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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. 
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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. 
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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. 

5. 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. 
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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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  Customer Requirements                             
1 no edge effects   5 5 5                     
2 ability to measure pressure   3 3 4                     
3 ability to measure flow rate   3 3 4                     
4 ability to maintain temperature   3 4 4                     
5 use existing camera equipment   5 5 1                     
6 minimal light distortion   5 5 5                     
7 minimal vibration from apparatus   2 4 4                     
8 safety   4 3 1                     
9 control of flow rate   3 3 3                     
10 reach upper flow regimes   5 3 3                     

11 inexpensive   5 5 1                     
 Competition's Benchmarks                             
 Stohr, Roth, Jahne Experiment         5cm 10cm 5cm 1.46         0.8mm   

 Suekane, Yokouchi, Hirai Experiment         28mm 28mm 168mm n/a 205   .24T/m   28mm 0.48 

 Target Values         min min min match >200 7 0 Re min 0.3 

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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3. POSSIBLE DESIGNS 
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 
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. 

 

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

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. 
 

 

 
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 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 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. 

 

4.5. 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-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. 
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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. 
 

1. Carefully disassemble the 2D flow channel. 
2. Remove all components and clean front polycarbonate window. 
3. Drill and tap window as shown in Figure 3. 
4. Insert adaptor and attach back check valve. 
5. Reassemble 2D flow channel and fill with water. 
6. Attach pump and test flow channel for leaks (modify if necessary). 
7. Check flow rates and test run of dye in flow channel. 
8. Drain water and refill with zinc chloride solution. 

 
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. 
Number 

Name Vendor Part Number Price 

1 10-32 Male hose barb 
(white nylon) 

Value 
Plastic 

B-1 $14.00 / 100 
parts 

2 1/8” ID ¼”OD PVC hose Value 
Plastic 

PV00-3062C $13.86 / 100 ft 

3 Female Lure 200 Series 
to male hose barb 
(Polycarbonate) 

Value 
Plastic 

FTL230-9 $16.00 / 100 
parts 

4 Check-valve rated to 
30PSI back pressure 
(Polycarbonate) 

Value 
Plastic 

VPS5401068N $73.00 / 100 
parts 

5 Male Lure 200 series to 
male hose barb 
(Polycarbonate) 

Value 
Plastic 

MTLL230-9 $18.00 / 100 
parts 

6 6cc Syringe with Lure 
fitting 

McMast
er-Carr 

7510A652 $7.15 / 10 parts 

 
 

 
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 

 

 

  
  

 
        1                2           3                 4                 5            2           3               6 
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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. 
 

 
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 ¼ 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 

 
 

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 



Porous Media Test Bed Final Report 
 

6/13/2007 Chadwick, Van Bossuyt, Wilhelm 35 

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. 

 
 



Porous Media Test Bed Final Report 
 

6/13/2007 Chadwick, Van Bossuyt, Wilhelm 36 

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. Original 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. 
 

 
Figure 11: Oil Paint with Thinner Dye Test (8 second time intervals from 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 

Re# Q 
(m^3/s) 

Q 
(mL/min) 

Vpore 
(m/s) Tpore Picture Rate 

(pic/s) 
Vmacro 

(m/s) Tmacro Picture Rate 
(pic/s) 

100 8.60E-06 516 0.0667 1.14 8.75 0.02001 3.81 2.6 
150 1.30E-05 780 0.1 0.76 13.12 0.03 2.54 3.9 
200 1.70E-05 1020 0.133 0.57 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 0.2 0.38 26.25 0.06 1.27 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 35.00 0.08001 0.95 10.5 

 

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. 
Number 

Name Vendor Part Number Price 

1 10-32 Male hose barb 
(white nylon) 

Value 
Plastic 

B-1 $14.00 / 100 
parts 

2 1/8” ID ¼”OD PVC hose Value 
Plastic 

PV00-3062C $13.86 / 100 ft 

3 Female Lure 200 Series 
to male hose barb 
(Polycarbonate) 

Value 
Plastic 

FTL230-9 $16.00 / 100 
parts 

4 Check-valve rated to 
30PSI back pressure 
(Polycarbonate) 

Value 
Plastic 

VPS5401068N $73.00 / 100 
parts 

5 Male Lure 200 series to 
male hose barb 
(Polycarbonate) 

Value 
Plastic 

MTLL230-9 $18.00 / 100 
parts 

6 6cc Syringe with Lure 
fitting 

McMast
er-Carr 

7510A652 $7.15 / 10 parts 

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. 

