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Abstract 
 

The customer, Mr. Fox, currently utilizes an open-gate, gravity fed irrigation system to water his 1000-acre 

farm. Currently, the system uses permanent butterfly valves in order to control the water distribution to 

certain sections of the farm. Mr. Fox stated that the butterfly valves fail primarily due to sediment build up 

in the pipe. This report describes the engineering analysis and design process to create a deliverable 

inflatable, portable plug for the client while still utilizing the current gated pipe system. The main 

constraints for the design were portability, ease of use, watertight seal, and reliability.  
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I. Formalities 

A. Letter of Transmittal 
 

December 5th, 2010 

Kathryn Allen 

Scott Angus 

Erin Chavez 

Tarrah Folley 

 

Mr. Francis G. Fox         CC:   Dr. Donald Slack 

8522 US Highway 26     Forbes Rm. # 208 

Crowheart, WY 82512     University of Arizona 

(307) 486-2215      Tucson, AZ 85721 

 

Dear Mr. Fox, 

We are pleased to submit this comprehensive project report to you. This report concerns the design of a 

watertight, portable, inflatable valve specific to your gated irrigation pipes, just as you requested. 

The valve that we designed meets the following criteria: 

 Eliminates leakage downhill of closed gate and valve 

 Portable solution for ease of use 

 Robust, durable, cost-effective design 

An economic analysis was carried out to demonstrate to you the costs of executing this hypothetical 

design.  

We are confident that you will find the following report to be of interest. Thank you for allowing us to 

work   with you. Please do not hesitate to contact us with any questions. 

Sincerely, 

_________________________    ________________________ 

Kathryn Allen      Scott Angus  

 

_________________________    ________________________ 

Erin Chavez      Tarrah Folley 
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B. Project Team 
Project Team:  Kathryn Allen 

Scott Angus 

Erin Chavez 

Tarrah Folley 

 

Client:    Mr. Fran Fox 

 

Project Advisor:  Dr. Donald Slack 

 

Mentor:  Charlie Defer 

 

Course Instructor: Dr. Donald Slack 

   Agricultural and Biosystems Engineering Department 

University of Arizona 

II. Introduction 

A. Problem Statement 

The valves in the client’s, Mr. Fox’s, gated pipe irrigation system does not close properly 

due to built up sediment in the pipes.  He has requested the creation of a valve that can 

inflate and therefore completely seal around the sediment in his pipe system.  He would 

also like to be able to place these valves at any arbitrary point in the irrigation system. 

This will allow him to have greater control over the flow of water to his field rather than 

being limited to valves every thirty feet which is a restriction in the current system that 

he uses.  

B. Background Information 

The gated pipe system is an irrigation system commonly used in the Western United 

States which in the past used a gravity-driven system that fed water from streams and 

rivers through open unlined ditches.  It was introduced to replace these earthen 

channels that resulted in a loss of water through seepage into the ground below the 

level of the plants’ roots and evaporation into the air.  Thus research was done at 

universities to find a way to fix these problems.  This system still uses gravity-driven 

irrigation with the assistance of an irrigation pump to allow water to flow down the 

length of the pipe.  From there are gates in the length of the irrigation pipe that are 

spaced evenly throughout the sections of pipe that can be opened or closed to 

determine whether water can reach the crops at that point.  There is also a cap at the 
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end of the full length of all the sections of pipe used to keep the water in the system.  

The gates are opened when the farmer wishes the water to flow out of the pipes to 

irrigate the crops and closed when the farmer does not wish to irrigate that part of his 

field allowing greater control over where the water goes then the previous irrigation 

system that was used.  There are also butterfly valves every thirty feet in the system 

that can be closed to prevent all of the water from flowing the entire way to the bottom 

of the pipe and therefore not reaching the crops at the top of the field.  These valves 

can then be reopened to allow water to reach the crops at the base of the field.  And 

while these pipes were originally designed out of heavy materials such as metal or 

concrete pipes research was done to make them out of lightweight aluminum and can 

be separated at every thirty feet and then reattached with collars that contain a gasket 

and a release hook for easy separation.  This allows the farmer the opportunity of 

moving the pipes around his field to irrigate different crops depending on the season 

and what is growing where which prevents the farmer from needing to buy lengths of 

pipe for every section of his land. 

