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DISCLAIMER

This report was prepared by students as part of a college course requirement. While considerable effort has
been put into the project, it is not the work of a licensed engineer and has not undergone the extensive
verification that is common in the profession. The information, data, conclusions, and content of this report
should not be relied on or utilized without thorough, independent testing and verification. University
faculty members may have been associated with this project as advisors, sponsors, or course instructors, but
as such they are not responsible for the accuracy of results or conclusions.
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EXECUTIVE SUMMARY

The goal of this project was to design, build, and qualify a high Reynolds number flow visualization porous
media test bed to support Dr. Liburdy’s research. The project must make use of existing Time Resolved 3-
D Particle Image Velocimetry equipment. The paper design is engineered to achieve Reynolds numbers of
greater than 200 and to minimize edge effects in the visualization region. While funding was not available
to construct the paper design, construction of a proof-of-concept did take place and testing was conducted.
Testing results indicate that assumptions made during the design process were correct and that the paper
design has a high probability of success if implemented.

This report provides background, design requirements, a review of existing designs, potential design
options, a final paper design, fabrication, testing and analysis, and a project summary including lessons
learned for a 3-D porous media test bed.

The Project Description section provides background on the project, a brief justification for the project,
information about the project sponsor and mentor, design requirements, and a House of Quality. Initial
design requirements for this project included achieving a Reynolds number greater than 200, using Time
Resolved 3-D Particle Image Velocimetry equipment, and having an index of refraction-matched imaging
area. Final design requirements changed the flow rate to the inertial flow regime. However, the paper
design presented in later sections is still designed for the original design requirements.

The Existing Designs section reviews current designs from budget to state-of-the-art. The current state-of-
the-art system employs an MRI machine to directly image pore flow without the need for optical access,
index of refraction-matched materials, cameras, seeding particles, or lasers. Budget systems often use
electrodes with salt water being injected as a tracer to collect diffusion data.

The Possible Designs section reviews two potential designs, one of which relies on sealant to bond different
parts of the test section together while the other uses a series of bolts and gaskets.

The Design Selected section includes all relevant engineering data on the design selected, a bolt-and-gasket
flow section with inlayed borosilicate windows, and provides detailed design and fabrication drawings to
construct a flow channel which meets the original design requirements.

The Cost Reduction section outlines several potential avenues for additional cost reduction that were not
followed in the paper design. Cost versus performance tradeoffs are briefly discussed.

The Fabrication section describes the budgetary problems encountered, a false proof-of-concept start, and
the final proof of concept fabrication. Details of materials used during fabrication are included.

The Testing section includes the original testing plan, potential design modifications, and final testing plan.
It also reviews the testing data and shows analysis of collected data. Due to time constraints, the quantity of
data taken was not enough to achieve statistical significance.

The Conclusion section reviews team interaction, lessons learned, mistakes made, major issues encountered
during design, construction, and testing, and includes the final budget and balance sheet.

6/13/2007 Chadwick, Van Bossuyt, Wilhelm 3



Porous Media Test Bed Final Report

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt ettt ettt st e bt st esae et e e n e e s beenbesatesbeenbeeneesseenseennens
1. PROJECT DESCRIPTION......cciiitieitiiieitieie ettt ettt ettt et taesteentessaesseessesssesseensessseseessasseesseensennsens
L1, BaCKEIOUNG ....c..iiiiiiiiiicieee ettt ettt ettt et e e beesteeesbeessaeenbeessseenseessseensaeeaseenseensns
1.2, DeSiN REQUITEIMENLS ... ..eiutiiiiiieiieeiiiei ettt ettt ettt e st e et e e sabeebeesabeeseeenbeenseesaaeenseennes
1.2.1. Description 0f REQUITEMENLS ......cccuviiiiiiiiiieeiiieesiieeiiee et e et et aeeesaeeesbeeeseaeeesnreeenaeenanes
1.2.2. Changing Design REqUITEMENTS .........cocueriiiiiiiiiiiiiiniieie ettt
1.2.2.1. List of Original Design REqUITEMENES .........eeeruiieeiiiieiiiieeiieeiie et
1.2.2.2. List of Final Design REqUITEMENTS .......ccuiiuiiiiiiiieiiieiiesiie ettt
1.2.3. HOUSE OF QUALIEY c..eieiiieiiieeiie ettt ettt e e b e et e sebeesbeessseessaessseenseessseenseas

2. EXISTING DESIGNS AND DEVICES........ooototiieit ettt sttt sttt se e sseessessaenseensesneens
2.1.  Laser Anemometry EXPEITMENLt.........cc.ceviiiiiiiieiiiieiiiieeiieeeiteeeiteeeieeesteeesaeeesseeessbeeeseseessnneesnseens
2.2.  Probe - Dispersion EXPeriment ..........cccueiiiiiiiriiieiiieiie ettt ettt ettt s ebee e
2.3.  Electromechanical Microprobe EXPeriment ..........c.ccccveevuieriieiiienieeiiienieeieesee e seeeeve e
2.4.  Electrode Probes and Pipedal Plate EXperiment..........cccueevuieriiiiieiiiieniienieeiie e
2 TR o A VA 254 o 1C) 0 11 L) 1 1 AU
2.6, MRIEXPEIIMENL ....ooiiiiiiiiiiiiiieee ettt et ettt et et e bt e et e e bt e s st e e bt e sateenbeessbeenbeesneeenbeennne

3. POSSIBLE DESIGNS ...ttt ettt ettt ettt ettt et et e s bt et e eatesbeeabeente st enteeneenseenseeneens
3.1, TeSt BEd DESIZN H1 ..ottt ettt ettt ettt et e et eeneeeneeas
3.2 TSt B DESIZN #2...ooeiiiiieeiiieiiecte ettt ettt ettt e s tae et eessaeebaestaeenbee st e enteeeabeenbeeenseenraas
3.3, Common Desi@n FEAtUIES. ......cccueriiriiiiiiiiiiiicreeeeceee ettt ettt sttt
33,1, PUMP SCLECLION ...eeiiiiieiiecitete ettt ettt e et e et e et eesbeestaeeabeessseenseensseesseenseessseenseas
3.3.2. BEad SEIECTION .....eieiiiiiiee ettt ettt et e sttt e sttt e st eebeesnbeereas
3.3.30 WOrKING FIUIA ..coiiiiiiiiiicice ettt ettt e et st eesbeessaeenbaeenseesseessseenseas
3.3.4. DIUCTWOTK. ...ttt et ettt et e e bt e st e st e esabeeabeessbeenseesabeenseesnseenseas
3.3.5. SAlING METNOA ... ..iiieiiiiiecie ettt ettt e et e e b e e seeesbeeseeesseensaeesseenseennns
3.3.6.  Imaging EQUIPIMENL........ooiiiiiiiiiiieiieie ettt et sttt e sttt e st e et e sateebeesnneeneeas
3.3.7. SIZING the TSt BEA .....oiiiiiiiieiiee ettt ettt e e be e saeenbeenneeenne
3.3.8.  FlOW Strai@ht@ning.......coueiiiiiiiiiiiiiieiee ettt sttt et

R TR D i 1<) OSSOSO UURRRPRRSRRTRII
3.3.10.  SeediNg PartiCles ......coviiuiiiiiiiiieiieieeeetee ettt sttt st
330110 IMEASUTEIMENE .....euieiiieiiieeite ettt ettt ettt ettt e bt e ea e e bt e eat e e bt e sabe e bt e eabeenbeesabeenbeesaeeeneees

4. DESIGN SELECTED ......coiiiiiiieitieieeiese ettt ettt ettt et e b e s stesseesaaesaensaensesssenseessanssesseensesnnens
4.1, Hydraulic DESIZN ....cueiiuiieiiiiiieiiecit ettt ettt et e et eeae e st e esbe e teessbe e seeesseensaeessaeseessseensaessseenseensns
4.1.1. FIOW LOOP OPETAtION .....c..eiriiiiieiiiiieiiiteritete ettt sttt ettt ettt sttt et be et et saeesbeesteeaeesaeeaesanens
4.2, PUMP SCLECLION ..c.vviieiieeiiieiie ettt ettt ettt e et e steeebe e st e esbe e saeesbeeesseesseessseensaesseessseensaessseenseensns
4.3, BeAA SELECLION ..cutiiiiiiiieie ettt ettt et et e et e bt e et e e bt e et e e bt e enb e e bt e e nbeebeeenbeebeeenee
4.4, WOTKING FIUIA ....coiiiiiiiiieie ettt ettt ettt e et eetb e esbeessbeessaeesseesseessseensaessseenseennns
4.5, DUCEWOTK ..ttt ettt et et e et e b e e ab e e bt e s st e e bt e eab e e bt e eabeebeeeabeenbeenaee
4.6. ImMaging EQUIPMENL.........coiiiiiieiieiiieie ettt ettt ettt et e st e et e et e ebeessbeeseeesseesseessseenseesnseenseennns
I VA )1 Vo 1 TS Ty A 27T SRS
4.8, FIOW Strai@htening......cccueeiiiiiiieiiieitee ettt ettt ettt e et e st e e be e st e e beeeseeesbeeesbeenseeenseenseeenes
4.9, SEALANLS ...ttt h ettt e bt e e a bt e bt e e a bt e bt e e et e e bt e eabe e bt e eaeeebeeeaee
4.10. Window Sizing and DESIZN .....c.eeiuiiiiiiiiiieiiecie ettt ettt et e et e e beesaaesbeesaaeenbeeenneenseas
4.11. DITUSET <.t ettt ettt st e b e e et e bt e sab e e bt e e ab e e beesaa e e bt e saeeenteas

6/13/2007 Chadwick, Van Bossuyt, Wilhelm 4




Porous Media Test Bed Final Report

4.12. SEEAING PaATtICIES .....eiiiieiieeiieiie ettt et et e et e st e e bt essbeeseesabeenbeasnseenseennsaens
4.13. IMBASUTEITMIENE ...ttt ettt ettt e et e ettt e eab e e e e ab e e e eabeeeeabeeeebaeesabeeenabeeenaneeas
4.14. Flow Loop Material SEIECTION ......c..ieiiiiiiieiieiie ettt ettt et et siae e e e eneees
4.15. WOrKing FIUid RESEIVOIT .....cocuiiiiiiieciiieee et ettt s e e sate e e saee e aaeeesaaeensaeennneeas
5. COST REDUCTION ..ottt ettt sttt ettt sh et sttt e e s st e s bt et e sate s bt eatesate bt enteeneenbeenbesanens
5.1.  Increased Bolt Pattern SPaCING ........cccueiiiiiieiiieeiiie ettt ettt e e e e tae e s e e e sbeeessbaeeenneeessseeennnes
5.2, ReMOVE INTIO-SEITS ....ouiiiiiiiiieiieeeeet ettt ettt et sttt sat e e bt st e s e eaneenaee
5.3,  Use Permanent Chemical S@ALS .........ccooiuiiiiiiiiiiiiiieee et
5.4. Machine Borosilicate WINAOW ..........cocueiiiriiiiiniiniiiienteeee sttt ettt ettt e e s
5.5.  Select AIEINAtiVe PUIMD ....oooiiiiiiiiiecieeceece ettt et e e e e ae e e sea e e e aaeeennaeessseeeesseeennnes
5.6.  Use In-House Measurement EQUIPIMENT .........cccuiiiiiiiiieriieiiieiieeieeite ettt sene e enee e
5.7.  Select Alternate Throtthing ValVe .........cocoiiiiiiiiiiiicceece ettt et e e e s
5.8.  Drainage Valve and TankK ..........cccoociioiiiiiiiiiiieie ettt ettt sttt e e abeenneeenes
6. FABRICATION. . ..ottt ettt ettt et et e et e e et et e et e esee st ensees e e st enseeneenseenseenta st enseeneenneenseeneans
6.1.  Original Fabrication PIan.............cccciiiiiiiiiiiiiiii ettt ettt e
6.1.1. (O T AT 11 T [ OSSPSR
6.1.1.1. COSE ettt ettt et e bt et e e e ae e e bt e e bt et e e nateeab e e bt e e beenaneens
6.1.1.2. BUAGET ...ttt e e e et e et ae e et e e e e tae e taeeetbaeeaaeeeneeeereeens
6.1.2.  Purchased COMPONENLS........cccuiiriiieiieiieeieeniie et esiee et e siee et eeseteebeessteesbeassaeeseessseesseessseenseesnseenseensns
6.1.3. Fabricated COMPONENLS ........cccuiiiiiieeiiieeciee et etee et eete e et e e st e e steeesteeessseeessseeesseeessaesnsseesnseens
6.1.4. Sourcing and Lead TIMES .........ccccviiriieeiiieiieeie ettt ettt et e site et esateebeessaeeseessaeesbeessseeseesnsaans
6.2.  Fabrication OULCOME. ......ccuuiiuieiiiitieeteete ettt ettt et ettt et e ettt e sat e e bt e et e e bt e sab e e bt e sseeeabeesaeeenbeenaee
T TESTING .ottt ettt ettt et e a e bt et ea e e s bt et e e at e eb e et e eatesbe e b e ea e e bt enteeatenbeenbeennens
7.1, Original TeSting PIan ..........ooooiiiiiiiiieiieeee ettt et e e s e e sab e e e aa e e e aaeeenbeeeesseeennnes
7.1.1.  Evaluation of REQUITEMENTS......cc..oeiiiiiiiiiieiie ettt ettt sttt et e s ateebee e
7.1.1.1. Evaluation of Design ReqQUITEMENt #1.......cccocovuiiiiieiiieiiieiieeieeitecee ettt sene s
7.1.1.2. Evaluation of Design ReqUITEMENt #2.......cc.coiiuiiiiiiiieiieeiieeiie ettt et e
7.1.1.3. Evaluation of Design REqQUITEMENt #3........ccooviiiiiieiiieiieeiieeieeieeeee ettt e seae s
7.1.1.4. Evaluation of Design ReqUIremMent #4...........ooouieiiiiiiioiieeiieie ettt
7.1.1.5. Evaluation of Design REqQUITEMENt #5.......ccooiiiiiiiieiieiieeiiecie ettt e seaeeneeas
7.1.1.6. Evaluation of Design REqQUITEMENt H#6..........cooiuiiiiiiiiiiiieeiiee ettt
7.1.1.7. Evaluation of Design REQUITEMENT H#7 .......ccvieiuiiiiieiieiieeieeeie ettt e aeeseveeveeseaeeneeas
7.1.1.8. Evaluation of Design ReqUIrement #8...........cocuiiiiiiiiiiiiiiiieie ettt
7.1.1.9. Evaluation of Design REqQUITEMENt #9.......ccccovuiiriiieiiieiiieiiecieeieesiee ettt
7.2, Modified TeStiNg PIanS ........cc.coiiiiiiiiiiiiee et ettt st ettt e
7.2.1. DY TOSHINE ... eiiieeiiee ettt e ettt e ettt e et e e st e e s bt e e s abee e steeesbeeanssaeensaaeensseeensseennseeennseens
7.2.2.  Intermediate TesSting PIan .........ccoooiiiiiiiiiii et
7.2.2.1. ADSLract Of TeSING Plan.......cc.coouiiiiiiiiiicii ettt et aeeaeeseseennaas
7.2.2.2. BaCKGIOUNA ......ooiiiie ettt ettt ettt ettt et e et e et eeeas
7.2.2.3. EXPEriMENt DIESIGN....cccuiiiiiiiiiiiiieeie ettt ettt e et e e staeebeessaeeseeseseesseeesseesaeesseesseessseenseas
7.2.2.4. EXPeriment PrOCEAUIES .......cc.uiiiiiiiiiiieit ettt ettt st et e st esaeeeneeas
7.2.2.5. IMIALETIALS ...ttt ettt ettt et et e bttt aee bt et e e et e bt et e e st e bt e beene e bt et entesaeenee
7.2.2.6. Data COLECLION ...ttt ettt ettt et et e et esate e bt e sseeeabeesateenseesneeenseas
7.2.2.7. ALY SIS .t eutieeeiee ettt ettt e et e ettt e e e e et e et e ettt e e ta e e e taeeentaeeanteeeanteeetbeeenbeeenteeeneeennseeens
7.2.2.8. COMCIUSION ...ttt et et e et e bt e et e e s bt e eabeesseeeabeenaseenbeasnseeseesanaans
7.2.3. FINal TeStING PIAN ..cc.viiiiiiiiiiciicieeeee ettt ettt et e e e staeesbeessaeensaesnseenseenens
7.2.3.1. EXPErTMENt DIESIGN....ccueiiiiiiiiieiieiie ettt ettt ettt et e st e be e et e et e sateebeesnneeneeas
7.2.3.2. Procedure and Data CollECtiON .........ccuevieriieiiiieiieieee ettt
7.2.3.3. Equipment and Hardware ModifiCations .............cc.eeiiiriiiiiiiiiiiiiiiiieiieeit et

6/13/2007 Chadwick, Van Bossuyt, Wilhelm 5



Porous Media Test Bed Final Report

7.2.3.4. ALY SIS ..ttt ettt ettt ettt ettt e et e e et e et ee e e be e heeenbe e st e eabe e beeenbeesteenbeenneeenseenseas
7.2.3.5. COMCIUSION ..ttt et e bt e et e b e e et e e b e e e st e e bt e eabeeeaeeenbeesnbeenbeennaeans
7.3. Design Requirements ANALYSIS ......c.cccciiiiiieiiieiiieiieeiee ettt ettt esiaesbeesteeesseeseaeeseeenseenseennns
8. PROJECT SUMMARY ...ttt ettt ettt e te sttt ettt entesat e st enteeneeaeentesseenseenseensenneenes
8.1, GIOUP INTETACLIONS ...eieuiieiieiiieeiieeteeeiie ettt et e st e et e e st e e bt estteeabeesateesseessaeenseesseeenseensseenseesaseenseenssesnseas
8.2.  Technical Knowledge Gained...........c.ccoouiiiiiiiiiiiieiie ettt e svee s e e enveeesnaeessneaesnseeas
8.3, MIStAKES IMAAE ..ottt ettt et e h et eat e bt b e et nee
8.4.  Major Issues Encountered During Design Phase..........ccccoeviiiiiiiiiiiieciiieceeee e
8.5.  Major Issues Encountered During Build Phase .............cociiiiiiiiiiiiiiiiieceeee e
8.6.  Major Issues Encountered During Testing and Analysis Phase ..........cccceevvieeiiieeiiieciieeeieeeee e,
8.7, FINAL BUAZET.....eeiiiiiieiieeie ettt ettt et e ettt e st e et e e st e e teesabeenbeessbeenseesnbeenseenssesnseas
B8, COMCIUSION ..ttt et h e et e bt e et e e bt e e st e e b e e e ab e e bt e eabeesabeeabeesabeenbeesaeeeaneas
9. APPENDIX SECTION 1: ENGINEERING CALCULATIONS AND DATA ...cciiiiiiieeeieeeeeee
9.1.  Porous Media Test Bed Pressure Drop Calculations ...........cccuveeriieeiiieeiiie e
9.2.  MSDS Sheets for Working FIUId..........ccccuiiiiiiiiiiiiiiii ettt
9.3.  Honeycomb Flow Straightener Length Determination.............ccccveeeiieeriieeriie e
9.4.  ATF Fathom Output (LOW FIOW RaAt@) ......cccuiiiiiiiiiiiieiiee et s
9.5.  AFT Fathom Output (High FIOW Rate) ......cccouiiiiiiiieiieeee ettt
9.6.  Flow Rate CalCulations ........cc.eiiiriiiriiiiiiieieeieeiet ettt ettt b et eae s
9.7.  Pump Horsepower Preliminary Calculation .............cceeeciiiiiiieiiiiieeiieeeiie et
9.8.  Wall Thickness CalCulations...........cceeruiiiiriiiiiirienieieetere ettt sttt sttt
9.9.  Cumulative Force Calculations on Honeycomb Flow Straightener .............ccccoeevvieiiieniieencieeeieeee
9.10. Viewing Window Thickness Calculations and Spreadsheet.............ccoeeveeiiiniiiiiiiniiniiieiecieee,
9.11. Component Source DataShEet..........cccuviiiiiiiiie e e e e e e e s
9.12. Test Bed Material Selection SpreadSheets.........covevieiiriiiiiiiiiiieeeeeeeeeee e
9.13. Flow Channel Cross Section Maximum and Minimum Dimensions ...........cccccceeeeveereenieenieenneennen.
10.  APPENDIX SECTION 2: BILL OF MATERIALS ........ooiiieeeeeee et
10.1. Test Bed Price EStIMAtiON........couiiieiiiiieiieieeies ettt sttt st
10.2. Component Source and Lead TIMES .......cceeouiriiriiiiiiinieciereeeee ettt
11.  APPENDIX SECTION 3: PART DRAWINGS ......oooiiiiiiieieeeeee ettt
11.1. Drawing PACKAZE ......eeiuiiiiieiie ettt ettt ettt e et e st et e st e e beeeneeeneas
11.2. Modified Fabrication Plan DIaWing ..........cccceevuiiiiiiiiieiiieiiecie ettt eve e esneeneees
12, BIBLIOGRAPHY ..ottt ettt ettt st eseesae s st eseessessaenseensasseenseenaensaenseensans
13.  ADDITIONAL SOURCES. ...ttt ettt ettt sttt ettt st e et st e st ebeeaeesbeeaeeneens

6/13/2007

Chadwick, Van Bossuyt, Wilhelm 6



Porous Media Test Bed Final Report

ACKNOWLEDGEMENTS

The project team would like to thank Dr. Liburdy for his time, effort, extreme patience, and flexibility
throughout the fall of 2006 and the winter of 2007. Without him, this project would have never been
finished. The team would also like to thank Dr. Parmigiani who was accommodating, kind, and always
ready with an idea to keep the project on-target. Additionally, the team would like to thank Dr. Wood who
donated his expertise, flow valves, and dye. Of course, the team must extend a heartfelt “we’re sorry!” to
the graduate students in the lab who were periodically disturbed from their research to help a motley crew of
undergraduates complete a senior design project. The wives and girlfriends of the three team members must
also be thanked for the patience and understanding they showed toward the many long nights and weekends
the team spent in the lab rather than with them.

To everyone who helped us, THANK YOU!

- The Porous Media Team

6/13/2007 Chadwick, Van Bossuyt, Wilhelm 7



Porous Media Test Bed Final Report

1. PROJECT DESCRIPTION

1.1.Background

The goal of this project was to design, build, and qualify a high Reynolds number flow visualization
porous media test bed to support Dr. Liburdy's research in this field. As part of the design task, the
design team worked closely with Dr. Liburdy to fully define the critical design requirements and
guarantee that the end product would suit the research needs of the university.

Being able to visualize flow through porous media is an important part in the process of developing
equations to simulate flows through porous media beds. Porous media beds have many applications in a
variety of industries. For instance, the water treatment world uses porous media in the slow sand water
filtration process. In the chemical industry, many chemical reactors use porous media beds as catalyst
chambers. In the automotive industry, catalytic converters are porous media beds.

High Reynolds number flow regimes might become particularly important to the chemical engineering
world in the form of more efficient reactor beds and higher throughput. There is a particularly
interesting region of flow regime which Dr. Liburdy wants to investigate using the to-be-designed
porous media test bed in the Re=200 range.

1.2.Design Requirements

1.2.1. Description of Requirements

The primary function of this porous media test bed is to take visual images of flow through porous
media at Reynolds numbers greater than 200. While there are many ways to visualize flow through
a porous media bed, the Mechanical Engineering Department at Oregon State University already
owns a Time Resolved Three Dimensional Particle Image Velocimetry (TR 3-D PIV) rig which, due
to a variety of factors ranging from budget to in-house familiarity with the system, has been
identified as the visualization method for this project. TR 3-D PIV works by shining a laser through
a porous media bed filled with moving fluid impregnated with small glass beads filled with dye that
fluoresces when struck by laser light. The two cameras (two cameras allow for 3-D imagery) have
filters on their lenses which only allow the specific wavelength of light that the fluorescing dye emits
through to the CCD’s.

To minimize distortions, all materials must have as close to the same refractivity indices as possible.
This means that the porous media, fluid, and test bed walls all must be refractivity matched.
Because of this, the design team will most likely have to mix their own fluids to develop an
inexpensive fluid to meet the project budget (commercially available fluids with refractive indices
matched to Plexiglas, Pyrex, or Lexan are generally extremely expensive). In a departure from
classical porous media flow regime studies, this test bed will use randomly packed porous media.
This means that this particular test bed will not have carefully cut half and quarter spheres glued
(with matching refractivities) to the test bed walls. Additionally, the entire test rig must have good
control over other factors, such as pressure and flow rate, which directly affect the Reynolds number
and, thus, make the test bed adjustable for different flow regimes. This also means that the system
must have good measurement equipment attached at the correct points to monitor things like head
loss and flow rate. Finally, the test bed system must be safe and easy to use for Professor Liburdy
and his research assistants to operate.

6/13/2007 Chadwick, Van Bossuyt, Wilhelm 8



Porous Media Test Bed Final Report

1.2.2. Changing Design Requirements

Due to issues of funding, discussed in later sections of this document, the original design
requirements were modified to meet requirements of the second half of the course for which this
document was prepared. Both original and final design requirements are presented here. The largest
change between the two sets of design requirements is item 7 on the original list or item 6 on the
final list. The flow regime was changed from above Reynolds numbers of 200 to the inertial flow
regime.

1.2.2.1. List of Original Design Requirements

1. The test bed shall consist of a porous media bed, a closed flow loop with appropriate
pumping apparatus, measurement and control equipment, and appropriate diffuser plates to
guarantee uniform flow through the bed.

2. The porous media bed shall be of sufficient depth and width to make edge effects
negligible. Literature indicates that between 3.5 and 10 diameters of porous media from
the edge generally are sufficient to negate edge effects.

3. The test bed shall be able to take appropriate direct and indirect measurements potentially
included but not limited to pressure, temperature, flow rate, samples of liquids from
different locations within the media bed, etc... These measurement abilities will be
appropriate to quantify the flow in the media bed.

4. The test bed shall have sufficient optical access to take desired measurements and images
using the TR 3-D PIV equipment available in the OSU mechanical engineering department.

5. The test bed, media, and fluid shall be designed to optimize flow visualization in
conjunction with the TR 3-D PIV. This means that everything must have matched indices
of refraction.

6. The test bed shall be vibrationally isolated from its surroundings and the porous media bed
shall be isolated from any sources of vibration within the machine (i.e.: pump) that could
adversely affect the critical measurements in the system.

7. The test bed shall operate in the Re>200 range. This requirement helps set many of the
design parameters.

8. The test bed shall be designed with safety and integrity of the system in mind based on the
system operating parameters.

9. The test bed shall have adequate flow loop control with some or all of the following
elements being controlled: pressure, flow rate, temperature, etc.

1.2.2.2. List of Final Design Requirements

1. The design shall consist of a porous media bed, a flow loop with appropriate pumping
apparatus, measurement and control equipment.

2. The flow cell shall be of sufficient depth and width to make edge effects negligible.

3. The flow cell shall be able to take appropriate direct and indirect measurements potentially
included but not limited to pressure, temperature, flow rate, etc... These measurement
abilities will be appropriate to quantify the flow in the media bed.

4. The flow cell shall have sufficient optical access to take desired measurements and images

using the TR 3-D PIV equipment available in the OSU mechanical engineering department.