 

7.2.2.7. 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 
• Fill the bypass line with 0.5-mL of dye, and install on bypass valves. 
• Assign the pump to the first flow rate of Table 6 below, and start pump. 
• Ready the digital camera and start pictures sequencing. 
• Actuate valves to bypass line with dye. 
• Once dye has sufficiently dispersed in flow cell stop camera, pump and return bypass valve 

to original position. 
• Download pictures to local computer. 
• The above procedure was repeated for each subsequent flow rate shown in Table 6. 

 
Table 6: Flow Rate Testing Plan 

Q 
(mL/min)

Q 
(m^3/s)

Reynold's 
# pore

Velocity 
pore 
(m/s)

Time 
pore 
(sec)

Pore Picture 
Rate (pic/sec) 

[max]

Velocity 
macro (m/s)

Time 
macro 
(sec)

Macro Picture 
Rate (pic/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 14 Flow Developing Into Right, Center, and Left Regions 

 

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

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
M 21.8 26.5 24.4 0.65
R 17.6 17.3 16.9 -0.175
L 50.4 49.3 70.1 4.925
M 72 80.7 94.5 5.625
R 46.8 61.7 64 4.3
L 37.9 43.5 58.8 5.225
M 45.3 57.6 62.7 4.35
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
M 16.6 22.2 24.1 1.875
R 18.2 17.3 16.7 -0.375
L 32.1 51.7 68.4 9.075
M 60.9 79.7 95.5 8.65
R 42 55 58.4 4.1
L 29.3 37.2 50.3 5.25
M 33.6 49.6 57.6 6
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
M 20 22.6 23 0.75
R 18.9 17.3 17.5 -0.35
L 38.6 55.4 78.7 10.025
M 56.7 75.9 96.6 9.975
R 35.4 48.2 68.3 8.225
L 26.5 31.7 50.6 6.025
M 33 45.7 60.3 6.825
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
M 19.4 21.5 18.6 -0.1
R 19.3 19 21.6 0.2875
L 39.4 57.2 81.7 5.2875
M 62.5 83.4 102.3 4.975
R 40.7 54.4 76.5 4.475
L 28.1 44 61.9 4.225
M 42.8 63.3 71.4 3.575
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
M 27.1 21.8 17.3 -1.225
R 19.6 18.1 22.7 0.3875
L 39.7 53.4 76.2 4.5625
M 54.8 74.7 96.8 5.25
R 38 47.9 63.7 3.2125
L 33.5 47.4 63.9 3.8
M 42.6 53.2 71.3 3.5875
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
M 20.6 22.5 25.7 0.6375
R 18.7 18.6 14.3 -0.55
L 44.4 72.7 81.2 4.6
M 66.8 81.9 96.1 3.6625
R 39.8 59.6 71.4 3.95
L 39.5 57.7 73.5 4.25
M 50.7 47.2 79.1 3.55
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. 
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Figure 16: Horizontal Development (Left Region) 
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Horizontal Propagation (Right)
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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 
porous media bed, a flow loop 
with appropriate pumping 
apparatus, measurement and 
control equipment. 

 
 

Passed 

Verified by final paper design as 
presented in this document. 

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

 
Passed 

Verified by experimentation as 
outlined in section 7. 

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. 

 
 
 
 

Passed 

Verified by paper design as 
presented in this document.  
Appropriate equipment was 
selected to collect data on all 
relevant measurements. 

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. 

 
 
 

Passed 

Verified by experimentation as 
outlined in section 7. 

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

 
Passed 

Verified by final paper design as 
presented in this document. 

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

 
Passed 

Verified by final paper design as 
presented in this document and 
also by experimentation as 
outlined in section 7. 

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

 
Passed 

Verified by final paper design as 
presented in this document.  
Additional testing should be 
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  ( x 2 ) $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

3

(1 ) 180(1 ) 1.8
Re

oVP
L D

ρ ε ε
ε
−Δ −⎡ ⎤= +⎢ ⎥⎣ ⎦

   (Eqn. 9.1.1) 

 
where, 
 

Re oV Dρ
μ

= = Pore Reynolds Number   (Eqn. 9.1.2) 

ε = Porosity of a Randomly Packed Bed 
oV  = 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 RePore = 400 
is as follows: 

2

3

1700(0.08 )(1 0.3) 180(1 0.3) 1.8 85849
0.006(0.3) 400

P Pa
L
Δ − −⎡ ⎤= + = −⎢ ⎥⎣ ⎦

   (Eqn. 9.1.3) 