 

The problem with this system that was brought to us by our client, Mr. Fox, is the fact 

that it is fed by an open-earth canal.  This results in the water that is flowing into the 

gated pipe containing dirt and other particles from the canal which builds up in the pipe.  

Once it has built up to a certain degree the sediment causes the butterfly valves to 

become unable to close completely.  The failure of the butterfly valves to create a 

complete seal allows water leakage down the pipe and into the fields. This leads to loss 

in sustainability and increases water costs for the farm. This leak cannot be stopped 

with the metal valve it will result in the crops in low-lying areas getting too much water 

or “wet spots” developing that can cause problems to the farmer in his work.   

 

Our client has asked for a portable, inflatable plug that can fit easily in, and out of, the 

gates in the pipe. Portable so that the farmer can dam and divert the flow of water at 

any point in the pipe and inflatable in order to seal around the sediment in the pipe 

eliminating water leakage.  

C. Design Statement & Project Report Overview 

The following objectives are necessary for the successful completion of the project: 

 Design a solution that completely eliminates water leakage 

 The solution needs to be durable and deformable in order to create a seal 

around the sediment at the bottom of the pipe 

 The newly designed valve will need to withstand the backpressure of the water 
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This report investigates three alterative solutions to solving this problem. The first 

solution is an inflatable, portable, rubber plug. The second solution is an improved 

butterfly valve, and the third solution is a portable butterfly valve.  The pros and cons of 

each solution are weighed and then an explanation for our chosen solution is explained 

in detail. 

III. Methods & Design Approach 

A. Design Parameters 

Length of Pipe (ft.) 600 

Height – top to bottom (ft.) 6 

Degree of Slope 1% 

Pipe Diameter (in.) 6 

Distance between valves (ft.) 30 

Number of current valves 21 
Table 1. Design Parameters 

B. Design Approach 

To thoroughly proceed through the design project process, the goals of the team were 

to first diverge upon many ideas and alternatives then converge once more onto the 

design that the team will move forward with.  

Current butterfly valve technology was researched and analyzed for the advantages and 

disadvantages of the design. For example, the current butterfly valve technology lacks 

the ability to compensate for sediment build-up in irrigation pipes. There is no way that 

the valve can get rid of the sediment or effectively seal around it. Identifying this void in 

current technology, the team brainstormed ways to alter the current technology to give 

it the ability to offset the effects of sediment when sealing.  

After preliminary research was completed, a statement of need and establishment of 

project goals were more clearly defined. Parameters and customer specifications were 

further developed and design criteria were established.  

The next step was to conceptualize alternative designs. The team’s goal was to offer a 

range of feasible alternatives from most simple and affordable to complex and more 

costly. The following section discusses in detail the 3 potential solutions ranging in 

complexity, costs, and permanency.  
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Once the team chose a design, the report discusses the specific design, manufacturing 

process, modeling of the irrigation system, and testing and qualifying the prototype as 

well as the redesign process. 

IV. Part I – Semester I 

A. Alternative #1  

When first approaching the problem, the first thing considered was the type of valve that 

should be implemented. The valves Mr. Fox currently has in place are butterfly valves, which 

failed to property seal due to the sediment in the water. The first valve the team considered 

was more of a portable “plug”. The basic concept is that this “plug” could be entered through 

any gate in the pipe, inflated to form a secure seal, and then plugged accordingly to prevent the 

escape of air.  

An important consideration of this design is the material of the plug. The material of the plug 

needs to be flexible enough to be inflated by air, yet durable enough to withstand sediment as 

well as the water pressure. After further analysis, the team decided that the best material for 

the valve would be a flexible rubber. 

The original design had a traditional bicycle pump in mind for inflating the plug with air. 

