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1 EXECUTIVE SUMMARY 

The U.S Environmental Protection Agency‘s (EPA) National Vehicle and Fuel Emissions Laboratory 

(NVFEL) is in the process of improving hydraulic hybrid technology, with specific application in 

improving the fuel economy of delivery trucks for the United Parcel Service (UPS). The hydraulic 

hybrids utilize a high and low pressure accumulator system with a pump and motor to store and transfer 

energy to the vehicle. A problem that the EPA is facing is the permeation of nitrogen gas from the high 

pressure accumulator into the hydraulic fluid. This gas eventually can build up and cause damage to 

various components of the hydraulic system due to cavitations. A new piston seal arrangement has been 

developed by a previous ME450 team to reduce the permeation of gas into the hydraulic fluid, but has yet 

to be validated. Our task is to create a fixture that can successfully test the new piston seal arrangement 

and to provide the EPA with our results. 

 

Our sponsor, Dr. Moskalik, has specified several requirements that we have used to generate a set of 

engineering specifications. These requirements include safety, gas permeation approximation, moveable 

by one person, cost effective, and minimize waste whenever possible. From these customer requirements 

a set of engineering specifications was established, as shown in the table below. 

Engineering Specification Value Unit 

System input air pressure < 100 psi 

Pressure vessel rating > 200 psi 

Seal and fitting rating > 300 psi 

Leakage of nitrogen gas accuracy ±100 % concentration (mol/gal) 

Weight < 50 lbs 

Size 48 L x 10 W x 10 H inches 

Cost < 2000 USD 

Sample size 0.1 - 0.16 gal 

Test cycles 4000 cycles/day 

Based on the customer requirements and engineering specifications, approximately 20 concepts were 

created. The chosen concept utilizes compressed air to actuate the pistons. This concept was selected 

since it replicates the full scale very closely, is relatively inexpensive, and provides the maximum amount 

of safety. The final design was derived based on this concept. The final design utilizes compressed air as 

the means of actuation, and olive oil as the working fluid. In addition to testing the concept piston 

developed by the previous ME450 team, we have manufactured a reference piston which is similar in 

design to the piston currently used in the full scale system.  

 

Upon evaluation of our testing results it was determined that the concept piston (in its current design 

state) provided very erratic results in comparison to the reference piston. Using our best engineering 

judgment we have concluded that the concept piston does not provide a significant performance 

enhancement in comparison to the reference piston. We have predicted that the current full scale system 

would experience a permeation of 11,000 
+43,000
−11,000

 moles of gas over a 10 year period.† 

 

The error in the scaled permeation rate can be directly correlated to a high standard deviation as a result 

of limited testing time. Although we set aside approximately two and a half weeks for testing, this error 

would be reduced by further testing of both pistons, which we strongly recommend. We also feel that the 

concept piston should be redesigned with wear rings to aid in the actuation process, thus providing more 

stable results and giving a better indication of the performance of the concept piston. 

 

Seeing that our final design satisfied eight of the nine engineering specifications, with a few design 

changes we feel that our test fixture would be a very valuable tool for the EPA in their development of 

hydraulic hybrid technology. 
†: It is not possible to have negative permeation in the system, thus the difference in plus and minus errors 
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2 INTRODUCTION 

The current accumulator system in UPS trucks, which utilizes a rubber bladder to store nitrogen gas, has 

convinced the EPA to reconsider how it is designed. In particular, the method in which the hydraulic fluid 

is compressed has been a design topic for not only the EPA, but previous ME450 teams. The current 

rubber bladder is semi-permeable allowing the nitrogen gas to leak into the hydraulic system and cause 

cavitations to damage critical components over time. Minimizing nitrogen gas permeation into the 

hydraulic fluid reduces cavitations and thus damage done to hydraulic machinery. 
 

As a result, a previous ME450 team has designed an accumulator piston that utilizes two seals like most 

conventional pistons, but in between the seals a cavity is filled with hydraulic fluid. The cavity fluid is an 

attempt to absorb any gas that does leak past the first seal by becoming saturated. The principle behind 

the design is that the saturated fluid will have a more difficult time permeating through the second seal 

when compared to a gas. There is no conclusive data from cyclic testing to validate the design concept. 

Our team has been tasked with designing a test fixture to cycle the piston and seal design and determine 

how much gas has permeated into the hydraulic fluid. 

2.1 Motivation 

As the world‘s energy needs continue to grow, reducing the fuel consumption of transportation vehicles is 

becoming increasingly important. In an effort to contribute to this initiative, the EPA is developing a 

hybrid hydraulic vehicle (HHV) system that could be equipped on larger vehicles. In particular, the EPA 

has partnered with the UPS to test the hybrid hydraulic systems on delivery trucks. In laboratory tests, 

utilizing the hydraulic hybrid technology has been shown to increase fuel economy by 60-70% while 

reducing carbon emissions by 40% [1]. 

 

Hydraulic hybrids have several attractive advantages over current hybrids that utilize battery and 

generator configurations for power distribution and storage. The main advantage is that the braking 

energy, which would normally be lost in a conventional vehicle due to friction, is harnessed in a hydraulic 

hybrid. A hydraulic hybrid system costs approximately 15% of the base price of a vehicle, which allows 

the cost to be offset by fuel and maintenance savings in a relatively short amount of time [2]. When used 

in a high service application where braking occurs frequently and the vehicle is large enough to house the 

necessary equipment, a hybrid hydraulic system is very advantageous. 

 

A reliable and accurate test fixture to validate the previously created seal arrangement would inform the 

EPA if the novel seal design is worth pursuing. If the seal design is successful and the data presented from 

our test fixture is reliable, the EPA would be able to further pursue the particular seal design and thus 

improve their hydraulic hybrid vehicle technology. 

2.2 Background 

As an electric car utilizes batteries for a power storage medium, a HHV utilizes accumulators to store 

power. The EPA‘s current design utilizes a rubber bladder to separate the working hydraulic fluid from 

the nitrogen gas. The bladder design allows for the easy contraction and expansion of the nitrogen. There 

is a high pressure accumulator and a low pressure reservoir along with a pump that is powered by a 

conventional combustion engine as shown in Figure 2.1. The rear pump utilizes the pressure from the 

hydraulic fluid and converts the pressure into torque for the wheels.  
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Figure 2.1: Hydraulic hybrid fluid flow and configuration [2] 

In a hydraulic hybrid series configuration, the conventional driveshaft is eliminated and replaced with the 

above mentioned rear pump-motor. Not only does the engine operate in its most efficient mode, frictional 

loads experienced from traditional drive-trains are further reduced. In addition, when the vehicle is 

braking, hydraulic fluid is transferred from the low pressure reservoir to the high pressure accumulator as 

a result of the hybrid controller monitoring driver behavior. Potential energy is stored in the high pressure 

accumulator‘s nitrogen bladder, and can later be transferred to the hydraulic fluid flowing to the rear 

pump. This pump powers the wheels when the driver wants to accelerate [2]. Operating conditions in the 

high and low pressure accumulators range from 2000 psi when accelerating to 5000 psi when braking in 

UPS trucks.  

3 SPECIFICATIONS 

The requirements for the project have been communicated to us by Dr. Andrew Moskalik. These 

requirements focus on the safety of the test fixture and the proof or disproof of the piston seal concept 

developed by a previous ME450 team. The project requirements are summarized in Table 3.1 below.  

3.1 Project Requirements 

Our test fixture will be used to determine whether or not the piston seal concept, developed by a previous 

ME450 team, is worthy of further experimentation by the EPA. Our test fixture must be safe and provide 

strong insight as to whether or not the piston seal design is effective in preventing leakage of nitrogen gas 

into the hydraulic fluid. 

 

Project Requirement Project Requirement Summary 

Safety There should not be any safety hazards to device users or environment 

Leakage of nitrogen gas Amount of nitrogen gas leaked into hydraulic fluid should be measured 

Accurate measurements The measurements of nitrogen gas in hydraulic fluid should be accurate 

Easily moveable The device should be easily moveable by one person 

Cost effective The device should be cost effective but not sacrifice test safety 

Minimize waste No unnecessary contamination of hydraulic fluid with nitrogen 

Table 3.1: Project requirements for the piston seal test fixture 

3.1.1 Safety 

The most important requirement outlined by Dr. Moskalik is that our test fixture be safe. The test fixture 

must not fail when subjected to testing conditions. Safety was presented to us as a requirement that would 

always dominate when compared with any other requirement or suggestion. Any threat to the safety of the 
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users or their environment while we build and use our fixture will be deemed unacceptable by the EPA as 

well as the University of Michigan. 

3.1.2 Leakage of Nitrogen Gas 

The purpose of building our test fixture is to analyze the amount of nitrogen gas that leaks past the piston 

and into the hydraulic fluid during normal operation. Dr. Moskalik would like us to measure this amount 

using our test fixture and approximate how much nitrogen gas would be expected to leak into the 

hydraulic fluid in the full scale device. 

3.1.3 Accurate Measurements 

The test fixture must provide accurate and reliable measurements of nitrogen gas concentration dissolved 

in the hydraulic fluid. It is necessary for Dr. Moskalik and the EPA to have high confidence that the 

piston seal design is effective at reducing the transfer of nitrogen gas into the hydraulic fluid in order to 

pursue further testing of the design. 

3.1.4 Easily Movable 

Dr. Moskalik prefers that our test fixture be moveable by one person. While visiting the EPA for our first 

sponsor meeting, we witnessed Dr. Moskalik move the previously designed test fixture onto a shelf. Dr. 

Moskalik would like to be able to do the same with our test fixture. 

3.1.5 Cost Effective 

Dr. Moskalik also suggested that our test fixture should be cost effective. However, it should not be so 

cost effective as to infringe upon the safety of the test fixture. Dr. Moskalik suggested that we should first 

use up the $400 budget provided by the University of Michigan and then provide justification for the 

additional expenses to be covered by the EPA. 

3.1.6 Minimize Waste 

The amount of waste produced by our device should be minimized. Waste generated by our device could 

include using hydraulic fluid for unnecessary testing procedures, poorly defined testing procedures that 

must be repeated, and unnecessarily large testing sample sizes. 

3.2 Engineering Specifications 

Through conversations with Dr. Moskalik and team meetings, we were able to generate a set of 

engineering specifications shown in the table below. Descriptions of the engineering specifications and 

how they were derived from the project requirements can be seen below. 