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

3.11 7.2P psi ft
L
Δ

= − = −    (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 

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

Flow Rate and Pressure Drop for 6mm Beads and 8 Bead Diameters beyond FOV w/ Flow 
Channel Length 0.280-m

 



Porous Media Test Bed Final Report 
 

6/13/2007 Chadwick, Van Bossuyt, Wilhelm 56 

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 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  
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9.2.  MSDS Sheets for Working Fluid 
 

  
Figure 9.2.1: MSDS for Zinc Chloride – Page 1 [12] 
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Figure 9.2.2: MSDS for Zinc Chloride – Page 2 [12] 
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Figure 9.2.3: MSDS for Zinc Chloride – Page 3 [12] 
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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], 
 

c hQ nQ=      (Eqn. 9.3.1) 
 

and from the definition of volumetric flow rate [24], 
 

( ) ( )c h
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, 
 

1.11 1.11(0.04 ) 0.044c
h c c

h

A m mV V V
nA s s

⎛ ⎞
= = = =⎜ ⎟
⎝ ⎠

     (Eqn. 9.3.3) 

 
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, 

 

( )

( )6

0.044 0.005
Re 55

4 10
h

m m
Vd s

m
s

υ −

⎛ ⎞
⎜ ⎟
⎝ ⎠= = =      (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, 
 

( )( ) ( )( )0.06 Re 0.06 55 0.005 0.0165L d m m≈ = =      (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) 
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9.5. AFT Fathom Output (High Flow Rate) 
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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, 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: 

Re .pore
pore

DV
ν

=      (Eqn. 9.6.1) 

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, 

Re pore
pore

VV
D

ν
ε

= =      (Eqn. 9.6.2) 

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

Re poreA
Q

D
εν

=      (Eqn. 9.6.3) 

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 

Porosity Area 
(m^2)

MIN 200
MAX 400 24.5

Flow Rate Final Calculations

Reynolds Number

0.139

Flow Channel 
Dimension (m)

0.0193210.3

Viscosity (m^2/s)

4.00E-06

Bead Diameter (mm)

6

Flow Rate (gpm)

12.25
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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. 

 
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
1 1 2 2

1 2( ) ( )
2 2 f m p

p V p Vz z h h h
g g g gρ ρ
+ + = + + + + −      (Eqn. 9.7.1) 

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

p f mh 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

100( )
2p i FC
Vh L h K h

g
⎛ ⎞

= + +⎜ ⎟
⎝ ⎠

∑      (Eqn. 9.7.3) 

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 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. 
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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]. 
 

)/(( SEZCPdt =      (Eqn. 9.8.1) 
 

where, 
 

5.2)/4.2(4.3 ≤−= DdZ      (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 
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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, 
 

( ) ( ) ( )( ) ( ) lbs
m
kgm

s
mVgW GBTGB −==⎟

⎠
⎞

⎜
⎝
⎛

⎟
⎠
⎞

⎜
⎝
⎛=−= 5.18...1023.2139.0280.07.08.91 3

332ρε . 

(Eqn. 9.9.1) 
 

 
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, 
 

( )( ) lbsmkPadPAF CdP −==== 0.93...139.04.21 2 .     (Eqn. 9.9.2) 
 
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. 
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9.10. Viewing Window Thickness Calculations and Spreadsheet 
 

Table 9.10.1: Brittle Plate Theory 

 
Equations in Spreadsheet 

 
Brittle Plate Theory [26]: 

 
( ) 20.0513 oM nP a=       (Eqn. 9.10.1) 

 
( )

2

6M
h

σ =          (Eqn. 9.10.2) 

where: 
 

σ = max tensile stress 
Po = 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 
 

 
 

Figure 9.11.1: ABS Plastic Source Data Sheet 
 

 
Figure 9.11.2: UHMW Plastic Source Data Sheet 
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Figure 9.11.3.1: Viewing Window Source Data Sheet 
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Figure 9.11.3.2: Viewing Window Source Data Sheet 
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Figure 9.11.4: Glass Beads Source Data Sheet 
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Figure 9.11.5: Cap Screw Source Data Sheet 
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Figure 9.11.6: Diaphragm Valve Source Data Sheet 
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Figure 9.11.7: Pressure Transducer Source Data Sheet 
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Figure 9.11.8: Flange Half Coupling Pipe Fitting Source Data Sheet 



Porous Media Test Bed Final Report 
 

6/13/2007 Chadwick, Van Bossuyt, Wilhelm 80 

 

