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1. Project Background

1.1. Project Description


The goal of this project is 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 will work closely with Dr. Liburdy to fully define the critical design requirements and guarantee that the end product will 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. Design Requirements Description

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.

1.2.2. Design Requirements List


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.
1.2.3. House of Quality
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Figure 1: House of Quality

The House of Quality (Figure 1) is to be updated as the project progresses.  Some target values have general values due to the dependencies of other engineering requirements.  Figure 2 shows these dependencies.
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1.3. Existing Designs and Devices


1.3.1. 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].
1.3.2. 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].
1.3.3. 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].
1.3.4. 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.

1.3.5. 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].
1.3.6. 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. 

1.4. Designs Considered

Two primary designs have been considered for the porous media test bed system.   The two designs differ mainly in the porous media test bed section of the system.  Other components in the system that are largely independent of the test bed design 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 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.

[image: image95.emf]Figure 3: Generic Porous Media Test Bed System [7]

1.4.1. Test Bed Design #1
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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 1.4.2 and the inside of the test bed walls would be smoother than the design discussed in section 1.4.2 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 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 A. 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 1.4.3.5.

1.4.2. 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 1.4.1. 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 1.4.3.5, 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.  
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Figure 5: Test Bed Design #2 Potential Configuration
Like with the design discussed in section 1.4.1, 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 1.4.1 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 1.4.3.3, 1.4.3.5, and 2.3.  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 1.4.3.7.

1.4.3. 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.

1.4.3.1. 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 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.

1.4.3.2. 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.

1.4.3.3. 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 B.  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.

1.4.3.4. 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.

1.4.3.5. Sealing Methods

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.

1.4.3.6. 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 Design Requirement List (section 1.2.2) items # 4 and 5 for more information on this design requirement.

1.4.3.7. Sizing the Test Bed

The test bed must be sized properly to meet the design requirements listed in items # 2 and 4 from the Design Requirements List (section 1.2.2).  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), 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].
1.4.3.8. 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 A 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 C for appropriate length and cell size equations and calculations.

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 C for cell sizing, material sizing, and other related equations.

1.4.3.9. 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.

1.4.3.10. 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.

1.4.3.11. 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 A.  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.

2. Final Design:
The design group has 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 D1) can be found in Appendix D.  A purchased part BOM can be found in Appendix O.  Specific components of the design are discussed below.
2.1. Hydraulic Design

2.1.1. 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:

2.1.1.1 Reservoir will be positioned to keep pump flooded at all times.
2.1.1.2 Pump centerline will be below the working fluid level of the reservoir to ensure that pump is in a flooded suction state.
2.1.1.3 Flow rate will be controlled by the throttling valve, downstream of the test bed.
2.1.1.4 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.
2.1.1.5 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.
2.1.1.6 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 E and F for AFT Fathom output for results) within the flow rates.
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Figure 6. Flow Loop Layout
2.1.2. Pump Selection

From the design requirements listed in 1.2.2 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 G 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 E and F). 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
	24.3
	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 H), and, alternatively, from AFT Fathom (see Appendices E and F).  As stated in Appendix H, 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.
2.2. Bead Selection

Based on several factors including pressure drop calculations (Appendix A), 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].
2.3. 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 1.4.3.3, have also be taken into account.

2.4. Ductwork
The ductwork of the system shall be PVC pipe.  This decision was driven by the design criteria listed in section 1.4.3.4, and by the selection of zinc chloride as the working fluid. PVC is inexpensive, readily available, and resistant to corrosion by zinc chloride [19].
2.5. Imaging Equipment

The imaging equipment to be used in this design, as discussed in section 1.4.3.6, was predetermined by the project sponsor and is TR 3-D PIV.

2.6. 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 design requirement 1.2.2.2.  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 I 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.