However, when analyzing potential problems of this design, the most detrimental problem was 

that air would not be a durable enough substance to withstand both the pressure of the water 

and the sediment in the pipe: ultimately leading to air leakage, which would cause the plug to 

fail. The solution to this problem is to inflate the plug with a substance other than air. When 

considering potential substances, the team looked for something that would be durable, 

affordable, and flexible enough to put in and take out of the valve. Filling the plug with water 

was a consideration, however the pressure necessary to inflate the valve would require a 

pump, which could be expensive. 

An alternative fill substance considered, which would be relatively affordable, is foam that is 

produced by step-growth polymerization. The advantage of using foam to fill the valve is it is 

more durable than air, no pump or electricity would be required, and foam wouldn’t leak out of 

the plug. The foam considered is polyurethane, which is produced by reacting a liquid 

isocyanate, with a liquid blend of polyols and catalysts. The two liquids could be easily placed 

inside the rubber, and then it could be plugged. Within minutes, the chain growth 

polymerization would take place leading to the expansion and formation of durable foam that 

would solidify in the shape of its rubber container (plug). Once Mr. Fox needed to remove the 

valve, all he would need to do is add acetone, causing the foam to deteriorate and then the 
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valve can be easily removed and rinsed out. 

B. Alternative #2 

While Mr. Fox’s original idea for an alternative sounded promising, alternatives must be 

considered prior to a conclusion being made.  An alternative to Mr. Fox’s proposed 

solution is a portable butterfly valve that can be inserted through the gates.  There are a 

number of design options available in this case; however, the simplest is best. 

In this alternative, a simple butterfly valve with a rubber gasket around the edge and a 

watertight hinge at the middle is the simplest.  The reasoning behind this design is 

complex.  The rubber gasket around the edge of the collapsible butterfly valve should 

negate the effects of sediment forming in the pipes while also being durable enough to 

last for an extended period of time and inexpensive enough that when it does require 

replacement it is only a few dollars.  The collapsible butterfly valve should provide 

sufficient normal force with the rubber gasket correctly in place to prevent dislodging 

even in the event that it is placed near the end of the pipe where the force of the water 

on the valve would be near maximum. 

The valve would require a vertical hinge lock in order to keep it in place as well as a 

simple method to dislodge the valve and remove it to be replaced somewhere else.  

Research is being done into this aspect of the design as has not yet been finalized or 

tested.  Another key component of this design is the rubber gasket.  This also is also 

being researched, though a standard rubber, similar to that used in everyday o-rings 

should be sufficient.   

C. Alternative #3 

A final and more drastic alternative to Mr. Fox’s originally proposed solution is a block to 

the flow of liquid through the pipe that is inserted from the top.  This is the most drastic 

design of all the alternatives as it requires physical alterations be made to the pipe. 

This design consists of a thin metal plate with a gasket along the edge that fits into the 

pipe through a slot cut into the top.  This requires the valve be cut with a portable radial 

saw in at least one location prior to using the valve.  While problems would arise if the 

cut was not filled, this is easily remedied by placing a half ring that may stick out from 

the pipe slightly for removal purposes if flow must be stopped again. 

The advantages of this design are that it will block flow completely and is easily 

replaceable.  However, the pipe must be altered in a severe manner and it would be 

difficult to do the alteration by hand. 
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V. Part II – Semester II 

A. Choosing a Design  

After further understanding the complete needs and wants of the client, Alternative #1, 

an inflatable plug was chosen as the design of the project. The most important aspect of 

the design to Mr. Fox is ease-of-use and so he politely demanded a simple, portable, 

inflatable plug to dam the water flow in his gated-irrigated pipe system. Although the 

inflatable plug was an alternative from semester 1, many changes have been made to 

create the optimal design.  

After analyzing the calculations, a cylindrical plug was chosen to maximize contact 

surface area between the inflatable plug and pipe. Images in the appendix illustrate the 

design with specific measurements. Also, air will be used to inflate the plug using a hand 

pump. Deflating the plug will need a vacuum pump and it has become part of the 

project scope to provide the client with both a pressure and vacuum hand pump.  

