0.001 grams 

Dust ISO-12103-1 A2 N/A 

O-Ring AS568B# 224 N/A 

Timer (Personal Phone) N/A 0.01 seconds  

Specimen Bag (6” x 9”) CAN-BIO-100 N/A 

Excel Sheet (Personal Laptop) N/A N/A 

Nitrile Gloves 08754000975 N/A 

Honeywell Disposable Dust Mask RWS-54001 N/A 

Bison Life Safety Glasses BIS-SG-02 N/A 

Scanning Electron Microscope Hitachi S-3400  1 nanometer 

Oven AzCl-L020 1350FM N/A 
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A.5.3.4 Table Of Tests:  

Test # Test Requirement 

5.3 Filtration Efficiency Greater than 95% filtration efficiency by weight 

5.3 Particle Filtration Size < 10 microns in diameter 

 

 

A.5.3.5 Step-by-step procedure 

 

1. Ensure that all team members are wearing PPE (safety glasses, dust masks, and 

nitrile gloves).  

2. Turn the scale on. Place a large weigh boat on the scale and tare. Weigh out 5 

ounces of ISO-12103-1 A2 Fine Dust. 

3. Preheat oven to 125 degrees C (257 degrees F). Pour dust into glass beaker. After 

oven heats up, place baking tray in oven and set timer to 4 hours. Ensure that the 

dust is removed after 4 hours. Transfer beaker to desiccator and close seal until 

time of test.  

4. Ensure that the dust filtration test chamber and all testing components are wiped 

clean of dust particles. 

5. Label the filter paper specimen bag with the part being tested, the test name, and 

date: i.e.  100,310 / Test 2 / January 1, 2019 

6. Weigh the specimen bag on the scale and record in excel spreadsheet. Remove 

specimen bag from scale. 

7. Place a new weigh boat on the scale and zero. Next, place PCTE Membrane Filter 

Paper on top of the weigh boat and record the value of the clean filter paper in the 

excel spreadsheet. Using a weigh boat to conduct measurements reduces the risk 

of contamination. 

8. Insert the filter paper into the dust collection chamber (100,430). The collection 

chamber can be disassembled by rotating the top “key” in (100,430-01) and lifting 

the part out of the “slot” in (100,430-02). Insert the filter paper and reassemble by 

lining up the key with the slot and twisting.  
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9. Slide the O-Ring onto the dust filtration system. Take measurements to ensure that 

the center of the dust filtration system opening is 1.75” from the base of the sealing 

part. 

10. Insert the dust filtration system and O-ring into the open end of the test chamber. 

Secure the dust filtration system in the designated hole, and slide Test Filter Ring 

(100,350) over the dust filter. Connect with the vacuum module (100,400). 

            
11. Turn on the Dust Filtration Test Chamber (100,000). This can be performed by 

turning on the blower, vacuum, and dust dispersion fan. 

12. Turn on the screw auger conveyor by turning the switch. Insert dust into funnel 

attached to screw auger conveyor. Have timer ready. 

13. When the dust reaches the exit of the screw auger conveyor, start the timer. 

14. After 5 minutes, turn off the screw auger conveyor motor and stop the timer. Turn 

off the dust filtration test chamber by powering down the blower, vacuum, and dust 

dispersion fan. 

15. Carefully remove the filter from the collection chamber by disassembling. Place filter 

in designated specimen bag. Weigh the specimen bag on the scale and record the 

final value. Record the final scale reading in excel spreadsheet. 

16. Calculate the dust input into the system by multiplying the dust dispersion rate (from 

ATP 4.2) and the duration of the test in minutes. 

17. Send specimen bag containing paper dust filter to Kuiper Imaging Cores for SEM 

particle size analysis.  

18. Record results and attach SEM images to datasheet. 

 

A.5.3.6 Support Requirements:  

 

 This test is to be performed in a controlled environment without disturbances and 

significant airflow in order to obtain accurate readings.   
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A.5.3.7 Data sheets 

 

Referenced ATP Paragraph Number: 5.3 

Analysis Referenced (For Verification by T/A) : Test  

Name of the Test: Filtration Efficiency Test  

Unit Under Test (UUT):  
Name : Dust Filtration System 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

⃞    Filtration efficiency greater than 95% 

        (Requirement met) 

⃞    Filtration efficiency less than 95% 

        (Requirement not met) 

Date of Test :  

Requirement of test 
measurement: 
 
Filtration Efficiency:  

Requirement : 
Filtration efficiency by 
weight of greater than 
95% 

Test Equipment 
Error: 
 