Engineering Specification Value Unit 

System input < 100 psi 

Pressure vessel rating > 200 psi 

Seal and fitting rating > 300 psi 

Expected leakage of nitrogen gas 

accuracy 

±100 % concentration (mol/gal) 

Weight < 50 lbs 

Size 48 L x 10 W x 10 H inches 

Cost < 2000 USD 

Sample size 0.1 - 0.16 gal 

Test cycles 4000 cycles/day 

Table 3.2: Engineering specifications for the piston seal test fixture 
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3.2.1 System Input 

Safety was the number one priority communicated to us by Dr. Moskalik. In order for our device to 

operate safely, we will be using a scaled down pressure from what is used in the actual system. We plan 

to use the compressed air available at the University of Michigan, which would apply a maximum 

pressure of 100 psi, to cycle the piston in the cylinder. We initially set the limit for the compressed air to 

be 150 psi, but after talking with machine shop personnel, we realized that 100 psi is a more realistic high 

pressure. This approach has been deemed an appropriate piston cycling method by our sponsor. The 

pressure in the actual system can reach upwards of 5000 psi, which would not be safe to try to replicate in 

a scaled down system. Therefore, using a reduced pressure will yield a much safer testing environment 

than attempting to replicate the full scale system. 

3.2.2 Pressure Vessel, Seal, and Fitting Rating 

Following from the scaled down test pressure of 100 psi maximum, we will ensure that the pressure 

vessel is rated to at least 200 psi and all seals and fittings are rated to at least 300 psi. Dr. Moskalik 

communicated that he would like the pressure vessel to be rated to at least two times the maximum 

pressure and the seals and fittings to be rated to at least three times the maximum pressure. Using these 

ratings, we can avoid damage to our test fixture and its users.  

3.2.3 Expected Leakage of Nitrogen Gas Accuracy 

After meeting with Dr. Moskalik, he made it clear that he wasn‘t very concerned with the accuracy of the 

device itself. What he is really concerned with is for us to be able to tell him how much gas would be 

expected to leak into the full scale system within a factor of two with certainty. There will not be much 

value added in significantly reducing this error. Again, the end goal of our project is to be able to say 

whether or not the piston seal arrangement is effective at reducing the amount of gas that permeates into 

the hydraulic fluid. If we come up with a contamination concentration that is much less than the current 

system, then the EPA will be able to continue further testing with the piston seal arrangement. Therefore, 

we are setting the accuracy level to ±100% moles of nitrogen gas per gallon of hydraulic fluid for the 

number that we will report to the EPA. Dr. Moskalik even mentioned that double this number would be 

acceptable to him. Currently, the piston that the EPA uses is very poor at preventing permeation of 

nitrogen gas into the hydraulic fluid. He is very relaxed with the accuracy of this number because he is 

not looking for a small change in permeation but rather a large change in permeation to be able to justify 

further investigation into the piston concept. 

3.2.4 Weight 

In order for our test fixture to meet Dr. Moskalik‘s requirement of being moved by only one person, we 

decided on a maximum weight for our test fixture of 50 lbs. We initially decided on 50 lbs for the weight 

limit when it is full of fluid. However, we realize that this was an unrealistic specification. The system 

will not need to be transported when it is full of fluid, rather it will be transported dry with no fluid. When 

there is no fluid, there won‘t be any pistons inside the cylinder. Therefore, this weight limit will apply to a 

dry system with no pistons in it. In the case where the fixture will need to be moved, we have calculated 

the maximum weight that a healthy male could lift based on NIOSH Lifting Guidelines. Several 

assumptions have been made including the distance of lift, the frequency of lifts, and the gender of the 

person lifting the fixture. The NIOSH Lifting Guidelines worksheet results are shown in Appendix D.1 . 
Our sponsor informed us that the weight limit could be exceeded if a compromise for improving safety or 

accuracy was made. 

3.2.5 Size 

The size of the test fixture will also limit whether or not it can be moved by a single person. To 

accommodate this request, we decided that the base of our test fixture should not be more than 4‘ long, 

10‖ wide, and 10‖ high. These dimensions will allow the fixture to be stored on a standard 4‘ x 4‘ palette. 



15 
 

There will likely be extremities, such as valves and piping, that may exceed these limits, but the 

requirement will be satisfied if the base fits inside these size constraints. The test fixture built by the 

previous ME450 team was similar in size to these specifications and could be moved by a single person, 

thus our test fixture will also be moveable by a single person if we remain within these limits. 

3.2.6 Cost 

Dr. Moskalik mentioned that our device should be cost effective without compromising safety while 

testing. We are estimating that our maximum budget will be $2000. This includes the university provided 

$400 and a maximum EPA budget of $1600. We do not foresee having to exceed this budget, but we will 

ensure that Dr. Moskalik is aware of this before making major design decisions that may raise the budget 

above $2000. 

3.2.7 Sample Size 

The sample size that must be extracted from the system in order to effectively measure the amount of 

nitrogen in hydraulic fluid was specified as 0.1 – 0.16 gallons (350-600mL) by the previous ME450 team. 

In addition to extracting a small sample size, we will carefully plan each test in order to avoid running 

unnecessary or poorly designed tests that will lead to wasted hydraulic fluid. 

3.2.8 Test Cycles 

In order to build an accurate model of the full scale system, we need to know that our model will be able 

to complete a sufficient amount of cycles/day. We have decided to manufacture our test fixture at 

approximately one third scale of the full scale system. This scale is justified by the availability of sizes for 

the specialty seals needed and the standard inner diameter sizes for aluminum cylinders that are available. 

Seeing that our prototype will use a piston size approximately one third of the full scale model, we 

estimated that the full stroke of the piston should also be one third of the actual accumulator stroke. Using 

this, and data provided by Dr. Moskalik about the number of cycles in a given time period, we were able 

to estimate that our prototype should be able to achieve 4,000 cycles/day. We are defining a cycle to be 

the displacement of the piston from low pressure to high pressure, and then back to low pressure. The 

total number of cycles per day is determined by how many hours per day that we can test. Since someone 

should be present at all times to monitor the system, it is not feasible to assume that we will be able to test 

24 hours per day seeing as we are all students with other commitments. See Appendix D.2 for 

justification and supporting data of our estimated cycles per day. 

3.3 Quality Function Development 

To analyze which engineering specifications should be of the greatest concern to our group, we created a 

quality function diagram to weigh the project requirements and engineering specifications against one 

another. The QFD can be seen in Appendix D.3 From the QFD, we learned that the engineering 

specification that has the heaviest weight on the success of our project is the accuracy of the nitrogen gas 

measurement. This is intuitively correct, because the whole purpose of our experiment is to identify 

whether or not the piston seal arrangement is effective in reducing the amount of nitrogen gas transferred 

into the hydraulic fluid. If this is not measured with the correct level of accuracy, then there is no way that 

the piston seal arrangement can be deemed effective or ineffective. The second and third engineering 

specifications with the largest weight are the pressure vessel, seal and fitting ratings, and the scaled down 

pressure, respectively. Dr. Moskalik emphasized safety from the beginning, so it is no surprise that the 

safety engineering specifications are heavily weighted in the QFD. In conclusion, the QFD tells us that we 

should focus on making accurate and reliable measurements of the amount of nitrogen in the hydraulic 

fluid while also ensuring that our testing device is safe for the users and the environment. 
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4 CONCEPT GENERATION 

In order to develop concepts for the test fixture, our group developed a functional decomposition. With 

the necessary functions of the device in mind, we were able to brainstorm various designs. While some of 

these designs are not very feasible with the resources, materials, and budget available, they are were 

developed to satisfy the main functions established by the functional decomposition. From all the 

concepts generated, the five most realistic are discussed in detail in the following sections. A functional 

flow diagram can be seen in Appendix D.4 and additional concepts can be seen in Appendix I  

4.1 Functional Decomposition 

In order to determine the various functions required in the test fixture, a functional decomposition was 

developed. The high level functions that are desired for the test fixture are listed below: 

 

1. Allow for system to be filled with olive oil prior to testing 

2. Allow for pressure of the air, that will be eventually compressed, to be altered prior to test cycle 

3. Cycle the piston seal arrangement in a cylinder to simulate conditions of the full scale system 

4. Allow depressurization of system after test cycles 

5. Measure the amount of gas that is dissolved in olive oil 

6. Allow for removal of fluid after testing is complete 

 

These functions will ensure that our test fixture will perform the necessary tasks to adequately test the 

piston concept. In addition to these functions, lower level sub functions were developed to provide greater 

insight into how the high level functions will be achieved by the test fixture. The lower level sub 

functions are listed below, along with their high level functions: 

 

1. Allow for system to be filled with olive oil prior to testing 

1.1. Position test fixture appropriately 

1.2. Pour fluid into the system 

1.3. Minimize the amount of air bubbles initially present in the fluid chamber 

2. Allow for pressure of the air, that will be eventually compressed, to be altered prior to test cycle 

2.1. Connect air reservoir to compressed air source 

2.2. Open valve to achieve appropriate amount of pressure 

3. Cycle the piston seal arrangement in a cylinder to simulate conditions of the full scale system 

3.1. Cycle the fluid between desired high/low pressure to compress/decompress air 

4. Allow depressurization of system after test cycles 

4.1. Open air valve to release pressure from system 

4.2. Depressurize fluid without exposure to atmospheric air 

5. Measure the amount of gas that is dissolved in olive oil 

5.1. Open valve to allow for fluid transfer into gas tester or measure concentration through 

another method 

6. Allow for removal of fluid after testing is complete 

6.1. Position test fixture appropriately 

6.2. Pour fluid out of system 
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4.2 Design Concepts 

4.2.1 Force Actuating Gas Tester 

For this concept, the user will initially fill the system with fluid by disassembling it and placing fluid in 

the concept piston pocket and concept-to-actuator pocket in Figure 4.1. The system will be initially 

pressurized by inputting compressed air through the valve on the left hand side of the vessel in Figure 4.1. 

Actuating the piston involves an electric motor connected to a flywheel and a rod. As the motor turns, the 

rod is displaced such that it pushes or pulls the piston that is connected to the rod. This will push on the 

fluid, which will then push on the concept piston and compress the air on the left hand side of Figure 4.1. 

It will also allow the air to expand and push the concept piston back to its original position. To measure 

the gas concentration in the fluid after cycling, this system relies on a change in volume of the air. The 

pressure, temperature, and volume will be initially measured at an arbitrary system position and then 

measured at the same position after cycling. Using changes in pressure, temperature and volume, the 

amount of gas that permeated into the fluid would be calculated as in the gas tester; with the ideal gas 

law. The system would then be depressurized by opening the valve to release the pressurized air. The 

fluid would then be removed by disassembling the system and pouring the fluid into an appropriate 

disposal container. 