B. Calculations 

In order to calculate both the water pressure the inflatable valve needs to withstand 

and the coefficient of static friction that the material the valve is made out of needs to 

have some calculations were required.  In order to calculate the pressure needed in the 

valve we needed to use Bernoulli’s equation.  The flow rate at the entrance to the pipe 

was assumed to be 50 gal/min.  However for the equation we need to use the velocity is 

needed instead so we used the relationship of Q = V x A to calculate the velocity with 

the area being the area of the inside of the pipe assuming a 6 inch diameter and the 

flow rate, Q, being the assumed value above.  This value turned out to be 34.04 ft/min.  

From there we could calculate the velocity at the bottom of the pipe using the potential 

and kinetic energy of the water which is modeled by the equation mgh1 + ½mV1
2 =  

mgh2 + ½mV2
2 which gave us a value of 42.44 ft/min.  After using an assumption of the 

amount of water present over a specific area of pipe and calculating the water pressure 

of that for P1 we were able to finally use Bernoulli’s equation to calculate the ending 

pressure.  This equation gave us the value of 63.94 lb/ft2 for P2 which is the expected 

water pressure at the bottom of the pipe.  With the value for the pressure of the water 

on the valve we could then calculate the minimum coefficient of static friction the 

material for the plug must have in order to stay in place and not slip in the pipe.  This 

was calculated using a simply force diagram and revealed the value of μ to be 0.18. 
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1. Equations Used 

Flow rate calculation: 

          

Energy balance calculation: 

      
 

 
   

        
 

 
   

  

Pressure calculation: 

    
 

 
 

Bernoulli’s equation: 

     
 

 
  
  

  
 
      

 

 
  
  

  
 

 

Force balance: 

∑                   

∑               

  
    

    
  

  
      

 

C. Modeling the System 

Since traveling to Wyoming is not an option to test the prototypes being developed a 

model was created to represent the farmer’s irrigation system at the Wyoming ranch. A 

25-foot length of irrigation pipe with gates was picked up from a University of Arizona 

farm. At the Agricultural and Biosystems Engineering Farm, the length of pipe was 

arranged near the sump tank in order to recycle the water used for experiments. 

Although the actual grade of the farmer’s irrigation pipe system is 1% (6 feet over 600 

feet) the pipe was set at an 8% grade to obtain conservative, robust results. Also, the 

actual farm has a gravity-fed water system so the end-of-line pressure will be very little 

relative to the pressure we were modeling with a sump pump powering high velocity 

water into the modeled pipe system. The model was created to be conservative on 

purpose in order to ensure testing at worst conditions to guarantee the robustness of a 

prototype when successful.   

The sump pump had to be redirected with various lengths of PVC pipe to bring the 

water from the tank to reach the 10 foot high entrance to the pipe. See the Appendix 

for an illustrated view of the setup.  
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D. Manufacturing Process 

In the manufacturing process, a number of readily available tools were used as well as 

over the counter options and a professional manufacturing company.  The initial design 

of our prototype was not quite cylindrical in shape, but expanded to a roughly cylindrical 

shape in order to block the pipe.  This design had the Schrader valve at the end of the 

tube coming from the main balloon and required extensive research into materials. 

Upon completion of the research, we concluded that urethane plastic would be the best 

material to meet the design requirements.  It had both the durability characteristics as 

well as the flexibility characteristics we needed to fit the prototype through the gates in 

a practical manner.  After deciding on a design and material, we located a manufacturer 

to make the prototype for us as we determined we did not have the skills to make a high 

quality prototype. 

After research into manufacturers and a close look at our budget, we decided that 

Polyfabrics, based out of Orange, California would be the best manufacturer for us to 

use.  Polyfabrics was able to make the product geometries we needed with the material 

requested.  After contacting Polyfabrics we sent the company SolidWorks drawings and 

models as well as an extensive description of what we were looking for in our prototype.  

The price of the initial prototype was $120 and Polyfabrics guaranteed their product 

would meet our requirements.  We shipped a sample of our pipe that was 

approximately 3 feet long and had one gate on it in order for the company to perform 

basic tests before shipping it to us. 