2.7. Flow Straightening
An ideal minimum length of honeycomb was calculated to be 17-mm (see Appendix B 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 J for calculations). From these calculations, the honeycomb must support a final weight of 200-lbs. 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.
2.8. 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.
2.9. 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 2.2.  The sizing of the window height and width came from the constraints discussed in sections 2.5 and 2.6.  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 K.  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 B were also a reason in choosing the large safety factor.

2.10. Diffuser

As mentioned in section 1.4.3.9, the diffuser will have a 30° angle to mate the porous media test section with the rest of the flow loop.  Appendix D 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.
2.11. 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.

2.12. 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.
2.13. Flow Loop Material Selection
As discussed in sections 1.4.3.3, 1.4.3.4, 1.4.3.5, and 2.3, 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.

2.14. Working Fluid Reservoir
The same decision criteria were followed for the reservoir as for the flow loop materials discussed in section 2.13.  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.

3. Fabrication
3.1. Cost vs. Budget

3.1.1. 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 I.  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 L, Figures L10 and L11 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 M also shows the cost of various components grouped into the categories of: test section, flow loop, measurement equipment, and media and fluid.

3.1.2. 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 N 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 N and O, 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.
3.2. Purchased Components

The purchased components of the test section are shown in Appendix O.  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 N and discussed in multiple sections of this document.  Some minor items needed for assembly have been left out of the spreadsheet in Appendix M 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.
3.3. 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 L23 of Appendix L.  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.

3.4. Sourcing and Lead Times
All component sourcing information is given in Appendix O.  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 O were the ones that were able to confirm lead times and quoted prices.  Product codes and inquiry numbers are also listed in Appendix O 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.
4. Testing Plan 

4.1. Evaluation of Requirements
The following sections contain the plans to evaluate the design criteria laid out in section 1.2.2 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.
4.1.1. 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.
4.1.2. The evaluation of this requirement can be determined upon final assembly of the test bed, by measuring the final inner dimensions of the flow channel and determining the number of bead diameter against Table 1 of Appendix P.   

If this test fails, major redesign and remachining of the test bed will have to take place.
4.1.3. 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.
4.1.4. 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.
4.1.5. 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.
4.1.6. 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.
4.1.7. 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.
4.1.8. 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 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.
4.1.9. 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.
4.2. Possible Design Modifications 

There are several possible design modifications being considered by the project team to modify the design to meet additional anticipated design constraints which have not yet been formally imposed.  The primary unstated design constraint is the budget.  The project sponsor has recently indicated that a scaled-down version of this design might have to be pursued due to a lack of funding.  These design modifications are discussed in the below sections.

4.2.1. Increase 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. 

4.2.2. Remove Intro-Serts

Intro-Serts (see Appendix L Figure L23 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 M.
4.2.3. Use Permanent Chemical Seals Rather than Removable Gaskets

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.

4.2.4. Machine Borosilicate Window to Achieve Less Edge Effects

As can be seen in the drawings presented in Appendix D, 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.
4.2.5. Select Different Pump to Meet Additional Operating Parameters

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.

4.2.6. Use Existing 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.

4.2.7. 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.
Appendix A: Porous Media Test Bed Pressure Drop Calculation

The pressure drop per unit length across the porous media test bed can be calculated by the following formula, [22]
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where,
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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 RePore = 400 is as follows:
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and in pressure and feet of water for a flow channel that is 0.25-m in length [23],
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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 A1, and a spreadsheet for general calculations is presented Table A2.

Table A1: Porous Media Test Bed Pressure Drop
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Pressure Drop, ft

Pressure Drop, psi

Flow Rate, gpm

200

1.82

0.786

12.2

400

8.04

3.48

24.5

Flow Rate and Pressure Drop for 6mm Beads and 8 Bead Diameters beyond FOV w/ Flow 

Channel Length 0.280-m


Table A2: Spreadsheet for Flow Calculations and Flow Channel Sizing
[image: image12.wmf]"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

m^2

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 

for Boundry Effects

7.520833333

bead diamters

4

Minimum Height (Length?)