The material of the flow cell, media, and fluid must have matching indices of refraction.

6. The flow cell shall operate into the porous media inertial flow regime.

e
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7. The flow cell shall be designed to withstand operating conditions, such as pressure,
temperature, and flow rate.

1.2.3. House of Quality

The House of Quality (Figure 1) and Dependency Chart (Figure 2) presented below represent an
analysis of the original design requirements. Because row number 10 on the Original House of
Quality has changed in name only but not in importance, only the original graphics are presented
here as updated graphics would be redundant.

Figure 2, the Dependency Chart, indicates which design requirement is dependent on another. The
House of Quality (Figure 1) shows customer requirements versus design requirements with
correlations, customer importance, and competition benchmark data included.
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Figure 1: Original House of Quality
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Figure 2: Dependency Chart
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2. EXISTING DESIGNS AND DEVICES

2.1. Laser Anemometry Experiment

Dybbs and Edwards [1] researched the Darcy to turbulent flow regime in porous media. They used laser
anemometry to conduct flow visualization studies. The researchers chose to visualize the flow regime in
3-D. The bed was designed to have two different porous media setups. One was comprised of Plexiglas
spheres in a hexagonal packing arrangement and the other was made up of a complex three dimensional
Plexiglas rod matrix.

The researchers used a variety of liquids including water, silicone oils, Sohio MDI-57 oil, and mineral
seal oil. The final working fluid had a matched refraction index with the Plexiglas and test section
components. A dye solution of potassium permanganate was injected at a point source into the fluids to
help visualize the flow. The researchers reported some small problems with the dye having slight
negative buoyancy but they didn’t believe it adversely affected their results [1].

2.2. Probe - Dispersion Experiment

Another research group, Han, Bhakta, and Carbonell, [2] constructed a Plexiglas column with a square
test section. The spherical particles composing the porous media test bed were made of urea and
formaldehyde and were hollow. The particles were approximately 0.25, 0.35, 0.45, and 0.55 cm in
diameter and were randomly packed. The test section had an effective packing height of 150 cm and a
cross-sectional width of 27 cm. The system had a dispersion plate at the top to divide the flow evenly
through the bed. The system also had an outlet distributor to prevent any disturbance in the visualization
area.

The system used a solution of de-ionized water doped with sucrose to closely match the density of the
tracer used to aid in flow visualization. The tracer was a solution of de-ionized water and salt [2].

To visualize the flow, the researchers inserted a series of five probes into the column at different heights
and with the ability to adjust lateral placement of the probes. The probes measured conductivity in the
solution. The salt tracer solution allowed the probes to accurately measure dispersion in the bed. The
system required new de-ionized water to constantly flow through the system. The used water was
discarded. This was an open loop test system [2].

2.3. Electromechanical Microprobe Experiment

Seguin, Montillet, and Comiti [3] ran an experiment similar to what was discussed in section 1.3.2.
They visualized flow regimes beyond the Darcy regime using electromechanical microprobes inserted
into the bed. The researchers used a variety of porous media including beds packed with spheres,
stratified and reticulated media, and square parallelpipedal plates. Various packing strategies and media
sizes were tested.

The test section was constructed of altuglass. A centrifugal pump was used to feed liquid to the column.
The flow rate was measured with rotameters. The temperature of the liquid was held between 25 and
30°C. The tracer solution, in this paper called it an electrolyte solution, was a mixture of potassium
ferricyanide and sodium hydroxide. The electrolyte solution created was detected with a series of
platinum electrode probes spread throughout the column [3].
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2.4. Electrode Probes and Pipedal Plate Experiment

Seguin, Montillet, Comiti, and Huet [4] researched the hydrodynamics of porous media beds in much
the same manner that the researchers in sections 1.3.2 and 1.3.3 of this document conducted their
studies. These researchers used electrode probes inserted into packed beds filled with either 5 or 8 mm
diameter spheres. The researchers also used parallel pipedal plates much like the researchers in section
1.3.3. In addition, these researchers used several different types of open cell foam as porous media.
This particular research group did not explain their system well enough to reproduce their experimental
setup.

2.5. PIV Experiment

Stohr, Roth, and Jahne [5] employed the planar laser-induced fluorescence technique to visualize 3-D
pore-scale flow of two immiscible liquids in a porous media bed. They used an argon ion laser
operating at 488 nm to excite the fluorescent dye. The PIV system used two CCD cameras mounted at
angles to the test bed to provide 3-D imaging. The porous media bed tank was built out of Plexiglas and
filled with Plexiglas or silica beads. The Plexiglas beads had some problems with air bubbles trapped
inside the beads but the researchers were able to separate the solid beads from the hollow beads by
floating them in a solution of salt water.

Several different fluids were used including a family of Dow Corning chemicals and zinc chloride. The
paper did not indicate if the system were open or closed loop but an educated guess says that it was open
loop [5].

2.6. MRI Experiment

Suekane, Yokouchi, and Hirai [6] conducted porous media flow visualizations using an MRI machine.
Water was used as the fluid and porous media consisting of spheres of unknown material were packed
into the test bed and loaded vertically into the MRI. The visualization process relied on the MRI
equipment. Due to the MRI not needing match refractivity indexes, fluids, such as water, can be used.
For research teams with large budgets, this technique appears to be state-of-the-art.
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Two primary designs were considered for the porous media test bed system. The two designs differed
mainly in the porous media test bed section of the system. Other components in the system were largely

Porous Media Test Bed Final Report

3. POSSIBLE DESIGNS

independent of the test bed design and are reviewed following the test bed designs.

It should be noted that any apparent lack of creativity on the project group’s part is due in large part to the
restrictive nature of the original design requirements. Due to the nature of the experiments that the project
sponsor wishes to perform, all major elements of the design are fixed. Figure 3 shows a generic porous
media test bed system for use with generic PIV equipment. Generic systems usually contain the following
major design components: test bed, pump, tank, diffuser & nozzle, cameras, and laser. Additionally, the
generic test bed pictured in Figure 3 has a heating element that is occasionally included when heating of

the working fluid is desired.

Thermoelement

Camera

Working
area

Venturi-nozzle

Qiltank

Figure 3: Generic Porous Media Test Bed System [7]
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3.1.Test Bed Design #1

Diffuser
~/ \
Flow Straightener
Wall
-~
Flow Straightener-
a
Diffuser N/

Figure 4: Test Bed Design #1 Potential Configuration

Initially, the project team considered making a test bed with a square cross section, with all four sides
constructed solely of polycarbonate plastic or borosilicate glass. Figure 4 shows a potential test bed
configuration under this design scheme. Both the top and bottom of the test section have diffusers and
flow straighteners with the test section containing the porous media sandwiched in the middle. Four
walls make up the test section. The motivations for using this design concept are: camera alignment and
laser positioning would be easier and more versatile as compared with the test bed design considered in
section 3.2 and the inside of the test bed walls would be smoother than the design discussed in section
3.2 which would aid in minimizing the depth of penetration of edge effects into the porous media bed.
This, in turn, would help to decrease the required cross-sectional area of the porous media bed to
minimize edge effects, as discussed in original design requirement #2 in section 1.2.2.

In spite of the benefits to a test bed completely made of a transparent material, there are some drawbacks
to this approach. When flow rates were analyzed to achieve the desired pore Reynolds number, the
developed pressure at the upstream side of the porous media test section was found to be relatively high,
as can be seen in Appendix 9.1. There was some concern using a conventional sealant to adhere the test
bed sides together would not stand up to the expected pressures and would develop leaks over time, or,
in the worst case, experience catastrophic failure. This fear is based on holding the sealant in tension
which, in general, is not as strong as holding a sealant in compression. Issues specifically pertaining to
sealant are discussed in more detail in section 1.2.2.1.
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3.2.Test Bed Design #2

The project team considered another design solution for the porous media test section which, much like
the design discussed in section 3.1 is, at its core, a square cross section flow bed. This design calls for
the four sides to be built out aluminum, stainless steel, Hastelloy C, or polycarbonate. The sides would
be fitted with an appropriately sized piece of polycarbonate or borosilicate glass, symmetrically inlayed,
to serve as the viewing window for the imaging equipment. The viewing window would be sealed with a
sealant, such as silicone caulking or rubber gaskets, which is discussed more in depth in section 3.3.5,
and would be kept under compression, and the test bed would then be assembled with machine screws
with the edges of the sides sealed. If additional support was needed to maintain a positive seal along the
wall edges, banding or other methods would be used to support the machine screws. Figure 5 shows a
potential configuration for this design which includes diffusers and flow straighteners at the top and
bottom of the test bed, four walls, inner and outer window gaskets, a window made out of a transparent
material such as borosilicate or polycarbonate, an inner window retaining wall, and a wall gasket to
prevent leaks between the walls.

Like with the design discussed in section 3.1, there are several concerns and benefits inherent in this
design. Using a sealant for the viewing window and the test bed necessitates the chosen sealant to
withstand the same pressures as mentioned in section 3.1 but under compressive loading. This means
the seals must simply hold under compression rather than tension. Designing using sealant under
compression is far easier than under tension. Additionally, the reactivity of the working fluid to the
sealant and the metal must be considered to assure an unexpected breach of the test bed does not occur.
This issue is discussed more in depth in sections 3.3.3, 3.3.5, and 4.3. Finally, the restriction on the field
of view and ease of reconfiguration of the TR 3-D PIV system must be considered. This is discussed
more in depth in section 3.3.7.
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Figure 5: Test Bed Design #2 Potential Configuration

3.3.Common Design Features

There are several design features that are common to both designs and, therefore, can be considered
individual designs areas. They are presented below.

3.3.1. Pump Selection

Pump selection is based upon the pump’s ability to overcome the cumulative head losses through the
pipe, across the porous media, through the flow straighteners, and to develop the required flow. The
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required flow must be free of cavitations, non-pulsing, and as “steady-state” as required to produce
results of a desired accuracy from the TR 3-D PIV equipment. These parameters have still not been
fully defined.

Once an approximate head loss value is determined, the selection of the pump becomes a matter of
pump operation. Several types of pumps are under consideration including centrifugal, positive
displacement, and peristaltic pumps.

3.3.2. Bead Selection

There are a multitude of bead types to choose from. The primary criteria to base bead selection on
are material composition, the index of refraction, and bead size. Polycarbonate and borosilicate are
the two primary material types being considered which have ranges of indices of refraction from
1.58 to 1.59, and 1.47 to 1.53, respectively. These two materials are the primary candidates because
of their optical properties, availability, and the availability of sheets of both of these materials to
build viewing windows out of in the test bed. The bead size, as defined by the bead diameter, will
be determined by whichever yields an appropriate pressure drop in the porous media and is readily
available.

3.3.3. Working Fluid

The working fluid for the porous media test bed must match the index of refraction of the beads and
viewing glass. After researching relevant literature, the fluids under consideration are silicone oils,
and zinc chloride solutions. Silicone oils can achieve a range of indices of refractions from 1.375 to
1.533. Zinc chloride solutions can produce a wide range of indices of refraction which encompass
the indices of refraction of both polycarbonate and borosilicate. Most silicone oils on the market
today vary in cost from $50 to $250 per 500 grams [8]. Silicone oils have a low reactivity and are
considered safe to use with a wide range of materials including polycarbonate and borosilicate [9].

Zinc chloride solutions are fairly easy to make in standard university laboratories, as has been
demonstrated by Dr. Brian Wood [10], and are relatively inexpensive, ranging in price from $50 to
$150 per 500 grams [11]. However, zinc chloride solutions have significant health, safety, and
design issues as is attested to in the MSDS in Appendix 9.2. A typical well-known zinc chloride
solution application is in the production of batteries. Zinc chloride solutions that produce an index
of refraction around 1.47 generally have Ph’s in the range of 2 [12].

Two other considerations that should be taken into account are viscosity and volatility of the
working fluid. The less viscous the fluid is, the easier it is for that fluid to move through the test bed
and the less head loss there is across the test bed. Some silicone oils have a very low vaporization
point. Some fluids investigated have vaporization points below 0°C [8]. Working with fluids with
vaporization points below room temperature is not desirable.

3.3.4. Ductwork

Several materials have been considered for use in the ductwork for the system including steel, PVC,
and nylon pipe. The primary decision factors, in order of importance, are reactivity with the
working fluid, availability, cost, and surface roughness.
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3.3.5. Sealing Method

Several methods of sealing the test bed have been considered which fall under two broad categories
of using gaskets and using adhesives to form a seal. Gaskets made out of materials such as rubber
and silicone, work well under compression and are used in a wide variety of high-pressure
applications such as deep water simulation aquariums and deep ocean pressure vessels with viewing
windows [13]. Adhesives, such as silicone, are well suited to join two similar materials together.
Consumer-grade fish tanks and private marine boat repair are two good examples of applications of
adhesives [14]. One consideration that must be made when dealing with adhesives is index of
refraction matching. If any adhesive finds its way into the TR 3-D PIV system’s field of view, that
adhesive must be index of refraction matched to minimize distortion of the image data [5].

An additional variable that must be considered when selecting sealing methods is the potential
corrosion effects of the working fluid. With relatively reactive substances like zinc chloride, this
becomes especially important.

3.3.6. Imaging Equipment

The imaging equipment to be used in this project was predetermined by the project sponsor and will
be TR 3-D PIV. Please see the Original Design Requirement List (section 1.2.2.1 items # 4 and 5
for more information on this design requirement.

3.3.7. Sizing the Test Bed

The test bed must be sized properly to meet the design requirements listed in items # 2 and 4 from
the Original Design Requirements List (section 1.2.2.1). This means that the field of view of the
cameras and the entrance and exit points of the laser sheet in the TR 3-D PIV system are at the core
of the parameters governing the sizing of the test bed.

An additional design requirement of the test bed, as listed in item # 2 in the Design Requirements
List (section 1.2.2.1), is minimization of edge effects. Several sources indicate that the appropriate
distance one must be from the edge of the test bed to find flow with minimal edge effects ranges
from 3 to 10 bead diameters [15].

3.3.8. Flow Straightening

To create a well-developed porous media bed flow with minimal edge effects flow straighteners are
often employed. Effective flow straighteners for the range of velocities in which the test bed is
expected to operate generally fall into the “honeycomb” category [16]. Other flow straightening
techniques, such as diffuser plates, are inappropriate for the expected volumetric flow rates of the
flow loop and will produce a high pressure drop affecting pump selection. See Appendix 9.1 for
flow rate calculations.

When selecting a honeycomb flow straightener one must keep in mind the diameter and length of the
honeycomb, the cell geometry, and the material of construction. The velocity entering the
honeycomb, the honeycomb length, and diameter of the cells determine whether or not the flow will
be fully developed and laminar. See Appendix 9.3 for appropriate length and cell size equations and
calculations.
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Aside from determining how laminar of a flow can be expected on the downstream side of a flow
straightener, the cell size is also important when considering retention of the beads. A cell size must
be chosen that will not unduly restrict the flow and will support the beads without allowing the beads
to clog the flow straightener. This consideration is more important on the downstream side of the
test bed as the beads will be pushed in this direction by the fluid flow. Depending on the orientation
of the test bed, either the downstream or upstream side will be called upon to support the mass of the
beads as well. See Appendix 9.3 for cell sizing, material sizing, and other related equations.

3.3.9. Diffuser

A flow diffuser is needed to convert the flow through the flow loop pipes to a flow with an even
volumetric flow distribution. Without a proper diffuser, flow separation in the diffuser is expected
to develop. As with all systems, no diffuser can ever create a perfectly even volumetric flow
distribution. Dr. Liburdy recommended a diffuser with an angle of 30° [17]. Diffusers will be used
at both the top and bottom of the test bed to help minimize edge effects and reduce head loss in the
flow loop.

3.3.10. Seeding Particles

To characterize flow through the porous media, seeding particles will be used to trace the flow.
There are several different types commercially available including the following: polyamide, hollow
glass spheres, silver coated hollow glass spheres, and fluorescent polymer particles with
homogenous distribution. Several criteria must be taken into consideration when selecting seeding
particles including: reactivity with working fluid, size of seeding particles, fluorescing wavelength,
tendency to adhere to porous media and other surfaces, decay rate of the seeding particle usefulness
(i.e.: when a particle no longer fluoresces brightly enough to be detected by the PIV equipment),
availability, and cost.

3.3.11. Measurement

Appropriate measurement systems will be used to measure pressure drop, temperature, and flow rate
across the porous media test bed. These are defined by the required variables to define a pore
Reynolds number as shown in Appendix 9.1. Some considerations when selecting these instruments
are: corrosive resistance, desired level of accuracy, and instrumentation mounting. Temperature
measurements can be taken using a thermocouple. Pressure can be monitored by using a pressure
transducer. Since there are many different configurations of the same type of pressure transducer the
primary design considerations compatibility with the working fluid and with appropriate mounting
capabilities. Lastly, the volumetric flow rate can be monitored by a flow meter. There are many
different methods in measure flow rate which include: bubble, Doppler, transit-time, vortex, and
magnetic methods. The selection criteria of the flow rate meter depends primarily on the fluid
choice, disruption of fluid flow, and accuracy desired.
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4. DESIGN SELECTED

The design group decided to proceed with Test Bed Design #2. This is a more robust test bed design
which is expected withstand higher pressures than the alternative design. A complete drawing package
and fabrication Bill of Materials (BOM) (see Figure P1) can be found in Appendix 11.1. A purchased
part BOM can be found in Appendix 10.1. Specific components of the design are discussed below.

4.1. Hydraulic Design

4.1.1. Flow Loop Operation

The final design of the flow loop is depicted in the following figure (see Figure 6 below), and will
have the following characteristics:
1. Reservoir will be positioned to keep pump flooded at all times.
2. Pump centerline will be below the working fluid level of the reservoir to ensure that pump is
in a flooded suction state.
3. Flow rate will be controlled by the throttling valve, downstream of the test bed.
4. Discharge of the pipe will be above the working fluid level of the reservoir, ensuring free fall
conditions to avoid the extra work required to pump against the reservoir surface elevation.
5. Pipe lengths are to be as short as possible that equipment locations will allow, in order to
minimize the frictional head losses in the pipe.
6. The total change in elevation that the pump is to see is to be less that 10-ft, the maximum lift
the pump can do.

With these conditions being met, the system should operate successfully without cavitation (see
Appendices 9.4 and 9.5 for AFT Fathom output for results) within the flow rates.

Free Fall Fhaid Lewel Flooded
Discharge ‘ Suction

N

Feservior

Test Bed

Throttling Valve

Figure 6. Flow Loop Layout
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4.2. Pump Selection

From the Original Design Requirement listed in 1.2.2.1, Requirement 7, and subsequent discussions
with Dr. Liburdy [17], the test bed has been designed to operate for Reynolds number between 200 and
400. Corresponding flow rates to these Reynolds number have been determined to be between 12.2-gpm
and 24.5-gpm (see Appendix 9.6 for calculations), which are the flow rates that pump selection is based
on.

To determine the required amount of pressure head (dynamic head) that is required by the pump, and the
discharge pressure (maximum system pressure), AFT Fathom, a hydraulic computation program, was
used (see AFT Fathom output in Appendices 9.4 and 9.5). A summary of the required pump pressure,
and discharge pressure from the Fathom output, can be seen in Table 1.

AFT Fathom Pump Operating Points
Flow Rate, gpm Dynamic Head, ft Pump Discharge Pressure, psi
9.9 46 34.1
31.2 243 16.7

Table 1: Pump Operating Points

As indicated in Table 1, the total head that the pump must deliver is 46-ft, and the maximum pressure of
the system is 34.1-psig. Therefore the flow channel must be designed to withstand this pressure, and the
pump must be able to deliver this pressure head. As is implied by the flow rates presented in Table 1, the
target Reynolds numbers will be met.

Another needed piece information to properly select a pump is required horsepower. The horsepower
requirement for this pumping system was determined using two methods: an application of Bernoulli’s
equation (see Appendix 9.6), and, alternatively, from AFT Fathom (see Appendices 9.4 and 9.5). As
stated in Appendix 9.8, the horsepower calculations based on Bernoulli’s equation is not believed to be
accurate. The ATF Fathom output is a much more reasonable number for the hydraulic system
presented in this document. From the Fathom output, the required horsepower was determined
approximately 0.25-hp.

The selected pump, based on the above criteria, will be a 0.5- to 1.0-hp, magnetic drive, centrifugal
pump, operating between 10- and 40-gpm, delivering a pressure head of 10- to 50-ft; with the pump
head material being polypropylene for chemical compatibility. The pump was oversized to provide a
factor of safety in the pumping system.

4.3. Bead Selection

Based on several factors including pressure drop calculations (Appendix 9.1), availability of materials,
and reaction of the working fluid to the beads and other index of refraction matched components, the
project group selected 6 mm diameter borosilicate beads with an expected index of refraction of
approximately 1.47. This decision is partially in response to Dr. Wood having 6-mm beads available for
the project group’s use which will realized a cost savings to the project. Due to slight variations in the
production process of borosilicate beads, the index of refraction is expected to vary somewhat between
different production runs but is not expected to cause insurmountable problems [10].
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4.4, Working Fluid

The working fluid selected for this design is a solution of zinc chloride and water (60 wt% zinc chloride,
40 wt% water) that produces an index of refraction of 1.47, the same as the expected index of refraction
for borosilicate [10]. However, zinc chloride solutions are acidic and highly corrosive to traditional
engineering materials. The effects on the materials inside of the flow loop have been considered in the
design process. Additional concerns, as listed in section 3.3.3, have also be taken into account.

45, Ductwork

The ductwork of the system shall be PVC pipe. This decision was driven by the design criteria listed in
section 3.3.4, and by the selection of zinc chloride as the working fluid. PVC is inexpensive, readily
available, and resistant to corrosion by zinc chloride [19].

4.6. Imaging Equipment
The imaging equipment to be used in this design, as discussed in section 3.3.6, was predetermined by
the project sponsor and is TR 3-D PIV.

4.7. Sizing the Test Bed

The final cross section of the flow channel is 0.139-mm by 0.139-mm. This sizing was driven by the
required number of bead diameters away from the imaging area and by pressure, flow rate, and head loss
calculations. Back calculating the number of bead diameters needed for negligible edge effect places the
number of bead diameters at 7.5. This number is well within Original Design Requirement #2. The
length of the porous media bed is 280mm. This is as a result of conversations with Dr. Liburdy [17] and
Dr. Wood [28] where it was indicated that a test section length of at least 250mm was desired.

Flow channel wall thickness is 30mm. This sizing is based on the ASME pressure vessel code [29, 30].
A large factor of safety was added to the final wall thickness to guard against failure will occurring
through the walls. Appendix 9.9 details this calculation.

Bolt spacing and proper gasket design were driven by the ASME pressure vessel code [29, 30] and was
conservatively determined to be 15mm based on discussions in the literature.

4.8. Flow Straightening

An ideal minimum length of honeycomb was calculated to be 17-mm (see Appendix 9.2 for calculation)
to straighten the flow and reduce macroscopic flow disturbances, but consideration also had be given to
the mass of the beads and the force that the pressure drop exerts on the honeycomb when the test bed is
vertically oriented with flow traveling in a downward direction (see Appendix 9.9 for calculations).
From these calculations, the honeycomb must support a final weight of 200-1bs. A potential supplier was
contacted and it was determined that this load can be supported by the honeycomb if the thickness is
greater than one inch. Therefore the thickness presented in this design was set at 30-mm. Additionally,
polycarbonate was selected to be the honeycomb material for its strength and resistance to corrosion.
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4.9. Sealants

Several sealants were reviewed by the design team including the following adhesives and gasket
materials: Silicone, Neoprene, SBR, EPDM, Santoprene, Kalrez, Viton and PVC. The design team has
selected neoprene as the gasket material for the design presented in this document. However, several
other materials can be substituted. Selection of Neoprene was based on its chemical comparability with
zinc chloride [27], its behavior as a gasket material, and its relatively low cost.

4.10. Window Sizing and Design

Many considerations had to be taken into account in the design of the viewing windows. The material
selection of borosilicate glass was predetermined to be the same as the beads discussed in section 3.3.2.
The sizing of the window height and width came from the constraints discussed in sections 3.3.5 and
3.3.6. The main factor that determined the width was that the TR 3-D PIV system requires a 100mm
viewing area of the porous media to properly set up the camera view angles [31]. The thickness was
determined using brittle plate theory, as shown in Appendix 9.10. A large safety factor was used in
specifying the final thickness because the glass is believed to be the weakest component of the structure
and the worst component to have catastrophic failure occur. Considerations of the working fluid hazards
shown in Appendix 9.2 were also a reason in choosing the large safety factor.

4.11. Diffuser

As mentioned in section 3.3.9, the diffuser will have a 30° angle to mate the porous media test section
with the rest of the flow loop. Appendix 11.1 includes drawings of the diffuser design. The diffuser
will connect with the flow loop using a pipe flange and will bolt to the test section, being sealed with a
neoprene gasket. This facilitates easy access to the test section for cleaning and other needs.

4.12. Seeding Particles

Although the seeding particles are an integral part of the TR 3D PIV experiment, the designs of the flow
loop and test bed are not dependent on selecting a specific seeding particle. The project group has
researched fluorescent dyes used in seeding particles to gain a general understanding of the design
considerations for selecting a seeding particle. The concern of pump interference was considered but
dismissed because the size of the particles is negligible to the functionality of the pump selected.
Chemical compatibility of the seeding particles with the working fluid were considered and it was
determined that particles made with glass should have no reaction with the fluid.

4.13. Measurement

Using the criteria of corrosion resistance (to materials equivalent to 316 stainless steel), 0 to 100°F
operating temperature, 0 — 50 PSI, and differential measurement capabilities, a pressure transducer was
selected with adequate capabilities. The selection of the thermocouple was limited by the ability to
mount the temperature probe to an appropriate location on the flow loop. Based on this consideration, a
simple pipe plug probe thermocouple was selected. Finally, since the flow rate measurements can be
taken after the test section a rotometer with sufficient flow rate ranges, as discussed in section 2.1, and
chemical resistance was selected.
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4.14, Flow Loop Material Selection

As discussed in sections 3.3.3, 3.3.4, 3.3.5, and 3.3, all of the materials within the test section must be
selected with the reactivity of the zinc chloride solution in mind. This eliminates using aluminum as it
decays when in contact with zinc chloride. The chemical reactivity of steels with zinc chloride solutions
is minimal but it is not impervious to the effects the fluid. Over time, discoloration or slight corrosion
may occur. Most non-metal pipe materials such as ABS, High Density Polyethylene, UHMW, Nylon,
Teflon, polycarbonate and polypropylene have excellent compatibility with zinc chloride and can be
used over extended periods of time with no effects to the material properties [19]. Another factor in
material selection is the water absorption of the previously mentioned plastics over time. Swelling of
the plastics can cause structural instability, sealing issues, and change the ratio zinc chloride to water of
the working fluid which would un-match the index of refraction. Strength of the material, availability of
sizes, and cost were other factors used in the selection process. When all of the above were considered,
two materials were selected for the test section. The project group chose to manufacture the test section
walls using ABS plastic. ABS plastic has the highest strength of the plastics with no water absorption,
and has no chemical reactivity with zinc chloride [27]. UHMW was selected to make the diffusers on
the top and bottom of the test section. Selection of UHMW was driven by size availability. Because it
comes in larger thicknesses, it can be machined to accommodate smaller ductwork sizes instead of using
reducers to step the sizes down to the required ductwork size. UHMW plastic does not have the tensile
strength of ABS plastic but it has the same chemical resistance and does not absorb water [27]. Since
the diffusers have the largest wall thickness of the test section and are only tapped for large diameter
bolts, UHMW will be adequate for use in the design presented in this paper.