 

 

Figure 4.1: Force actuating gas tester  
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4.2.2 Hydraulic Pump Fixture 

Another design that was considered is a design that resembles the full scale system. It has a low pressure 

reservoir and a high pressure reservoir. The system will be initially filled with hydraulic fluid by taking it 

apart and putting fluid in the piston pockets and area in between the pistons as seen in Figure 4.2. The 

system will be initially pressurized by inputting a certain amount of pressurized air in each reservoir 

through respective valves that are on the left side of each reservoir in Figure 4.2. In this concept, a pump 

is used to pressurize and depressurize the high pressure reservoir from high pressure to low pressure thus 

cycling the piston. The pump would be turned on to pressurize the high pressure reservoir to a set high 

pressure and then turned off until the system reached a set low pressure and then the cycle would be 

repeated. After the cycling was completed, the system would be depressurized by opening the valves that 

were used to pressurize the system. The gas tester developed by the previous ME450 team would be used 

to extract fluid from the valve, in the lower right in Figure 4.2, and test the concentration of gas dissolved 

in the fluid. The system would then be disassembled and the fluid would be poured into an appropriate 

disposal container. 

 

Figure 4.2: Hydraulic pump fixture 

  

Low Pressure Reservoir 

 

 

 

High Pressure Reservoir 
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4.2.3 T-Bracket Fluid Extractor 

This design is somewhat analogous to the test fixture design developed by the previous ME450 team that 

developed the piston seal arrangement. The system will be disassembled and fluid will be placed in the 

piston pockets and area in between the pistons as seen in Figure 4.3. The system will then be pressurized 

by inputting air into the system via the valves on either side of the system as seen in Figure 4.3. In Figure 

4.3, compressed air would be input on the left side and used to cycle the concept pistons. The system 

would be pressurized to the set high pressure and then depressurized to the atmospheric pressure by 

opening the other valve on the left side. This change in pressure would move the pistons back and forth in 

the cylinder. Instead of having one continuous pressure vessel, this system is split up into two. This 

avoids having a hole in the middle of the pressure vessel through which fluid is extracted. To depressurize 

the system, valves on either side of the cylinder are opened. In this case, the fluid is extracted through the 

valve in the center of the system and the concentration of gas is measured using the gas tester from the 

previous ME450 team. After testing is complete, the fluid is removed from the system and poured into an 

appropriate disposal container.  

 

Figure 4.3: T-Bracket fluid extractor 
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4.2.4 Air Actuator with Reference 

Another concept that was developed is to test both the concept piston and a reference piston similar to 

what is currently used in the full scale system. By testing both piston designs in the same test setup, we 

would be able to compare the two designs directly under the same testing conditions. This would 

eliminate the strong dependence on scaling our results to full scale to validate the piston concept. Figure 

4.4 shows the test fixture with the concept piston and Figure 4.5 shows the test fixture with the reference 

piston. Initially, the system would be disassembled and fluid would fill the piston pockets and area in 

between the pistons shown in Figure 4.4 and Figure 4.5. The system would then be pressurized by 

inputting compressed air through valves on both sides of the system. Instead of cycling air from just one 

side, air would be cycled from both sides using three way solenoid valves to control the flow. One side 

would be pressurized to the set high pressure and then depressurized to the set low pressure. Then, the 

other side would be pressurized to the set high pressure and then depressurized to the set low pressure. 

This would constitute one full cycle. Instead of using atmospheric pressure as the low pressure like the 

previous group, this design utilizes pressure relief valves to relieve pressure to a set low value. This is 

more like the full scale system in which the low pressure of the reservoir is higher than atmospheric 

pressure. To cycle the pistons, this design would also need pressure transducers, a power supply, a data 

acquisition device, and a computer to control the solenoid positions and pressure inside the vessel. To test 

the fluid after cycling, the gas tester from the previous ME450 group will extract fluid from the center of 

the device. The pressure vessel will likely be made out of aluminum, which is what the full scale system 

vessel is made out of. Using aluminum instead of a clear material is more indicative of the full scale 

system and will withstand higher pressures due to its higher strength. To overcome a lack of visibility, 

there will be a sight glass at the highest point in the system. This is essentially a see-through end cap so 

that any air bubbles in the system can be visualized. After the test is complete, the system will be 

disassembled and the fluid will be poured into an appropriate disposal container. 

 

 
Figure 4.4: Air actuator with concept piston 

 
Figure 4.5: Air actuator with reference piston 
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4.2.5 Double Experiment Fixture 

Another idea that was brought forth by Professor Krauss is to test both piston concepts in a single 

pressure vessel. They will be arranged as shown on the following page with an air pocket in the middle of 

the two concepts. Initially, the system will be disassembled and the piston pockets and the area between 

similar piston designs will be filled with fluid as seen in Figure 4.6. The system will be initially 

pressurized by inputting compressed air through valves on either side and in the center of the system. To 

cycle the pistons back and forth in the cylinder, solenoids 1 and 2 will pressurize the system at the same 

time to compress the air in the center of the system and then depressurize. Solenoid 3 will compress the 

air on the sides of the test fixture and then depressurize. As with the ‗Air Actuator with Reference‘ 

design, this system will utilize solenoid vales, pressure relief valves, pressure transducers, power supplies, 

data acquisition device, and a computer to control the pressure of the system. This pressure vessel would 

also be made out of aluminum utilizing glass sights to visualize air bubbles in the fluid. For each piston 

design, fluid will be extracted through the respective location in the pressure vessel and will be tested 

using the gas tester. Once testing is completed, the fluid will be poured into an appropriate disposal 

container.  

 
Figure 4.6: Double experiment fixture 

5 CONCEPT SELECTION 

To determine which of the top five concepts would work best in our experiments, we constructed multiple 

Pugh charts. We first looked at the different functions that our test fixture must be capable of performing. 

We determined the functions from the functional decomposition previously discussed. Every concept that 

we developed had two functions: cycling the test fixture and measuring the gas concentration in the fluid. 

Pugh charts were created for each of these functions to help determine the best concept. After looking at 

many of our designs, we noticed a third function; extracting the fluid, was common. There was much 

debate about the best way to accomplish this, so we decided to create a Pugh chart for this function as 

well, even though every design did not necessarily need this function. The complete Pugh charts can be 

found in Appendix D . 

5.1 Force Cycling Method 

Based on the twenty concepts that were created, there were six main ways that the concept piston could 

be cycled; shop air, hydraulic pump, linear actuator, motor with link, motor with gear, and gravity were 

the concepts generated to cycle the piston. To rank these in a Pugh chart, the selection criteria had to be 

determined, and are included in Table 5.1. The rank for each selection criteria was based on the 

engineering specifications set forth for this project, as well as our sponsor input. We determined that the 

selection criteria would be based on rank rather than percentages, because percentage is very subjective, 

and difficult to accurately distribute for valid justification.  Rank for each selection criteria was 

determined based on the total number of selection criteria. Based on these selection criteria, because there 

were nine, and safety was number one, it received a rank of nine. All of the other Pugh charts follow the 

same procedure for determining rank, although the numbering will change based on the amount of 

selection criteria. Adequate sample size of hydraulic fluid, simplicity of design, and ease of 
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manufacturing are all related to each other, and therefore were not ranked differently. Size and weight are 

also directly related to each other and have the same rank for the aforementioned reasons. 

 

Selection Criteria Rank 

Safety 

Accurate Simulation 

9 

8 

Provide Adequate Pressure 7 

Adequate Sample Size of Hydraulic Fluid 4 

Simplicity of Design 4 

Ease of Manufacturing 4 

Cost 3 

Size 1 

Weight 1 

Table 5.1: Force cycling selection criteria 

After determining the ranks for the selection criteria, the concepts to cycle the piston could be evaluated. 

On a scale of zero to five, five being ‗satisfies perfectly‘ and zero being ‗not satisfied at all,‘ each concept 

was rated for each selection criteria. Each team member independently did the rating before an average of 

each score was taken to take any biases out of the selection process. After the averages were taken, each 

concept to cycle the piston was compared to each of the selection criteria simultaneously. This was done 

to ensure the ratings were accurate, and if certain concepts got lower or higher scores than others, there 

was a reasonable justification for the difference. 

 

After the process of ranking was completed, the sum of the rating multiplied by the selection criteria (for 

each concept to cycle the piston) was determined. The maximum score computed meets the selection 

criteria the best, with the results in Table 5.2. As shown, shop air pressure placed as the best concept to 

cycle the piston; however the hydraulic pump and linear actuator were very close to the top score. The 

difference between the top three concepts was mainly due to the differing complexities and how long each 

would take to manufacture, as well as cost and physical size. This Pugh chart alone is not enough to 

determine which concept is best, so the other two other main functions needed to be analyzed. 

Concept to Cycle Piston Place Total Score 
Percent Difference 

from Highest Ranked 

Shop Air Pressure 1 173.75 0.00 

Hydraulic Pump 2 161.25 7.19 

Linear Actuator 3 159.00 8.49 

Motor and Link 4 143.25 17.55 

Motor and Gear 5 125.25 27.91 

Gravity 6 83.25 52.09 

Table 5.2: Pugh chart results for cycling piston 

5.2 Hydraulic Fluid Extraction 

The same process used for cycling the piston was repeated for the hydraulic fluid extraction from the test 

fixture. Because of the limitations of using a piston, and being constrained by a circular tube which the 

piston must be tested in, there were fewer concepts generated to extract hydraulic fluid. Four main 

concepts were developed from the twenty initial concepts: through the center of the cylinder for both 

acrylic and metal, through the metal endplate, and through a flexible hose that runs through the piston. 

The ranking for each of these concepts was determined, and is in Table 5.3. 

 

To ensure that the highest engineering specifications were stressed in each Pugh chart, they were given 

the same relative rank. For example, with safety being the number one specification, it is consistently the 
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top ranked selection criteria for all the Pugh charts. The same holds true for other important engineering 

specifications that appear in multiple Pugh charts. 

Selection Criteria Rank 

Safety 6 

No Exposure to Atmosphere 5 

No Interference with Piston 4 

Reliability 3 

Simplicity of Design 1 

Ease of Manufacturing 1 

Table 5.3: Hydraulic fluid extraction selection criteria 

The same process as before was done to complete the Pugh chart for the hydraulic fluid extraction. 

Ratings were again done on a scale of zero to five, with five matching perfectly and zero not matching at 

all. The results from the Pugh chart are summarized in Table 5.4. The results from this Pugh chart are not 

as simple as the previous one. The top concept is only valid if there is hydraulic fluid next to the metal 

endplate. This is only likely to happen if there is a single piston concept being cycled, however many of 

the concepts involve two pistons being cycled in a single cylinder. If this is the case, the hydraulic fluid 

cannot be extracted through the endplates, and extraction through the pressure cylinder becomes the 

number one option. The differences between the scores for these concepts stem from the safety concerns 

in each design, as well as the possibility that the concept would interfere with the cycling of the piston. 