0.12925

m

Minimum Width

0.139

m

Minimum Height (Length?)

5.0885725

in

Minimum Width

5.47243

in


Appendix B: MSDS Sheets for Working Fluid
[image: image98.emf]Figure B1: MSDS for Zinc Chloride – Page 1 [12]

[image: image99.emf]Figure B2: MSDS for Zinc Chloride – Page 2 [12]

[image: image100.emf]Figure B3: MSDS for Zinc Chloride – Page 3 [12]

[image: image101.emf]Figure B4: MSDS for Zinc Chloride – Page 4 [12]
The above Figures B1-4 display the Material Safety Data Sheet for Zinc Chloride solutions.  Specific attention should be paid to toxilogical data and reactivity data.

Appendix C: 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],
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and from the definition of volumetric flow rate [24],
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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,
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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,
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     (Eqn. C4)

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,
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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.

Appendix D: Drawing Package
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Figure D1: Assembly Drawing
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Figure D2.1: Diffuser Drawing
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Figure D2.2: Diffuser Drawing
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Figure D2.3: Diffuser Drawing
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Figure D2.4: Diffuser Drawing
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Figure D2.5: Diffuser Drawing
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Figure D3.1: Window Wall Drawing
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Figure D3.2: Window Wall Drawing
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Figure D3.3: Window Wall Drawing
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Figure D3.4: Window Wall Drawing
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Figure D3.5: Window Wall Drawing
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Figure D4: Solid Wall 1 Drawing
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Figure D5: Flow Straightener Drawing
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Figure D6: Viewing Window Drawing
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Figure D7.1: Window Frame Drawing
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Figure D.7.2 Window Frame Drawing
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Figure D8: Outer Window Gasket Drawing
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Figure D9: Inner Window Gasket Drawing
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Figure D10: Diffuser Gasket Drawing
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Figure D11: Wall Gasket Drawing
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Figure D12.1: Solid Wall 1 Drawing
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 Figure D12.2: Solid Wall 1 Drawing
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 Figure D12.3: Solid Wall 1 Drawing
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Figure D12.4: Solid Wall 1 Drawing
[image: image42.emf] Figure D12.5: Solid Wall 1 Drawing

Appendix E: AFT Fathom Output (Low Flow Rate)
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Appendix F: AFT Fathom Output (High Flow Rate)
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Appendix G: 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, Vpore 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:
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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,
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Upon making appropriate substitutions for the macroscopic flow rate, the flow rate for the system can be solved and determined by,
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See Table E1 below for a summary of the flow rates the flow loop is designed for.

Table G1: Flow Rate Final Calculations
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Appendix H: 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 6, the system is a closed loop drawing and delivering to the same reservoir.
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Figure H1: 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],


[image: image52.wmf]22

1122

12

()()

22

fmp

pVpV

zzhhh

gggg

rr

++=++++-

     (Eqn. H1)

Observing the fact that the reservoir is the same for both states, the pump head then becomes,
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     (Eqn. H2)

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,
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     (Eqn. H3)

where,

h100 = head loss per 100 feet

Ki = resistance coefficient

hfc = 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 H1).

Table H1: Pump Horsepower Spreadsheet
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Pipe Data:

Pipe Diameter

1

Flow Rate

24

Velocity

8.904

Velocity Head
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Head Loss/100-ft
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Frictional Pipe Losses

Head Loss

Length of Pipe
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7.16

Minor Losses

Effect

No.

K
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Entrance and Exits

2

1

2

Elbows

6
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3.42

Valves

1

7.8

7.8
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1

2.5835613

2.58356126

Enlargement (out)

1

0.7949419

0.79494193

Grand Total K

16.5985032
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20.459979

Losses Due to Porous Media at 20-
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ft

Porous Media

8.04

Honeycomb

Pump Head

35.65998
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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 F and G for output). This program provided a more reasonable estimate for horsepower at 1-hp maximum.