4.15. Working Fluid Reservoir

The same decision criteria were followed for the reservoir as for the flow loop materials discussed in
section 4.13. The size of the reservoir was determined to be five gallons. This will allows for the fluid
level to be high enough to avoid dry suction conditions in the pump and be able to hold all of the fluid
needed for the system. The reservoir selected has fittings preinstalled to easily attach to the system, and
prevent leaking. In addition, the orientation of the reservoir should be such that the pump is always in a
flooded state regardless of pumping status. This will prevent cavitation in the pump during operation.
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5. COST REDUCTION

Several possible design modifications were considered by the project team to modify the design to
reduce budgetary pressure. The design modifications discussed in the below sections were never
implemented in the paper design due to a lack of funding. While the measures discussed below will
certainly reduce cost, they can not be expected to drive costs to zero. Several additional design
modifications are also discussed in this section which, while not being strictly within either the
Original Design Requirements or Final Design Requirements, are potentially desirable for a more
functional device.

5.1.Increased Bolt Pattern Spacing

The overall cost of the system can be reduced by increasing bolt spacing on the pressure seals.
The current design spacing of 15mm was selected to conservatively guarantee good seals in the
test section. Bolt spacing can potentially be increased but this must be investigated further to
assure that the system will still maintain a positive seal.

5.2.Remove Intro-Serts

Intro-Serts (see Appendix 9.12 Figure 9.12.23 for datasheet) are included in the design presented
in this document to give the design the ability to robustly withstand repeated assembly and
disassembly. Intro-Serts are threaded metal inserts designed to be thermally welded into plastic
to replace directly threaded holes in plastic. Removing the Intro-Serts from the design will save
a significant amount of money but will also significantly limit the number of times the test
section can be assembled and disassembled before threads begin to fail. The cost of the Intro-
Serts can be seen in Appendix 10.1.

5.3.Use Permanent Chemical Seals

Rather than using removable gaskets and bolts, the entire system might be reasonably glued
together using chemical solvent welding techniques. Doing this will save significant machining
time and will negate the need for Intro-Serts and gaskets. However, this will also make the test
section significantly harder to access for cleaning and maintenance.

5.4.Machine Borosilicate Window

As can be seen in the drawings presented in Appendix 11.1, the interior of the test section does
not have an entirely flat and smooth surface. The flatness of the surface is disrupted by the inset
borosilicate windows. It is possible to get borosilicate glass machined, within reason, to
whatever pattern one desires. A potential pattern that was investigated but discarded as too
expensive by the project team was to machine a piece of borosilicate so that the window would
come flush with the inside of the test section. Aside from an increase in expense, a minor
redesign of the wall sections containing the windows will be necessary. While the redesign is
minor, it absolutely must be done prior to machining of the walls. This modification has the
potential to significantly improve the quality of data from experiments conducted on the test
section.
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5.5. Select Alternative Pump

As additional Reynolds numbers of interest make themselves apparent, the pump presented in
this document may prove inadequate for the job. When this occurs, a pump properly sized for
the new desired Reynolds numbers will be selected.

5.6. Use In-House Measurement Equipment

The Mechanical Engineering Department at Oregon State University has a small inventory of
used measurement equipment which might become available for this project. A survey of the
potentially available equipment has yet to be completed. The same selection criteria as presented
earlier in this document will apply when qualifying existing measurement equipment for use on
this project.

5.7. Select Alternate Throttling Valve

An alternate valve can be selected against the high density polyethylene diaphragm valve. One
alternative is an all-brass or all-bronze ball valve commercially available at hardware stores.
This will significantly reduce cost but, as is noted in several other sections of this document,
metal, when in contact with zinc chloride, can be expected to corrode over time.

5.8. Drainage Valve and Tank

If complete drainage of the flow loop is to occur on a regular basis, a drainage valve and
catchments tank may be necessary to properly drain and store the zinc chloride solution. This
will be a relatively low-cost and easy modification to make if such a system is desired.
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6. FABRICATION

Due to a grant not coming through as expected, the team was left without funding at the beginning of the
second half of the course for which this project was conducted. The following sections present the team’s
original fabrication plan, cost reductions which were created in an attempt to construct a prototype with
reduced funding, initial proof-of-concept plans, modified proof-of-concept plans, and the final proof-of-
concept plans which were carried out. This section concludes with a re-design analysis for further cost
reduction based on fabrication information.

6.1. Original Fabrication Plan

The following Original Fabrication Plan sections are presented as they originally appeared in the Design
Proposal report. Because nothing was constructed, this section remains relevant and has been kept
without modifications.

6.1.1. Cost Vs. Budget
6.1.1.1. Cost

The maximum cost of the entire flow loop, test bed, porous media, and working fluid is
approximately $6800.00. A full layout of the estimated cost of materials is shown in Appendix
9.8. This cost does not include labor required to manufacture the test section’s walls, gaskets, or
diffusers. The cost of the media and fluid has been included in the amount shown above. Since
these resources may be available from other Oregon State Universities departments the cost has
also been totaled with out these components. The total cost without the media and fluid is
approximately $3,500.00. In addition to the two totals shown above, another set of costs is
shown in Appendix I with the same criteria as above except without the cost of the Intro-Sert
(see Appendix 9.11, Figures 9.11.10 and 9.11.11 for more information on Intro-Serts) inserts
used to fasten the test section walls together. These inserts are expensive but with the pressure
and material considerations mentioned throughout this document, they will help to ensure secure
connections of the sides and diffusers over many assemblies and disassemblies. These costs
would be approximately $5,900.00 and $2,600.00, respectively. The table presented in
Appendix 10.1 also shows the cost of various components grouped into the categories of: test
section, flow loop, measurement equipment, and media and fluid.

6.1.1.2. Budget

Since the project was never given an official budget, the project team attempted to select
components that are sufficient to make a quality test section that can be used thoroughly and
without complication. Also, in considering component selections, cost effective parts that are
adequate for their intended uses were selected over higher-priced but more feature-rich
substitutes. Appendix 9.12 shows other options for test bed materials so that, in case a budget is
given at a future date, alternative materials can be selected if desired. In addition to the vendors
listed in Appendix 9.12 and 10.2, others were research but not included due to excessively high
prices or poor quality of the products and services offered. Additional vendors have been
contacted but at the time of publication of this document, quotes had not yet been received. Due
to the slow response of some potential vendors, some material and component costs may
decrease.
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6.1.2. Purchased Components

The purchased components of the test section are shown in Appendix 10.2. The test section sidewall
cost is the least expensive combination of available materials and sizes from the lowest cost of three
suppliers. The material selection of the test section walls and diffusers were analyzed extensively in
respect to properties, availability of size, and cost as shown in Appendix 9.12 and discussed in
multiple sections of this document. Some minor items needed for assembly have been left out of the
spreadsheet in Appendix 10.1 such as glues, clamps, and extra sealant that will be needed for
assembly. These items are relatively inexpensive and, for the most part, available to the project
group through the Department of Mechanical Engineering at Oregon State University’s machine
shop.

6.1.3. Fabricated Components

The main manufacturing operations in the construction of the test bed will be the milling of the four
test section walls, and the diffusers which mount on each end of the test section. To machine these
complicated components a CNC milling program to create the code needed for the CNC mill will be
used. This should reduce the time needed for manufacture dramatically and greatly reduce the
chance for error in machining. Also, the gaskets will need to be cut out of raw gasket stock. This
will be done by creating stencils of the desired shapes and cutting the outlines into the gasket stock.
The holes in the gasket will then be cut using a punch. The Intro-Sert holes will need to be drilled
on a mill for accuracy (possibly with another CNC milling operation) and then installed using a
thermal installation kit, such as the one presented in Figure 9.11.23 of Appendix 9.11. Assembly of
the test section can proceed once the aforementioned components have been manufactured, and the
rest of the purchased parts have arrived. The assembly of the flow loop will require a layout of the
area in which the testing will occur. Installation of the flow loop will require minor drilling, cutting
and assembly of the pipe sections into the flow loop.

6.1.4. Sourcing and Lead Times

All component sourcing information is given in Appendix 10.2. Vendors were selected by product
line, availability of components needed, and price. Multiple vendors were found for as many items
as possible, but only the most qualified vendors appear on the list. Also, the vendors listed in the
Appendix 10.2 were the ones that were able to confirm lead times and quoted prices. Product codes
and inquiry numbers are also listed in Appendix 10.2 to facilitate quick ordering for the next stage of
the project. In evaluating the lead times required for the project it was determined that ordering of
the parts would have to occur six weeks prior to assembly of the test section. The viewing window
glass, the storage tank, flow straightener, and plastic sheeting would require longer than a week lead
times. The viewing window is the critical path item because it has to be manufactured to design
specifications. This process, combined with shipping, can take up to six weeks. If orders are placed
prior to the second week of December, all purchased parts and raw material is expected to be
received on-time to allow for completion of fabrication and testing by March.

6.2. Fabrication Outcome

6.2.1. Fabrication Cost Reduction

At the beginning of the second half of the course for which this report was prepared, the team was
not sure if a prototype would be able to be built due to lack of funding. The money that was going to
fund the project would have come from federal grants. Since these grants did not materialized, the
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team continued on by analyzing the paper design for additional cost reductions to make the
prototype inexpensive enough to build. The team started by analyzing the bill of materials to see if
there were any components that could be changed to lower cost. One such component was the
borosilicate window. Originally, the cost for the two windows was $380.00. Some of the cost of the
window came from the machining associated with specifying a thickness of 20mm. After changing
the wall design to fit a more standard window thickness, the group was able to reduce the cost of the
two windows down to $270.00. Another way the group found to reduce the cost was by eliminating
the insert fasteners that securely hold a bolt into plastic. Eliminating this saved an additional
$860.00. The group looked for more avenues of cost reduction but was only able to come up with
the reductions above. Even with the $970.00 cost reduction, the prototype still cost $5,787.00. This
was still too much for the project sponsor to support, so the group turned to a proof-of-concept
model that could allow the team to fulfill the requirements for the second half of the senior project
course.

6.2.2. Proof of Concept Considerations

Since the team could not construct the original 3D flow cell, the team began to look at ways to prove
that the design of the 3D flow cell satisfied the Original Design Requirements given by the sponsor.
Most of the requirements were satisfied by putting the components stated by the requirement into the
design. The sponsor informed the team that there was a 2D flow cell recently constructed (shown in
Figure 7) and that we could use the flow cell to verify remaining requirements.

Figure 7: 2D Flow Channel

The requirement involving the boundary conditions was the main focus of the team’s proof-of-
concept experiment since the 3D flow cell design compensated for boundary effects by using pre-
existing literature recommendations on previous experiments done of similar nature. There were no
concrete formulas on which to base the paper design so the team followed what had been done in the
past. The other requirement tested was the field of view that is required for adequate optical access.
Both of these requirements could be tested during the same experiment as the team planned to use
the same camera during their experiment as the one that would be used with a 3-D flow cell in a TR-
3D-PIV experiment.

6.2.3. Proof of Concept 1
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To prove that the team’s design would meet the requirements that could be tested, the team and the
sponsor devised a dispersion experiment involving a dye injection system that emitted a pulse of dye
into the flow cell. This pulse could then be tracked through the flow cell and the team could
determine the area increase of dye as it flowed through the cell. The goal was to see where, after a
certain percentage of growth, the outer horizontal boundaries of the dye would be affected by edge
effects from the walls of the flow cell. To modify the 2D flow cell the team would have to drill a
hole into the flow channel an inch below the inlet. The drawing for this modification is shown in
Appendix 11.2.

To be able to modify the 2D flow cell the group was asked to provide a modification plan and
procedure which is presented below.

Carefully disassemble the 2D flow channel.

Remove all components and clean front polycarbonate window.
Drill and tap window as shown in Figure 3.

Insert adaptor and attach back check valve.

Reassemble 2D flow channel and fill with water.

Attach pump and test flow channel for leaks (modify if necessary).
Check flow rates and test run of dye in flow channel.

Drain water and refill with zinc chloride solution.

XN R W=

Also, the team was asked to create a parts list of the plumbing necessary to inject the dye into the
flow cell (shown below in Table 2). The team researched methods and materials for injecting the
dye. The below design includes all materials necessary to construct a dye injection system for the
existing 2-D test setup. It should be noted that the price quotes for parts coming from Value Plastic
are for quantities of 100. In all but one case, only one part was needed. Value Plastic does not sell
in quantities fewer than 100 however; one team member had access to almost all of the required
components through contacts at HP. Additionally, some parts might have been available within the
mechanical engineering department and Value Plastic could have been convinced to provide
samples. McMaster also stocks these parts on an individual basis.

The design (shown in figure 8: dye injection system) is the safest and least expensive design the
team created to prevent the potential of backflow of zinc chloride into the syringe. If funds or parts
could not have been attained in a timely manner, a less desirable system consisting of a brass or
stainless steel 10-32 thread to male hose barb, which can be found in the mechanical engineering
machine shop, some 1/8” ID hose also found in the mechanical engineering machine shop, and a
syringe acquired from Student Health Services, would have been used. This system was not
recommended, however, as the metal hose barb fitting will corrode when in contact with zinc
chloride and no check valve would have been present to prevent backflow of zinc chloride into the
syringe. The less-than-desirable system could have been closed off by simply pinching the hose to
prevent fluid backflow. However, again, this was not ideal.
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Table 2: Dye Injection System Parts List

Ref. Name Vendor | Part Number Price

Number

1 10-32 Male hose barb Value B-1 $14.00/ 100
(white nylon) Plastic parts

2 1/8” ID %4”OD PVC hose | Value PV00-3062C $13.86 /100 ft

Plastic

3 Female Lure 200 Series Value FTL230-9 $16.00 /100
to male hose barb Plastic parts
(Polycarbonate)

4 Check-valve rated to Value VPS5401068N | $73.00 /100
30PSI back pressure Plastic parts
(Polycarbonate)

5 Male Lure 200 series to Value MTLL230-9 $18.00 /100
male hose barb Plastic parts
(Polycarbonate)

6 6¢c Syringe with Lure McMast | 7510A652 $7.15/ 10 parts
fitting er-Carr

6

Figure 8: Dye Injection System (test loop not show but assumed left of item 1)

6.2.4. Proof of Concept 2

The evening before the modification of the 2D flow cell was to take place concerns were raised
about the usefulness of the 2D flow cell after the team had drilled a hole into it and had finished
experimentation. Also, the procedure the team proposed included the disassembly of the flow cell
which raised another issue. The flow cell was constructed with an expensive Teflon gasket that is
not reusable. If the team were to take the cell apart, it would be expensive to put back together.
After some discussion, it was decided to not do the modifications described in section 6.2.3 but to
instead make a dye loop and inject the dye directly into the inlet tube. This would be less intrusive
on the flow cell and give the similar result. Since there was no time to order parts and no budget to
do so, the Environmental Engineering department offered to lend the team the necessary equipment
to make a dye loop, and anything extra that was needed would be provided by the sponsor.

The new Proof of Concept model was relatively simple. The fluid would be pumped through the
system from a reservoir, to the flow cell and into a discharge bottle. The tubing in between the
pump and the flow cell was modified to incorporate a dye loop controlled by two valves. In one
position, the fluid would move normally through the system but in the other position a tube filled
with dye would become part of the flow loop. This dye would then move into the flow cell and
allow the team to take pictures of how the fluid moves through the flow cell. Lastly, the fluid would
then continue out of the flow cell and into a discharge bottle. Since the fluid would then be
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contaminated by the dye, it could no longer be reused. The setup of the new proof of concept is
shown below in Figure 9.

%
| % @

<l | ©
[\

Figure 9: Proof of Concept 2 Diagram

The materials for the loop are shown below in Table 3. The team used 1/8” plastic tubing. Each of
the components was connected using %4 x 20 screw fittings with camp rings. The valves, fittings,
and clamp rings were made of high-pressure PVC plastic.

Table 3: Proof of Concept 2 Components

1 |discharge - 150 mL media bottle

20 - flow cell

dye loop (148" tubing - 0.5 mL walume)
3 way L valves

peristaltic purmp

reservoir - 150 mL media bottle

ltem # Description Qty.
1
1
1
2
1
1

[nyl Ry = | R NN ]

6.2.4.1. Construction Issues

The main issues that arose during construction of the proof of concept were that there was little
time and money to get a proof of concept completed. The construction and testing plan was not
finalized and agreed to by the project sponsor until the very end of the period dedicated for the
aforementioned activities. As the proof-of-concept evolved into the final version, the team had
to adapt very quickly in order to stay on top of new proof-of-concept iterations. In regards to
time, there was only a small window in which the team was allowed access to the lab to conduct
the experiment. The team, understandably, low in priority for lab access considering there were
multiple graduate students conducting experiments in the same area. Because of this, the setup
and assembly of the experiment had to be completed quickly.

Another unexpected issue was that the team had originally intended the direction of flow in the
flow cell to be from the top to the bottom. The team had set up the flow cell with this orientation
and quickly noticed that the flow cell was not filling with fluid. The group had tried to raise the
discharge reservoir above the flow cell in hope that it would fill but it remained unchanged. To
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correct the problem, the team modified the setup to change the flow of the fluid from bottom to
top. This corrected the problem and the team was able to continue.

6.2.5. Cost vs. Budget

Most of the components in Proof of Concept 2 were given to the team to use or were already
available in the lab due to previous experiments with the 2D flow cell. The expense incurred was as
a result of the team assuming that there would be a reservoir and discharge bottles available in the
lab. Since all the bottles had seeded particles in them, the team had to come up with alternate
containers. The team considered some inexpensive, basic containers but after a few test runs with
water, it was apparent that the team would need some secure way of getting the fluid into the bottle
without any spillage occurring. The team approached the sponsor with this problem and was granted
the appropriate funds, discussed in section 8, to procure two media bottles. With this being the
team’s only expense, the team was able to complete construction of the proof of concept and gather
the needed data.

6.2.6. Re-Design Analysis

Due to the limited scope of the proof-of-concept, and the fact that no major fabrication issues
directly related to the design were encountered, the team assumes that there will be no major
redesigns required of the paper design before a prototype can be built in the future. To the best of
the team’s knowledge, the paper design and proof-of-concept fulfill all of the Final Design
Requirements, listed in section 1.2.2.2. A complete analysis of design requirements is given in
section 7. The 3D flow cell and flow loop will do what is expected of it to best of the team’s
knowledge. The testing of the requirements confirmed this. However, since the cost of the 3D flow
cell is substantial, the reevaluated cheaper version of the flow cell, presented in earlier sections,
could be used. The original version of the 3D flow cell was designed to be structurally sound and
durable in a variety of rigorous conditions. A reduced cost version may accomplish a TR-3D-PIV
test but not near the upper Reynolds numbers of the original paper design. According to the team’s
understanding, the higher the Reynolds numbers that could be achieved would result in more
substantial research that can be done. Therefore, any significant redesign should only occur with
this in mind.
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7. TESTING

Due to previously discussed budgetary issues, the original testing plan had to be altered to cope with no
prototype being available. The Original Testing Plan, as presented in the preliminary design report, is given
without major edits with the hope that, when this project is actually constructed, the plan will be of use.
Modified testing plans are provided with the original modified plans and the final modified plans presented
for completeness. Data analysis and conclusions are found at the end of this secetion.

7.1.0riginal Testing Plan

7.1.1. Evaluation of Requirements

The following sections contain the plans to evaluate the Original Design Requirements laid out in
section 1.2.2.1 of this document. Many of the design requirements can be tested either by a portion
of the design being present or not. Other requirements are more subjective while others can be
objectively judged and qualified. The evaluations listed below are for the Original Design
Requirements but are also applicable to the Final Design Requirements.

7.1.1.1. Evaluation of Design Requirement #1

Proper design can be considered upon final assembly by performing functionality tests on the
system, for leakage, flow loop functionality, and measurement equipment functionality.

If this test fails, appropriate modifications to the faulty subsystems will be made.

7.1.1.2. Evaluation of Design Requirement #2

Proper design can be considered upon final assembly by performing functionality tests on the
system, for leakage, flow loop functionality, and measurement equipment functionality.

If this test fails, appropriate modifications to the faulty subsystems will be made.

7.1.1.3. Evaluation of Design Requirement #3

This requirement can be determined upon final assembly, by confirming that the appropriate
equipment for all measurements of interest have been calibrated and installed correctly.

If this test fails, major redesign and remachining of the test bed will have to take place.

7.1.1.4. Evaluation of Design Requirement #4

Evaluation of the optical access of the TR 3D PIV equipment will have to come from the direct
results of the experiment. The cameras and laser will have to be positioned in the best location
that the section will allow. If this is not adequate then a major redesign of the test section will
have to occur.

If this test fails, major redesign and remachining of the test bed will have to take place.
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7.1.1.5. Evaluation of Design Requirement #5

Due to availability of index of refraction testing equipment that is currently owned by Oregon
State University the project team will be able to measure the index of refraction of the viewing
window to make sure it was properly manufactured. Also, the project team will be able to
evaluate the glass beads to check for air bubbles and unusable indexes. The project team expects
a 20% drop out ratio of bad beads from similar experiments done with the same manufacturer of
beads [28]. Lastly, index-matching equipment can be used to accurately mix the zinc chloride
solution to the same index of refraction as that of the viewing window and beads. If this test
fails, replacement viewing windows, borosilicate beads, or working fluid will be required.

If the root cause is determined to be the working fluid, close attention will have to be paid to
likely sources of contamination in the flow loop. If any sources of contamination are found, they
will be removed and the fluid replaced.

7.1.1.6. Evaluation of Design Requirement #6

Testing for vibrational isolation of the test section from the pump will have to occur after the
flow loop has been setup. A separate structure for the pump with isolators to reduce vibration
has been considered in the preliminary designs of a support structure for the pump, flow loop,
and test bed. The only complication in having a separate pump structure would be that the height
sequence of the reservoir above the pump would have to be maintained. A complete support
structure design will have to wait until the area of the experiment can be laid out with the
placement of the test section clearly defined.

If this test fails, additional vibration damping equipment will be selected and installed.

7.1.1.7. Evaluation of Design Requirement #7

Testing the flow loop for operation in the quoted range of Reynolds numbers requires that the
flow rate and differential pressure transducers have all been calibrated against instruments of
known error, or by appropriate calibration method, e.g. catch and weigh procedure for flow rate,
and that the porosity of the porous media, working fluid viscosity, etc. have all been
experimentally determined as well. Subsequently, appropriate flow rate measurements can be
taken at different settings and Reynolds number calculations can be performed to compare
against the theoretical calculations for accuracy.

If this test fails, the entire flow loop will have to be reevaluated for the source of the error and
either remanufactured, replaced, or repaired to provide the correct designed-for Reynolds
number.

7.1.1.8. Evaluation of Design Requirement #8

Testing the safety of the test bed requires that the bed brought up to pressure and run through
several cycles of pressurization and depressurization to check for leaks and catastrophic failure.
Initially, this will be done with pressurized air. Once a positive seal has been demonstrated, the
test section and flow loop will be loaded with water and run through several cycles. Pressure
checking with zinc chloride will only be performed after seal integrity has been confirmed using
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air and water. Additionally, zinc chloride will not be introduced into the system until all of the
materials used in flow loop construction have been physically checked with zinc chloride to
confirm that material compatibility indicated on material datasheets matches the real world.

If this test fails, a root failure cause analysis will be performed and replacement, remanufacture,
or redesign of the failed component(s) will be conducted as appropriate.

7.1.1.9. Evaluation of Design Requirement #9

Control of the pressure and flow rate of the system can be tested by changing the pump speed
and operating the throttling valve. This can be verified by reading the pressure and flow rate
meters. Temperature is not controlled in the design presented in this document beyond natural
cooling present in the system. Temperature change will be monitored with the thermocouple
over a period of time to determine if excess heat is introduced into the system by the pump or
other sources. If this is the case, an appropriate thermal control scheme will be selected and
installed in the flow loop.

If this test fails, reanalysis of the flow loop control will be performed and deficient components
will be modified or replaced.

7.2. Modified Testing Plans

Due to previously discussed issues, the testing plan was modified to be conducted on a 2-D flow cell.
The information presented below reflects the two iterations of the modified testing plan and also
includes relevant data on dye testing.

7.2.1. Dye Testing

Before any testing was performed by the team, verification of an appropriate dye had to be
determined. The different types of dispersion that are expected to occur are molecular and
turbulent. The turbulent dispersion of the dye should be minimal before the dye enters the
porous media because the inlet is located in the media. Molecular dispersion rates were
controlled by the type of dye the team selected. The dye must be insoluble in water yet viscous
enough for the team’s needs. The team researched this and found a category of dyes called
“lake dyes” that are used to color fats and oils. This would have been ideal but the dye could
not be acquired prior to testing due to long lead-times out of India. Since it was not available,
the team found multiple dyes that appeared reasonable to test. A static test was conducted to
determine if the dyes would meet the needs of the experiment. This was done by placing a
drop of dye in a container of water and measuring dye spread (difference in area) vs. time.
With this information, the team could measure how much effect molecular dispersion would
have on the experiment.

The three types of dye that the group tested were a standard green food coloring, a water
insoluble paint, and the same paint mixed with a thinner mixed in. The food coloring was the
best substitute for the “lake dye” but is for more general purposes. The oil paint was selected
because of its insolubility in water. The reasoning for the paint with thinner mix was that the
paint might be too viscous to flow through the media properly.
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In each experiment the dyes were dropped into a container of water and pictures took every 8
seconds. Figure 9 shows the food coloring entering into the water and forming a slightly
growing cloud. Since the time between pictures was approximately as long as the time it took a
particle to travel though the 2D test cell, the group really only focused on the first two pictures.
The difference between them seemed minimal, since there was some dispersion effect by the
droplet entering the water.

] -

=] .
Figure 9: Food Coloring Dye Test (8 second time intervals from left to right)

The second dye experiment was done using the oil paint shown in Figure 10. The paint was
less dense than the water since it floated on top and could cause an additional force to act on
the dye in the experiment. The paint had another problem that occurred that showed up while
testing. It stained the cup heavily and could not be rinsed out even though it had only been in
the container for less than a minute. If the paint were to be used in the experiment, it may stain
the entire flow cell and render it useless for further experimentation.

Figure 10: Oil Paint Dye Test (8 second time intervals from left to right)

The third dye experiment was done using the dye and thinner mix shown in Figure. It was
apparent as soon as the dye hit the water that it would not be adequate for the experiment. The
dye instantly spread over the top of the water and again stained the container. The thinner
lowered its viscosity dramatically but did not reduce the paint’s ability to stain the container.

y

Figure 11: Oil Paint with Thinner Dye Test (8 second time intervals froh left to right)

The food coloring was the best choice after looking at the results of the testing. Even though
there was some molecular dispersion taking place, the time it took for a significant dispersion
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to occur was larger than the time for the dye to pass through the flow cell. Therefore the
molecular dispersion of the food coloring was inconsequential and will be used in the
experiment.

7.2.2. Intermediate Testing Plan

The below testing plan was presented to the project sponsor and is included in this document for
completeness. While modifications were made to this testing plan, which are discussed later in this
section, the majority of Intermediate Testing Plan was adapted and used in the Final Testing Plan.
Tenses have not been changed to reflect the original testing proposal.