Concept to Extract Fluid Place Total Score 
Percent Difference from 

Highest Ranked 

Through Metal Endplates 1 81.00 0.00 

Through Pressure Cylinder (Metal) 2 68.25 15.74 

Flexible Hoses through Piston 3 57.75 28.70 

Through Pressure Cylinder (Acrylic) 4 46.50 42.59 

Table 5.4: Pugh chart results for extracting hydraulic fluid  
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5.3 Gas Permeation Measurement 

After the gas is extracted from the test fixture, the concentration of gas must be measured to determine if 

the piston concept works or not. There were five concepts that were developed to measure the gas 

permeation: Using the gas tester (previous ME450 project), measuring change in volume, seeing gasses 

through a watch glass, separating the fluid from the air (fluid retrieval friendly), and measuring change in 

pressure. The selection criteria for this function were determined in similar ways as the previous 

functions, and are shown in Table 5.5. Again, similar criteria to the previous functions were given similar 

relative ranks. Simplicity of design and ease of manufacturing were too close to differentiate in rank, and 

were therefore given the same rank. The same holds true for size and weight. 

Selection Criteria Rank 

Safety 8 

Accurate Measurement 7 

Reliability 6 

Simplicity of Design 4 

Ease of Manufacturing 4 

Cost 3 

Size 1 

Weight 1 

Table 5.5: Gas permeation measurement selection criteria 

The Pugh chart was completed in the same ways as the previous sections, with each concept rated for 

each selection criteria on a scale of zero through five. The results for the gas permeation measurement 

Pugh chart are shown in Table 5.6. The gas tester developed by a previous ME450 team was the highest 

rated concept, with pressure and volume changes a close second and third. The difference between the 

highest ranked concepts was the accuracy of the measurement, as well as the ease of manufacturing and 

cost. 

Concept to Measure Gas Permeation Place Total Score 
Percent Difference 

from Highest Ranked 

Gas Tester (previous ME450 Project) 1 135.75 0.00 

Measuring Change in Volume 2 114.00 16.02 

Measuring Change in Pressure 3 112.00 17.50 

Fluid Retrieval Friendly 4 101.25 25.41 

Watchglass 5 92.00 32.23 

Table 5.6: Pugh chart results for gas permeation measurement 
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5.4 Reducing Five Best Concepts 

While the Pugh charts for the functionality of the top five designs helped show which met the selection 

criteria better, they did not decisively show what design is best. Many of the functionality concepts were 

closely ranked to each other, so to further analyze which of the five concepts would work the best, we 

constructed another Pugh chart. This Pugh chart combined all of the selection criteria, and ranked them 

based on their previous ranks. The new selection criteria and their ranks are shown in Table 5.7. 

Selection Criteria Rank 

Safety 13 

Accurate Measurement Capability 12 

Accurate Simulation 11 

Reliability 10 

No Exposure of Hydraulic Fluid to Atmosphere 9 

Provide Adequate Pressure 8 

No Part Interference with Cycling Pistons 7 

Adequate Sample Size 6 

Simplicity of Overall Design 4 

Manufacturability 4 

Cost 3 

Weight 1 

Size 1 

Table 5.7: Overall concept selection criteria 

In order to determine the rating of each overall concept for the selection criteria, the previous Pugh charts 

were looked at. First, it was determined which of the functional concepts applied to each overall concept. 

Then, to rate the overall concepts, the selection criteria rating from each of the functional concepts was 

averaged to get the rating for the overall concepts. This is only if the selection criteria appeared in more 

than one of the functional concepts. If it just appeared in one functional concept, this number was the 

rating for the overall concept. After completing the Pugh chart like the previous ones, the results were 

determined, and are shown in Table 5.8. The scores of each concept are relatively close to each other, 

with the main differences between the top choices coming from the size of the test fixture and the 

manufacturability. Also, there is more of a chance of air leakage into the second rated overall concept, 

which would not be as high in the top rated concept, making it less desirable. The Air Actuator with 

Reference is the best for our application, because it utilizes the most available force cycling resource, 

compressed air, along with being safe and relatively easy to manufacture. This concept should allow for 

us to satisfy all of our engineering requirements along with the additional value of having a reference 

piston to compare results to. One downside to this design is the fact that the cylinder is not transparent. 

However, if the cylinder was transparent; the number one requirement of safety would be compromised. 

After comparing this Pugh chart with the previous Pugh charts, and taking into consideration each of the 

individual selection criteria, we determined that the overall concept rated number one, the Air Actuator 

with Reference, would work best for our design. 

Overall Concept Place Score 
Percent Difference 

from Highest Ranked 

Air Actuator with Reference 1 369.472 0.00 

Hydraulic Pump Fixture 2 368.238 0.33 

T-Bracket Fluid Extractor 3 363.667 1.57 

Double Experiment Fixture 4 354.630 4.02 

Force Actuating Gas Tester 5 291.250 21.17 

Table 5.8: Pugh chart results for overall concept 
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6 CONCEPT DESCRIPTION 

Through our concept generation and selection process, we determined that a piston seal test fixture 

actuated by air is the chosen alpha design. The following sections will present the current components and 

how the components, when interacting together as subsystems, function. 

6.1 Components and Their Functions 

Several factors such as cost, functionality, and manufacturability were kept in mind when the alpha 

design was being planned. The alpha design can be classified into three main sub systems as shown in 

Figure 6.1. 

 

 
 

 

 

 

 
Figure 6.1: Initial alpha design piston fixture assembly and main subsystems 

6.1.1 Sub System 1: End Plate Assembly 

The end plate assembly provides functionality in several different areas. The first main function is that it 

acts as a sealing medium for the pressure vessel. As shown in Figure 6.2, a groove and Buna-N o-ring are 

used to maintain pressure inside the vessel. 

 

Figure 6.2: O-ring and groove to seal pressure vessel 

The end plate assembly also serves as an anchoring point for the 3/8‖ steel tensioning rods that will be 

used to further aid in sealing off the cylindrical pressure vessel from the atmosphere. Figure 6.3 shows 

both end plates in conjunction with the four steel tensioning rods. 

Main Assembly 

Sub-System 1: End 

Plate Assembly 

Sub-System 2: 

Pressure Vessel 

Sub-System 3: Fluid 

Filling and Extraction 

O-ring and groove to seal 

pressure vessel 
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Figure 6.3: End plates provide anchoring points for tensioning rods 

The end plates also serve as a mounting point for several important components. Without the end plates, 

components such as pressure gauges, sight glasses, filling ports, safety relief valves, and air control 

mechanisms would all have to be mounted to the pressure vessel. This would present several spots for 

material failure and air leaks. Figure 6.4 shows the components that will be threaded into both end plates. 

Table 6.1 lists each of the parts that will be tapped into both end plates. 

 

 
Figure 6.4: Components mounted into end plates 

 

(Number) Part Name 

 

Function 

 

(1) Analog Pressure Gauge Gives approximate pressure in vessel 

(2) Sight Glass Determine if piston is actuating 

(3) Pop Safety Valve Release pressure if excessive 

(4) Air Fill Port 

(5) Air Control Mechanism 

Pressurize to move piston, or refill system 

Pathway to pressurize/depressurize system 

Table 6.1: Components and function of end plate assemblies 

As shown in Figure 6.4, the end plate sub-assembly houses the method of actuation for our test fixture 

alpha design. As Figure 6.5 shows on the next page, the current alpha design will be driven by 

compressed air. The compressed air will be controlled by two ―normally closed‖ solenoid valves. To 

pressurize the system, solenoid one will open, while solenoid two will remain closed. When the system 

reaches the desired pressure, solenoid one closes, and solenoid two will open. Solenoid two is equipped 

with a pressure relief valve that is set to release pressure until a desired, lower pressure is met. Both 

solenoids are attached to ball valves that will allow for the throttling of intake and exhaust air. The current 

alpha design will utilize a power supply and a way to cycle the power from one solenoid to the other. This 

End Plates 

Tensioning 

Rods 

1 

1 

2 2 

3 

3 

4 

5 
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could occur by attaching both solenoids to a relay and cycling the relay position with a function generator. 

Both solenoids could also be attached to a relay and then use an Arduino board to output a 0-5V logic 

signal to an op-amp which would amplify the signal to switch the position of the relay. 

 

 

Figure 6.5: Actuation by compressed air setup 

6.1.2 Sub System 2: Pressure Vessel 

To test the novel piston seal design, a proper pressure vessel will have to be created. The pressure vessel 

will not only contain the compressed air that is used to actuate the piston concept, but it will serve as an 

interface between the piston and seal. Figure 6.6 shows the pressure vessel by itself. The current alpha 

design utilizes a seamless, extruded 6061 aluminum tube. The seamless tube provides strength and better 

tolerances than a welded tube of the same dimensions [3]. The pressure vessel will have the ability to 

house the concept piston, as well as a reference piston. The reference piston will be constructed with a 

normal seal configuration (although it will utilize the same type of seal as the concept piston), therefore 

establishing a baseline and method for direct comparison between the two configurations. 

 
 

Figure 6.6: Seamless tube used for pressure vessel 

 

The pressure vessel tube also serves as a mounting point for two ports that are used for the filling and 

extraction of olive oil. As a result, a sufficient thickness for the threading of these two ports is necessary. 

This added thickness will also increase the strength of our pressure vessel and reduce possible 

deformation.  

Solenoid 1 
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Throttling Valve 

Throttling Valve 
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6.1.3 Sub-System 3: Fluid Filling and Extraction Ports 

The current alpha design uses two ports. One port is for filling, while the other is used for extraction of 

the olive oil after testing. The filling port is located 90˚ apart from the extraction port. By locating the 

filling port on the other side of the tube, the tube can be turned so that the filling port is the highest point 

on the fixture. The system can then be filling until all of the air bubbles present in the fluid are released to 

the atmosphere.  The fluid pocket in the concept piston will be filled from the ends of the tube once the 

pistons are placed inside of it. There will be a threaded hole through which fluid can be added to the 

pocket and a screw that caps off this hole when filling is complete. To eliminate the possibility that gas 

could permeate through this hole, we will put the same hole on the reference piston. It will not be used for 

anything on the reference piston; rather it is a means of keeping all things equal between the two pistons. 

 

 

Figure 6.7: Filling and extraction ports 

Figure 6.7 also shows a sight glass on the extraction port. If for some reason all of the air bubbles were 

not able to be released from the system, the sight glass will capture these air bubbles and provide us with 

a quantitative method of seeing how much air is present in the system before testing is conducted. The 

extraction port will also use a quick-connect fitting that can be directly linked to the gas tester. This 

quick-connect will allow us to pull in olive oil from our test fixture to the gas tester without exposing the 

fluid to the atmosphere. This will allow us to obtain the most accurate measurement possible when testing 

for gas permeation across the piston seal. 