+/- 1% 

Adjusted 
Test Limit : 
None 

Computations :  
If we define the following variables: 
 
The efficiency can be calculate  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐷𝑢𝑠𝑡𝑒𝑥𝑖𝑡,𝑚𝑎𝑖𝑛

𝐷𝑢𝑠𝑡𝑖𝑛
× 100% =

𝐷𝑢𝑠𝑡𝑖𝑛 − 𝐷𝑢𝑠𝑡𝑒𝑥𝑖𝑡,𝑓𝑖𝑙𝑡𝑒𝑟

𝐷𝑢𝑠𝑡𝑖𝑛
× 100% 

 
Now, if we assume a constant percentage of losses throughout the system, the dust going into the 
system gets multiplied by a fraction of itself and the equation becomes: 
 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
(1 − % 𝐿𝑜𝑠𝑠𝑒𝑠)(𝐷𝑢𝑠𝑡𝑖𝑛) − 𝐷𝑢𝑠𝑡𝑒𝑥𝑖𝑡,𝑓𝑖𝑙𝑡𝑒𝑟

(1 − %𝐿𝑜𝑠𝑠𝑒𝑠)(𝐷𝑢𝑠𝑡𝑖𝑛)
× 100% 

 
 

Signatures:  
Tester:  Printed name: __________________  Signature: ______________________ 
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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Referenced ATP Paragraph Number: 5.3 

Analysis Referenced (for verification by T/A): Test  

Name of the Test: Particle Filtration Size Test  

Unit Under Test (UUT): 
Name : Dust Filtration System  
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 
 

⃞    Particle sizes are < 10 microns in size (Requirement is met) 

⃞    Particle sizes are > 10 microns in size (Requirement is not 

met) 

 

Date of Test :  

Requirement of test measurement: 
 
Particle sizes in scanning electron 
microscope (SEM) 

Requirement : 
 
Particle sizes are < 10 
microns 

Test Equipment 
Error: 
 
N/A 

Adjusted 
Test Limit : 
 
N/A 

SEM Test Results Images from Kuiper Cores: 
 
 
 
 
 
 
 
 
 
 
 
Largest Particle size:                             microns   
 
Smallest Particle size:                           microns 

Signatures:  
  
Tester:  Printed name: __________________  Signature: ______________________ 
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 
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A.5.4 Dust Filtration System Mass Flow Rate Test 

 

A.5.4.1 Introduction:  

 

This acceptance test procedure outlines how the mass flow rate going through the 

dust filtration system will be measured and calculated. The goal is to meet or exceed the 

requirement that 0.006 pounds per second (pps) flows through the dust filtration system 

and into the foil bearing housing in an APU unit. By knowing the velocity of air that moves 

from the main flow through the dust filtration system along with the density of air that is 

being used, the mass flow rate is able to be calculated.  

 

A.5.4.2 Reference document: System Requirement 4.2 

 

A.5.4.3: Required Test Equipment   

 

Description Model Number Accuracy 

Dwyer Series 160 Pocket Pitot Tube 167-6 0.1% 

Dwyer Differential Pressure Digital Manometer 470-1-FM 0.5% 

O-Ring AS568B# 224 N/A 

Excel Sheet (Personal Laptop) N/A N/A 

Timer  (Personal Phone) N/A 0.01 seconds 

Nitrile Gloves 08754000975 N/A 

Honeywell Disposable Dust Mask RWS-54001 N/A 

Bison Life Safety Glasses BIS-SG-02 N/A 

 

A.5.4.4 Table Of Tests:  

 

Test # Test Requirement 

5.4 Dust Filtration System Mass Flow Rate Mass Flow Rate ≥ 0.006 

lb/s 
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A.5.4.5 Step-by-step procedure 

 

1. Slide the O-Ring onto the dust filtration system. Take measurements to ensure that 

the center of the dust filtration system opening is 1.75” from the base of the sealing 

part. 

2. Insert the dust filtration system and O-ring into the open end of the test chamber. 

Secure the dust filtration system in the designated hole, and slide Test Filter Ring 

(100,350) over the dust filter. Connect with the vacuum module (100,400). 

            
3. Connect the differential pressure sensor to the Dwyer Series 160 Pocket Pitot Tube 

located in the vacuum module. 

 
4. Turn on the Dwyer Differential Pressure Manometer and zero. Connect the tubes to 

the two probes at the end of the pitot tube that is closest to the blower in the test 

chamber. 