7.2.2.1. Abstract of Testing Plan

The design team has designed a 3D flow channel to exhibit flow characteristics inside of
porous media based on the most current porous media literature; however, since construction of
the 3D flow cell is not feasible at this time, an existing 2D flow cell will be used to establish
validation of select design requirements.

7.2.2.2. Background

In the design phase of the project, the design team proposed a flow cell design to facilitate the
TR-3D-PIV equipment to construct 3D images of fluid flow in porous media. One of the main
constraints that the team chose was that for edge effects to not affect the data collection area in
the porous media; the viewing area had to be 3-10 bead diameters away from the edges of the
flow channel. This assumption constrained multiple areas of our design and the verification of
the proper data collection needed will justify the paper design and will be adequate for its
intended purpose.

7.2.2.3. Experiment Design

To provide a quantifiable result that will provide an area away from the walls in which pictures
can be taken, with no edge effects present, the team purposes to do a flow channel-dye
experiment. In this experiment the design team will insert dye into the flow channel and
observe the dispersion effects. The goal is to measure the amount of dispersion that takes place
at different Reynolds numbers and record when and how edge effects occur in the flow. In
doing this the team hopes to provide an area that can be used to characterize flow
characteristics in the flow channel without edge effects. Once this information about the 2D
flow channel is obtained the team can then extrapolate the edge effects to the 3D design. This
should either valid our design or show the team how and where mistakes were made.

To record the data the team will need to use a camera to take pictures of how the dispersion is
taking place and measure its rate before edge effects take place. With the pictures the team can
then determine the lateral dispersion verses the flow direction. There are two different
insertion methods the team wants to test. One is to use a continuous stream of dye to see the
general flow characteristics and record an overall rate of dispersion. The other method would
be to use a pulse of dye to see how a particle like fluid would move through flow channel. The
team would then measure the lateral expanding area vs. the flow velocity to get an area increase
vs. time. Once these rates of dispersion are mapped for different values of Reynolds numbers
the team can determine an area where the observations should be taken.
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7.2.2.4. Experiment Procedures

Once the hardware is in place and ready for testing, the will then begin the experiment. During
the experiment the team needs to gather a series of pictures taken at different rates as we increase
the Reynolds numbers. Table 4 outlines the flow and picture rates per Reynolds number.

Table 4: Estimated Rates for Experiment

Vpore Picture Rate | Vmacro Picture Rate
Rei# (mAQ3/s) (mL?min) (r?1/s) Tporel ™ hicss) (mis) [TMacrol i)
100 [8.60E-06] 516 | 0.0667 | 1.14 8.75 0.02001 | 3.81 2.6
150 |1.30E-05] 780 | 01 |076| 13.12 0.03 | 2.54 3.9
200 |L.70E-05] 1020 | 0.133 | 057 | 17.45 0.0399 | 1.91 5.2
250 [2.20E-05| 1320 | 0.1667 | 0.46 | 21.88 | 0.05001 | 1.52 6.6
300 [2.60E-05] 1560 | 02 |038| 26.25 0.06 | 127 7.9
350 [3.00E-05| 1800 | 0.233 |0.33|  30.58 0.0699 | 1.09 9.2
400 [3.40E-05| 2040 | 0.2667 | 0.29 | 3500 | 0.08001 | 0.95 105

Using Table 4, the design team can set the injection pump to deliver 0.5 mL of dye at half of the
picture rate per Reynolds number. The picture rate was calculated to give the team ten pictures

of the dye as it passes through the working area of the flow channel. This area is located below

the delivery hole down to the section where the channel begins to narrow.

7.2.2.5. Materials

The below design (Figure 12, Table 5) includes all materials necessary to construct a dye
injection system for the existing 2-D test setup. It should be noted that the price quotes for parts
coming from Value Plastic are for quantities of 100. In all but one case, only one part is needed.
Value Plastic doesn’t sell in quantities fewer than 100 however; one team member most likely
has access to almost all of the required components through contacts at HP. Additionally, some
parts might be available within the mechanical engineering department and Value Plastic might
be convinced to provide samples. McMaster also stocks these parts on an individual basis.

The below design is the safest design to prevent the potential of backflow of zinc chloride into
the syringe. If funds or parts cannot be attained in a timely manner, a less desirable system
consisting of a brass or stainless steel 10-32 thread to male hose barb, which can be found in the
mechanical engineering machine shop, some 1/8” ID hose also found in the mechanical
engineering machine shop, and a syringe acquired from Student Health Services. This system is
not recommended, however, as the metal hose barb fitting will corrode when in contact with zinc
chloride and no check valve will be present to prevent backflow of zinc chloride into the syringe.
The, less-than-desirable, system can be closed off by simply pinching the hose to prevent fluid
backflow. However, again, this is not ideal.
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Table 5: Dye Injection System Parts List

Ref. Name Vendor | Part Number Price

Number

1 10-32 Male hose barb Value B-1 $14.00/ 100
(white nylon) Plastic parts

2 1/8” ID %4”OD PVC hose | Value PV00-3062C $13.86 /100 ft

Plastic

3 Female Lure 200 Series Value FTL230-9 $16.00 /100
to male hose barb Plastic parts
(Polycarbonate)

4 Check-valve rated to Value VPS5401068N | $73.00 /100
30PSI back pressure Plastic parts
(Polycarbonate)

5 Male Lure 200 series to Value MTLL230-9 $18.00 /100
male hose barb Plastic parts
(Polycarbonate)

6 6¢c Syringe with Lure McMast | 7510A652 $7.15/ 10 parts
fitting er-Carr

1

2 3

4

==

5 2

6

Figure 12: Dye Injection System (test loop not show but assumed left of item 1)

7.2.2.6.

Data Collection

During the experiment, pictures will be taken, as outlined in the procedures section. After the
pictures are taken the team can then gather the dispersion into quantifiable rates. The data that
will be gathered are a series of ten pictures per Reynolds number. These will be taken with the
existing digital camera equipment in the lab. The team will attach an appropriate scaling in the
field of view of the camera so that size can be analyzed. Since the team doesn’t know exactly
how the dye will interact in the porous media, the team will test the expected injection rates
during the modification test noted in the hardware modification section. During this the team
will check for spacing of the dye between injections so that a dispersion effect can be seen in the
direction of the flow channel when the pictures are taken.

1.2.2.7.

Analysis

Once the team has the pictures from the experiment we can measure the amount of dispersion
that occurs in the direction of the flow and the direction perpendicular to the flow. The team can
take the average growth of the dye in each direction and compare it with the previous pulse.

This data can give the team a dispersion rate in each direction as it progresses through the media
with time. The team can show the details of how this dispersion takes place by graphing the
velocity of the flow vs. the perpendicular dispersion distance. Another graph that would be

useful is the flow rate vs. the velocity in the perpendicular direction. This would show how the
increase in Reynolds numbers affects dispersion in the media. Also, during this experiment we
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can see where edge effects are occurring by observation of different flow characteristics. Once
all of the dispersion rates are clear the team can then evaluate the proper viewing area that is in
the dispersion range with no edge effects.

7.2.2.8. Conclusion

This experiment will show that the design requirements for the team’s 3D flow channel were met
and that, if it were built, the data gathered would be in accordance with what was intended. By
interpolating the results of the 2D experiment into the team’s 3D design for a porous media flow
channel, the team will be able to show the paper design is able to gather the information needed
for the TR-3D-PIV experiment. One way it will prove the team met requirements is if the
selected viewing area falls in the dispersion region of the 3D flow channel then it must be in the
inertial flow regime. The team will also be able to classify the boundary effects and show that
the paper design viewing window is within them. Lastly, by doing this experiment the team will
be able to see the abilities of the camera and if the paper design can accommodate them.

7.2.3. Final Testing Plan

The testing plan outlined in section 7.2.2 was rejected on the premise that the hardware
modifications were too extensive, and that the cost to reassemble the flow cell would incur a cost of
a new gasket that was deemed unnecessary. Therefore the testing plan was modified yet again in
order to minimize the physical modifications of the flow cell and cost.

However since the testing plan has been modified numerous times and was redesigned to be
performed on an existing 2D flow cell, the number of design requirements that can be validated
through testing are minimal. The actual design requirements that can be validated by testing are
Design Requirements #2 and #4 of section 1.2.2.2. Also, due to equipment limitations, Reynolds
numbers of 200 and above could not be achieved, thus Design Requirement #6 of section 1.2.2.2 was
born and the desired flow regime was changed to the inertial realm. Other design requirements, as
can be seen in section 1.2.2, were dropped from the list of Final Design Requirements (section
1.2.2.2) due to only a 2-D flow cell being available.

7.2.3.1. Experiment Design

The motivation behind this test is to provide validation of the 3D flow cell designed around the
design requirements as outline in section 1.2.2.2. As stated before, the numerous changes to the
original testing plan has limited the scope of testing to two design requirements (see section
7.2.3).

The data for this test is gathered non-intrusively, but injecting the dye into a bypass line in
parallel with the main flow line, with images captured by a commercially available camera. In
this test the existing 2D flow cell was modified according to section 6.2.4 Proof of Concept 2.
Pictures were captured at a rate 1 picture per second and analysis for a limiting value of
horizontal dispersion.
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7.2.3.2. Procedure and Data Collection
In order to gather the relevant data to verify design requirement #2 and #4 of section 1.2.2.2, the

following procedure was executed:

Modify flow cell loop according to section 6.2.4

e Fill the bypass line with 0.5-mL of dye, and install on bypass valves.
e Assign the pump to the first flow rate of Table 6 below, and start pump.
e Ready the digital camera and start pictures sequencing.
e Actuate valves to bypass line with dye.
e Once dye has sufficiently dispersed in flow cell stop camera, pump and return bypass valve
to original position.
e Download pictures to local computer.
e The above procedure was repeated for each subsequent flow rate shown in Table 6.
Table 6: Flow Rate Testing Plan
0 0 Reynold's Velocity | Time| Pore P-lcture Velocity Time | Macro If’lcture
(mL/min)| (m~3is) | # pore pore | pore | Rate (pic/sec) e macro | Rate (p.IC/SGC)
(m/s) | (sec) [max] (sec) [min]
70 1.17E-06 13.6 9.04E-03| 8.43 1.19 2.71E-03 28.10 0.4
90 1.50E-06 17.4 1.16E-02] 6.56 1.53 3.49E-03 21.86 0.5
110 1.83E-06 21.3 1.42E-02] 5.36 1.86 4.26E-03 17.88 0.6
130 2.17E-06 25.2 1.68E-02| 4.54 2.20 5.04E-03 15.13 0.7
150 2.50E-06 29.1 1.94E-02] 3.93 2.54 5.81E-03 13.11 0.8
170 2.83E-06 32.9 2.20E-02] 3.47 2.88 6.59E-03 11.57 0.9

7.2.3.3. Equipment and Hardware Modifications

The materials needed to make modification to the existing flow cell are outlined in section 6.2.4.
Images were captured using a Canon Powershot Digital Camera. Images were imported, scaled,
and dimensioned in AutoCAD 2007. An example of the setup can be seen in Figure 13.

Figure 13: Equipment Setup
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7.2.3.4. Analysis

The images were downloaded, scaled, and dimensioned in AutoCAD 2007. The parameters of
interest collected were based on how the flow developed through the flow cell. As subsequent
images were observed, it was immediately recognized that the flow pattern developed into a
right, center, and left region; and an overall leading and trailing edge was noticeable as well (see
Figure 14). From this, the average vertical lengths of the leading and trailing edges, and
horizontal lengths, of each region were measured and recorded in an Excel table (see Figure 15
and Table 7).

Figure 15: Developed Flow Regions Dimensioned in AutoCAD 2007
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Table 7: Image Data Summary per Flow Rate

Dispersion Experiment Picture Data

pic time interval 2 Picture # 1 2 3 Average Time Rate of Change
pic time 0 2 4
mL/min Area 912 971 1406 123.5
. L 18.1 13.7 15.8 -0.575
Hggi’grﬁa' M 218 265 244 0.65
R 17.6 17.3 16.9 -0.175
Upper L 50.4 49.3 70.1 4.925
170 Vertical M 72 80.7 94.5 5.625
Boundary R 46.8 61.7 64 4.3
Lower L 37.9 43.5 58.8 5.225
Vertical M 45.3 57.6 62.7 4.35
Boundary R 35.5 45 55.2 4.925
pic time interval 2 Picture # 1 2 3 Average Time Rate of Change
pic time 0 2 4
mL/min Area 841 1023 1657 204
. L 22.8 16.4 16.1 -1.675
Hggzci)g;al M 16.6 22.2 24.1 1.875
R 18.2 17.3 16.7 -0.375
Upper L 32.1 51.7 68.4 9.075
150 Vertical M 60.9 79.7 95.5 8.65
Boundary R 42 55 58.4 4.1
Lower L 29.3 37.2 50.3 5.25
Vertical M 33.6 49.6 57.6 6
Boundary R 27.7 40.5 46.2 4.625
pic time interval 2 Picture # 1 2 3 Average Time Rate of Change
pic time 0 2 4
mL/min Area 701 1014 1376 168.75
. L 18.4 17.4 16.9 -0.375
H;ZZ?S?' M 20 22.6 23 0.75
R 18.9 17.3 17.5 -0.35
Upper L 38.6 55.4 78.7 10.025
130 Vertical M 56.7 75.9 96.6 9.975
Boundary R 35.4 48.2 68.3 8.225
Lower L 26.5 31.7 50.6 6.025
Vertical M 33 45.7 60.3 6.825
Boundary R 26.1 35.2 50.6 6.125
pic time interval 4 Picture # 1 2 3 Average Time Rate of Change
pic time 0 4 8
mL/min Area 768 956 1246 59.75
. L 19.2 16.7 16.7 -0.3125
ngéz?g;al M 19.4 215 18.6 -0.1
R 19.3 19 21.6 0.2875
Upper L 39.4 57.2 81.7 5.2875
110 Vertical M 62.5 83.4 102.3 4.975
Boundary R 40.7 54.4 76.5 4.475
Lower L 28.1 44 61.9 4.225
Vertical M 42.8 63.3 71.4 3.575
Boundary R 31.5 40 58.3 3.35
pic time interval 4 Picture # 1 2 3 Average Time Rate of Change
pic time 0 4 8
mL/min Area 581 734 1082 62.625
. L 11.7 17 16.6 0.6125
H;ZZ?S?' M 27.1 218 17.3 1.225
R 19.6 18.1 22.7 0.3875
Upper L 39.7 53.4 76.2 4.5625
90 Vertical M 54.8 74.7 96.8 5.25
Boundary R 38 47.9 63.7 3.2125
Lower L 33.5 47.4 63.9 3.8
Vertical M 42.6 53.2 71.3 3.5875
Boundary R 30.4 39.3 58.5 3.5125
pic time interval 4 Picture # 1 2 3 Average Time Rate of Change
pic time 0 4 8
mL/min Area 761 918 761 0
. L 17.7 15.8 16.9 -0.1
H;Z;‘i’g;a' M 20.6 225 25.7 0.6375
R 18.7 18.6 14.3 -0.55
Upper L 44.4 72.7 81.2 4.6
70 Vertical M 66.8 81.9 96.1 3.6625
Boundary R 39.8 59.6 71.4 3.95
Lower L 39.5 57.7 73.5 4.25
Vertical M 50.7 47.2 79.1 3.55
Boundary R 35.9 48.4 62.8 3.3625
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From the data collected, presented in Table 7 above, the behavior of the horizontal dispersion
could be plotted. In Figures 16 and 17, it can be seen that as the flow develops in the main part of
the flow cell (around 4 seconds), that horizontal dispersion maintains an average limiting value
of approximately 17.2-mm.

Distance, (mm)

Horizontal Propagation (Left)

25

Average Distance (Left): 16.6-mm

>

15 A1

10

—— 170-mL/min
—— 150-mL/min
130-mL/min
5 110-mL/min
—¥—90-mL/min
—@— 70-mL/min

Time, ()

Figure 16: Horizontal Development (Left Region)
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Figure 17: Horizontal Development (Right Region)

7.2.3.5. Conclusion

It can be concluded from the above data that as the flow enters the middle portion of the main
part of the flow cell, the minimum distance from the wall in which edge effects will be detected
is approximately 17.2 mm. In the paper design, the distance from the edge of the inside of the
wall to the viewing window is 25 mm; therefore, if imaging is performed within the dimensions
of the viewing window, and at the flow rates used in these experiments, edge effects are expected
to be negligible.

Furthermore is can be deduced that the imaging equipment has sufficient optical access. As can
be seen in Figure 11.3.2 in Appendix 11.3, the 100 mm square optical viewing area is situated 25
mm from each adjacent wall. Considering that, at most, 40 mm by 40 mm of viewing area will
be used at any given time; the 100 mm square viewing window is more than adequate to provide
sufficient optical access in a region with negligible edge effects. Thus, optical access for image
collection is maximized. Therefore, both Design Requirement #2 and Design Requirement #4
are satisfied.
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7.3. Design Requirements Analysis

Table 8, below, lists each of the Final Design Requirements, the status of the validation of the
requirements, and the method by which that requirement was verified. As can be seen, all design
requirements were verified and met, thus, the paper design meets the requirements as laid out in section

1.2.2.2.

Table 8: Final Design Requirement Validation

Design Requirement Status of Validation Method of Validation
The design shall consist of a Verified by final paper design as
porous media bed, a flow loop presented in this document.
with appropriate pumping Passed
apparatus, measurement and
control equipment.
The flow cell shall be of sufficient Verified by experimentation as
depth and width to make edge Passed outlined in section 7.
effects negligible.
The flow cell shall be able to take Verified by paper design as
appropriate direct and indirect presented in this document.
measurements potentially Appropriate equipment was
included but not limited to selected to collect data on all
pressure, temperature, flow rate, Passed relevant measurements.
etc. These measurement abilities
will be appropriate to quantify the
flow in the media bed.
The flow cell shall have sufficient Verified by experimentation as
optical access to take desired outlined in section 7.
measurements and images using
the TR 3-D PIV equipment Passed
available in the OSU mechanical
engineering department.
The material of the flow cell, Verified by final paper design as
media, and fluid must have Passed presented in this document.
matching indices of refraction.
The flow cell shall operate into Verified by final paper design as
the porous media inertial flow Passed presented in this document and
regime. also by experimentation as

outlined in section 7.
The flow cell shall be designed to Verified by final paper design as
withstand operating conditions, Passed presented in this document.
such as pressure, temperature, and Additional testing should be
flow rate. performed if a prototype is
constructed.
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8. PROJECT SUMMARY

8.1. Group Interactions

The original formation of the project team, like many other groups, was somewhat random. Prior to the
day the team formed, none of the members had worked together or knew each other. As with most
project groups, after the initial Forming period of the Team Cycle there was a Storming phase where the
members of the group tested each other, established ground rules for interaction, and got to know one
another [32]. The Norming phase found the group making the transition from being a group to a true
team [32]. A one-for-all and all-for-one mentality formed with all team members working toward the
common goal of meeting the design requirements and succeeding as a team on the project. Finally, the
latter half of fall term saw the team enter the Performing phase where they have been at ever since [32].

Typical group interactions were characterized by loud and boisterous meetings, long work sessions in
the labs, and strong camaraderie. When one team member couldn’t complete something due to other
obligations, after the requisite jovial ribbing, the other team members would pick up the slack knowing
full well that when something came up for them, they too could count on the team to pull together and
help them out. The team truly was a team.

As the team is writing this report they find themselves entering the Adjourning phase [32]. Looking
back on their time together, they are happy with their working relationships, proud of their
accomplishments and have even become friends. In spite of the major hurtles and setbacks that the
project faced, the team stayed together and persevered. They ironed out their differences, became a
cohesive group, and made the leap to become a true team.

8.2. Technical Knowledge Gained

As seems to be the case with most educational endeavors the team has thus far faced, the further they got
into the project, the more they realized the less they knew. Certainly, technical knowledge was gained
through the background research phase where the team chewed through hundreds of pages of journal
articles, textbooks, and other secondary sources. The design phase saw the team processing the ASME
pressure vessel codes and applying a multitude of formulae from literature and their extra-scholastic jobs
to the design to assure safety and ensure that design criteria would be fully met. Knowledge was
specifically gained in material selection for caustic environments, pressure vessels and proper pressure
vessel sealing and bolt patterns, borosilicate manufacture and machining, caustic fluid pump selection,
and a myriad of pressure and flow calculations.

The construction phase saw the team run against some major obstacles which resulted in even more
background research and more formulae to design a proof-of-concept experiment that would test the
major design requirements. Technical knowledge was gained in pressure fitting selection, and dye
injection and imaging techniques.

Analyzing the proof-of-concept experimental data proved a valuable learning opportunity. The team
gained hands-on experience with the difficulties of manually interpreting imaging data. Additional
skills were gained in effective data presentation and explanation.

Writing this report significantly benefited the team’s technical writing abilities. Specifically, the team
improved their written technical communication and presentation skills through a multitude of rough
drafts, referring to the ASME writing standard and citation guides, and learned to take advantage of peer
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editing within the team. Certainly, the final report, when compared to initial reports, shows marked
improvement in the aforementioned areas.

8.3. Mistakes Made

This project was not without its mistakes. Some of the largest originated in communication. One in
particular stands out in the team’s mind with the discontinuity between expected funding and actual
funding. Due to communication issues, the project sponsor was not informed that a financial outlay at
the beginning of December would be expected to construct a viable prototype per the course syllabus.
The team assumed that the project sponsor knew that a prototype would be constructed and that the
sponsor was to provide the necessary funds. The project sponsor assumed that this senior project would
follow past projects that didn’t require a prototype but could instead conduct further analysis to fulfill
course requirements. The course instructor assumed that the requirements of a built prototype and funds
with which to construct had been relayed to the project sponsor. Because of false assumptions, the
project sponsor was surprised to learn that the team expected funding, the team was surprised when the
funding didn’t appear, and the course instructor was surprised when the team wasn’t able to build a
prototype. Luckily, the team was able to continue with the project by revising their testing plan to use
existing equipment. This communication blunder taught the team a valuable lesson about clarifying
expectations and responsibilities at the onset of a project.

Another mistake common throughout the project was the team’s underestimation of time required to
complete key tasks. Because of poor time estimation skills, many late nights and weekends were spent
in the labs pouring over data, designs, presentations, and project reports. Fall term’s rush to complete all
required work in a quality manner was quite stressful as many very long days and nights were pulled in
order to meet expectations. Naturally, the team would have preferred a more balanced work load.

A particularly regrettable and unavoidable mistake came during data collection to confirm that all design
requirements were met. Due to time limitations, the team was not able to conduct enough experimental
runs to achieve statistical significance. Instead, the team had to conduct one run at each of the flow rates
of interest before they had to return the equipment to the normal configuration and the lab to the
graduate students. The team was aware of this mistake going into testing but was not able to avoid it
due to the aforementioned time constraints.

8.4. Major Issues Encountered During Design Phase

Especially during the initial design phase, the team suffered from a dearth of knowledge on the subject
of flow through porous media. While a great deal of background research was conducted, the team
learned the most valuable information pertaining to the project when talking with the project mentor and
other parties with an interest in the project. Knowing which questions to ask and the appropriate words
with which to ask them turned into a large headache for the team.

Difficulty was encountered when working with the ASME pressure vessel codes. Being that this was
the team’s first encounter with the tomes of ASME codes, a significant amount of time was consumed
even trying to navigate the index system to find the relevant codes. Once the appropriate codes had
been found, additional time was required to adapt codes designed for metal pressure vessels for use with
plastics as found in the team’s design.

8.5. Major Issues Encountered During Build Phase

The single major issue the team encountered during the build phase was a near complete lack of funds.
Rather than build the paper design as presented in this document to use in the testing phase, the team
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was forced to design a new testing procedure to use existing laboratory equipment, as outlined in section
6 of this document. Had the team
No Money

8.6. Major Issues Encountered During Testing and Analysis Phase

The largest issue faced during the testing phase was the absence of a prototype. Due to the troubles with
funding mentioned earlier, a prototype was not fabricated and, as mentioned earlier, a new testing
scheme had to be created. The new testing scheme called for modifications to be made to the 2-D flow
cell which was made available to the team. The night before the team was to make irreversible
modifications to the flow cell, the project sponsor informed the team that the previously approved
modifications could not be made and a non-intrusive testing method would instead have to be
substituted. The team scrambled to pull together appropriate equipment and create new procedures for
testing. While the team was successful in the testing endeavor, there were several tense hours as the
team composed new testing procedures the night before testing was to commence.

Another major issue encountered, discussed in section 6 of this document, was a lack of time on the 2-D
porous media bed. The team was only able to run one set of experiments before the lab equipment had
to be returned to the graduate students who normally conduct research on said equipment. Due to a lack
of data, all conclusions drawn from the testing phase are not statistically significant and, due to this, no
conclusions of any weight can be drawn from the testing data. However, in spite of the dearth of
experiment runs and corresponding data points, the results are instructive and suggest important areas
that should be further investigated.

When analyzing the test data, the team found that it had to spend a significant amount of time analyzing
the data by hand. This was due to the data coming in photographic form. Because no program that the
team was familiar with could conduct the data analysis without a significant investment of time by the
team into coding an analysis routine, the team chose to analyze all of the data by hand using AutoCAD
as a geometric referencing tool. While this method did work well, a software program with the ability to
analyze photographic data without requiring lengthy setup would have been a great benefit and time-
saver for the group. Had the team acquired a larger set of data, such as would have been generated with
running enough repeated experiments to achieve statistical significance, time would have been invested
in creating an algorithm to automatically analyze the data.

8.7. Final Budget

Due to a lack of funding, as discussed in several earlier sections, the final project budget came to a total
of $14. The lack of funding, as discussed earlier, was a significant hindrance but did not derail
completion of the senior design course. Table 9, below, lists the funds available, final budget,
expenditures, and final account balance. In spite of going over-budget by $14, the project sponsor
approved of the cost overrun.

Table 9: Final Balance Sheet and Budget

Funds Available: $0.00
Expenditures:

Media Bottles, 150 ml (x2) $7.00/each
Final Budget: ($14.00)
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8.8.Conclusion

This project, in light of the paper design and testing results, is quite promising but was limited due to a
lack of funding. The project team believes that the paper design presented in this document will work as
designed and will meet all original design criteria. As is evidenced by section 7, the paper design and
analogous testing proved that the project meets the modified design requirements. Indications from the
project sponsor point to a future implementation of the design once adequate funding has been secured.

The team is glad to have participated in this project and proud of the team’s accomplishments, especially
in light of the setbacks experienced. This report is the culmination of twenty weeks worth of work on
this project. As is evidenced in this document, the team went from a layman’s knowledge of porous
media flow apparatuses, to a more advanced knowledge state. Not only did they learn how a flow bed
and flow loop work, but they also designed a 3-D porous media bed and flow loop intended to push into
Reynolds numbers of 400 and higher. The design not only allows for safety and a core flow free of edge
effects but it also provides easy optical access for the TR 3-D PIV equipment in the possession of the
project sponsor and gives relatively easy access for cleaning of the porous media between experiment
runs.

All in all, the team feels that they worked well together, acquired a great deal of useful knowledge,

produced a good and worthwhile final product in spite of the difficulties encountered, and are proud of
their work.