Upon receiving our initial prototype from Polyfabrics, we tested it and found that it 

worked but had some minor design flaws so we went back to SolidWorks and sent a 

new design to Polyfabrics after an extended phone call to ensure they understood our 

new design requirements.  Amongst these new design requirements was a new 

material.  While on our phone call with Polyfabrics, we discussed new materials for our 

design as we had to alter the surface characteristics of our first design; we decided upon 

double polyclear.  We also discussed a different, spherical design as well as a altering 

the location of the Schrader valve to directly on the balloon such that we could use a 

more durable tube to the outside of the pipe for inflation.  These two prototypes were 

$60 each for a total of $120. 

We received the prototypes the day before design day and found that many of the 

design changes we had requested and believed had been clearly communicated to our 

manufacturer were not present.  At this stage we were required to alter the product 

ourselves using a plastic epoxy and cutting utensils.  We removed the double polyclear 
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tube leading from the balloon to the Schrader valve and placed the Schrader valve 

where it was.  However, upon doing this, we found leaks at the seams of the prototype 

where it had been heat treated by the manufacturer on the cylindrical design.  The 

spherical design we sent to the manufacturer came back as a disc and upon 

pressurization towards a spherical shape—this shape was never achieved—burst at the 

seam. 

E. Redesign Process 

After receiving the initial design prototype, we immediately found some design flaws as 

well as some aesthetic flaws.  The primary design and aesthetic flaw were combined in 

one component as the tube that went from the main balloon part to the Schrader valve.  

The design flaw in this was based upon durability concerns and kinks in the tube 

preventing air flow in either direction.  A quick examination of the system revealed that 

the Schrader valve could be easily relocated to the main body of the prototype and the 

tube could be replaced with a more durable rubber tube that would not kink. 

The other main problem with the design was the material.  The initial prototype had 

issues with minor leakage downstream of the prototype and these were solved with 

Plasti-Dip®.  While this was a good temporary solution, it was not a good permanent 

solution as additional testing showed wear on the Plasti-Dip® coating.  To fix this 

problem we discussed materials with our manufacturer Polyfabrics.  Our initial idea was 

using butyl rubber as previous tests had showed that this was a viable option, however, 

Polyfabrics was unable to process this material.  Upon further conversation with our 

manufacturer, we decided on double polyclear as it would also meet our design 

requirements for flexibility and durability.  When ordering the new cylindrical prototype, 

we also ordered a spherical prototype. 

To fix these prototype problems, we purchased a plastic epoxy and removed the tubes 

and Schrader valves ourselves When we received our new prototypes, we immediately 

found that our main design and aesthetic flaws had not been addressed by the 

manufacturer despite our clear insistence that the Schrader valve should be directly 

attached to the main body of the prototypes.  The prototypes were however, made of 

double polyclear as we had ordered. 

To fix these prototype problems, we purchased a plastic epoxy and removed the tubes and 

Schrader valves ourselves, rather than ordering new prototypes from the manufacturer.  

While our modifications to the two prototypes were successful, we quickly found out 

that the cylindrical prototype had a leak at one of the heat treated seams—not at a 

location we had altered—while the new location of the Schrader valve held air 
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sufficiently for our purposes.  The spherical prototype appeared to hold air quite well, 

but upon pressurization, it burst at one of the outer seams—again, not at a location 

altered by us—and was rendered useless. 

Although the prototypes have failed, proof of concept has proven successful. The last step is to 

find a new manufacturer to construct a product true to dimension and sufficiently heat sealed for 

durability.  