6.2 Function of Alpha Design and Testing Method 

The overall goal of this project is to determine whether or not the novel piston seal arrangement created 

by a previous ME450 team is a significant improvement over the current seal arrangement used by the 

EPA.  In order to accomplish the above goal, the subsystems previously described will have to interact 

together and follow a testing procedure as described below. 

 
Step 1: The system will first be filled with olive oil before any other procedures will be 

conducted. The fixture will be turned on its side to ensure that the filling port is the highest point 

in the system. Olive oil will be poured into the system until full. Once the system is full, the valve 

on the filling tube will be closed. The system will then be rotated, with the highest point in the 

system being the extraction port. Figure 6.8 shows this process visually. It should be noted that 

during assembly, the piston concept will be filled with fluid; therefore this is not a step that will 

take place during each testing run. 

Filling Port 

Extraction Port 

Sight Glass 
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          1: Test fixture flipped     2: Test fixture in normal operating position 

Figure 6.8: Test fixture orientation for filling and extraction 

Step 2: Once the system has been filled with olive oil and the pistons are in the correct location 

(distributed so that the two pistons and fluid are centered in the cylinder), the system will be 

ready for pressurization. To pressurize the system, a shop air line will be connected to the side of 

the test fixture where the two solenoids are located as seen in Figure 6.9. Once the shop air has 

been connected, a signal from the function generator or op-amp switches the relay to open one of 

the solenoids causing the system to become pressurized. This will continue until the desired 

number of cycles has been met. 

 

 

 
Figure 6.9: Compressed air input and exhaust 

Step 3: After the desired number of cycles has been achieved, the olive oil will be ready to be 

extracted and tested to determine the amount of gas that has permeated past the seal design. As 

shown in Figure 6.7 on page 29, the gas tester will be attached to the extraction port via quick-

connect line. Although not shown in Figure 6.7, a pressure gauge will be added to the port to 

make the user aware of the pressures in the system at the time of extraction. If it is determined 

through testing of the olive oil, after a set number of cycles, that there has been no gas permeation 

into the olive oil chamber, the system will be cycled again. This will mean that the system will 

need to be re-pressurized to compensate for the lost volume of olive oil. Figure 6.10 shows the 

two ports for filling of compressed air.  

 

Filling Port: 

Highest point in 

the system 

Extraction Port: 

Highest point in the 

system 

Shop Air Input 
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Figure 6.10: Compressed air filling ports on both ends 

Step 4: Once a measurement has been recorded, the concept piston can be exchanged with the 

reference piston. 

 Depressurize system using the ports located on both ends of the test fixture. 

 Check to make sure system is fully depressurized by looking at analog pressure gauges 

located at both ends. 

 Disassemble one end plate assembly and remove from cylinder 

 Extract the concept pistons via threaded rod and handle (concept pistons will have a 

threaded hole used for extraction). 

 Place one reference piston in place, and push to far end of vessel.  

 Place second reference piston in and push to set volume. 

 Once the pistons are in place, proceed to follow steps 1-3 to begin cycling the reference 

piston, making sure to match the conditions in which the concept piston test were 

conducted. 

 

Step three can be continued a finite number of times based on the amount of fluid initially in the system if 

the amount of gas permeation past the seal is too small to measure. Currently, the alpha design is 

dimensioned such that we can take at least four separate measurements of the gas concentration and 

ensure that the seals will not be damaged by crossing over the fluid extraction point. We are being very 

conservative with the total volume of fluid that we will have to extract to measure a sample. From the 

amount of fluid necessary for a reading in the gas tester and the amount of fluid that must be purged from 

the gas tester line, we estimate that each sample will require a total volume of 0.16 gallons to be extracted 

from the system. With the dimensions specified for the alpha design, this corresponds to approximately 4‖ 

of fluid being removed for each sample tested. If we wanted to be able to sample more than four times, 

we would either have to increase the length of the cylinder or increase the diameter of the cylinder. Either 

of these options would increase the cost of the test fixture as well as the amount of test time due to 

increasing the volume. The amount of sample times could also be more than four if our estimates for the 

amount of fluid that must be removed for each sample are too conservative. 

  

Air Filling Ports 
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7 PARAMETER ANALYSIS 

For the design of our test fixture, the engineering logic was as follows. We made design decisions based 

upon our engineering specifications and then analyzed them for probable modes of failure. The high 

emphasis on safety encouraged some design decisions that mitigated the necessity for vigorous failure 

analysis. Many calculations are not for the design of the text fixture, but for the design of experiments that 

was necessary for data acquisition and concept piston evaluation.  

 

Figure 7.1 is a summary of the different parameters involved in our theoretical model and the 

methodology that aided in determining them. The partial pressures of the gases between the air and fluid 

chamber were anticipated to be the major cause of permeation. Another possible cause for permeation is 

the possibility of friction due to imperfections in the manufacturing of our test fixture. The static and 

kinetic friction coefficients of the seals were not specified. We acquired them with calibration tests to 

determine if they are significant in calculating the length of cycling intervals necessary for evaluating the 

concept piston. This model also applies to the reference piston with the exception of extra time needed to 

account for a fluid pocket and a second seal.  

  

Figure 7.1: Engineering analysis diagram 

7.1 Scaling and Validity 

To reduce the necessity for accurate and valid scaling, tests were run with a conventional piston seal 

design for comparing to concept piston data. Efforts were however made to simulate the conditions of the 

full scale system as constraints would allow.  

7.1.1 Dimensionless Numbers 

To select which variables to make common between the test fixture and full scale system, we recognized 

the importance of simulating system pressure differences, fluid compressibility, and how inertial and 

viscous forces are related. Constraints on test fixture variables include the fixture inner diameter and the 

relative change in pressure available through the use of shop air. The remaining free variable is the 

average velocity of the pistons and fluid chambers while cycling. The velocity could range from less than 

one inch per second to one foot per second depending on the tolerance of the fit and friction coefficients 

of the seals. We were encouraged to order seals and a fixture tube such that the fixture cycling velocity 

would satisfy one of the dimensionless parameters in equations 1,2, and 3 [4]. In calibration of the control 

system, however, the piston velocity of about 1.6 in/sec did not match the required velocity of any of 

these dimensionless parameters.  
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𝜫 =
𝝆𝑽𝑫

µ
 𝑹𝒆𝒚𝒏𝒐𝒍𝒅𝒔 𝒏𝒖𝒎𝒃𝒆𝒓,   𝑹𝒆   

𝒊𝒏𝒆𝒓𝒕𝒊𝒂 𝒇𝒐𝒓𝒄𝒆

𝒗𝒊𝒔𝒄𝒐𝒖𝒔 𝒇𝒐𝒓𝒄𝒆
                                     

𝝆𝒎𝑽𝒎𝑫𝒎

µ𝒎
=

𝝆𝑽𝑫

µ
      Eq. 1 

𝜫 =
𝜟𝑷
𝟏

𝟐
𝝆𝑽𝟐

 𝑬𝒖𝒍𝒆𝒓 𝒏𝒖𝒎𝒃𝒆𝒓,   𝑬𝒖   
𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝒇𝒐𝒓𝒄𝒆

𝒊𝒏𝒆𝒓𝒕𝒊𝒂 𝒇𝒐𝒓𝒄𝒆
                                                  

𝜟𝑷𝒎
𝟏

𝟐
𝝆𝒎𝑽𝒎

𝟐
=

𝜟𝑷
𝟏

𝟐
𝝆𝑽𝟐

      Eq. 2 

𝜫 =
𝝆𝑽𝟐

𝑬𝒗
 𝑪𝒂𝒖𝒄𝒉𝒚 𝒏𝒖𝒎𝒃𝒆𝒓,   𝑪𝒂   

𝒊𝒏𝒆𝒓𝒕𝒊𝒂 𝒇𝒐𝒓𝒄𝒆

𝒄𝒐𝒎𝒑𝒆𝒔𝒔𝒊𝒃𝒊𝒍𝒊𝒕𝒚 𝒇𝒐𝒓𝒄𝒆
                                       

𝝆𝒎𝑽𝒎
𝟐

𝑬𝒗𝒎
=

𝝆𝑽𝟐

𝑬𝒗
      Eq. 3 

𝑽 = fluid velocity [𝑳/𝑻] 
𝝆 = fluid density [𝑭𝑻𝟐/𝑳𝟒] 
𝑫 = tube diameter [𝑳] 
µ = fluid viscosity [𝑭𝑻/𝑳𝟐] 
𝑷 = pressure [𝑭/𝑳𝟐] 
𝑬𝒗 = bulk modulus [𝑭/𝑳𝟐] 

7.1.2 Solubility and Pressure 

Solubility of a gas in a liquid can be approximated as being directly proportional to the partial pressure of 

that gas in the gas phase. This is due to the Henry‘s Law constant; unique for every combination of gas 

and liquid.  

𝑷 ∗ 𝒌𝒉 = 𝑺 [5]          Eq. 4 

𝑷 = gas partial pressure [psi]              

𝒌𝒉 = Henry‘s law constant [mol/in
3
-psi] 

𝑺 = solubility [mol/in
3
-psi] 

The Henry‘s law constant for olive oil is 2.20 x 10
-3

 (mol/gal-psi) at 77°F [6]. The previous ME450 

group, that fabricated the gas tester, collected data showing that the constant for hydraulic fluid is an 

order of magnitude higher. We are therefore encouraged to use olive oil if it will saturate more quickly, 

expand the fluid pocket of the concept piston, and require less time for force cycling to complete the 

permeation process.  

7.1.3 Scaling Pressure and Permeation 

A major concern for the validity of the test fixture is how gas permeability will be affected by a major 

difference in pressures applied to the system. In the full scale accumulator higher pressure differences and 

larger dimensions may change the fluid properties to yield different seal permeability. Below is a 

derivation of a quadratic relationship between gas partial pressure and its ability to permeate through a 

non-porous membrane. Equations 5, 6, and 7 can be used to derive Equation 8. Our use of this derived 

model is summarized in the conclusion of this report. 

  𝑷 ∗ 𝒌𝒉 = 𝑺          Eq. 5 

           𝑫 = 𝑪 ∗  𝑺/ 𝑴  [7]               Eq. 6 

      𝒑 = 𝑫 ∗ 𝑺 [8]          Eq. 7 

  𝒑 = 𝑷𝟐 ∗  𝑪 ∗ 𝒌𝒉
𝟐/ 𝑴       Eq. 8 

𝑷 = gas partial pressure [psi]           

𝒌𝒉 = Henry‘s law constant [mol/in
3
-psi] 

𝑺 = solubility [mol/in
3
-psi]       

𝑫 = diffusivity [in
2
/s]                                                          

𝑴 = molecular weight [slug/mol]     

𝒑 = permeability [mol/in-s-psi] 

𝑪 = constant [] 
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7.2 Approximating Seal Permeation 

A fluid pocket that can expand is necessary for temperature and volume changes in the concept piston, but 

for our test fixture, the generation of heat will yield a steady-state temperature within 3°C of room 

temperature shown in Appendix F.1 [9]. The volume change in our test fixture was also negligible. Dr. 