Thanks for the memories,

The Porous Media Team
David Chadwick, Travis Wilhelm, Douglas Van Bossuyt
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9. APPENDIX SECTION 1: ENGINEERING CALCULATIONS AND DATA
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9.1.Porous Media Test Bed Pressure Drop Calculations

The pressure drop per unit length across the porous media test bed can be calculated by the following
formula, [22]

2 J— —

AP _ oV, (- 8)[180(1 5)+1.8} (Eqn. 9.1.1)
L De Re

where,

Re=~ VoD _ Pore Reynolds Number (Eqn. 9.1.2)
U

& = Porosity of a Randomly Packed Bed
V, = Volumetric Flow/Cross Sectional Area of Flow Channel.

Dr. Liburdy’s [18] research interest lies in characterizing the flow in porous media for pore Reynolds
numbers that range from 200 to 400. A typical calculation to determine the pressure per unit length for a
flow channel cross sectional are 19.3(10-3)-m2, volumetric flow rate of 1.55(10-3)-m3/s, and a Repyre = 400
is as follows:

2 — p—
AP _ 17000.08")d . 0.3) {180(1 0.3) +1.8} =85849—Pa (Eqn. 9.1.3)
L 0.006(0.3) 400

and in pressure and feet of water for a flow channel that is 0.25-m in length [23],

A—f:&ll— psi=7.2-ft (Eqn.9.1.4)

A spreadsheet was set up in Excel to expedite the calculations for other Reynolds numbers of interest and
understand the influence that certain parameters had on it. A summary of the test bed pressure drop at for
the Reynolds number range is in Table 9.1, and a spreadsheet for general calculations is presented Table 9.2.

Table 9.1: Porous Media Test Bed Pressure Drop
Flow Rate and Pressure Drop for 6mm Beads and 8 Bead Diameters beyond FOV w/ Flow
Channel Length 0.280-m

Re(Pore) Pressure Drop, ft Pressure Drop, psi Flow Rate, gpm
200 1.82 0.786 12.2
400 8.04 3.48 24.5
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Table 9.2: Spreadsheet for Flow Calculations and Flow Channel Sizing

"Knowns" "Calculated"
Value Units Value Units
Porocity 0.3 Vel (Macro) 0.08 m/s
Bead Diameter 0.006 m Vel (Pore) 0.2666667 m/s
Length 0.28 m Re (Macro) 5560
Width 0.139 m Re (Pore) 400
Height 0.139 m Pressure Drop 85687.61 Pa/m
Area 0.019321 mn2 Minmum Pressure | 23992.531 Pa
Volume 0.00540988 m"3 3.4798287 psi
Density 1700 kg/m”3 8.0384042 ft
Viscocity 6.80E-03 N-s/m”"2
Viscocity (kenimatic) 4.00E-06 m”2/s
Flow Rate 24.49960374 gpm
0.00154568 m”3/s
Hydraulic Radius 0.139 m
Cammera Calculations Assumptions
Value Units 1. Square Cross
Pixel Height (Length?) 1040 pixels
Pixel Width 1300 pixels 2
Pixels/Bead Diameter 160 pixels/bead diameter
FOV (Height) 6.5 bead diamters 3
FOV (Width) 8.125 bead diamters
Additional Bead Diamters | 7 554533333 bead diamters 4
for Boundry Effects
Minimum Height (Length?) 0.12925 m
Minimum Width 0.139 m
Minimum Height (Length?) 5.0885725 in
Minimum Width 5.47243 in
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9.2. MSDS Sheets for Working Fluid

MSDS - Zinc Chloride Solution

Page 1 of 4

MATERIAL SAFETY DATA SHEET

Common Name

Manufacturer

Telephone

Emergency Telephone

ZINC CHLORIDE SOLUTION
Madison Industries, Inc.

P.O. Box 175
Old Bridge, New Jersey 08857

(732) 727-2225
1(800) 275-3924

This document is prepared pursuant to the OSHA Hazard Communication Standard (29 CFR 1910.1200).

SECTION |. MATERIAL IDENTIFICATION

Common Name

Molecular Formula

Zinc Chloride

ZnCl, in water

CAS Number 7646-85-7
SECTION II. PHYSICAL DATA
Physical State Liguid

Boiling Point

Melting Paint
Freezing Point”
Vapor Pressure
Vapor Density”
Volitiles %*
Specific Gravity
Solubility in H,O
Evaporation Rate
Color

Appearance

msdszncl2.doc

120° to 150° C
248° to 315°F
NA

40°to -70° F
Ca. 3mm.
Vapor is water
29 to 50
157020
100%

Less than 1 (Butyl Acetate = 1)
Colorless

Clear liquid

Madison Industries, Inc.

Figure 9.2.1: MSDS for Zinc Chloride — Page 1 [12]
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MSDS - Zine Chloride Solution

Odor
pH

Page 2 of 4

Odorless

20

* See Section X for specific grades and percentage

SECTION lIl. FIRE AND EXPLOSION DATA

Flash Point
Extinguishing Media

Special Fire Fighting
Instructions

Fire and Explosion Hazards

Will not burn
Not applicable
Not applicable

May release Zinc Chloride and Zinc Oxide fumes and
Hydrogen Chloride gas in a fire.

SECTION IV. REACTIVITY DATA

Stability

Incompatibility

Decomposition

Polymerization

Very stable at high temperatures.

Cyanide - may release toxic HCN

Sulfides - may release toxic Hydrogen Sulfide
Will not occur except at high temperatures.

Will not occur.

SECTION V. HEALTH AND HAZARD INFORMATION

Exposure Limits

Swallowing
Skin

Eyes

Inhalation

Carcinogenicity

OSHA 8 hour Time Weighted Average (TWA) and ACGIH
TLV-TWA for Zinc Chloride (fume) are one mg. Per cubic
meter.

May cause burns of mouth and throat.
May cause severe skin bumns.

May cause severe cornea injury and result in permanent
impairment of vision or even blindness.

Dusts, mists or vapors, may cause severe irritation to upper
respiratory tract. Severe exposure may cause pulmonary
edema. Metal fume fever may result from inhaling Zinc Oxide,
which is a possible decomposition product at high
temperatures.

None as per NTP, OSHA, and |IARC.

msdszncl2.doc

Madison Industries, Inc.

Figure 9.2.2: MSDS for Zinc Chloride — Page 2 [12]
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MSDS - Zinc Chloride Solution Page 3 of 4

SECTION VI. FIRST AID PROCEDURES

Swallowing Give large amounts of milk or water. Do not Induce vomiting.
Call Poison Control Center or a physician. Do not give
anything by mouth to an unconscious person.

Skin Immediately flush skin with plenty of water for 15 minutes.
Remove contaminated clothing and shoes. Call a physician.
Wash contaminated clothing before reuse.

Eyes Immediately flush eyes with plenty of water for 15 minutes.
Hold eyelids apart during irrigation. Call a physician.

Inhalation If dusts, mists or vapors are inhaled, immediately remove
person to fresh air and call a physician.

Carcinogenicity None

SECTION VII. HANDLING PRECAUTIONS

Personal Protective Equipment ~ Chemical safety goggles. Rubber gloves. When needed:
rubber apron, rubber shoes and transparent face shield.

Ventilation Maintain good general ventilation to keep mists below
exposure guidelines.

SECTION VIIl. SPILL OR LEAK PROCEDURES

Spills and Leaks Comply with Federal, State and local regulations on reporting
spills. Flush with plenty of water to an approved chemical
sewer.

Waste Disposal Comply with Federal, State and local regulations. Zinc

Chleride can be carefully reacted with Sodium Carbonate to
from an insoluble Zinc Carbonate solid that can be scooped
up and sent to a disposal contractor.

SECTION IX. SPECIAL PRECAUTIONS

Storage Do not store in a steel container. Plastic or plastic lined or
rubber lined containers or storage tanks should be used.

SECTION X. PHYSICAL PROPERTIES CONTINUED FROM SECTION II

Properties 50.0% 62.5% 65.0% 70.0% 72.0%
Weight per Gallon (Ibs.) 13.08 14.83 15.33 16.33 16.74
Specific Gravity 1.57 1.78 1.84 1.96 2.01
msdsznel2.doc Madison Industries, Inc.

Figure 9.2.3: MSDS for Zinc Chloride — Page 3 [12]
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MSDS - Zine Chloride Solution Page 4 of 4
Properties 50.0% 62.5% 65.0% 70.0% 12.0%
Boiling Point °F 239 253 259 275 283
Freezing Point °F -70 -50 -40 38 40
Volitiles % 50.0 375 35.0 30.0 28.0
Viscosity Centipoise 70°F 3.6 9.0 14.0 40.0 41.0
Zinc Content (SARA 313)  24% 30% 31.2% 33.6% 34.6%

SECTION XI. REGULATORY INFORMATION

NOTICE: The information herein is presented in good faith and believed to be accurate. However, no
warranty, expressed or implied, is given. Regulatory requirements are subject to change and may differ
from one location to another. It is the buyer's responsibility to ensure that its activities comply with
Federal, State and local laws.

U.S. REGULATIONS: SARA 313 Information. This product contain the following substance subject to the
reporting requirements of Section 313 of Title Ill of the Superfund Amendments and Reauthorization Act
of 1986 and 40 CFR Part 372: ZINC COMPOUND See Section X for concentrations.

SARA HAZARD CATEGORY: This product has been reviewed according to the EPA "Hazard Categories”
promulgated under Sections 311 and 312 of the Superfund Amendments and Reauthorization Act of 1986
(SARA Title Ill) and is considered, under applicable definitions, to meet the following category: AN
IMMEDIATE HEALTH HAZARD.

SECTION XII. SHIPPING INFORMATION

ZINC CHLORIDE SOLUTION, 8, UN1840, PGIII, RQ, ERG 154

SECTION XIIl. MSDS PREPARATION INFORMATION

Prepared by Joel L. Goldschmidt, Vice President
Updated March 16, 1999

Copyright © 1999

msdszncl2.doc Madison Industries, Inc.

Figure 9.2.4: MSDS for Zinc Chloride — Page 4 [12]

The above Figures 9.2.1-4 display the Material Safety Data Sheet for Zinc Chloride solutions. Specific
attention should be paid to toxilogical data and reactivity data.
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9.3. Honeycomb Flow Straightener Length Determination

To determine the length of honeycomb to straighten the flow entering the porous media test bed, a few
assumptions need to be made. As a first assumption, the velocity profile must uniform and fully developed
before entering the honeycomb. Next, it is assumed that the flow is evenly distributed over the channels of
the honeycomb. From this it can be written that the flow rate of the channel is equal to the sum of the flow
rates of the individual channel, that is [24],

Q.=nQ, (Eqn.9.3.1)
and from the definition of volumetric flow rate [24],
(AV) =n(AV) ~ (Eqn.9.3.2)

Solving for the honeycomb velocity and estimating the ratio of the areas to be 1.11 then the velocity in a
single flow channel has the value of,

v, = [i]v — 11V, =1.1100.04 % = 0,044 (Eqn. 9.3.3)
nA, S S

From this the Reynolds number can be calculated for a single channel in the honeycomb for a channel
diameter of 5-mm (smaller than the bead diameter), and has the value,

m
i (0.044Sj(0.005m)

v s\ M
4(10 6)§

Re, =55 (Eqn.9.3.4)

A Reynolds number of 55 places the flow within the laminar flow region for pipe flow. By substituting in
known values and from F. M. White’s Fluid Mechanics, [24] the length for fully developed flow in the
laminar flow region can be determined from,

L ~0.06(Re)(d)=0.06(55)(0.005m)=0.0165m  (Eqn. 9.3.5)

It can be concluded that the minimum length of honeycomb to ensure fully developed laminar flow into the
test bed is to be 17-mm.
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9.4.ATF Fathom Output (Low Flow Rate)

AFT Fathom 6.0 Qutput (10f2)
CH2M HILL
AFT Fathom Model

12/2/2006

General

Title: AFT Fathom Model

Analysis run on: 12/2/2006 9:16:52 AM

Application version: AFT Fathom Version 6.0 (2006.04.12)

Input File: C:\Documents and Settings\dchadwic\Desktop\David Chadwick\Homework Dead Week\Porous Media Test Loop.fth
Scenario: Base Scenario/Flooded State C-72009-00/Flooded State C-72009-00 (Small Diameter Pipe)

Execution Time= 0.11 seconds

Total Number Of Head/Pressure lterations= 0
Total Number Of Flow lterations= 34

Total Number Of Temperature Iterations= 0
Number Of Pipes= 8

Number Of Junctions= 8

Matrix Method= Gaussian Elimination

Pressure/Head Tolerance= 0.0001 relative change
Flow Rate Tolerance= 0.0001 relative change
Temperature Tolerance= 0.0001 relative change
Flow Relaxation= (Automatic)

Pressure Relaxation= (Automatic)

Constant Fluid Property Model
Fluid Database: Unspecified
Fluid= Zinc Chloride

Density= 1700 kg/m3
Viscosity= 0.0088 kg/sec-m
Vapor Pressure= Unspecified
Viscosity Model= Newtonian

Atmaspheric Pressure= 1 atm

Gravitational Acceleration=1g

Turbulent Flow Abave Reynolds Number= 4000
Laminar Flow Below Reynolds Number= 2300

Total Inflow= 3.691E-07 gal/min

Total Outflow= 3.691E-07 gal/min

Maximum Pressure is 49.27 psia at Junction 8 Inlet
Minimum Pressure is 15.05 psia at Junction 2 Inlet

Pump Summary

Ject | Name Vol dH Overall
Flow Power

(gal/min) [ (feet) (hp)

2 Pump 9912| 4605[ 01962

Valve Summary
Ject | Name Valve Vol Mass dpP dH P Inlet Cv K Valve
Type Flow Flow Stag. Static State
(gal/min) | (Ibm/sec) | (psid) | (feet) | (psia)
8 Valve| REGULAR 9.912 2.344| 31.63] 42092| 4927| 2299| 2040| Open
Reservoir Summary
Jet Name Type Lig Lig Surface Liquid | Liquid Net Net
Height | Elevation | Pressure | Volume | Mass | Vol. Flow | Mass Flow
(feet) (feet) (psia) (feet3) (Ibm) | (gal/min) (Ibm/sec)
1 Reservoir| Infinite IN/A 6.000 14.70 N/A N/A 1] a

Pipe Output Table
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AFT Fathom 6.0 Output (20f2) 12/2/2006
CH2M HILL
AFT Fathom Model
Pipe | Name Pipe Vol. Velocity dH P Static | P Static
Nominal | Flow Rate In Out
Size (gal/min) | (feet/sec) (feet) (psig) (psig)
1 Pipe 2 inch 9.912 0.9477( 0.003117 0.3531 0.3508
2 Pipe 1 inch 9912 36794 0.080841( 34 1468| 340874
3 Pipe 1inch 9.912 3.6794| 0.040320| 34.0167| 34.3555
4 Pipe 1inch 9.912 3.6794| 0.080641] 342633| 345724
5 Pipe 1 inch 9.912 36794 0.302403 2.9406 54814
6 Pipe 1 inch 9.912 36794 0161281 54107 52919
7 Pipe 1inch 9.912 3.6794| 0.443524| 52211 0.8408
8 Pipe 1inch 9.912 3.6794| 0.044862| 07701 0.0000
All Junction Table
Jet Name dP Static | P Static | P Static Vol. Flow Mass Flow Loss
Total In Out Rate Thru Jct | Rate Thru Jct | Factor (K)
(psid) (psig) (psiq) (gal/min) (Ibm/sec)
1 Reservoir N/A 0.0000 N/A N/A N/A 1.5000
2 Pump| -33.79605 0.3508[ 34 1468 9912 2.344 0.0000
3 Bend 0.07072] 0.8408| 0.7701 9.912 2.344 0.4561
4 Bend 0.07072| 52919| 52211 9912 2.344 0.4561
5 Bend 0.07072 54814 54107 9912 2.344 0.4561
6 General Component 0.09211] 34 3555| 342633 9912 2.344 4.1588
7 Bend 0.07072| 34.0874| 34.0167 9.912 2.344 0.4561
8 Valve| 3163185| 345724| 29406 9912 2.344| 204.0000
Junction Loss Table
Jct | Pipe | Pipe | Loss Factor (K)
# Dir
1 P1 Out 0.5000
P8 In 1.000
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9.5.AFT Fathom Output (High Flow Rate)

AFT Fathom 6.0 Output (10f2) 12/2/2006
CH2M HILL
AFT Fathom Model

General

Title: AFT Fathom Model

Analysis run on: 12/2/2006 9:18:27 AM

Application version: AFT Fathom Version 6.0 (2006.04.12)

Input File: C:\Documents and Settings\dchadwic\Desktop\David Chadwick\Homework Dead Week\Porous Media Test Loop fth
Scenario: Base Scenario/Flooded State C-72009-00/Flooded State C-72009-00 (Small Diameter Pipe)

Execution Time= 0.10 seconds

Total Number Of Head/Pressure lterations= 0
Total Number Of Flow lterations= 16

Total Number Of Temperature Iterations= 0
Number Of Pipes= &

Number Of Junctions= 8

Matrix Method= Gaussian Elimination

Pressure/Head Tolerance= 0.0001 relative change
Flow Rate Talerance= 0.0001 relative change
Temperature Tolerance= 0.0001 relative change
Flow Relaxation= ({Automatic)

Pressure Relaxation= (Automatic)

Constant Fluid Property Model
Fluid Database: Unspecified
Fluid= Zinc Chloride

Density= 1700 kg/m3
Viscosity= 0.0068 kg/sec-m
“apor Pressure= Unspecified
Viscosity Model= Newtonian

Atmospheric Pressure= 1 atm

Gravitational Acceleration=1g

Turbulent Flow Above Reynolds Number= 4000
Laminar Flow Below Reynolds Number= 2300

Total Inflow= 1.511E-06 gal/min

Total Qutflow= 1.511E-06 gal/min

Maximum Pressure is 31.38 psia at Junction 2 Outlet
Minimum Pressure is 14 .89 psia at Junction 2 Inlet

Pump Summary
Jet | Name Vol dH Overall
Flow Power
(gal/min) | (feet) (hp)
2 Pump 31.19] 2431] 0.3259
Valve Summary
Jet | Name Valve Vol. Mass drP dH P Inlet Cv K Valve
Type Flow Flow Stag. Static State
(gal/min) | (Ibm/sec) | (psid) (feet) (psia)
8 Valve | REGULAR 31.19 7.374] 03224 04374 2454] 71.65] 0.2100] Open
Reservoir Summary
Jet Name Type Liq Lig Surface Liquid Liquid Net Net
Height | Elevation | Pressure | Volume | Mass | Vol Flow | Mass Flow
(feet) (feet) (psia) (feet3) | (Ibm) | (gal/min) (Ibm/sec)
1 Reservoir [ Infinite N/A 6.000 14.70 N/A N/A 0 a

Pipe Output Table
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AFT Fathom 6.0 Qutput (20f2) 12/2/2006
CH2M HILL
AFT Fathom Model
Pipe | Name Pipe Vol Velocity dH P Static | P Static
Nominal | Flow Rate In QOut
Size (gal/min) | (feet/sec) (feet) (psiqg) (psig)
1 Pipe 2 inch 31.19 2.982| 0.02371 0.2157 0.1983
2 Pipe 1 inch 31.19 11.578| 0.59660| 16.6811| 16.2414
3 Pipe 1 inch 31.19 11.578] 0.29830| 15.5413| 15.6899
4 Pipe 1 inch 31.19 11.578| 0.59660 9.9175 9.8463
5 Pipe 1 inch 31.19 11.578] 223724 9.5239| 10.6388
] Pipe 1 inch 31.19 11.578| 1.19320 9.9387 9.0593
7 Pipe 1 inch 31.19 11.578| 3.28129 §.3591 1.8873
8 Pipe 1 inch 31.19 11.578| 0.61083 1.1872 0.0000
All Junction Table
Jet Name dP Static | P Static | P Static Vol. Flow Mass Flow Loss
Total In Out Rate Thru Jet | Rate Thru Jet | Factor (K)
(psid) (psig) (psig) (gal/min) (Ibm/sec)
1 Reservoir N/A 0.0000 N/A N/A N/A 1.5000
2 Pump | -16.4829 0.1983 16.681 31.19 7.374 0.0000
3 Bend 0.7002 1.8873 1.187 31.19 7.374 0.4561
4 Bend 0.7002 9.0593 8.359 31.19 7.374 0.4561
5 Bend 0.7002| 10.6388 9.939 31.19 7.374 0.4561
6 General Component 57724| 156899 9918 31.19 7.374 41201
7 Bend 0.7002| 162414 15.541 31.19 7.374 0.4561
8 Valve 0.3224 9.8463 9.524 31.19 7.374 0.2100
Junction | oss Table
Jct | Pipe | Pipe | Loss Factor (K)
# Dir.
1 P1] Out 0.5000
P8 In 1.000
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9.6. Flow Rate Calculations

The ranges of Reynolds numbers dictate the flow rate of the system. Based on the design requirements the
flow loop is to operate between Reynolds numbers of 200 and 400. The flow rates associated with this range
can be found by the making the following assumptions and calculations. The quoted Reynolds number is the
average Reynolds number through the pore of the porous media. If D is the bead diameter, V. is the
average velocity through the pore of the porous media, and the working fluid has a viscosity of v, then the
pore Reynolds number has the following form:

DV

Re =—"° (Eqn.9.6.1)
1%

pore

Solving for the pore velocity, and recognizing that the average pore velocity can be estimated by dividing
the macroscopic velocity by the porosity of the porous media, the above equation becomes,

\V/ VRepore
== Eqgn. 9.6.2
pore £ D ( q )

\Y
Upon making appropriate substitutions for the macroscopic flow rate, the flow rate for the system can be
solved and determined by,

evARe .

See Table 9.6.1 below for a summary of the flow rates the flow loop is designed for.

Table 9.6.1: Flow Rate Final Calculations

Flow Rate Final Calculations
. ) . Flow Channel Area .
A\
Reynolds Number | Porosity Viscosity (m”2/s) Dimension (m) (m2) Bead Diameter (mm) Flow Rate (gpm)
MIN 200 12.25
MAX 200 0.3 4.00E-06 0.139 0.019321 6 245
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9.7. Pump Horsepower Preliminary Calculation

A maximum estimate of horsepower for the pump can be determined by analyzing the flow loop. From the
schematic in Figure 9.7.1, the system is a closed loop drawing and delivering to the same reservoir.

Florar Channel

Fesarvior

Fump

I-: :I : = Valwe

Figure 9.7.1: Porous Media Flow Channel Schematic

The steady flow energy equation (Bernoulli’s equation) applies. And also accounting frictional head losses
in the pipe, minor losses in the elbows and valves, and the head loss across flow channel, the equation then
becomes [24],

2 2
PV o P Ve g yin eh,—h (Bqn9.7.0)
£9 29 pY 29

Observing the fact that the reservoir is the same for both states, the pump head then becomes,

h =h +h, (Eqn.9.7.2)

The pump head then can be determined from any appropriate source. Here the source, Ingersoll-Rand
Cameron Hydraulic Data, was used. The head loss can be calculated from their appropriate tables. In this
preliminary calculation steel pipe was chosen as the material, an appropriate estimated length of pipe and
fittings were decided upon, and “worst case” flow rate was used (24-gpm). From Cameron Hydraulic Data
[23], the pump head becomes,

2

h, = L(he) +( DK )(Z—g} hee (Eqn.9.7.3)

where,
hjoo = head loss per 100 feet
K; = resistance coefficient
hs. = flow channel head.

The above equation was implemented into a spreadsheet and as a first pass a value was determined for the
horsepower (see Table 9.7.1).
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Table 9.7.1: Pump Horsepower Spreadsheet

Pump Horsepower Spreadsheet

Pipe Data:

Pipe Diameter 1

Flow Rate 24

Velocity 8.904

Velocity Head 1.23264

Head Loss/100-ft 35.8

Frictional Pipe Losses Head Loss

Length of Pipe 20 7.16

Minor Losses

Effect No. K Total K
Entrance and Exits 2 1 2
Elbows 6 0.57 3.42
Valves 1 7.8 7.8
Enlargement (in) 1| 2.5835613] 2.58356126
Enlargement (out) 1| 0.7949419( 0.79494193
Grand Total K 16.5985032
Total Minor Losses 20.459979
Losses Due to Porous Media at 20-

gpm ft

Porous Media 8.04

Honeycomb

Pump Head 35.65998

hp 7.362037

1.5*hp 11.04306

Unfortunately, this number seemed to be on the extreme high side. It is presumed that this difference lays in
the fact that the roughness coefficient of steel is 2 orders of magnitude larger that PVC. However a much
more efficient way to determine an estimate for the horsepower of the pump is to employ the uses of AFT
Fathom (see Appendices E and F for output). This program provided a more reasonable estimate for

horsepower at 1-hp maximum.

6/13/2007

Chadwick, Van Bossuyt, Wilhelm

68



Porous Media Test Bed Final Report

9.8. Wall Thickness Calculations

The ASME pressure vessel code gives the following formulas to determine wall thickness for non-circular

plates and flat covers which is analogous to the wall design of the test section presented in this document
[29,30].

t=d,/(ZCP/(SE)  (Eqn. 9.8.1)

where,
Z=34-(24d/D)<2.5 (Eqn.9.8.2)
where the variables are defined as:

d = effective diameter of the flat plate (in)

C = corner detail coefficient (chosen to be 0.2 as a conservative estimate)

P = design pressure (psi)

S = allowable stress at the design temperature and pressure (psi)

E = butt-welded joint efficiency of the joint within the flat plate (E=1 in this design)
t = minimum required thickness of the flat plate (in)

For ABS plastic, it was determined that wall thickness should be at least 0.244 in to meet pressure vessel
standards. With a conservative factor of safety of 2, wall thickness comes to approximately 0.5 in. The
final design thickness was approximately 1 in which was largely dictated by the Intro-Serts. Details of the
calculations can be seen in Table 9.8.1.

Table 9.8.1: Wall Thickness Spreadsheet

[Finding Plate Thickness for a Pressure Yessel [

Plate Dimensions

Width (i) 0.15 d (srmall length) (in) 5.905512

Length () 0.31 D (large length) (in) 12.20472
C {comer detail coefficient, referenced from page 59) 0z Z (non-uniform membrane carrection factor) | 223871
P (design pressure) (psi) 30 :t {minimurn plate thickness) (in) 0.245
S (allowable stress at design temperature & psi) (psi) 7830 IThickness with factor of safety (in) 0.489
E (joint efficiency of the joint within the flat plate - if no 1 :'ﬂc_lm_eis_w_itrlficloio_fgaﬂagi@ ________ 0.012]
M factor of safety 2
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9.9. Cumulative Force Calculations on Honeycomb Flow Straightener

As depicted in Figure 9.7.1, the flow channel will be oriented vertically, with the direction of flow along the
component of gravity. The flow straighteners will be oriented perpendicular to the flow, and thus the
downstream flow straightener will be supporting the weight of the beads and the force created by the
pressure drop across the beads of the porous media. Consideration must be given to the magnitude of the
resultant force that is supported on the honeycomb flow straightener.

The total weight of the beads in the porous media test bed can be approximated by,

W, = 9(1— &V, pas = [9.8%}(0.7)(0.280(0.1392 %3{2.23(103)%j =..=185—Ibs.