Appendix I: 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].
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where,
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     (Eqn. I2)
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 P1.

Table I1: Wall Thickness Spreadsheet
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Appendix J: Cumulative Force Calculations on Honeycomb Flow Straightener
As depicted in Figure 6, 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,
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(Eqn. J1)

Where VT is the total volume of the test section, pGB 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,
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Where Ac 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-lbs.  Invoking a safety factor of two, the total approximate weight is thus 200-lbs.  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.
Appendix K: Viewing Window Thickness Calculation and Spreadsheet

[image: image102.emf]Table K1: Brittle Plate Theory

Equations in Spreadsheet

Brittle Plate Theory [26]:
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where:

σ = max tensile stress

Po = pressure applied to surface

a = length of sides

M = moment caused by bending

n = factor of safety

Appendix L: Component Source Datasheet
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Figure L1: ABS Plastic Source Data Sheet
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Figure L2: UHMW Plastic Source Data Sheet

[image: image65.emf]
Figure L3.1: Viewing Window Source Data Sheet
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Figure L3.2: Viewing Window Source Data Sheet 
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Figure L4: Glass Beads Source Data Sheet
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Figure L5: Cap Screw Source Data Sheet
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Figure L6: Diaphragm Valve Source Data Sheet 
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Figure L7: Pressure Transducer Source Data Sheet
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Figure L8: Flange Half Coupling Pipe Fitting Source Data Sheet 
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Figure L9: Gasket Source Data Sheet 

[image: image73.emf]
Figure L10: Regular Insert Source Data Sheet 
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Figure L11: Short Insert Source Data Sheet 
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Figure L12: O- rings Source Data Sheet 

[image: image76.emf] Figure L13: Honeycomb Flow Straightener Source Data Sheet

[image: image77.emf] Figure L14: Pressure Gauge Source Data Sheet
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Figure L15: Pressure Snubber Source Data Sheet
[image: image79.emf] Figure L16: Pump Source Data Sheet
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Figure L17: PVC Fittings Source Data Sheet
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Figure L18: PVC Pipe Source Data Sheet

[image: image82.emf] Figure L19: Reservoir Source Data Sheet

[image: image83.emf] Figure L20: Flow Meter Source Data Sheet
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Figure L21: Hex Cap Screws Source Data Sheet

[image: image85.emf] Figure L22: Thermocouple Source Data Sheet

[image: image86.emf] Figure L23: Thermal Insert Kit Source Data Sheet

[image: image87.emf] Figure L24: Zinc Chloride Source Data Sheet

Appendix M: Test Bed Price Estimation
[image: image88.wmf]Purchased Parts & Materials
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$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
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1

$299.00

ea.

$299.00
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2
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0.06

$6.75
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$4.98

per pack of

50
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Stainless Steel

252
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2
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$2.00
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w/out inserts
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1
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$116.00
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1
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PVC Pipe
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2
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PVC

6
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Storage Tank

Polyethylene

1
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$65.00

Total:

$886.42
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1
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$70.00

Pressure Transducer
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1

$36.00

$36.00

Thermocouple (pipe plug probe)
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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

Glass Beads
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6
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1800

$829.86

ZnCl2 Powder

ZnCl2

1

$2,455.50

per

50kg.

$2,455.50

Total:
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$6,756.25
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$2,611.80
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lowest cost order
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(in)
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Grand Total w/out inserts:
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Appendix N: Test Bed Material Selection Spreadsheets
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Appendix O: Component Source and Lead Times

[image: image91]
Appendix P: 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 Pl and Pw, the bead resolution is R, and the maximum and minimum number of bead diameters for negligible edge effects are Nmax and Nmin, with a bead diameter of DB then a range of dimensions for the flow channel can be determined by,
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and,
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     (Eqn. P2)

The following table is a summary of above calculations.

Table P1: Maximum and Minimum Flow Channel Dimensions
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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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