5. Turn on the Dust Filtration Test Chamber (100,000). This can be performed by 

turning on the blower, vacuum, and dust dispersion fan. 

6. Start the timer. 

7. Every 30 seconds, record the differential pressure (in. water) measured by the 

Dwyer Differential Pressure Manometer. Record until the timer reaches 5 minutes. 

8. Turn off all components of the dust filtration test chamber. 

 

 

A.5.4.6 Support Requirements:  

 

 This test is to be performed in a controlled environment without disturbances and 

significant airflow in order to obtain accurate readings.   
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A.5.4.7 Data sheets 

Referenced ATP Paragraph Number: 5.4 

Analysis Referenced (for verification by T/A) : Test  

Name of the Test: Particle Filtration Size Test  

Unit Under Test (UUT): 
Name : Dust Filtration System (100,300) 
Part number : Select (100,310) (100,320) (100,330) 

Pass/Fail Criterion: 

⃞    Mass Flow rate ≥ 0.006 lb/s (Requirement is met) 

⃞    Mass Flow rate < 0.006 lb/s (Requirement not met) 

Date of Test :  

Requirement of test 
measurement: 
 
Mass Flow Rate 

Requirement : 
 
 

Mass Flow Rate ≥ 0.006 lb/s 

Test Equipment 
Error: 
 
+/- 1% 

Adjusted 
Test Limit:  
 
N/A 

Computations :  
 
From Bernoulli’s equation, the following formula was derived for the pitot tube measurement:  

𝜌
𝑉2

2
+ 𝑝𝑠 = 𝑝𝑡 

 
Now, rearranging the equation, we can solve for the velocity of the test chamber: 

𝑉 = √
2(𝑝𝑡  −𝑝𝑠)

𝜌
 

 
If the pressure differential represents the difference between the total pressure and static 
pressure, we can substitute 𝛥𝑝 =  𝑝𝑡  −  𝑝𝑠 and get: 

𝑽 = √
𝟐𝜟𝒑

𝝆
 

V = velocity in test chamber; 𝛥𝑝 = pressure differential read by manometer; 𝜌 = air density 
 
 
The mass flow rate can be represented as: 
 

𝑚𝑟𝑎𝑡𝑒 =  𝜌𝑉𝐴 
 
𝜌 = air density; V = velocity through dust filtration system; A = area of dust filtration system  
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Signatures:  
  
Tester:  Printed name: __________________  Signature: ______________________ 
 
Customer: Printed name: __Ryan Meyer____  Signature: __________________________ 

A.6 Models and Analysis 

 

A.6.1 Flow Rate 

 
 The flow in the test chamber must be Mach 0.1 +/- 0.01. In Tucson, the average speed 

of sound is about 1,100 feet per second. Therefore, the test chamber must achieve a velocity 

of 110 feet per second, or 6,600 feet per minute.  

 

 

A.6.2 Blower Specification and Test Chamber Diameter 

 
             Figure 12: CFM vs. Diameter of Pipe 

 

Volumetric Flow Rate Equation: U = V*A 

U = Volumetric Flow Rate (CFM); V = Velocity (ft/min); A = Cross Section Area (sq. ft) 

Based on research done on available blowers that met the specifications listed, the 

diameter of the duct was chosen to be 4.5”. At this sizing, it was calculated that a minimum 

CFM rating of 730 would be needed to produce the required Mach 0.1. However, the BR-

292A Blower, which is rated at 1700 CFM was selected to compensate for any losses in the 
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test chamber and or blower. 

 

 

A.6.3 Flow Characterization 

 Reynolds numbers were calculated to verify the magnitude of laminar or turbulent 

flow in both the APU and test chamber.  

 
The test chamber was chosen to produce the same type of flow as the APU. In this case, 

both systems were characterized as turbulent.  

      
 

 

A.5.4 Test Chamber Length 

 For turbulent flow, the hydrodynamic entry length can be represented by the following 

equation [1]: 

  

A simplified relationship between the length of the flow development and the diameter of the 
duct can be used to determine the length needed for the test chamber [1]: 

 

The test chamber diameter is 4.5”, therefore, a length of 45” will be used from the point at 
which the flow enters up to the location of the filter.  
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A.6.5 Filter Vibration Modes 

 

 A vibration analysis was performed on each of the 3 filter prototype models. An 

ANSYS modal analysis was conducted and the first 6 modal frequencies were recorded for 

each model. The filter was tested for excitation at 600, 1200, 1800, and 2400 Hz. 