(Egn. 9.9.1)
Where V7 is the total volume of the test section, pgg is the density of borosilicate glass beads, and epsilon is
the porosity.

The resulting force due to the pressure drop across the glass beads of the porous media can be approximated
by,

F, = dPA, =(21.4kPa)(0.139m)’ =...=93.0—-lbs. (Eqn. 9.9.2)

Where A, is the cross-sectional area of the flow channel and the dP is the pressure drop at maximum flow.

The total force that the flow straightener is support is 111.5-1bs. Invoking a safety factor of two, the total
approximate weight is thus 200-Ibs. An applications engineer for the flow straightener was contacted to see
if this force could be supported by polycarbonate flow straightener, and it was determined that a minimum
of one inch should be used. The design presented in this paper uses a 30 mm flow straightener.
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9.10. Viewing Window Thickness Calculations and Spreadsheet

Table 9.10.1: Brittle Plate Theory

Conversion Properties {units)

(psi) (Mpa) E = |64000 MPA

30 0.20684271 o= |35 P A

Fo = [0.41368542 | MPA
Formula Components Window Size {units)
Moment = | 212 2206205 |height 100 {mm)
safety factor 2 width 100 (mm)
thickness | 19.07371956 | (mm)

conversion 0.75 {in}

Equations in Spreadsheet

Brittle Plate Theory [26]:

M =0.0513(nP,)a>  (Eqn.9.10.1)

(6M)
h2

(Egn. 9.10.2)

o=

where:

o = max tensile stress
P, = pressure applied to surface
a = length of sides
M = moment caused by bending
n = factor of safety
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9.11. Component Source Datasheet

Expert Assistance - Gall Us Mow.

| P industrial Plastic Supply, Inc.
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Call B85-832-0M5 For Matural 24" x 24
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e —
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Figure 9.11.1: ABS Plastic Source Data Sheet
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Figure 9.11.2: UHMW Plastic Source Data Sheet
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EEF SPECIALTY GLASS PRODUCTS, INC.

2885 TERWOOD RD., WILLCOW GROWE, PA 19020 USA
PHOME {215) 652-8400 FAX (215) BE9-T217
Email: sales@sgpinc.com  wWwWwW.Sgpinc.com
Movember 30, 2006

Inguiry #1061 12904 (1), #1061 12806 (2)

Travis Wilhelm
Oregon State University
1942 Madras Street SE
Salem, OR 97308

Ph: 303 459-3599

wilhelmt@engr.orst.edu

Dear Travis:

Thank you for the opportunity to support your specialty glass requirements. In response to your recent
request, SGP is pleased to propose the following:

L. Schott Borofloat Sgquare; 120mim--.25mm square; 20mm-+—-.25mm thick; 4 comars approximataly 7.5mim radius;
seamad adges; top and bottom surfacas polished finish.

Figure 9.11.3.1: Viewing Window Source Data Sheet
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Quantity 1 plece Price $275.00 each
2 pieces 5190.00 each
5 pieces 5155.00 each
Ship Start 4 weeks ARO
2 Schott Borofloat Sguare; 120mm-+-.25mm agquare; 25mm standard thickness, 4 comears approximataly 7.5mim

radius; seamead adges.

Quantity 1 plece Price $173.00 each
2 pieces 5139.00 each
5 pieces 5 9500 each
Ship Start 3 weeks ARO

Terms FOB Willow Grove, PA. Net 30 days.
or

Terms Credit Card, FOB Willow Grove, PA.

Travis, if you have any guestions concerning this quotation, or if you would like to place an order,
please contact Ursula Leslie, Customer Servica'Support (ursula @sgpinc.com).

Best regards,

Beau Harrington

Sales Engineer

Figure 9.11.3.2: Viewing Window Source Data Sheet
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Suppler Partmzrships for Customer Selutions

Page 1 of 1

My Account § O rder Status § Shopping B asket

Items:0 Total:$0.00
g in

SEARCH for | within | 4ll of YWR.com | E Advanced Search | MSDS | Certificate of Analysis
Home Products | Services | Programs | Reauest a Cataloa | About Us | Contact Us
SECATALOG YOU MIGHT ALSD NEED
General Catalog KIMAX* Brand Solid Find Similar Items in Product
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Furniture
Healthcare/Clinical
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Safety
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Borosllicate Glass Beads Category Glassware, Life Science
[ Supplier: Kimble

Approx.
Approx. Mo,
Diameter, of Beads
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cu. in.
3 550
4 250
<] 125
& 75

&0
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Mo,

of Beads Lo e
per Mo
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1800 13500 &

Highly rasistant to attack by most cold lguids, hot lquids, and
wapors. Suitable for use as mixing beads, boiling stones, or packing

for distilation columins. Beads are durable and will mot disintegrate
or affect delicate compounds.

Ordering Information: Packed in 0_45kg (11b.) containers with a
total wolume of 360cm.

| ADE TG BASKET || VIEW SHORPING BASKET |

VWR 5
Catalog # Unit Price

85001-032 Case 319427

85001-516 Case $171.22
85001-518 Case $127.07
85001-520 Case $1338.31

| ADE T BASHET || VIEW SHOPPING

i1

Qty

Copyrighti@

2006 WWR International . All Rights Reserved

Figure 9.11.4: Glass Beads Source Data Sheet
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WWR International
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Figure 9.11.5: Cap Screw Source Data Sheet
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Dimensions for Type 314 True Unien Diaphragm Valve PVC
(solvent cement socket ends)

Inch | A B O F K |H L T il Lifi Waight
size |inch [ irch | ek | inch mm | inch | inch inch | irch [ inch | lbs.
142 QA5 | 182 (215|000 W& 354 50 A7 | ZFE (032 | 08g
374 DEe9 [ 209 | 315|058 MG | 402 ERR [ 47 | 449 | 043 1.32

1 2R3 238 (27058 Wea | .87 &.54 A7 | 480 (05 1558
1-1 r":4 1.00 | 2% 441 [ 1.77 ME | 458 JEH [ 5% | BB 043 2.55
1172 | 1.28 [ 227 441 (177 ME | 547 BF4 A0 | & [ 0BT | 353

z 1.84 |48 | 528|177 ME|&F7 | 1047 | A% | 748 1.10 | &17

Figure 9.11.6: Diaphragm Valve Source Data Sheet
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nmega- cow Imﬁnﬂgfmtrﬁ;ﬂ Cortrol [888) TC-OMEGA [USA Canada) | [203] ﬂ‘lﬂ-fﬂ‘ﬂﬂm

09 0OC

HOME GUICK ORDER | PRODUCTS | FREE LITERATURE ' MY OMEGA OMEGA INFO

—
m © Part Number & All Omega |

Low Cost Wet/Wet Differential Pressure Sensor
| PX26

Contact Coet Help  Glab

$36.00 pxz6-005pv

- = Water and Many Other Liquids May be Applied to Both

e
— * Gage and Differential Models Available
|

—

= Miniature PC Board Mount Design

L.\_-! View related products - Pressure Transducers

Click here for larger image.
scroll below 5 Related
To Order '.leml:s L Products

OMEGA's PX26 Series pressure sensors feature state-of-the-art silicon technology which permits both
sides of the diaphragm to handle liguids. A unigue conductive seal between the silicon diaphragm and
the plastic housing allows for wet/wet applications and lower production costs than typical gold wire
silicon sensors, Thiz new construction has a larger diaphragm than traditional silicen sensors, resulting
in increased long-term stability.

SPECIFICATIONS

Excitation: 10 Vdc, 16 Vdc max @ 2 mA

Output (@ 10 Vdc):1 psi = 16.7 mV, 5 psi = 50 mv; =5 psi = 100 mV; 250 psi = 150 my
Linearity:=0.25% FS BFSL Typical

(£1% maximum) P2=F1

Hysteresis and Repeatability:0.2% FS

Zero Balance:+1.5 mYy

Span Tolerance:+3.0 mV

1 Year Stability:0.5% F5S

Operating Temperature:-40 to 85°C (-40 to 183°F)
Compensated Temperature:0 to 50°C (32 to 122°F)
Thermal Effects:

Zero: 1 my Span: 1% Rdg

Proof Pressure:20 psi for =5 psi;

45 psi for 15 pei ; 60 psi for 30 psi

200 psi for 100 psi rangs

Input Resistance:7.5k

Output Resistance:2.5ka

Response Time:1 ms

Gage Type:Silicon sensor

Wetted Parts:Polyethimide, silicon, fluorcsilicone
Mating Connector:CX136-4, (32.50), not included
Weight:2 g {0.07 oz)

Figure 9.11.7: Pressure Transducer Source Data Sheet
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[l PVC Pipe Fittings & Pipe
Fer infarmation aboul selecting and maasuring pipe and Kiitings, see pages 2-3.
For infarmation about plastic fttings and pipe, see page 81.

Please Read Before Ordering: Pipe size is the accepied indusiry designation, not the actual
miegsured size. To determmene pipe side, Tirst measure the utside diameter {00] or inside diametar
10N, &5 shoven an lefl. Far thraaced fitings, round up the measarement to the closast QD oar 10 isted
N the charl balow E"IEI_ solect the Cormespon 8 pipe size. For ERBMphe, ¢ the threaded
0D or I megsares 13, the negt hghest OG0 ar 10 i the chart is 13", and the cormesponding
pape hi_ZlZ" = 1% For withreaded TitEngs, take the aciual measuremen and select the comesponding
Do SiZe

Threadod OD o 1D 157 | 5"

15" QT8 7% | E% 27" |30

Urlhwaaded D or 00 | 0.54° [06757 1as e e [ears 5" ~[aesT
Fige Sare S 1 [T (S T &
PVC Unthreaded Pipe Fittings and Pipe—Schedule 80—=Dark Gray (Comt. from provious pg.)
i
Bolt Mool ,—rwmimmmﬁ |—tmﬂwﬂm—| ﬁiwnimgrm—'
Fipe  Circha  Boly Boly  Dia, Thic 2
Each
AEETHZIZ . [ELFEII L ABE1HEEZ. E13.41
LAEEIHETD ; BIH2IZ... LABEIKSEI. 15.99
AgETMEIS " SHETH233 ABETHSEA.. 21.84
AZEIKZUE .. 7.3 SHETH224.. ABS1MOES.. 2650
AZETKZIE . ! - P PR ABE1HOEE. 2650
LAEETHENT.. 5.9 " SBETH2ZE... | ABEIKSET. 3766
. AEE1KERI . 151 . ABEKSEE. 38,33
ASETKZNE 16 FHETRZZE... o AHETHSEY.
LAZETRZIG . 21 i SHETH23G.. ABETKSTL.
LAZETMZRT . 25 ) SBETH247.. LABEKETZ.
ABETK23T L ABEKETI.
PIPE |
10-f1. lﬁ%‘h Fipa Bax, S-fr. 1I-I'I]HH 0.
Size OO m psi %a.,m
_ABHGEHAY AZBREHE] F ; A0 AEEEEH 26 51|.1 JL" AREREK 16 S10.45
ABHEEKIS AZBEEH1S i 420 EBESKIT_ 1H 35 QEEEGKG. 32
L ABHEEKI .. AZBREKTT . kS 370, QEEESH2T 2101 QESEGK17. 34.70
4BHGEHIZ . 4EBREH1Z 4 320 AEEESHZE 3074 QEBEGK1B. H1TY
1 L ABHGEKIT . AEBEEHTD . [ LET2 QBESGKEZ. 96
1 ABHGEKZA .. 4EBEEH 14 B HEOE QBEEEKED.
1

ABHEEHZSE.. 4EBLEK1E ..

PVC Unthreaded F:pe—Schedule Ea—'ﬁ'ansparent

This pipe provides aplimim visibdity and compatibiicy with standard PG R stems. |t s ideal Tor dual-comainmant piping for quisck iden-
tificaticn of primary wibing whong visiial el detection is citcal Pips is UL 94 VO r el materiad is FOA compliian, and NSF ceatified Ffar drinking
(potabde) vaater. Maximem temperaiung is 140° F. Connections: Sacket weld (unmibreadedi. For PG cemant and primer, S8 page G,

8-1t. Lengths 811, Lengths
Each Each

Y]] TAOREG.. . T47.3H

TR E TEORZE..... Gh.5H

. 14.85 TEORZT ... D45

L2l TEORZE..... 121. 74

ATADKZ3 . 2026
LATADKRA 3500

PVC Threaded F;pe Fittings—Schedule 80—Dark Gray

Al fittings @xcapt Nargas are NSF camified for drinking (potabie) watar_ saximum temgaratune is 140° F_eet ASTM D2464. Connactions: NPT,

‘l&ﬂ..o-o

45" Elbows —— Ceuplings — -

Each E.ﬂh L. E.m:l'l
4586KIZET 5205 1%°.__4B9EKET. § 4E96K39. 5210
458GHIZFZ 1) J‘-" . 596K i

ATAOKET .. TTH.OL

Each
A596KTT...51.80
4596KT2... 1.80

IEBERIZ.

4G0EHIEZ.. 21 ABSEKEZ .. 142 4596KAZ.. 4536KTI.. . 1.G2
4596K 23 . 4L0EHIT. . 2% _ABSEKEY .. 203 4596KA3.. 2.3h 4536KT4.. . 1.G7
4596K 24 4LOEK34. . 2175 596K 5 .. 244 450GKA4.. 296 453BKTE.. . 2.07
596K 25 . AGGEHI5.. E IEE AS9GKAS.. 3.51 A53EKTE..... -|le
596K 26 AGGEHIE... E G40 4596KAG... 4.02 A5BEKTT.. .
4596R2T . AG9EHIT. 1" ABSEKSET.. T.25 4SO6KET .. 7492 A53EKTH.. .
4596K.21 . 458EKT .. %" _4B9EKET .. 2025 4596K3IE. 1L A53EKTY .. .1-15-Ii

596K 28 .
OEHTZ G5 5 4S96K29.

4GGEHIZE 150" ABSEKSE. 2307 4S96KAR. 1.6
4LOEHKIZE ! 4%, __4B96K5E . 1574 4596KAS.. 2H.02

ﬂ'.-‘untmwd‘un.l’nh‘m X [Page

Newer use PUC fittings and pipe with compressed air or gas.

J12.x2
A5abkKE2.. A5

Figure 9.11.8: Flange Half Coupling Pipe Fitting Source Data Sheet
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Porous Media Test Bed Final Report

[l Viton Rubber & Foam Rubber

For mare information aboit rubiber and durameler scales, oo page 33718,

Corrosion-Resistant Viton Rubber

A Nucroelasiomer often designated as FEML Vitan i idesl for use in harsh and comosive amuironmants. It has exceplional reskrance 1 haat %:‘l;].
weathar, azone, axygen. and sunkght. &5 well a5 & broad range of fuals, sokents and chemacals, It ks akso monm flame resstant han other rubdars,

Shaeats, Sheating, and Strips—Smooth Finesh

= Calor: Black 5 15
« Tomp, Range: —20° to +400" F Du i Hanl:_lnm 15 ..,,.0.
* Excellont recovery Trom compression Tarsilo Strangth, psi LN
= Cul with scissars ar shears Siratch Limit % 225
Width and kength tokerances. are +%a" for shests, +1° For sheeting, and +1° for sirips Dransity, Ibs.fou. M1, a7
1 rA6° WiDE SHEETMWG y ——— 38" LONG STRIPS —
Ll 12°612° 12°w 24° Max. 2° Wide 4° Wide
Each Each E Ly, M. Par FL, Each Each
CBEDTSEET 5627 Be07SH3T 52179 BEe0TSKST S1720 100 SaDTSHTT s46.79 ErevHI1 513127 p2eTKlz £74.17
LBEOTSKEZ 505 BEO7SH3IZ 1109 BEO7SHSZ 5565 100 BE0TSKIZ G40 E29THI4 1B 77 B2STKIS 3411
(BEDTSKZE 1315 Be075H33 45085 BS0TSKS3 7907 G5 B6DTSKII 10250 g2eTHAT 2500 B2eTEIE 5090
LBEOTSKE4 1565 BEOTSHA4 5450 BEQ7SHS4 9561  S0.. BEOTSKT4 12070 E29TH21 3121 B2STKEZ 5030
LBEQTSKES 7216 BSO7SHAS D53 BEOTSHSS 14104  30..BE0TSKIS 17914 E297K24 4510 B2STKE5 A9.77
LBEOTEKZE 7095 BEOTSKIE 104,33 BEOTSMSE 18739 75 BEOTSKIE 211,73 EP4TKZT G155 B2STKER 115,55
LBEOTSKET 35,11 BEOTSK3T 17554 BEOTSMST 21545 4. BEOTSKIF 273,13
LBEDTSKZE 4387 ped?5K3g 15756 Be075KSE 26531 3..-B6D7SKTE a0 -
LBEOTSKES 570 BEOTSKIS 16005 BEOTSMSE 31474 1 BEOTSKTI 49478

High-Strength Corrosion-Resistant Viton Rubbe

Gat the hiF'l gerfarmance of Witon with aven greater strangth, el fen use i harsh and conosiae environmants, Vitan has eecaplicnal re-

sistance to Reat, aging. weather. 0zone, oxygen, and sundgnt a5 well &5 10 8 bropd range of fuals, solents, and chamicats
Shaets, Sheeting, Strips, and Card—Smooth Finish
* Color: Black * Good recovery Trom Compression :
» Ternp, Range: 0° ta 400" F = Ci with Eriseors of ahu:al:"a ?;:Ir:;‘: HFT”;: L) 1?;:::'
Sheets, sheeting, and strips meet ASTM 02000 HE and MIL-R-832488, Type Stratch le. 125
2. Class 1 Card meots MIL-R-B3248C. Type 2, Class 1, Adnecive = acrybc brd
has & temperate rarge of 17 to 2207 F. Widlh and length tolerances are 1" for | Rensity, IBS.fou. M. 1n2-14
sheats and srips and +17 for sheating. Cord has & lengih tlerance of +1:"
I PLAIN BACK .
————SHEETS ——————— r 36" WDE SHEETING | r— ADHESIVE-BACK SHEETS
Thick, &°v @ 174w 12 12 % 24" Max, 12 % 12" 12 % 24"
Thich. Tolarance Each Each Each Lengih Par F1. Each Each

. BEZSK11..511 6 BE2SH21.534 7 BEISHAY..55707 50 M. HEZGKET 58620 BE25KIN..E41 60 BE2SK51..574,00
-BEZSKI1Z. 19031 BE25K2z . 6447 8625H42 10551 50 M. @e25Ke2 130T B625K3z . 6075 @e25K52. 12060
. BEZSKAZ.. PE 47 BESH2I.. A3 61 BEISHAZ..158 30 50 M. HEZ5KE3. 18971 BE25K3T.. AE.GY BE2SK53..153 70
-BEZSKI4 . 3118 BE25H24 10562 8625H44 1H1 69 S50 M.. . BE2SKEd 77106 B625H34 10045 E25KS54 191,25
BEZSHNS.. 4667 BEISKAD.. 157 04 BEISKAS.. P64 47 75 M. HEZSKES 14400 BEISHIS..Z0160 BEISKSS..FT2 3R
_BEZSHAE.. 5801 BE2SK2S..185 70 BE2SK4E..32177 75 M. BE2SKES_ 41098 BE2SKI6..FT1.50 BE2SKS5E..170.65
M PLAIN-BACK 36" LONG STRIPS — | [ ADHESIVE-BACK 36" LOWG STRIPS—
Wide 4 Wide 8" Wide 2° Wide 4" Wide & Wide
Ea¢h Ea¢h Each Each Each
BIHSKIN... 534,76 BYFOKSY .. 54740 BESOOW21. 52040 HOSAK4Y . 53655 BO99HEI...551.20
BIOSKI2.... 5765 BYFOKS2.. 7570 BOUOWE2.. 34 57 HOSGK4Z . TH.45
BIH5#33.... A26) BYFUKSI... 10005 BEUOWEI.. G044 HESAK43 .. 112,95
BIOSK34.... 105 67 BYFOKS4.. 11776 BOUOWE4.. 67 20 HOSHK44 .. 141,55
B9geK35... 15107 BgaaKss. 10515 popgkzs.. BFOG6 B999K4A5_ 15473 goo9MEs...702,30
BEUSHI6.... 154,70 HEBOKSE. 24007 BESGW26.. 107 6§ BUSOK4E . TE6.ER BOHOMES...74467

I 368" LONG CORD 1
Dia.  Dia. Tol Each  Dia, Dia Tol Each  Dia. Dia, Tol Each  Dia, Dia Tal, Each
Ve 20006 B0EZFKI . E6 76 WTLLaD007 . B0ZEKIZ.S12.00 . e0.0137 . S02EK13. 52740 T =DO1E".. S02SK14.. £41,95

Tight-Telerance Balls—Smaath Finish
* Colar: Black Din, Dia, Tolerancs Each S

* Excallont recovery Trom compressin Tansile Sirangih, psi 130
Stratch Limit 3 730
Material meets ASTM D2000 HK. Balls Dansity, Ibs.fcu, fi 116

are seamlass

W

Corrosion-Resistant Viton Foam Rubber

This foam wersion of Vion is closed call, whach means each cell is compiately clpsed, mesiriging water, air, and gas from passang thropgh
daal far usa in harsh and comossg enviionments. Vian has excapticnal resistance 1o heat, agng. weather, ozone, axygen, amnd sunlight, as
well a5 10 a hroad range of feeds, sokents, and chamacals

Extra-Finm Shests—Smooh Finish

» Color: Black » Good recavery Trom compression —
» Ternp, Range: -10° 10 «400° F  » CUl with shears Firmmess [Z3% D i, i) 10-18
[n]
Kaztenial has @ skin on @l sides, Wil and Engih 0IRIANCeS Bre <Nt for L Handnass Feat ratad
&% £ sheets and ='W for 8l others Tensde Strangth, psi Mat rated
Thich. 8y 8" 12w 12 12° % 24° Saredch Limsit % Mgt ratad
Thick. Tolarance Each Each Each Densiay, s iow i, 3.5-6.5
1 §77.60 SAZ A5 3156723 5148 46
4307 14454 JI56T24 . 73930

. 18937 IGET25 .. 237 96
. 755 315ETI6..265.15 3IVS6TZ6 .. 441.97

3346 McMASTER-CARR
Figure 9.11.9: Gasket Source Data Sheet
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Porous Media Test Bed Final Report

Yardley Products Corporaticn

10 Waeat Collage Avanue P.O. Box 357 Yardley, PA 19067-8357

Toll Frag: (300) 457-0154 Telephone: 215-493-2723  Fax: 215-403-6796
E-Mail: info@vardleyproducts.com  Wab site: www. yardleyproducta.com

All Categories > Intre-5ert > INTRO-SERT Ultrasonic Insert - Metrlc Threads > ltem # 3005HE-
ass

Item # 3005HE6-85S5, INTRO-SERT Ultrasonic Insert - Metric Threads
$2.22 ( guantity discount available )

INTRO-SERT Ultrasonic Insert - Metric Threads

Yardley INTRO-SERT Ultrasonic Inserts offer plastic molders and
usars, iImprasane banafits in lowar cost production and battar
quality assemblies. In addition, they offer a chaoice of installation
mathods with convantional high frequency ultrasonic production
aquipmant ar the Yardley Tharmal Insartar for low volume work,
larger imags Advantages:

-Self-tapping, sel-locking

-Provide stromger, more durable permanent thraads in soft metals
and plastics

-Supply permanant thraads in cast iren that will not gall, seza,
comoda or stip

-Offar strong resistance to rotabion and pull-out

-Laad on both ends simplfies installation

-ldaal for automated production

NOTE: For Quantities Over 50,000 Please Call 1-800-457-0154

Specificatlons

Serles Ragular

Construction Stainless Stesl

Metric Thread Size (A) M3.0x 0.5

Outslde Diameter (+/- .005) 187

(B}

Length (+- .005) (C) 250

Starting Hole Slze ABS 154

Starting Hole Size 150

Polycarbonates

Base Materlals Thamaplastics, ABRS, Polycarbonates

Inetallation Methods Ukrasonic, Thermal
Print | Barck |

Figure 9.11.10: Regular Insert Source Data Sheet
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Porous Media Test Bed Final Report

YARDLEY
PRODUCTS
CORP sz :

Unique Solutions For Your Fastening Needs

HOME | ADVAMTAGE | PRODUCTS | METHODS & TOOLS

Selectlon Gulde

Search Catalog Pl Sart I- W iliew RFGs | + Erpress Qrdering I
o | Shipping
|B1_|’F'ﬂl't Mumber ﬂ B G Shopping Cart 0 ltems I Tax
| Terms

% Ml Categories  © INTRO-SERT Ultrasonic Insert - Raquast for Cuats 0items
Matnc Threads
All Categories > Intro-Sert > INTRO-SERT Ultrasonle Insert - Metric Threads > ltem # 3005HR8-TSS

Request [nformation I Add to Cart [ Eequest Quote I
Item # 3005HRE-TSS, INTRO-SERT Ultrasonic Insert - Metric Threads o op p

$2.2230 { guanfity discount availabla )
=1 Email This Page

Save To Favontas

INTRO-SERT Ultrasonic Insert - Metric Threads

Yardley INTRO-SERT Ultrasomic Inserts offar plastic molders and usars, Imprassive
banafits in lowar cost production and bettar quality assemblies. In addition, they offara
choice of installabion methods with comventional high frequancy ultrasonic production
equipment or the Yardley Thermal Insarter for low volume waork,

Advantages:

-Salf-tapping, selfdocking

-Provide strongar, mare durable pemmanent thraads in soft metalks and plastica
-Supoly permanant threads in cast iron that will not gall, seize, corrode or stap
-Offar strong resiatance to rotation and pull-out

-Lead on both ends simpiifies installation

-idaal for automatad produection

NOTE: For Quantitles Over 50,000 Please Call 1-800-457-0154

Specifications |
Serles Short
Construction Stainless Stasl
Metric Thread Size (A} M3.0x0.5
Outside Diameter (+/- .005) (B) 187
Length (+- .005) (C) 219
Starting Hele Size ABS 154
Starting Hole Size Pelycarbonates 150
Base Materlals Themmoplastics, ABS, Polycarbonates

Figure 9.11.11: Short Insert Source Data Sheet
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Porous Media Test Bed Final Report

Il O-Rings—Ass5684 Dash Nos. 031-149

For infarmation about O-ring materials, see page 3271,

| ‘i’ﬁf} Don't see the O-ring you need? Just tall us what you're looking for and we'll gat it for you.
Buna-N, Viton, Silicone, and EPDM O-Rings  (Continued from previous

BN fnitrile) is used in ol applcations, Temgperabure range is - 35° to + 250" F, Durometer hgroness is ATD. Meots SAE
J200. Codar is Black
Witowt s excelient chemical and ol resstance, TEmperabure range: =
LHE 200, Calor s black
MLEun-d law and high temter ature resistance. Temperafure range is 65" to +450° F. Durameter hardness is A70
Meois FOWR F1CFR 177, Calar 15 red-arange
EPDN is used N applcations rnglcurmg wedther resistance. Temperature range = -65° to «212° F