 
Figure 9.11.9: Gasket Source Data Sheet 
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Figure 9.11.10: Regular Insert Source Data Sheet 
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Figure 9.11.11: Short Insert Source Data Sheet 
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Figure 9.11.12: O- rings Source Data Sheet 
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Figure 9.11.13: Honeycomb Flow Straightener Source Data Sheet 
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Figure 9.11.14: Pressure Gauge Source Data Sheet 
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Figure 9.11.15: Pressure Snubber Source Data Sheet 
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Figure 9.11.16: Pump Source Data Sheet 
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Figure 9.11.17: PVC Fittings Source Data Sheet 
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Figure 9.11.18: PVC Pipe Source Data Sheet 
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Figure 9.11.19: Reservoir Source Data Sheet 
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Figure 9.11.20: Flow Meter Source Data Sheet 
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Figure 9.11.21: Hex Cap Screws Source Data Sheet 
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Figure 9.11.22: Thermocouple Source Data Sheet 
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Figure 9.11.23: Thermal Insert Kit Source Data Sheet 
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Figure 9.11.24: Zinc Chloride Source Data Sheet 
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9.12. Test Bed Material Selection Spreadsheets 
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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 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, 

( )
max

,
2 ,l w

B

MAX P P
MAX D N

R
⎡ ⎤

= +⎢ ⎥
⎣ ⎦

     (Eqn. 9.13.1) 

and, 
( )

min

,
2 .l w

B

MAX P P
MIN D N

R
⎡ ⎤

= +⎢ ⎥
⎣ ⎦

     (Eqn. 9.13.2) 

 
The following table is a summary of above calculations. 
 

Table 9.13.1: Maximum and Minimum Flow Channel Dimensions 

Length 1300 MIN 3.5 MIN 0.16875
Width 1040 MAX 10 MAX 0.09075

Flow Channel Final Calculations

160

Bead Diameter (mm) Flow Channel Length 
(m)

6

Camera Dimensions 
(Pixels)

Resolution 
(Pixels/Bead 

Diameter)

Edge Effects 
Dimensions (Bead 

Diamters)

 
 

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 

Purchased Parts & Materials Material Qty L W T Cost per (increment) Min Buy Total

Test Section Sides ABS $477.30
Test Section Ends UHMW (PE) 1 12.00 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 24.00 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/out inserts Total: $1,532.88

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

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

Glass Beads Borosilicate Glass 6 $138.31 per container 1800 $829.86
ZnCl2 Powder ZnCl2 1 $2,455.50 per 50kg. $2,455.50

Total: $3,285.36

$6,756.25
$3,470.89

$5,897.16
$2,611.80

w/out media & fluid:

lowest cost order

Flow Loop Material Costs

w/out media & fluid:

(in)

Test Section Material Costs

Measurement Equipment Cost

Media & Fluid Cost

Grand Total w/out inserts:

Grand Total:
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10.2. Component Source and Lead Times 
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11. APPENDIX SECTION 3: PART DRAWINGS 
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11.1. Drawing Package 
 

 

 
Figure 11.1: Assembly Drawing 

 

 
Figure 11.2.1: Diffuser Drawing 
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Figure 11.2.2: Diffuser Drawing 

 

 
Figure 11.2.3: Diffuser Drawing 
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Figure 11.2.4: Diffuser Drawing 

 

  
Figure 11.2.5: Diffuser Drawing 
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Figure 11.3.1: Window Wall Drawing 

 

 
Figure 11.3.2: Window Wall Drawing 
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Figure 11.3.3: Window Wall Drawing 

 

  
Figure 11.3.4: Window Wall Drawing 
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Figure 11.3.5: Window Wall Drawing 

 
Figure 11.4: Solid Wall 1 Drawing 
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Figure 11.5: Flow Straightener Drawing 

 

  
Figure 11.6: Viewing Window Drawing 
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Figure 11.7.1: Window Frame Drawing 

 

  
Figure 11.7.2 Window Frame Drawing 
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Figure 11.8: Outer Window Gasket Drawing 

 

 
Figure 11.9: Inner Window Gasket Drawing 
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Figure 11.10: Diffuser Gasket Drawing 

 

 
Figure 11.11: Wall Gasket Drawing 
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Figure 11.12.1: Solid Wall 1 Drawing 

 

 
 Figure 11.12.2: Solid Wall 1 Drawing 
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 Figure 11.12.3: Solid Wall 1 Drawing 

 

  
Figure 11.12.4: Solid Wall 1 Drawing 
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Figure 11.12.5: Solid Wall 1 Drawing 
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11.2. Modified Fabrication Plan Drawing 

 
Figure 11.2.1: 2-D Flow Cell Modification Drawing 
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