In the original design of the filters, the reverse pitot tube failed at 1200 Hz, as shown 

in the figure below. This resulted in a complete redesign of the three filters.  

 

First Design: 

          
Figure 13: Reverse Pitot tube  

 

 Several modifications were made to the filter, including shorter extensions. Additional 

modifications were made later to properly scale the filter up for testing. This resulted in the 

following modal vibrations, each of which met the vibration requirements.  

 

Final Design: 

   
                                      Figure 14: Reverse Pitot Tube  
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 Figure 15: Reverse Pitot Tube with Swirling Vanes 

 

 

    
 Figure 16: Straight Tube  
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A.6.6 Thermal Expansion 

The filter will experience thermal growth, and the orifice size of filter will increase. The 
equation used to estimate the thermal expansion is given below: 

 

A = cross section area (sq. in.), T = Temperature (F), ɑ = coefficient of thermal expansion 
(in/in-F) 

The material selected for the filter is Stainless Steel 316 [2]. The coefficient of thermal 
expansion for this material is 9E-6 in/in-F. Assuming an ambient temperature of 75 degrees 
F and a maximum temperature of 700 degrees F at the location of the combustor, ΔT = 625 
F. The cross sectional area of the orifice is 0.031415 sq. in, resulting in a thermal expansion 
of 3.534E -4 in.  

 

 

 
A.6.7 Temperature 

 The air following the combustor can range from 650 to 700 degrees Fahrenheit. The 

materials selected for the filter are Stainless Steel 316 and Inconel 718. Stainless Steel 316 

can operate in temperatures up to 1700 degrees Fahrenheit, while Inconel 718 can provide 

long term service at 1200 degrees Fahrenheit. Our team decided to coat the Stainless 

Steel 316 with a 4 mil layer of Inconel 718 because the Inconel provides higher strength 

characteristics while still maintaining a 500 degree margin in our target temperature.  

 

 

 

A.6.8 Filter Fatigue Life 

 

 The filter’s fatigue life was modeled using the SolidWorks Simulation Fatigue Life 

Analysis tool. The filter was loaded under 90 psi and 700 degrees F. Under these conditions, 

the reverse pitot tube filter fails at 1,791 cycles, the reverse pitot tube with swirling vanes fails 

at 1,258 cycles, and the straight tube fails at 3,609 cycles. The 30,000 cycle requirement was 

not met. 

The model was run with only stainless steel 316 because Inconel 718 is not in the 

SolidWorks material library that is available to students. Stainless steel 316 has a yield 

strength of 42,000 psi and can operate in temperatures up to 1700 degrees Fahrenheit. The 

model was run at 90 psi and 700 degrees Fahrenheit, which should not impact the filter as 

much as it did. For this reason, we believe something went wrong in the simulation, or the 

model setup. Additionally, Inconel 718 has a yield strength of 160,000 psi and can easily 

operate in 1200 degree temperatures. This material is also commonly used in the hot section 

of gas turbine engines (GTEs), and thus should increase the filter’s fatigue life.  

Although it is unknown how much an Inconel coat would increase the fatigue life, we 

think that the with the coat and a more accurate simulation, the fatigue life of each filter should 

increase significantly.  
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A.6.9 Dust Dispersion Rate 

 

The test chamber will is to simulate regions with high concentrations of dust in the air. 

In order to do this, the concentration of dust in dusty regions needs to be known. 

 

According to a study done at the University of Athens that maps out ground level dust 

concentration across the world, the average dust concentration in the regions in which are 

being looked at is about 1400 ug/cu m [3]. By converting micrograms to ounces, the amount 

of dust that we will want to add to the system can be viewed in the conversion below: 

1400 ug/cu m = 39.64 ug/cu ft  

39.64 ug/cu ft * 728.94 cu ft/min = 28895.18 ug/min = 0.001 oz/min 

 

 The concentration of dust can be multiplied by a factor of 5 during dust storms. In 
addition, the flow in an APU experiences pressures of around 90 psi, which is about 6x 
greater than the standard atmospheric pressure of 14.7 psi. As a result, the amount of dust 
that we will want to input into the system can reasonably range between 0.006 and 0.030 
oz/min.  

 

Therefore, to achieve the mass flow rate that is consistent with the conditions in dusty 
regions, it was decided that 0.015 +/- 0.002 oz/min will be dispersed into the system. 
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A.6.10 Cost Model 

 

 

 
 

Note: The cost does not include building plates and safety removal equipment, because 

due to limited resources we do not know how many units could be printed on each tray. 
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