15" 1o +400" F. Dwrometer hardness is A7S. Meoss

Durpmeter hardness is

TN Meers SAE 200, Caolor is black
ASSEEA  Fractional Aciual Buna-N— Vitan 1 Silicoms 1 EFDW 1
Dash  5ize, Inch Size, Fug. Pug.
Mo, D=0 D= 00 Qry. Par Pg. Oty Par Plyg. Oty Par Plg. 1y Par kg
Widrh: %" Fractional [.070° Actuaill (Cont)
a3l T w17t 1735« 1.ETE" 100 MSZK1IE 5876 75 G484K3I11 5808 F5 938EKI111 . ER30 100 $S5IK1ZT S12.80
a3 19" = 3" 184" 0 20047 100 MSZK1S . 937 F5 G4E4KIZT 1004 F5 939EK112 . 1036 100 FS5TKAES 1300
033 " W 2" LORG = 2.120° 100 T452K121 0 978 5 G484KIZ1 1055 F5 93EK113 . 1050 50 SS5IK1Z4 1008
034 ! 21014% 6 2 7547 100 S452K122 1037 75 D464K341 10,73 5 93MEK114 1071 40 FE5TKI12S T7.10
035 2EIF e 2 3TH 100 S452K123 1063 10 94B4K3IST . 540 FH O93SEKII5 . 1472 50 SS5TRIZE 1114
Q36 23647 25047 100 S452K124 1164 10 G4B4K3IGT . 565 10 93EK1IE . B03 50 9S5TRED 10,31
a37 JARG e 2 E2GT 100 T4SEK125 1206 10 G4E4K3IT1 5.3 10 93BEKI1T7 . 538 50 BSSIKIZT 1286
Q38 26147 2,754 100 S452K126 1735 10 G4B4K3IBT . 628 10 939EKI1B . 4L 50 SS5TKTI 10,83
3% 2T e 2 ETH" 100 S452K12T 1740 10 9464K3I1 . 635 10 939EKI19 . 45 50 FSSIKIZE 1467
Q4an 28647 3,004 100 SHSZK1ZE 1245 10 94e4E4D1 . 684 10 939EK1ET B0 25 955THIA 838
041 s 29085% % 3.129° 100 P452K129 1250 10 9464K411.. 705 10 9396K122 . 107 20 9S55TK13Z 875
ez 1235w 3378 100 S452K13T 1324 10 G4B4K421 0 T3F 10 939EKIEI . 742 25 SS5TK133 a.nr
a3 EX L J4R5 = 3.628° 50 S452K13Z 0 TA4 10 9464K431 0 TG 10 939EKI1Z4 . 7R3 15 SS5TR134 883
Qg 4T =37 AT7IS«AETE 50 S45ZKI133 0 801 10 D464K441 TR 10 93BEKIRS . TR 17 9557135 1.8
Q45 1 o & 1905 = 47258° 50 T452K134. 850 10 94E4K451 . 8557 10 9396KIZE . B42 10 SS5VRI13E 1548
aL1H] Ve wdyt 4735« 4378 50 M4SEZKI135 1100 0 S464K461. B9E 10 9396KIEZT . BE1 10 S557W13T A.00
a7 " wdhyt A4S e 4 6250 10 MSZKIIZ . 445 10 D464KI06 . 5171 10 9396KIZRE . 9.0@ 10 S557W13E 6.93
ag A% o« 4Tt ATIS < 4ETET 10 S45EZK313 0 457 ¢ D4E4KS11 136 10 93BEKIZA 1243 10 B557K13% T
o4 5 - 5" 4905 = 5,128" 10 S4SEKI14. 540 7 B4E4KS12 . 377 10 9396K131 1378 10 SS5TRIAN T.31
050 BV 5% 57155378 10 M5ZK3IG . 556 7 DM4B4KS13 . 426 10 9386K132 1354 10 SS5TKI4Z 705
Wit %47 Fractionai (0. 103" Actuail)
102 Viet w Uit 00450 40,7550 100 S45ZKII6 . P00 50 S464KI07 40F 75 9396K133 . 274 100 9S5TKIAZ T30
03 ¥t e Wit DOBT<0.ZA7° 100 S452K317 200 50 J4BAKS14 498 50 9396K134 . 4E1 100 955TKI44 1O
104 U« St 011703160 100 M452K318 . 200 50 B464KI0R 506 50 936KI13S  S0R 100 BSATK14S 774
105 Yt s Wt 01437 =0.340° 100 SZK1EY . 200 50 9464K515. 504 100 939GKIZ6 . 0.60 100 9S5TK14E. T.ER
106 et w Myt 14T 000 100 PHSZRI16E . Z00 50 94B4K109 . 304 100 9396KTE 472 100 SS5TRIAT 6,40
107 ot ow T DRDET 04120 100 S452K16S . F00 50 94B4K112 . 504 50 939EK13T . 450 100 SS5TKTZ T4
108 Vit DEIT e 443" 100 MS2KITY . ZE0 50 94B4K113 0 504 100 939EKIZE . BEI 100 FE5IK14E .31
0% - B85 = 0,505 100 MSZKITZ . 224 50 9464K44 321 10 939EKTH 4.93 100 S5TR14% T43
o = 13627 = 0,560 100 S452KER £43 50, 94E4KZ3 305 100 939EKEZ 1011 100 FEETHATT 4,48
m = D424 06307 100 T452KE3 277 50, 94e4KZa 5,37 0] 93FEKI4 . 1142 100 FE5TKATZ .67
112 = D4RT" e 0.693" 100 9452K24 289 50 N4E4KES 6.63 100 93WEKE5 1274 100 FESIKATI 10449
113 - 1545 =0, 755" 100 T452KES £.80 50 9464KZ6 685 10 939EKIE 1240 100 FE5TKATE 1082
114 = Da1F 0818 100 H452KE6 284 50 D4E4KZT T4 O] 93FEKIT 13,33 100 FEEIKATE 11,15
115 - Bav4m . 0880 100 S452KET 306 50 9464KZR T.HT 50 9396KIE 778 50 9557RATE 570
TE D737 =0,543" 100 S452KER 361 50 94E4KZ9 .54 50 9396KI9 B35 50 9557R4ATY 6,25
117 0785w 1,005 100 H52RET 371 50 S4E4KEN .56 50 9396K130 . B3 50 FESTKTI 6,55
118 = ILEEZ" = 1,060 100 S452KE2 383 50 9464KE2 9.9% 50 939EKTS 440 50 $55TK151 T.58
ng Eigte 17 D247 1,730 100 9452KE3 400 50 94e4KE3 1063 30 9396K141 . 1054 50 S5TR15Z 158
120 1" = 1%e" . D9R7°=1,793° 100 S452KE4 . 454 50 O464KE4 171,47 50 9396K142 11,87 50 9557K153 758
121 TVhe® w 10" 1,045 s 1,255 100 J452KE5 484 50 94B4KES 1170 50 9396KTE 1151 50 $557H154 .58
12 1" =0t L1127« 13167 100 S452KE6 500 50 D4B4KEE 1177 75 9396K143 . 641 5D 955TKISS A97
123 14e" w 13" 11747 1,380 100 S452KET 543 5 94e4KET 6.8 F5 9396K144 717 50 FS5TK156 8.92
124 TV = AT 12377 1,443° 100 9452KER 5,66 I5 9464KE8 684 F5 939EKTT T.24 50 955TR1ST 8.92
125 15" =11 1,295 = 1,505 100 J452KE9 G803 5 J4ed4KEa TOE  F5 939GK145 731 50 ESIKISE 1036
126 137 =1%" 1,362 1,558 100 9452K81 647 F5 9464K91 TH:  F5 939EK146 BE4 50 BE5TRIS®. 1036
127 15" = 15" 142470 1,630° 100 H452K92 6454 5 J4e4Ke2 G503  F5 939GK147 . BA43 50 FESIKIGY 1036
128 TV =TT T 4BT e 16937 100 9452K93 6,90 I5 94e4K93 .57  F5 9396K148 BS54 50 FESVKIBZ 1035
12% 150" = 13" 1,545« 1,755 100 9452K34 T35 5. 94E4K94 920 F5 939GK148 . 942 50 FESIKIEE 11561
130 T8 = 1'% 1672« 1,518 100 J452K85 T 25 94B4K95 874 75 2396K151 457 50 BE5VKIGL. 11,61
131 1 e 10" 1.674%= 1. 580" 100 9452K136 . 573 10 9484K131 217 Fh5 83BEKI152 1042 50 FEETRIES 12.07
137 1% = 175" 173770 1,543 100 9452K137 0 905 10 D464K132 544 75 93BEKIS3 11,17 50 GS5TK1EE 12.07
183 Vg2 1T L2005 100 8452K138 905 10 D4e4K133 0 561 35 9396K154 1230 5D B55TRIGT 450
134 T = 2Nt 18627« 2.0GE° 100 S452K139. 905 10 D4E4K134 . 564 10 93WEKISS . 5ET S0 BESTRIEE 1283
135 1 g™ 20" 19257« 2,130% 100 S452K141 . 937 10 9484K135 0 385 10 9396K1S6. 595 50 S5IKI1GS 9,58
136 2" = 2%a" . 18R 2,193 100 MM5ZK142 . 937 10 9484K136 . £.1Z 10 939EK157 B15 40 957K 8.50
137 Vg w @2 100 P452K143 . 951 10 D4E4K137 . 615 10 939EKISE . BE3 25 $SSETRIT 6,14
138 Ve 2 50 P45ZK144 . T 38 10 94B4K13B . 608 10 9396K158 . G433 25 ESVRITZ 6,14
13% 2¥g" 2 S0 TM5ZR145 . T8 10 9484K133 . 620 10 939EKTE 552 25 9557R17I 6,14
140 F 2 S0 OMSZK146 . T54 10 4EAKA51 620 10 9396K161 B0 4D 8S5IKIV4. 1331
141 2 51 9452K147 T.54 10 9484K141 /.45 10 839EKTS h72 25 FEETRITS B3
147 ? " 50 9452K148 704 10 D4E4K142 . 645 10 939EKIEZ . 6TR 25 955774 7,94
143 2 s 50 P45ZK149 . TO04 10 9484K143 . 645 10 9386K163 . BT 25 BESVRITY 872
144 2 g S0 MMSZR15T. 817 10 9464K144 . 6.8 10 939EKI64 . 551 35 FESIKITE 1313
145 2 Wi S0 OMSZKI52 . 533 10 9464K145 . 7,21 10 939EK165 712 35 #S5IK1S 9,54
146 2 L S0 M452K153 0 533 10 9464K146 . 7,44 10 939EK16E 733 35 BESTRIEY. 1400
147 2 Wi S0 M45ZK154 . 549 10 9464K147 . B15 10 939EK1ET A0S 35 SS5TRIBZ 1400
148 2 L S0 MSZKI55 . 957 10 9464K148 . E.24 10 939EK1ER B15 30 $S5TR1B3 1208
148 214" 3" 28000« 300" 50 P452K156 . 957 10 9464K149 . 982 10 939EK169 132 25 ¥S5IK1B4 B.&z
{Continued an following page)
3272 McMASTER-CARR
Figure 9.11.12: O- rings Source Data Sheet
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Honeycomb
Cores

PC Polycarbonate Honeycomb

Description: Plascore polycarbonate honeycomb core exhibits a unique cell
“*ﬁt-:‘l:. structure: The core has 3 orientations vs. the 2 orientations
“‘-'ﬂ.. common with other cores, making its properies more uniform
J Each cell has a tubular form and is inherently stable

Features: = Excellent dielectric properties
» Good thermal and electric insulator
= Conductive grades avallable
* Fire resistant
= Cormosion resistant
& Fungl resistant
« Sandwich skins can be mehed to core
-Usetern ratures below J00°F
= Small cell sizes at high densities
. .&'.rallable transparent and (n colors

Applications: Wind tunnels — Grilles
Sandwich cores
Radomes — Antennae

Skylights
Sound absorbing structures

Availability Plascore polycarbonate honeycomb is available in the lollowing
standard dimensions:

Cell Sizes 3432% 1/8%, 114"
iother cell sizes on request)
Densities 3 o 20 pof
Sheet le | 30" max
Sheet width 49" max
Sheet thickness, 13" max. 120" min
Tolerances Len = 060*
Width: = 60"
Thickness: = 004"
Density: = |(Fh

Special colors. cell sizes. shapes, dimensions, tolerances and
mechanical properties can be ed.

IMPOATANT NOTICE: The informaton s o products.
equipment and prooesses is beliowed to be and to the best
of our We do not warrant the scourscy and

of amy such information, whether expressed or im emeluding
warrantes ol fitness lor a partioular purpose, It 1§ the user's or

purchaser's reaponsibility to undertake sufficint testing oo verify the
suitabdlity of our products for thelr own particular purpogs

The mtormatssn contaewd heresn shall not be construed as induce-
TTHRMIL. [MErTTVEEBADN Or o infrings upon By pELANE
rights or other nghts of Serd pertees.

E PLASCORE'

Figure 9.11.13: Honeycomb Flow Straightener Source Data Sheet
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Your One-Stop Source fo TEOMEGA
ﬂmegﬂ- L‘-Dms I H'nm;&ma'gumm s';m Corral [BEE) TC-DMEGA [USA/Canada) | (203) 358.1880 (internationa

© Q0O G

HOME GUICK ORDER | PRODUCTS | FREE LITERATURE | MY OMEGA OMEGA INFD

=
Er _EEEGEM,;I C Part Number @ AllOmega |

DUAL SCALE - PSI/BAR WITH STAINLESS STEEL OR BRONZE
WETTED PARTS

| PGUF-25B-100PSIITBAR

Contact Cari  Help Clal

$ 19 . 50 PGUF-25L-30PSI/2BAR

« Dual Scales in PS5l and BAR Standard
* Economically Priced

* 2.5% Full Scale Accuracy

«1172" 2", 0r21/2" Dial Faces

* Canter Back or Lower Mount Fitfings

View related products - Préessuré Gauges

Click here for larger image.

scroll below
To Order ,lemcs

OMEGA's PGUF series liquid fillable utility gauges are designad for a wide range of applications on
pumps, compressors, hydraulic systems, machine tools and petrechemical processing eguipment.

For high sheck and vibration applications the PGUF can be liquid filled in the field to dampen the gaugs
pointer movermnent, The PGUF Series liguid filled gauges come in ranges of (FSI/BAR) 0-30/2, 60/4,
1007, 160/11, 300420, 600/40 and 1000/70 (&3 mm (2 1 /2 ) gauge iz also available in 2000/ 140
and 3000/200). Rated accuracy is £ 2.5% of span.

Gauges feature a corrosion resistant 304 stainless steel case and ring, and a durable polycarbonate
window. Phosphor bronze bourdon tubes with brass movement, socket and NPT connections are
standard. PGUF gauges are available in 38 mm {1 1 /2 "), 30 mm (2") and 63 mm {2 1 /2 ") designs
with center back or lower mount NPT connections.

SPECIFICATIONS

Ranges: From 30PSL/2BAR to 1000PSI/70BAR (2000PSI/140BAR and 3000PSI/200BAR ranges on 63
mm (2 1 /2 ") models only)

Accuracy: £2,5% full scale

Bourdon Tube: Phosphor bronze

Window: Polycarbonate

Dial: Galvalume white background with blue and black markings

Pointer: Galvalume black finish

Movement: Brass

Figure 9.11.14: Pressure Gauge Source Data Sheet
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Yo One-Sop Source for

Procaess Measwremant and Gorebrol

LEOMEGA

[888) TC-OMEGA (U'SA Canadal | (20F) 358-1580 (internations

HOME @ GUICK ORDER | PRODUCTS | FREE LITERATURE @ MY OMEGA | OMEGA INFO a @
Contact Cort Help Glak
m © Part Number & All Omega l
Pressure Snubbers, models PS-2, PS-4 and PS-8
| PS Series
MADE IN
+ Protects Transducers, Gauges and Switches from Pessure Spikes,
g Surges and Water Hammaer
+  Awvailable in 1/8, 1/4, or 1/2 NPT Fittings
+ Three Different Porosity Ratings Suitable for Most Media
g + All Stainless Steel Construction
View related products - ACCessorias
Click here for larger image.
scroll below
{1|':i l:l:rdizli }-5['5'25
PRESSURE SNUBBER - for dampening and filtering. The snubber has a porous metal disc available in
three standard grades of porosity. Due to the large filter surface, the snubber has less tendency to clog
than onfice type devices. The housing iz 30355 and the filter disc is 31655 with 2 maximum P31 rating
of 10,000 at 25°C, (P5-8 series 5000 PSI)
To Order (Specify Model Number) Cart
Part Number Availability Price Description Qty. .
PS-8D In Stock §10.00 1/8" NPT pressure snubber for cils (=225 S5U 0
viscosity)
PS-8E In Stock £10.00 1/8" NPT pressure snubber for water and light 0
oils (<225 S5U viscosity)
PS-BG In Stock §10.00 1/8" NPT pressure snubber for air, steam and fi]
gases
PS-40 In Stock £10.00 1/4" NPT pressure snubber for cils (>225 SSU 0
viscosity)
PS-4E In Stock §10.00 1/4" NPT pressure snubber for water and light fi]
oils (<225 SSU viscosity)
PE-4G In Stock £10.00 1/4" NPT pressure snubber for air, steam and 0
gases
PS-20 In Stock 24,00 1/2" NPT pressure snubber for oils (=225 55U 0
viscosity)
PS-ZE In Stock §24,00 1/2" NPT pressure snubber for water and light 0
oils (<225 S5U viscosity)
Ps-2G 1 Weeks £24.00 1/2" NPT pressure snubber for air, steam and 0
gases
Figure 9.11.15: Pressure Snubber Source Data Sheet
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r
/7 Cole-Parmer R |
Deliveding Solutions YouTus! 1-800-323-4340, D Loain | mew Guest? oy
m Home  Products & Services Technical Library myCP Account Contact/About Us

Cole-Parmer Catalog > Pumps > Pumps - Centrifugal Pumps > Moderate-Flow Centrifugal Pumps
> High Efficiency Polypropylens or Fluorsplastic Magnetic Drive Pumps

High Efficiency Polypropylene or Fluoroplastic Magnetic Drive Pumps - Product

Detail

C-72009-00

. _ . . o nlication A=z =
High Efficiency Polypropylene or Fluoroplastic WP dpplcstion Assistance
Magnetic Drive Pumps | s form.

C-72009-00 r & Literature
High Efficiency Pelypropylene Pump, 40 Qty: .
GPM, 1/2 hp, 115/208-230 VAC T8 07-08 caralng
. e Contact Us for T 05-06 Cataleg
£692.00 / each (USD) Svailability,
More Info
click to enlarge (click to view)
Search through our large selection of Pumps! Flow curve for 7200%-zedes

Split volute casing forms a volute chamber to
increase pump efficiency, reduce horsepower and
energy usage

Pumps can run dry for up to one hour.

To reduce maintenance, bearings are kept cool with heat
dissipation vent holes and a large flush groove.

® Use in production processes such as filtering, spraying,
washing, and etching.

Pumps are set up for hard-wiring; cord and plug ars not

included.

Specifications
Max flow rate 40 GPM
Max fluid temp 176°F (BO°C)
Max system pressure 36 psi
Max head [f) 52
Duty cycle Continuous
Motor phase 1
Run dry up to one hour

glass-reinforced PP pump
head, carbon bearing,
aluminza ceramic spindle,

Viton ® Q-ring

Wetted materials

Dimensions 20"L x 6-1/3"W x 10"H
sutlet 1" NPT{M)
Connections -
inlet 1" NFT{M)
type TEFC
rpm 3300
VAC 115/208-230

Figure 9.11.16: Pump Source Data Sheet
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[l PVC Pipe Fittings
Far information about selecting and messuring pipe and filtings, see pages 2-3.
Far informatian about plastie fittings and pipe, see page 61,

Please Read Before Orderimg: Pipe size = the accepied mdustry desiqnation, nol the actual

oo megsured size. To detenming i|.'|l:" sige, irst measure the outside digmeter {00] of inside diameater (100, as
0 == shawn at lel. For arthredde fittings, take the actual measumament and sesact e cormesgonding pipe size
= i For thregded rllillll‘g& round up the measuremeant 1o the closest 1D listed in the chart balow and sedect the

conespond "l%ﬁl..lpt" size, For exampha, il the threaded ||:IE fitting 1D measwres 13 Yo", the el highest 1D in

the chart is 1 and the comasponding pipe size is
Line P T Umibhwgaded QD or 1D [ [0.6757 05807 | 1.0500 17 3157 | 16600 )1 907 |2 3757 |2 8757 | 3 507 4,500 |6 6257 |G GES"
T Treeadad B0 ki - Wt 1" R i R s o S A Kol —
Fipa Sizg L W Lol A | A e FAC K L 5" =3

Standard-Wall {(Schedule 40) White PVC Pipe Fittings
= NSF-61 certifeed Mar use with = Mawimuen Temperaiine: 140° F * P Use standard-wall {Schedibs 40
arinking [potabba) waner wihite PYC pmbreaded [see page 63)
OMfarrg COorrasion nesmsiance, strengihy and rigidity, these standard-wall PYC Tings are 1he most comman choice For plastic fittings in low-
prassure plumbing appications, They meet A5TM D1784 and D466 _ _
Connect fRLings 10 pipe by camsaning tha pipe end (male} inta 1 socket end [Pemake) using a primer and cemant (=66 page 663 The ppa
end is alsa Known as & spigol. Comactions: Linthreaded socket end (female)l, umhieaded pipe end (malel. ar threadad (NPT

Unihreadad Socket Eufmummuu m-lmmm

80" Elbaws Tews Crosses | —
Each Each Each Lg.
AZHOK 108 5154 AHEAK 108, s.l 18 . 1%
ABBOK 2T ... 31 HBHOKAT.... QHEOKAT ... (3R AEBORZAN_. 5117 1
ABBOKZE ... 35 4BHOM3Z... QHBOKAZ ... 43 AEBOKEZ42 . 104 4BEOKGZ.. 71
ABHOK 23 ... fZ 4HHOM3D.... QHBOM43 ... 57 ABBOKZ43.. 747 4BHOKGD.. 51 2
ABBO0K24.... 110 4BHOH34.... QHEOM44 ... 1,FR 4BBOKZ44_. 3 P 4BEOKGS... 7 ]
ABBOM2G... 117 4HO0MAS... QHBOKAS ... 1,55 AEBOK246.. 357 4BOOKGS.. 7 24
AZHOK2G.... 101  4800M3S.... QUBOKAE ... 276 AEBOK24G.. 534  4BOOKGE... M2
AEHOKI03. . 556 4HHOMIID.. 4BOK1ZI.. 745 AEBOKZA7 . 1137 ABEOK143_ FOo 4
AEHOM2T... 667  4EHOMAT... AMEOKAT . 9.7R  agmokzap  1AA0  4EEOMAT. 30E 4
ASHOKZH.... 1107 48HOK3S.... 4HBOKAB 17,60 AEBOKZAS . P 5E  ABHOKGE. . 7.45 4
ABBOKI0T. 7577 4HO0HI1T... QHBOKI2Y.... 37,43 . ABOOKT4T. 1202 7
ABHOK 102, 6137 4BBOKTIZ.. 5801 4BBOKI22.. 56,84 . ABHOKT4Z. 2900 0 21,90
I Rivdurcinng Tows 1 1 1
Pipe Size, Pipa Size, "
o )= (B = (1) Each ()« (8) = {C) Each . s Each
. g WOw e Wi ABBOKETN. 5051 a‘\"-:d } . 4BHOKI0T... 52,90
W' AEBOKETZ.. 145 .\:J_,._J e SBHDRADZ... 3,41
A (AEBOWSTI. BT : AHEOMADE.. 351
hJ. (AEBOWATS.. 04 AHHOH A0S 11, 3]
L AEBOKETS. 197 . 4BHOK3I0S..11.70
(AEBOKATE.. 7 45 AHHOMA0E... 15,80
o 19" AZBOKATT.. 245 « B* _ABHOKAES.

Unihreadad Pipe End (Mala) to Unihreaded Sackel End iFtl'lllIllI

Pipn Siza, = v

I‘Egl Fil'l'lilﬂ Each  Malex Famala Each 90" Elbows —
_4BEDKATI._ 5035 L 31.50
_4BEODKITA 4 . 1.50 Sita Each
_4BEOKATE.. 64 . 150 [ AEBOKTT1 . 5087
C4BEDKITI..  BG . 1.5 Y. AEBOKTIZ . 1,06
_4HEODKATT... BG .. 242 1* _AEBOKTIA .. 183
_4HHODKITE.. 75 ABBOKE14.. 747 1 _ABBOKTTA . 218

Tiy _ABBOKTIS. .. 242

_4BHOKATE.. B0 APBOKE16... 247 }
4880K333.. B0 ABBOKE1G... 247 e ABOKTIG..... 4.57
4HEDKAIL. RO T
4HHOKAIS.. O . AEBOKS1E.. 350

Unihreadad Pipe End (Mals) to Threadad End
I Hu"‘ ing Bushings, Pips End [A) » Female NPT (B} ,

~,  Pipe Siza, Siza,

.@ B (Ah= B Each (AL B) Each Each
ANE W B T, LE145 L ABOOKZ2E..533,.23
. g1 . 1Aas C4BHDKZ22S... 3.23

L 145 (ABHOK224.. 3,73

BRE: CABHOK231.. 7.22

R (ABHOK22S.. 7,77

R CAHHOK233.. 7,77

R L ABHOK223 . L ABAOKZIE 17,94

f(.‘urmnuedarr followirng pagq.l

62 MMASTER-CARR

Figure 9.11.17: PVC Fittings Source Data Sheet

6/13/2007 Chadwick, Van Bossuyt, Wilhelm

88



Porous Media Test Bed Final Report

PVC Pipe Fittings & Pipe |}

For information about selecting and measuring pipe and fitings, ses pages 2-3.
For information sbout plastic fitings and pipe, see page 61,

Please Read Before Ordering: Pipe sive is the accepted industry designation, not the actual o0 =

measured sipe. To delermine pipe size. first measure the ouside diameter (0D of inside dametar
D}, as shown at right. For threaded Mtings. round up the measurement 1o '.|'|E clasest 00 or 1D
listed in the chart below and salect the "..IZII'I'EE..IZII'IJII'IQ Pipe size. For example. # the theeaded Q0
-

of 10 reasures 1 3™, the next highest D0 or I0in the char is 13", and the comesponding pipe size
is 17 For unthreaded Fings, tke the aCual measuremnent and select the correspanding pipe size
Threadod DD or 1D 6" %" [ [17 [1s [T [ 150
Usiihreaded 10 [ T T I I I I EE
Pipd Siza T To" [ Tn

Fal EP T S T threadod L "
[ T e T (e Ty Fﬂh’"ﬂ .rx Pipe
i B

Standard-Wall (Schedule 40) White PVC Pipe Fittings (Continued from previous page)

Thraaded End to Unthreaded Socket End (Femala)

= . . [ REDUCING ADAPTERS ]
-J wr ) N e
Vi L i s> @_ _‘;.b
Pige 90" Elbows | Adapters —  Adeplers _ Socket End (Fematel
Each Each Each Socket End Wematy 1 1 SOk e Ayt =

K ::g::; Each Pips Size Em:h
AZBOMA3T_ 5052 T e ABHOMAIZ. 505
AHBOKED 4SB0K 433 . ABEDH 24 . [
AHBOKES..... ATBOKAIS ABEDHALE. . 1.7
ABEOHKES..... AEHOKAIT AHHOMA2E.. 1.97
AHBOKES ATHOK 43S AEHOMA4T... 230
ABBOK1E ATHOK 242 ABHOW Q43 423
. A 4BEOKET ABHOK Q44 512
. 4HBOKIZE. 21.04 4BEOHESR ABHOR A4S BT

. AHEOKTET..