Moskalik explained to us that in the full scale system, with pressures reaching 5000 psi, the fluid 

compressibility is of concern. However, at the lower pressures used in the test fixture, he expressed that 

the change in volume will not affect the system. Therefore, the expandability of the piston is not 

beneficial at our working pressures but would be required at higher pressures. It is included in the design 

to test the concept and all its features including expandability. Even with high estimates on piston velocity 

and kinetic friction, the increase in temperature and change in volume will cause a negligible change in 

system behavior as the fixture is running. While temperature and volume changes are important for 

scaling of results for drawing conclusions about the use of the concept piston in the full scale 

accumulator, two assumptions were made for modeling the system: permeation rate will be constant and it 

will have a linear relationship with the partial pressure drop across a seal.  

 
Figure 7.2: Cross section view of the gas permeation process through a piston seal [10] 

 

In accumulator tanks, permeation is a result of a partial pressure drop across a piston seal. Gas molecules 

first dissolve into the phase of the seals around the pistons. They diffuse through the cross-section of the 

seal material and then emerge on the side of the lower pressure. The flow of these gas molecules through 

the cross-section of a piston seal is shown in Figure 7.2 and will be approximated in the linear 

relationship shown in Equation 9 under constant temperature and pressure drop [10].  

  𝑸 = 𝑲𝑨𝒅 𝑷𝟏 − 𝑷𝟐          Eq. 9 

𝑸 = permeation rate [in
3
/s]       

𝑲 = permeation coefficient [(psi-in
3
/s)-in/s-in

2
-psi]    𝑨 = area [in

2
]          

𝑷𝟏 − 𝑷𝟐 = pressure gradient [psi]                                𝒅 = thickness [in]    

 

 
Figure 7.3: Cross sectional area of seal 

 

The nitrogen permeation coefficient of 0.1 [10] for the Nitrile elastomer seals used in our test fixture has 

leak-rate units [(sccm)-in/s-in
2
-psi] which can be multiplied by 0.0167 [11] to be used in Equation 9. 

Assuming that the seal is a donut shape, the area over which permeation takes place is half the surface 

area shown red in Figure 7.3. The thickness is the 0.288‖ width of the slot used to house the seal. For the 

pressure drop, there are two main factors to consider: friction and partial pressures.  
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7.2.1 Friction Analysis 

Because the pistons are not stationary, the actual pressure difference in our permeation calculations is not 

simply the applied pressures on either side of the pistons-and-fluid-chamber combination. The pressure 

difference across the pistons is a function of their velocity. The velocity determines whether the static or 

kinetic friction coefficient is relevant for the calculation. To adjust the pressure drop in Equation 9, a 

constant X is added to modify the applied fixture pressures PHi and PLo appropriately as seen in Equation 

10. 

 𝑷𝑯𝒊 − 𝑷𝑳𝒐 𝑿        Eq. 10 

When the pistons stop and change direction, the static friction coefficient of the seals should be used to 

calculate pressure drop due to friction. At their highest velocity, the seal kinetic friction coefficient should 

be used. Because these friction coefficients for the seals were not specified, calibration experiments were 

done to approximate them. Experiments have shown minimum pressures required to start and maintain 

piston motion; used to calculate static coefficient of friction Xs and kinetic coefficient of friction Xk.  

𝑿𝒔 =    
𝑭𝒐𝒓𝒄𝒆 𝑹𝒆𝒒𝒖𝒊𝒓𝒆𝒅 𝒕𝒐 𝑺𝒕𝒂𝒓𝒕

𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝑭𝒐𝒓𝒄𝒆
  =

 𝑷𝑺𝒕𝒂𝒓𝒕−𝑷𝒂𝒕𝒎 

 𝑷𝑯𝒊−𝑷𝑳𝒐 
     Eq. 11 

𝑿𝒌 =
𝑭𝒐𝒓𝒄𝒆 𝑹𝒆𝒒𝒖𝒊𝒓𝒆𝒅 𝒕𝒐 𝒏𝒐𝒕 𝑺𝒕𝒐𝒑

𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝑭𝒐𝒓𝒄𝒆
=

 𝑷𝑵𝒐𝑺𝒕𝒐𝒑−𝑷𝒂𝒕𝒎 

 𝑷𝑯𝒊−𝑷𝑳𝒐 
     Eq. 12 

Using Xs and Xk in a root-mean-square approximation in Equation 13 due to the sinusoidal nature of the 

piston motion, X can be calculated as an average to correct the friction pressure drop across the pistons.  

𝑿 =  
𝑿𝒔−𝑿𝒌

𝟐 𝟐
+ 𝑿𝒌      Eq. 13 

With inputs of 0.1 and 0.05 for static and kinetic friction coefficients, this approximation results in a 

pressure drop of 3.72 psi due to friction. There would ideally be no friction, however we observed that 

pressure differences of 10 psi were required to move the pistons and about 5 psi was required to maintain 

motion.   

7.2.2 Partial Pressure Analysis 

The applied pressure difference over the pistons will fluctuate with time. It will range from zero when the 

piston is not moving to 55 psi at maximum velocity.  

 

This change in pressure difference was averaged in a root-mean-square approximation as seen in Equation 

13 due to the sinusoidal nature of the piston motion. Equation 13 is used in the calculation below to 

determine the root-mean-square partial pressure difference. 

 
𝟓𝟓𝒑𝒔𝒊−𝟎𝒑𝒔𝒊

𝟐 𝟐
+ 𝟎𝒑𝒔𝒊 = 𝟏𝟗.𝟒𝟒 𝒑𝒔𝒊                                

This averaged pressure difference could then be multiplied by the difference in the mole fraction of 

nitrogen in the air chamber being compressed, 0.78 [6], and the nitrogen in olive oil, 2.82*10
-3 

[6], to 

show a 15.11 psi partial pressure difference as seen in the calculation below.  

𝟏𝟗.𝟒𝟒 𝟎.𝟕𝟖 − 𝟐.𝟖𝟐 ∗ 𝟏𝟎−𝟑 = 𝟏𝟓.𝟏𝟏 𝒑𝒔𝒊 

The partial pressure difference would be slightly higher if the other gases that air consists of were 

considered. However, the permeation coefficient in Equation 9 only applying to nitrogen and the use of 

nitrogen gas in the full scale accumulator systems encourages neglecting the presence of other gases.  

7.3 Concept Piston Analysis 

The permeation approximation used for the reference piston applies to permeation across one seal. For 

calculating necessary force cycling duration for the concept piston, the mathematical model sums the 



36 
 

approximated times for permeation across the first seal, fluid pocket saturation, fluid pocket expansion, 

and then permeation across a second seal in Table 7.1 on page 38.  

7.3.1 Functionality 

The theory behind the expandable fluid pocket is that air will permeate past the first seal thus increasing 

the volume in the piston cavity. It is unclear whether or not the piston pocket will become fully saturated 

before gas permeates past the second seal. The expansion of the fluid pocket will be caused by three 

factors: an increase in system temperature due to friction from force oscillations, increasing gas volume 

from permeation past the first seal, and, if there is an initial air bubble in the fluid pocket from the seal 

fabrication process. The piston pocket permeation process is illustrated in Figure 7.4. 

 
Figure 7.4: Permeation stages of fluid pocket during force cycling 

 

In the fabrication of the concept piston‘s original test fixture by a previous ME450 team, the seals were 

secured around the pistons in the open atmosphere resulting in air bubbles emerging in the fluid pocket 

when the test fixture was filled with hydraulic fluid. Initial air bubbles would make the fluid pocket 

expand more quickly than expected [12]. Installing the seals when the piston is submerged in olive oil 

could have been done to alleviate this.   

 

When force cycling begins, heat due to friction between the seals and the piston cylinder will increase the 

working temperature of the fixture. A steady state temperature will be achieved when heat generation 

from friction matches the heat primarily transferred through the piston cylinder wall. In the fluid pocket, 

this increase in temperature will encourage dissolved air molecules to require more space and thus expand 

the fluid pocket to maintain constant pressure within.  

  

Diffusivity and solubility can be applied to a gas or a liquid. Figure 7.5 clarifies our use of the terms in 

the engineering analysis of our text fixture. The diffusivity of the air permeating past the first seal will 

cause it to dissolve into the pocket fluid. When the fluid pocket is fully expanded, the air will continue to 

pursue the path of lowest required energy. We have to do more research to predict whether or not the 

dissolved gas will come out of the saturated fluid and permeate past the second seal, and whether or not 

gas will continue to permeate past the first seal if saturated fluid is on the other side.  

 

 
Figure 7.5: Clarification of gas solubility and diffusivity 

7.3.2 Time to Expand and Saturate 

The specifications of the Turcon seal rings we intend to use include a linear relationship between the 

leakage of air and the number of test cycles [13]. This encourages us that the seals we intend to use will 

permeate air at a consistent rate, and not fail unexpectedly for the duration of our tests.  
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The fluid in the pocket will fully expand first, and then saturate. Using a consistent permeation rate, the 

total time necessary for air to expand the fluid pocket and saturate the fluid is a function of the available 

expansion volume and the solubility of the air into the fluid, which depends on the working temperature 

and pressure.  

 

For expansion time, the added volume of 0.9 in
3
 from maximum concept piston expansion was simply 

divided by the volume per unit time of permeation across the first seal to show 10 ± 5 minutes. As 

requested by Dr. Moskalik, this expansion feature was included in the concept pistons to make sure the 

affect of this feature would be included in permeation results even though its purpose of adjusting for 

fluid compressibility and temperature change is negligible for the test fixture. Locking the concept pistons 

in the fully expanded position would be necessary if expansion time needs to be reduced. Saturation time 

would increase but total permeation time needed to reach gas tester resolution may decrease.  

 

For fluid pocket saturation time, the partial pressure drop of 15.11 psi is used for calculating the solubility 

of the fluid in the pocket. With knowing how much gas can dissolve in the fluid and the rate of gas 

permeating past the first seal, the time to saturate the fluid pocket can be calculated with the help of 

steady-state temperature to calculate the gas density and the help of neglecting the pocket expansion 

volume. Subtracted from the available volume is the volume taken up by gas already present in the fluid 

measured by the gas tester before force cycling. Calculations for fluid pocket expansion and saturation 

times can be viewed in Appendix F.2 . The calculated 14 ± 4 minutes for saturation time is under the 

assumption that there was a dissolved gas concentration of 0.00644 mol/gal [6] before force cycling. Pre-

cycling gas tester concentrations need to be subtracted from the solubility of the pocket fluid.  