F. Cost Analysis 

 

 

 

 

 

Budget Breakdown Cost ($) Running Total ($) 

Budget 500 500 

Prototyping 240 260 

Pump Hoses 40 220 

Vacuum Pump 70 150 

Poster 120 30 

   

SAVINGS  $ 30 

 

  

O Cost Breakdown: 
O $120/prototype 
O $10 for bike pump tube 
O $40 for pumps 

O Total: $170 for entire system (when not mass produced) 
O Least expensive butterfly valve: $308 
O Most expensive butterfly valve: $850 
O SAVINGS: $138 conservatively 
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VI. Conclusions 
After proposing three alternatives the team and client agreed upon the cylindrical 

design. The next steps included finalizing the design prototype, ordering the prototype 

from manufacture, testing it at the ABE machine shop, and revising to beyond 

satisfaction. 

The final step remaining is to send the final product to our client, which is the cylindrical 

inflatable plug made of Double Polyclear rubber with a Schrader valve on the plug itself 

that is attached to a tube for a bike pump or something similar that will extend outside 

of the gate and with a dog tag to attach a chain with a wooden bar at the end as a 

failsafe to keep the plug in place in case there is failure for some reason.  The plug itself 

is six inches in diameter with a length of five inches according to the Solidworks design 

we sent to the manufacturer, Polyfabrics.  The thickness is half an inch so that the 

material still is durable but also fits through the 1” x 2.75” gate when it is fully deflated. 

We also will have a reversible hand pump for our client to both inflate and deflate the 

plug easily for when the plug is inserted into the gate as well as when it is removed.  

Since the pump is a hand pump it will be easily carried out to the pipe without creating 

an extra burden for the farmer to carry. 

 

After testing our final design against a sump pump with a high flow rate and at a steep 

angle modeling the full six foot drop the plug would experience by the end of Mr. Fran 

Fox’s pipeline the plug withstood the water pressure without water leakage.  This did 

not change even when sediment was added to the pipe, which was an important test 

since it was the sediment that caused the current damming system to fail.  The plug also 

stayed in place when being inflated in an already wet pipe and displayed an even 

distribution of water out of the gates that were prior to the gate that the plug was 

inserted into.  And once a vacuum pump was obtained removing the plug through the 

gate was just as easy of a task as inserting it was, confirming the user-friendliness of our 

design. 

 

Therefore, with the product passing all of our tests and withstanding a model that 

simulated larger pressures than anything Mr. Fran Fox himself should experience the 

product is ready to be delivered with confidence that it will work in such a way that the 

client requested 
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VII. Appendix A: Semester II Figures 

A. Design: Portable Inflatable Plug  

 

Figure 1. Inflatable, Portable Plug SolidWorks  

 

Figure 2. Inflatable, Portable Plug Prototype with PlastiDip 
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B. Redesign: Portable Inflatable Plug SolidWorks Designs 

 

Figure 3. REDESIGNED Portable, Inflatable Plug SolidWorks showing Schrader valve attachment 

 

Figure 4. REDESIGNED Portable, Inflatable Plug Prototype 
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C. Irrigation Pipe Model System 

 

Figure 5. PVC pipe leading from pump to 10 foot high pipe 

 

Figure 6. 25-foot length of pipe set up above sump tank 



Portable, Inflatable Plug for Gated-Pipe Irrigation 2010/2011 
Academic Year 

 

23  
 

D. Experiment Pictures 

 

Figure 7. Experiment with Prototype 

 

Figure 8. View of prototype inside pipe during testing 
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VIII. Appendix B: Semester I Figures 

A. Alternative #1 SolidWorks Designs - REJECTED 

 
Figure 9: Inflatable Valve Top View 

 

Figure 10: Inflatable Valve perspective view 
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Figure 11: Inflatable valve front perspective 

B. Alternative #2 SolidWorks Designs - REJECTED 

 
Figure 12: Portable Butterfly Valve 
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Figure 13: Portable butterfly valve ready to be placed in gated pipe 

 

Figure 14: Portable butterfly valve ready for insertion

 

Figure 15: Front view of portable butterfly valve 
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Figure 16: Side view of expanded portable butterfly valve 

 

Figure 17: Back view of expanded portable butterfly valve 
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C. Alternative #3 SolidWorks Designs - REJECTED 

 

Figure 18: Insertable butterfly valve 

 

Figure 191: Insertable butterfly valve front/back view 
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