0 O e

LBBOKTE2. 4817 AEBOKIGZ. 3050
r Smap-0n Tees with NPT Female Threaded Duthet ]
GEL @ Dee cOnnection without removing any of  Pipe Size, Fipa Size, B
WOLW ARG Sysham. 5-11;4-,- apply primer and ca- ()= (8] = (C) Each :ﬂ] {c Each B _J‘ =

manL e Snap oad 8 pipe. Whon e cement s ST . v, JHB0RI0A§1.99
cuiad. kil & hu:le hraugh the fitting and pps. Yy w U A7 ABBOKIOS... 1.17

TR E /
T

Thraaded End to Thraaded End

0T W

T Urifgvs 1 T Hix Reduci i} Bisuhai g 1
Pipa Pipa Siza, Pipa Siza, Pipa Size,
Sara Each Ml |5 = Famale Each  Malex Famals Each  Maba = Famaka Each

dEBOK IS 51.54G
JFBOKIGT.. 1.BT
AFBOKIGZ.. 1.BT
450K 363 18T
ATBOKIGL .
ATBOKIGS
ATBOKIGE

JBHKAST. 52,20
JHEKISE... 2.42
JHEKIED... 2.42
JBHOKIED... 2.42
SBHOKIED... H.46
JBEKIGZ... 9.99

Selectable-Angle Standard-Wall (Schedule 40)
White PVC U eaded Pipe Elbows

= NSF-G1 cartified for use wilh = Maximum Tempearaiure: 140° F = Pipa: Usa standard-wall [Schedude 40)
ainking [potabbe) waner wihite PV unihreasded (see Dalow)
Abaays Mave the fight ko o Fand 10 Compiaie your jeb—spou can cul thesa two-peece elboes o Pips Size Each

ey el you eed. Furmished &5 & 90° elbow, They have cuiting quides 81 227", 33%°, 487, Bn°,  §
G, THY" angkes: they also NBve & Medsuling EMpLaTe 50 you Can CUL B CUSLom anpi. 4112 B
After CUILNg, priene and comend T Twe pRoces Wogethes (500 page 66 for primer and cement). 247T13 . TERE
They'ne IAFTAD ksted and mast ASTR D2466. Cornections: Socket end femalal. S74TTIE 2460

Standard-Wall (Schedule 4I‘JJ White PVC Unthreaded Pipe

= MEF-E1 cortifeed for use with the most popular plastic matenal for low-prassure plimiHng -

AATTIT . ESAS

drinking [potabba) wated app:c.; iois, affering ?md CONOs resisiance, g:re-ﬁg'lx and rigadity. This -
= BAGKIMLITE PrEssure: Se Bediw pupe meats ASTR V24 and D1TES and 088 B 4, ——
= Magimiim Temgarature: 140° F Conmast pipss 1o firings By cama i e pipe e ralal ints the socken ——
= Fittings: Lkse standand-wal {Schadida &0 o [fednale) uising b primed aid camant (sea page GG5).
white FVE [see page B and abova)
P Wax. psi 5-f1. L Lig) -1, lﬁh{l‘n Max. psi 5-fi. Lengths 1011 I.m{:ﬂ
5-?: o L ?3-"'I:"G wia-:h ach a@ ?J-‘FF I‘,Eal:h ch
L ESEEHATE . 5 QIS4 1. 5546 E9ZEKES .. QHSEGE1G.
- AESEEREEE AE9EEKEE.. QHSZOK1E.
- AESEERET.... 1 AE92EKES.. QHSEGR1E.
. AESEERE2.. . AE9ZEKET .. AHSEGET..
1 . AESEERE].. . 1 4E925KEE AHSEGKE1E..
1 clts 3 JESEEHOY.. . AE926K 25 AHSEZGHEAG..
& Cobor i dark gray 492K IE AHSZGRAE..

Newer use PVC fittings and pipe with compressed air or gas.
M<MASTER-CARR 63

Figure 9.11.18: PVC Pipe Source Data Sheet
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Heurs

a | Lowest i il
PLASTIC-MART & | “»= E——
Guaranteed! | £ <7te CTLe 210 o556

y 5 * TS

Y Y
Contack Us

s

Home About Us Products Custom

Search Durﬁlmbl ® SEARLCH |

Marine Tanks => Fresh Water/Waste Tanks*click hera®

Marine Tanks

Bow Tanks Click here for price!
&V Replacement Tanks Part Number: B268

o J. ¥ I *

Capacity: t gallons

Below Ground Tanks Sizes 12 1/4"L % 12 1/4"W x 8 1/4"H
- Septic (Waste] Tanks USD Price: 65,00
+ Cistern (Water] Tanks LSD Shipping: w4
ibove Ground Tanks ** Oversized item. Shipoing will be billed separately.
+ Rectangular Plastic Tanks Comtact Us for 3 guots,
+ Wertical Storaoe & Water Tanks =
+ Low Profile Water Hauling Tanks R A T

+ OIL TAMKS (Used Od Only)

This is a 3/8th wall heavy duty marine grade tank.

* Horizontal & Elliptical Leg Tanks It can be used for many other applications cutside
i3 i “Cradle” the marine industry. This tank is of the highest
. anks ( rzining™)  guality in the business.
- Cone Bowom Tanks & Stands It's a blank (no fittings or holes) tank and you can turn it anyway you choose to fit
{Biodiess| Production] your needs. We will install any fittings you ask for. The process works with us

L H o sending you a blank drawing to fill out. Once you send it back to us we give you a
- Containment Baging call to go over it revising any corrections needed. Once you are comfortable
- Containment Trave encugh to place an order, we get it rolling.
. [ I Fitting accessories include:

+ Pick Us Truck Tanks inspection plates, manways, hose barbs, female npt (threaded), slip. uniseal

« ¥EYppEcclIRE WASHER TANKS®** . . _ )
[auto detzil industry) Give us a call anytime with any questions 866 310 2556

+ Doorway Tanks (25" wide]
+ Small Sorayer Tanks

Figure 9.11.19: Reservoir Source Data Sheet
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omega- comm | m Mﬂds[.f"u-ﬂmtr:rl:l‘d Corsrol (B38] TC-OMEGA (U'SA 'Canadal | (20:3) nmmm

HOME @ GUICK ORDER | PRODUCTS | FREE LITERATURE @ MY OMEGA | OMEGA INFO e C" 9 @
Contact Cort Help Glak
m © Part Number & All Omega l

Economical Flowmeters For Measuring Water In a Closed Pipe
System

| FL30000

$70.00 30002

* Direct Reading Scales

+ Impact-Resistant Machined Acrylic Body

+ Easy-to-Read Scales

* Wear- and Corrosion-Resistant 31855 Floats

+ 1 to 8" Pipe or Copper Tube Connection

B d g g oy s

———— e

View related products - Variable Area Flowmeters and Rotameters

==

b
-

Click here for larger image.
scroll below \
To Order ,L.Specs \___:,_ Manuals

FL-30000 Series flow meters use a pitot tube pickup and a hard-edged float design to provide a
convenient and economical means of measuring water flow in a closed pipe system. & ons-piece,
impact-resistant machined acrylic body offers the strength and long service required in most
commercial and industrial applications. Ten low flow rate models are ideal for applications where
flowrates are typically low, such as in solar-heated pools and spas, electronics, and rrgation.

To Order (Specify Model Number) Add to Cart
Part Number Availability Price Description RoHS Qty.
FL-30001 InSteck  £70,00 5-40 GPM Rotomster 1" pipe size o

Figure 9.11.20: Flow Meter Source Data Sheet
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Tachmica simings arvd 3-0 ol
vl ab bt Home -t s,

For information about cap scréw head and thread dimensions, see page 2982, For nuts, see pages 3025-3050.

Hex Head Cap Screws [Jj

Nonmetallic

All screws arg mada o a Class 24 thraad it Langth is measaned from urder head of flange share applicablka
Fully thrgaded Scrss ara alss known as 1ap boks
GF—This nencondustive matanial resists Chemicals and salvants, axcept mineral acids, Temparatee rangs

im -40° [ +185° F, Rockwell hamdness s R10S, Minimam @rsde sirangth s 10000 p=i, Solar s alf-whits Mm%
Hlack coki, Please ask for 319704222 and specily thread size and kagih
Hpte: Snce nylon abeomhs molsiee rom the envirenment, chandas in mosee contant will aifect the scraw’s
dimensigns and oparias
PYC—Proviges excallent cormosion resistance against weak acids, alkalies, and alcehols, Withstands tempara-

turgs up £o 120" F. Rockwall hardnes: s R70, Mnimum tensi strengeh 15 5,000 psl. Color is gray.
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Figure 9.11.21: Hex Cap Screws Source Data Sheet
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omega- comm | m Mﬂds[.f"u-ﬂmtr:rl:l‘d Corsrol (B38] TC-OMEGA (U'SA 'Canadal | (20:3) nmmm

HOME GUICK ORDER | PRODUCTS | FREE LITERATURE | MY OMEGA OMEGA INFO e C" 9 2

Contact Cort Help Glak
m  Part Number & AllOmega |

Rugged Pipe Plug Thermocouple Probe with 1/4 NPT Fitting

| TC-(*}-NPT Series

S0 v

$34.00 rconerc72
+ Rugged 30455 Design with Strain Relief Spring

* Fiberglass Leads Protected with Stesl
Overbraiding.

» Striped Leads, Standard. SMP Conneciors,
Opticnal

+ Cholce of J, KT, or E Thermocouple Types
+ 14 NPT Mounting
+ Grounded, Ungrounded or Exposed Junctions

Click here for larger image, View related products - Thermocouplas

scroll below " Aelated
To Order }-5[]&'25 W Products

FIPE PLUG PROBES

These high pressure thermocouple plug sensors are ideal for vessel applications, pressurized containers
and applications requiring mounted NPT security. The 30455 sheath has a 6.4mm (1/4") dia. that
extends 1/2" from the end of the 1/4 NPT pipe plug. Other length sheaths are available. The
thermocouple-grade lead wires are stranded 20 AWG, fiberglass insulated, and stainless steel
overbraided with stripped leads, Connectors are attached on reguest, Junctions are grounded or
ungrounded for 2 pressure rating of up to 2500 psi. Exposaed junctions are available for air or gas
temperature measurements at ambient pressures. To tighten mounting threads, there is a hex saction
that is 22Zmm (.56") across flats that are 5.8mm (.23") wide.

|

To Order (Specify Model Mumber) Add te

Part Number Availability Price Description
TC-T-NPT-G-72  In Stock 234,00 Type T Greunded Pipe Plug Probe

=]
=
-

TIT17T

TC-E-NPT-G-72  In Stock £34,00 Type E Grounded Pipe Plug Probe

TC-J-NPT-E-72 In Stock 234,00 Type ] Exposed Tip Pipe Plug Probe
TC-K-NPT-E-72  In Stock £34,00 Type ¥ Expesed Tip Pipe Plug Probe
TC-T-NPT-E-72  In Stock 334,00 Type T Exposed Tip Pips Plug Probe
TC-E-NPT-E-72  In Stock £34,00 Type E Exposed Tip Pipe Plug Probe
TC-1-NPT-U-72  InStock $39.00 Type J Ungrounded Pipe Plug Probe

Figure 9.11.22: Thermocouple Source Data Sheet
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YARDLEY
PRODUCTS
CORP s

CONTACT

HOME | ADVMAMTAGE | PRODUCTS | METHODS & TOOLE | GUIDELINES | SEARCH

Selectlon Gulde

Search Catalog [ [Fiiew Care I tiliew FFQ':_l: VEnpresz Drda '.ing_l

[By Part Numbe B T

|By Part Number ll EG0 Shopping Cart 0 ltems Hax
erms

* al Categories  © Thermal Inserter Kt - Includas Raguast for Cuots 0 liems

Gun, Tempearature Control Unit, & Adapters

All Categories > Installatlon Methods & Tools > Thermal Inserter > Thermal Inserter Kit - Includes Gun. Temperature
| Centrol Unit. & Adapters > ltem # Z-T11000

Request Information Add to Cart Request Quote

ltem # Z-T11000, Thermal Inserter Kit - Includes Gun, Temperature Control Unit, &
pnniane Pags
Adigters Eh Prntable Pa
$299.00 = Email This Page
Save To Favorites

Request Information || add to Cart Request Quote

10 Weast Collage Avenue
P.O, Box 357 - Yardley, PA 19067-8357
E-mail: info @yardleyproducts.com
Tell Free: 1-800-457-0154

ADYCCMC.  Phonae: 215-493-2723 . Fax: 215-493-6796

Figure 9.11.23: Thermal Insert Kit Source Data Sheet
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Supplier Partnzrships for Customer Selutions

My Account §| O rder Status § Shopping B asket

Items:0  Total:$0.00
gin

SEARCH for | within | Al of VR.com i @ Advanced Search | MSDS | Certificate of Analysis
Home Products | Services | Programs | Reauesta Catalooa | About Us | Contact Us
CHODSE CATALOG YOU MIGHT ALSC MEED
General Catalog ZInc Chlorlde, USP Find Similar Ttems in Product
Lhemical Catalgg Grade, 97.0-100.5%. Category Biochemicals, General
Life Scjence Catalng Purpose E
Production Suppliss I~ supplier: Mallinckrodt Arctic* Protective
j:_aﬁ_lﬂﬂ_ m EIEHM' MSA
Fumiture Catalog MSi
f 0 Zinc Dichioride
AWE Collectjon CIT3ing
Salety Catalog
Znil.
2 —
Reguest a Latalog Cas
Request a Catalo . TEAS-H5-7 -
YWR PROGRAMS P 136. 28
. - Merck Indax: 13.10185 Uvex Bandido® Safet
BioScience Research N x
i 8 Bacou Dallaz
Lalibration & Metrolag¥ | |jsp Grade, 97.0-100.5%, -
2EMVICEs
— Granular.
Lhromategraphy -
= 3
! ! |_ABE TE BASKET || VIEW SHOPFING BASKET |
Healthcare/Clinical Uvex Astrospec 3000*
ah Bnimal Science Size Packaging VWR Catalog #  Info Unit Price QY | Sapery Eyewear. Bacou-
Leasing Program 500 g amber Glass Botte  MESTT 204 |55 B Each (500 G) $142.90 I‘S) x
u i Bacou Calloz
Life Science -
T 12 STAKMOR* MESTFFI20 L-ﬂ:l Each (12 KG) #$1,210.95
Site Services %9 L ' ) t})
Lab Set Up Resource 50 kg Poly Drum MicE77 225 (MEEE) Each 4245550 [y

Lenter

Dligo Configurator
Production Supplies
Safeky

Universiky

[34) Please verify that you have logged in. This item is restricted for purchase to

customers with an established

count and the proper documentation on file, IF you

are logged in and balieve you should have access to this item, please contact us for

additional help at 1-38B-32

4357

| MDE TG BASKET || WIEW SHOPPING BASKET |

Home | Order Entry | Products | Serv

Site Map | Help

Contact Us | Privacy Policy

Copyright® 2006 WWR International. all Rights Reserved

Figure 9.11.24: Zinc Chloride Source Data Sheet

ces | Programs | About Us
 Dolicy | Investors
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Test Bed Material Selection Spreadsheets

VENDORS
SPECIFICATIONS USPC | IPS [ KMAC ENG. INFORMATION (data from KMAZ)
Mod of | Mod of Tens
Type Color Width | Length [ Thickness| qty Price Elast. | Elast. Str. H_ZO_AI:_.S' React.
Tens. | Flex. PSi) 24hr. (%)
{PSI} | (PSI)
Acrylic clear 12 12 14 1 §4.64 $5.10 $45.56| 406000) 11700 7830 A
Acrylic clear 24 24 11/4 1 $271.40 A
Acrylic clear 48 96 2 1 $1.572.00 A
Acrylic clear 12 12 4 2 §757 .50 A
HD Palyethylene  |white 12 12 14 1 §4.25 $2.31 207200) 4050 A
HD Palyethylene  |white 24 24 114 1 F95.000 §153.40 A
HD Palyethylene  |white 24 24 2 1 $157.00) $234.33 A
HD Polyethylene  |white 24 48 174 1 $25.76 A
HD Polyethylene [white 18 96 4 1 $5.231.62 A
UHKWY (PE) white 12 12 14 1 $5.57 $15.31| 155900) 107900 3250 a A
UHKWY (PE) white 24 24 114 1 F111.532) $160.39 A
UHKWY (PE) white 24 24 2 1 $178.05) $304.27 A
UHMW (PE) white 12 12 [ 2 $311.78 A
UHKWY (PE) white 24 45 14 1 $64.13 A
UHKWY (PE) white 24 45 114 1 $331.63 A
LUHKWWY (PE) white 24 45 2 1 §524.37 A,
PC grey 12 12 14 1 §7.33 $13.68| 410000) 420000| 7300 B
PC grey 24 24 114 1 F112.24) $235.86 B
PC grey 24 24 2 1 $232.36) $316.72 B
PC grey 24 45 14 1 $58.16 B
PC grey 24 45 114 1 §438.54 B
s grey 24 45 2 1 §766.33 B
CPYEC opaic grey 12 12 14 1 $44.74| 430000) 410000| 5200 0.04] AB
CPYEC opaic grey 24 45 114 1 §1.454.61 ASE
CPVEC opaic grey 24 48 2 1 $2,038.90 AB
CPWEC grey 24 45 14 1 $221.63 ASE
Acetal Delrin 12 12 14 1 $21.15 $19.89 $20.50| 403205) 352899 9572 0Bs| ©
Acetal Delrin 2 24 114 1 F419.64) $435.72 C
Acetal Delrin 24 24 2 1 41964 $m35.92 C
Acetal Delrin 12 12 4 2 $E61.04) %$511.43 C
Acetal Delrin 24 45 114 1 foE2.60)  $371.12 C
Acetal Delrin 24 45 2 1 $1,343.29 C
ABS natural 12 12 14 1 $5.683 $17.81| 302000) 314000| 5300 A
ABS natural 24 24 114 1 F182.40) $245.43 A
ABS natural 24 24 2 1 §280.07) $376.33 A
ABS natural 12 24 4 1 $541.70 A
Teflan 12 12 14 1 $46.76 $35.60 §75.74| 72000) 80000 3900 =001 A
Teflan 24 24 114 1 §711.92) §911.20 A
Teflon 24 24 2 1 §1,135.04] $1,445 42 A,
Polypropylene clear tint 12 12 1/4 1 546 x 2 $9.54| 152192 183560| 3466 slight| A
Polypropylens white 24 48 174 1 $24.39 A
Polypropylens clear tint 24 48 114 1 $143.36) §235.01 A
Polypropylens clear tint 24 48 2 1 $297.04] $463.75 A
Polypropylene |clear tint 48 120 4 1 $5,400.00 A
Polycarbonate tinted bronzefgrey | 12 12 174 1 $9.45 §7.63 $15.66] 345000| 345000| S000 015 A
Polycarbonate black 24 24 114 1 $715.98] $527.23 A
Polycarbonate hlack 24 24 2 1 $1,125.32| $1,026.00 A
Polycarbonate  [black 12 24 4 1 §1,700.46 A
Mylan white 12 12 14 1 $19.56 $23.06 $21.70| 400000) 410000| 12400 12 A
Mylan white 24 24 114 1 §322 66 $230.42 A
Mylan white 24 24 2 1 §o22.42) $354.07 A
Nylon white 12 24 4 1 $340.40 A
Mylan white 24 45 114 | $643.75 A
Mylan white 24 45 2 1 $1,079.16 A
Nylon white 12 12 4 2 $251.66 A
Reactivity Key {with Zinc Chlaride) Sheet Sizes
A Excellent Qty L W T

B - Good - Minor Effect, slight corrosion or discoloration Sides 2 13.4 5.9 1.25

C- Fair - Moderate Effect, not recormmended for continous Sides W 2 13.4 5.9 2

use. Softening, loss of Strength, swelling may ocecur. Cover 2 5] B 0.25

O- Severe Effect - not recommended for any use. Endcaps 2 8 =] 4+

“endor Codes
USPC - United States Plastic Corp.
IPS - Industrial Plastic Supply
KMAL - K-mac Plastics (typically more options available than others)
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Price by Vender Price per material | sides endcaps |w/ max h
Material w T |[OTY| USPC IPS KMAC Acylic $2,248.50/ §1,515.00 4
Acrylic 12 12 174 1 §4.64 §5.10 $485.56 HD Puolyethylene $300.25| §5.231.52 4
24 24 114 | 1 §271.40 UHMW (PE) §284.97 $623.56 5]
48 96 2 1 §1.972.00 PYC $351.93 5 5
12 12 4 2 $757.50 CPWC $3.536.25 - -
HD Polyethylene 12 12 14 1 §4.25 $9.31 Acetal Delrin §1.100.27| §1,022.96 4
24 24 114 | 1 $99.00 §158.40 ABS §477.30 §841.70 4
24 24 2 1 §1597.00 $254.33 Teflon $2,406.35 - -
24 48 14 1 $25.76 Polypropylene §445.86| §5,400.00 4
48 96 4 1 $5 231.52 Folycarbonate $1,749.61 S S
UHMWWY (PE) 12 12 14 1 $5.57 $15.31 Nylon §604.05 $340.40 4
24 24 114 | 1 §111.32 $160.39
24 24 2 1 §178.08 §304.27
12 12 6 2 §311.78
24 48 14 1 $64.13
24 48 114 | 1 $331.63
24 48 2 1 §624.37
P 12 12 114 1 $7.33 §13.68
24 24 114 |1 $112.24 $238.56
24 24 2 1 §232.36 $316.72
24 48 14 1 $58.16
24 48 114 | 1 §438.54
24 48 2 1 $766.33
CPYWC 12 12 14 1 §44.74
24 48 114 | 1 §1 454.61
24 48 2 1 $2,038.90
24 48 174 1 $221.63
Acetal Delrin 12 12 14 1 $21.158]  §19.59 $20.50
24 24 114 | 1 $419.64 $439.72
24 24 2 1 $661.04 $685.92
12 12 4 2 $371.12 $511.45
24 48 114 | 1 662,50
24 48 2 1 §1,343.29
ABS 12 12 114 1 §5.83 §17.81
24 24 114 | 1 $152.40 $245.45
24 24 2 1 §289.07 $376.38
12 24 4 1 $841.70
Teflon 12 12 114 1 §4E7R|  §35.60 §75.74
24 24 114 | 1 §711.92 $911.20
24 24 2 1 §1,139.04] §1,440.42
Folypropylene 12 12 114 1 $5.46 $2.54
24 48 114 1 $24.39
24 48 114 | 1 $143.36 $235.01
24 48 2 1 §2597.04 $463.75
18 120 4 1 5 ,400.00
Folycarbonate 12 12 1/4 1 5945 §7 B3 51586
24 24 114 | 1 $715.596 $527.23
24 24 2 1 $1,125.32| §1,026.00
12 24 4 1 §1,700.46
Mylon 12 12 114 1 $19.56|  §23.06 §21.70
24 24 114 | 1 $322.66 $230.42
24 24 2 1 §522.42 $354.07
12 24 L] 1 $340.40
24 48 114 | 1 $643.75
24 48 2 1 §1.079.16
12 12 4 2 §251.66
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9.13. Flow Channel Cross Section Maximum and Minimum Dimensions

The maximum and minimum dimensions of the flow channel are based on the maximum pixel dimension of
the imaging equipment, and the maximum and minimum number of bead diameters for minimizing edge
effects. For instance, if the pixel dimensions of the imaging equipment are P; and Py, the bead resolution is
R, and the maximum and minimum number of bead diameters for negligible edge effects are Np.x and Npip,
with a bead diameter of Dp then a range of dimensions for the flow channel can be determined by,

' MAX (R,P,

MAX = D, R" W)+2Nm} (Eqn. 9.13.1)

and,

' MAX (R,P,

MIN = D, R" W)+2Nmm}. (Eqn. 9.13.2)

The following table is a summary of above calculations.

Table 9.13.1: Maximum and Minimum Flow Channel Dimensions

Flow Channel Final Calculations
Camera Dimensions Resolutlon . Edge_ Effects . Flow Channel Length
. (Pixels/Bead Dimensions (Bead | Bead Diameter (mm)
(Pixels) . . (m)
Diameter) Diamters)
Length 1300 160 MIN 3.5 6 MIN 0.16875
Width 1040 MAX 10 MAX 0.09075

The final cross section dimensions of the flow channel are 0.139-m by 0.139-m, placing the number bead
diameters for minimizing edge effects at approximately 7.5.
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10. APPENDIX SECTION 2: BILL OF MATERIALS
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10.1.  Test Bed Price Estimation
(in)
| Purchased Parts & Materials | Material Joty] L | w | T [Costper] (increment)|Min Buy| Total |
Test Section Material Costs
Test Section Sides ABS lowest cost order $477.30
Test Section Ends UHMW (PE) 1 [12.00f 24.00{ 6.00{ $548.47 $548.47
Flanged half coupling pipe fitting  [PVC 2 $6.39|ea. $12.78
Self-Sealing Hex Cap Screws Stainless Steel 8 $4.21]ea. $33.68
Viewing Window Borosilicate Glass | 2 $190.00]ea. 2 $380.00
Intro-serts - Regular Stainless Steel 216 $2.22]ea. $480.17
Intro-serts - Short Stainless Steel 36 $2.22]ea. $79.92
Thermal Inserter Kit 1 $299.00|ea. $299.00
Gasket Sheeting Neoprene 2 124.00] 24.00] 0.06 $6.75]|per ft. $13.50
O-Rings Viton Rubber 252 $4.98|per pack of 50 $24.90
Btn Sckt Hd Cap Screw(M3X0.5) |Stainless Steel 252 $8.05|per pack of 50 $40.25
Honeycomb flow staightener Polycarbonate 2 $1.00 $2.00
Total:  $2,391.97
w/outinserts  Total:  $1,532.88
Flow Loop Material Costs
Diaphram Valve PVC 1 $116.00]ea. $116.00
Centerfugal Pump PPE** 1 $692.00]ea. $692.00
PVC Pipe PVC 2 $4.85|per 10 ft. $9.70
Fittings PVC 6 $0.62 $3.72
Storage Tank Polyethylene 1 $65.00 $65.00
Total: $886.42
Measurement Equipment Cost
Rotometer Polysulfone 1 $70.00 $70.00
Pressure Transducer Plastic/Silicone 1 $36.00 $36.00
Thermocouple (pipe plug probe) |Stainless Steel 1 $34.00 $34.00
Pressure Gauge Stainless Steel 2 $16.25 $32.50
Pressure Snubber Stainless Steel 2 $10.00 $20.00
Total: $192.50
Media & Fluid Cost
Glass Beads Borosilicate Glass | 6 $138.31|per container | 1800 $829.86
ZnClI2 Powder ZnClI2 1 $2,455.50|per 50kg. | $2,455.50
Total:  $3,285.36
Grand Total: $6,756.25
w/out media & fluid: $3,470.89
Grand Total w/out inserts: $5,897.16
w/out media & fluid: $2,611.80
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Component Source and Lead Times

10.2.
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11.APPENDIX SECTION 3: PART DRAWINGS
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11.2.

Modified Fabrication Plan Drawing
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