7.3.3 Permeation after Saturation 

Once the fluid pockets of the concept pistons saturate, calculations will assume that permeation resumes 

across the concept piston seals at the same permeation rate as expected of the seals of the reference 

pistons. This means that calculation of necessary force cycling time is based on the assumption that the 

concept piston design will not minimize permeation as intended.  

7.4 Measuring Permeation 

Along with permeation rate, the resolution of the gas tester must be highly considered for how much force 

cycling is necessary. The gas tester resolution was carefully considered in our approach to approximate 

cycling times and our preparedness to integrate its feedback into our data reduction.  

7.4.1 Gas Tester Resolution 

The gas tester has a resolution of 0.06 in
3
 for the measurement of gas dissolved in a liquid sample due to 

its 0.01‖ length resolution for measuring volume changes. If measuring a fluid sample with 0.12 in
3
 of gas 

volume that was dissolved, there would be an error in molar concentration of ±14% [6]. We would have 

to see a difference of dissolved gas volume before and after cycling of at least 0.12 in
3
 out of an 18.3 in

3
 

volume to be able to conclude that there was permeation during the cycling. Because the initial fluid 

chamber is expected to be 40‖ long with a 3.5‖ inner diameter, over 2.44 in
3
 of gas should be dissolved 

for the gas tester to be able to measure a difference. The constraint on our minimum fluid chamber 

volume is so that the pistons cannot cross the fill valves in the middle of the piston cylinder at maximum 

displacement. The fluid volume is designed to be large enough such that a sample could be extracted and 

measured by the gas tester at least four times before fixture disassembly. Estimates of necessary 

permeation volumes mentioned above were calculated with extractions of 42.7 in
3
 which are larger than 

the sampling volume range of 21.4-36.6 in
3 
is suggested for most accurate gas tester results. When we 

take a sample and continue testing afterwards, the stroke length of the pistons increases. This likely has an 
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effect on the amount of permeation that occurs and could give us additional information about permeation 

past the seals. 

7.4.2 Force Cycling Durations 

The calculations in Table 7.1 are with the use of the 15.11 psi pressure drop across the seals. Figure 7.6 

shows the sensitivity of this calculated pressure drop. 

 
Time Event 1

st
 Interval  2

nd
 Interval 3

rd
 Interval 4

th
 Interval 

Reference Piston 

Permeation time 

across seal [minutes]  
29 ± 6 25 ± 6 22 ± 5 19 ± 4 

Concept Piston 

1
st
 seal permeation 

time [minutes] 
29 ± 6 - - - 

Pocket expansion 

time [minutes] 
10 ± 5 - - - 

Pocket saturation 

time [minutes] 
14 ± 4 - - - 

2
nd

 seal permeation 

time [minutes] 
29 ± 6 25 ± 6 22 ± 5 19 ± 4 

Table 7.1: Pre-experiment time approximations to achieve gas tester resolution for each sampling interval 

 
The summation of times for the concept piston is greatly simplified yet it functions as an average of how 

factors may interact with each other. For instance, a saturated fluid pocket may not reduce permeation 

past the seals, but we feel that two seals in a series should reduce permeation. This may encourage lower 

interval times regardless of a saturated fluid pocket, but Dr. Moskalik was concerned that a saturated fluid 

pocket may backfire and increase permeation possibly due to its pumping motion.  

 

This drop in partial pressure is a very sensitive parameter for calculating permeation rate which leads to 

force cycling time needed as summarized in Figure 7.6. The process used to develop the testing times in 

Table 7.1was iterated for different partial pressure differences to develop the times in this figure. 

 
Figure 7.6: Pre-experiment combined force cycling times for concept and reference piston trials 
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The mathematical model calculation of 15.11 psi gives a range of 3-5 hours of necessary force cycling 

time. This was meant to ensure that we would be able to measure the concentration of gas in the fluid 

with the gas tester and that each subsequent gas measurement will be higher than the previous. 

 

The level of detail of the mathematical model is not as high as it could be. The calculated pressure drop 

across the seals of 15.11 psi was based upon a gas partial pressure analysis as Dr. Moskalik anticipated, 

but assumes no friction will be present in the test fixture. Calculated necessary force cycling time shows 

reasonable magnitudes and trends. The benefit of putting in more time to add further detail and reduce 

uncertainties is exceeded by putting in more time for testing. More testing gave more data; this is what the 

success of our project depended on. However, Dr. Moskalik has shown an interest in our reporting of a 

mathematical model that can be used for further research and analysis based on the arrangement of 

variables and how they are related in an equation that solves permeation rate. Our design of this desired 

mathematical model was approached with a more collaborative effort after the design of experiments. 

Completion of a professional analysis depended on how cumbersome data acquisition methods and 

testing location availability were.  

7.5 Fixture Robustness 

In order to perform the testing that is required to validate the piston seal concept, the test fixture must be 

able to withstand the loads that it will be subjected to with appropriate safety factors to ensure reliability. 

7.5.1 Material Selection 

The materials that will be used for the test fixture include aluminum, steel, brass, and others. The use of 

metallic materials will provide us with strength and reliability. Instead of a transparent material, as was 

attempted by the previous ME 450 team, the pressure vessel will be made of the same alloy of aluminum, 

6061, as the full scale system. The use of aluminum in our system will replicate the surface roughness and 

thermal conductivity of the full scale system in addition to more strength; necessary for installation of 

values in the side of the piston cylinder. Threading into plastic may cause significant damage and initiate 

crack propagation in the wall of the piston cylinder while pressurized. The stress concentrations of 

threading into a metallic material are much less significant. The only disadvantage of using aluminum for 

the pressure vessel is the loss of visibility. This disadvantage will be overcome by careful testing methods 

and procedures to assure that no unnecessary air bubbles are present in the system and that the piston 

displacements remain relatively consistent. The endplates of the pressure vessel will be made of 

aluminum. The choice of aluminum for the end plates is justified by its stiffness, strength, and light 

weight. Since the end plates will be held together by rods, they must be stiff and cannot deflect due to the 

tension of the rods. The tensioning rods will be made of steel. The standard pipe fittings used to route air 

into and out of the system are made of brass, which is often used for pressurized fluid applications. The 

fittings are rated for a minimum of 300 psi.  

7.5.2 Safety Factors 

To ensure the test fixture we are creating has a minimal chance of failure, we have calculated safety 

factors for components we feel have a slight possibility of failure. Table 7.2 shows the safety factors for 

the components we designed and manufactured, while Table 7.3 shows the safety factors for the 

components we purchased. Refer to Appendix G for detailed calculation on the designed components. 
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Component Failure Mode Safety Factor 

Concept piston Shear of material outside seal 221 

Concept piston Set-screw shearing 2.99 

Reference piston Shear of material outside seal 210 

Piston cylinder Leak before rupture 63.32 

Piston cylinder Burst pressure 124.71 

Tensioning rods Fracture 4.61 

Tensioning rods Thread stripping 2.07 

Threaded connections into pressure 

vessel 
Thread engagement 1.25 

Table 7.2: Safety factors for designed components 

 
As can be seen by the table above, most of the safety factors are fairly high, and do not provide any 

concern of failure. The threaded connections into the pressure vessel is the lowest, however having a 

higher safety factor here is somewhat of a waste. Because we are using NPT threads, there is only a 

certain amount of thread engagement they can have, due to the tapered nature. For the majority of the 

threads we are using (1/4‖ NPT), the maximum thread engagement is 0.4018 inches [14]. The required 

thread engagement was calculated to be 0.32.‖ We are using a 0.5 inch wall thickness; therefore, for the 

type of connections we are using, we are well beyond the thread engagement that can be achieved, and the 

threaded connections are not a major concern. 

 
For the tensioning rods, the safety factors may appear to be low; however they are actually larger than 

they appear. For the rods fracturing, a force five times the calculated force was used in determining the 

safety factor. This means the actual safety factor is five times the reported value, or 23.05. For the thread 

stripping calculation, the calculation was done for the rod fracturing before the threads strip [15]. Because 

the safety factor on the rods fracturing is 23.05, then the safety factor on the threads stripping is 2.07 on 

top of that, the real safety factor of the threads stripping is 47.71. While the equation does not specify if 

the calculation is for cut or formed threads, with a safety factor of 47.71, we are not all that concerned. 

We have found data [16] supporting that there is a 10% reduction in strength between cut and formed 

threads. This reduction in strength could probably increase more, and we would still not experience the 

threads stripping on our test fixture. 

 
The last safety factor that seems somewhat low is the set-screw shearing for the concept piston. This 

calculation was done assuming the concept piston will experience the full force of the 90 psi pressure. 

The actual force it will experience is due to the 55 psi pressure difference. Therefore, this safety factor is 

in the worst case scenario if there is no low pressure. If there was no low pressure, the operator would 

notice it by looking at the pressure gauges, and would stop the test. This procedure should prevent the set-

screw from experiencing these forces and failing. 

 
Component Maximum Rating Safety Factor 

Brass ball valve   600 psi  6.67 

Brass solenoid valve   150 psi  1.67 

Air filter/regulator   250 psi  2.78 

Flow-control exhaust muffler   300 psi  3.33 

High-Pressure Sight Glass   675 psi  7.50 

Brass pipe fittings   300 psi (minimum)   3.33 

Test coupling SKK (quick 

connect) 
5800 psi 64.44 

 

Table 7.3: Safety factors for purchased components 
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Most of the safety factors for the purchased components are reasonable, and do not raise any concerns. 

The solenoid and air filter/regulator do have somewhat low safety factors, however we have determined 

that if they do fail, it will not be catastrophic to our test and we could easily change them out. For the 

brass pipe fittings, most of them are rated to well above 600 psi, however there are only a few that are 

rated to 300 psi, so we decided to report the lowest safety factor, which is still a respectable value. 

7.5.3 Consistent Piston Displacement 

The displacement of the piston will be kept as consistent as possible. The full scale system does not have 

a consistent piston displacement, rather it varies slightly as a function of how much the nitrogen is 

decompressed to power the vehicle or how much is compressed during braking. The piston does not 

always travel to one side of the accumulator and then back to the other; rather the amount of displacement 

varies due to driving conditions. For this reason, it is not crucial that the piston cycles perfectly from one 

side of the cylinder to the other. Our sponsor informed us that the extra cost associated with a fully 

automated and controlled test setup would not be justified by the slight improvement of piston position. It 

is sufficient to cycle air in and out on one side of the cylinder while monitoring the pressure on the other 

side. 

7.5.4 Reference Piston Trial 

In order for our testing to be valid, we must be able to measure the amount of permeation past the 

reference piston. Our sponsor knows that the reference piston, with only a single seal, is not the best 

design and allows for a large amount of permeation past the seal. If we cannot measure permeation past 

the reference piston, which is known to be a poor design in practice, we would then have no means of 

comparing it to the concept piston. This provides justification for the measures we are taking to expedite 

the permeation process such as using olive oil and reducing the fluid pocket volume in the concept piston. 

If we can measure permeation across the reference piston, we will then be able to validate whether or not 

the concept piston is effective at reducing the permeation of gas into the hydraulic fluid. 

7.6 Dimensional Justifications 

Through failure analysis many of the dimensions and parameters were derived for the final design. 

Parameters such as the length of the piston cylinder and the overall length of the concept and reference 

pistons were derived and based on other parameters. 

7.6.1 Piston Cylinder Diameter 

After performing an engineering analysis to determine the sufficient wall thickness of the piston cylinder, 

the inside diameter of the piston cylinder was the next free variable. We determined that we wanted to 

have an inner diameter much smaller than the full scale system to minimize the amount of stored energy 

in the system during actuation. The next design consideration was the type of seal that we would be using 

and the availability in terms of sizes. It was determined that after consulting with Rick Rowe of Power 

Seal International, a PQ Piston Seal that would fit an inner bore diameter of 3.5‖ was in stock and ready 

to ship at our convenience. With a seal selected, the next task was to determine if a seamless aluminum 

tube with an inner diameter of 3.5‖ with a wall thickness of 0.5‖ existed, was affordable, and could be 

shipped in a timely manner. After contacting our sponsor, we found a company that specializes in 

seamless extruded aluminum products, and could provide one with an inner diameter of 3.5,‖ 0.5‖ wall 

thickness and a sufficient length. 

7.6.2 Piston Cylinder Length 

The length of the piston cylinder was based on several factors. The first being the amount of fluid the 

final design could contain. It was advised from the group that created the gas tester that between 0.1 and 

0.13 gal should be drawn into the cylinder of the gas tester to be able to take an accurate measurement of 
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the amount of free and dissolved gas contained in a liquid. We decided that we would make a 

conservative estimate of 0.13 gal for each gas tester fluid draw and that we would like to be able to test 

the permeation of the fluid 4 times before having to re-fill the test fixture. We also determined that before 

each test, 0.05 gal of fluid will be drawn into the gas tester to purge the air from the test line between the 

gas tester and test fixture. This purging process will happen before each extraction, totaling 0.18 gal of 

purged fluid for an entire testing trial. Combining this with the 0.13 gal draw of each test for a permeation 

measurement, the fixture must be able to hold 0.72 gal or 166.3 in
3
 of fluid.  

 

The final design must also be able to guard against one of the pistons crossing over the filling and 

extraction ports, which could potentially damage one of the seals. Figure 7.7 shows that a minimum of 

approximately 21‖ of fluid must be present in the system to prevent the piston from crossing over the 

filling and extraction port interfaces. 

 

 
Figure 7.7: Length of fluid needed to prevent piston crossing extraction interface 

 
With a 3.5‖ inner diameter bore and a length of 21‖, the amount of fluid required to create this separation 

of 21‖ would be 0.87 gal of fluid, or 202 in
3
. Taking this amount of fluid and the fluid necessary for four 

extraction tests of 0.13 gal with 0.05 gal of purging, the resulting amount of necessary fluid is 1.59 gal, or 

367 in
3
. Using this volume and the inner diameter of the piston cylinder, the minimum length of the piston 

cylinder can be derived using the equation below. 

367 𝑖𝑛3 = 𝑙 ∗ 𝜋 ∗ (
3.5

2
)2 

Where l is the minimum length of the cylinder, and 3.5 is the diameter of the piston cylinder. Using this 

equation, the piston should be at least 38.15‖ long. The final design also accounts for the lengths of each 

of the pistons and for volume on each side of the pistons. Both the reference piston and concept piston are 

approximately 3‖ long, with two being in the cylinder during testing, resulting in a total of 44.15‖of fluid 

and piston in the cylinder. With this being said we decided to use a 48‖ long piston cylinder to provide for 

volume on each side of the piston. 

7.6.3 Concept Piston Length 

To derive the concept piston length, we used the aspect ratio of the full scale piston. Our sponsor, Dr. 

Moskalik provided us with engineering drawings of the current piston used in the hydraulic hybrid 

system. The full scale piston has a diameter to length ratio of 1.014. Using our piston diameter of 3.5‖, 

the length of the piston should be approximately 3.45.‖  

 

The same methodology is used for the reference piston, resulting in a length of 3.45.‖ 

7.6.4 Concept Piston Inner Pocket Size 

The concept piston inner pocket size is a function of the aspect ratio, and the amount of material required 

for two seal grooves. Power Seal International required a seal groove of 0.288‖ for the particular seal that 

we were using. The seal groove and a sufficient thickness of material on each side of the seal groove 

dictated the amount of remaining room left for the inner pocket of fluid. We also wanted to minimize the 

amount of fluid that was present inside the pocket to expedite the saturation process (the smaller amount 

of fluid that exists within the pocket, the less time that will be required for saturation). 
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7.6.5 Concept Piston Expansion 

After consultation with Dr. Moskalik, it was determined that if this design were to be used in the full scale 

system, the inner pocket of fluid will need to have the ability to expand and contract due to the fluid 

compressing under the high pressure cycle and re-expanding during the low pressure cycle. It has been 

determined by using the bulk modulus of olive oil (232,060 psi), and the change in pressure of 55 psi, the 

olive oil will have a differential change in volume (change in volume/total volume) of 2.37·10
-4

. Our 

piston allows for a differential change in volume of 0.104, far greater than what our system will actually 

experience. Since the concept piston uses a set screw to provide the expansion of the piston pocket, our 

engineering analysis has shown that using a set screw with a diameter smaller than 1/4‖ would result in an 

unsatisfactory safety factor. Therefore, our piston has the ability to expand to 1/8.‖  

 

As mentioned before, our sponsor has indicated that although our operating pressures are not high enough 

to warrant the expansion and contraction of the pocket of the concept piston, he has indicated that this 

particular feature needs to be tested to determine whether or not it is advantageous. 

7.7 Design Analysis 

The following sub-sections discuss alternative materials for our test fixture, the possible impacts our 

design could have on the environment, safety considerations, as well as alternative manufacturing 

methods. 

7.7.1 Material Selection 

To aid in the material selection for the tensioning rods and piston cylinder, CES EduPack was utilized. 

For a detailed overview of the work that was performed using CES, please see Appendix C . CES allowed 

us to narrow down the capable materials using two material indices. These material indices were derived 

by defining the function, objectives, and constraints for both of the parts. Once these three variables were 

defined, a free variable was identified and used to maximize our particular material category. In the case 

of the piston cylinder and tension rods, the tensile strength to density was to be maximized. Using this 

constraint, a minimum boundary was defined, thus narrowing down the selection of the material to five. 

To further narrow our choices, we defined another material category was in place to minimize the cost of 

the material. With the two material indices in place we decided to choose 6061 aluminum for the piston 

cylinder and 4140 for the tension rods. 

 

Although CES was very helpful in narrowing our search for suitable materials, several other factors 

played a significant role in material selection. For example, the piston cylinder was chosen to be 

aluminum to replicate the type of material used in the full scale system. CES identified that steel would be 

suitable based on our defined variables, yet we knew that steel would not accurately replicate the full 

scale system, thus potentially making the test fixture perform differently when compared to the actual 

vehicle. Several capable materials were also identified for the tensioning rods. For example, wood was 

identified as having the tensile properties necessary to carry the loads that they would experience. Using a 

little common sense, we knew that not only would wood be unacceptable in terms of threading the ends 

for attachment, but due to its widely varying properties could fail under load. With that being said, we 

decided to use steel for its strength and machining characteristics.  

7.7.2 Design for Environmental Sustainability 

In order to quantify the affects the materials for our device had on the environment, we utilized SimaPro 

7.1. We compared the materials we actually used to alternative materials that could have possibly worked 

in our design. We did this process for both the piston cylinder and the tensioning rods, and the complete 

results can be found in Appendix C . 
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 For the piston cylinder, we compared the environmental effects between the material we used, 6061 

aluminum, and an alternative material, 1060 steel. SimaPro 7.1 does not have 6061 aluminum in their 

catalogue, so we approximated the properties by using 6060 aluminum. When looking at the emissions 

for each of these materials, the aluminum had many more, mainly in the raw and air categories. The 

aluminum also had higher impact on human health, ecosystem quality, and resources categories. Although 

the aluminum has a larger environmental impact when compared to the steel, we would still use it in our 

design. The design characteristics of the aluminum are much better for our situation, and we feel these 

outweigh the negative environmental impacts. 

 

For the tensioning rods, we compared the environmental effects between the material we used, 4140 steel, 

and an alternative material, walnut wood. When looking at the emissions for these materials, the steel 

only had slightly higher emission levels than the walnut wood. The steel had a higher impact in the 

human health and resources categories; however the wood had a higher impact on the ecosystem quality. 

Based on these results, it is not really clear which material has more of a negative impact on the 

environment. We would still used 4140 steel though, because the properties of wood are unpredictable, 

and could cause failure of the system if it does not have the desired properties. 

7.7.3 Design for Safety 

According to our sponsor and section instructor, safety is the number one requirement for our project. 

With this in mind, while designing, we ensured that every component would be safe and not break apart 

during operation. FMEA and DesignSafe also assisted us in realizing certain safety concerns that we 

overlooked, and we were able to correct them before an accident occurred. While the safety report might 

have taken a little bit of time, in the long run, it probably saved time from us having to fix a component 

that could have broke. The safety report was also a good verification that operators would remain safe 

while working with the test fixture. 

7.7.4 Design for Manufacturing 

We used the CES EduPack process selector to determine a manufacturing process for making the piston 

cylinder as well as the steel tensioning rods. Because our test fixture was designed specifically for a one 

time test, we had to assume that it could be used for something else. When we were deciding on which 

seal to use, we realized that seal manufacturers had little to no information on the permeation of their 

seals. Therefore, we decided to assume that our test fixture could be used as a seal testing device. We 

determined that a realistic production volume for our device would be approximately 100 units.  

 

The most realistic way to manufacture the piston cylinder is to purchase cylinders that have been cold 

extruded. This process gives the tolerance and finish that is required. This process has a very high startup 

cost, so it would not be economical to make them ourselves to satisfy the low production volume 

required. The cylinders should then be cut down in a drop saw to ensure that their ends are square. A jig 

should then be created to allow for quicker tapping of the threaded holes in the cylinder on a mill. 

 

To create the tensioning rods, the best way is to purchase stock that has been hot shape rolled. Again, the 

equipment for this process has a high cost and it would not be economical to purchase this equipment for 

the low production volume desired. These rods would then be cut to size on a drop saw to ensure a 

straight cut. A jig would then be created to allow for quick threading of the ends.   
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8 FINAL DESIGN  

After conducting the necessary engineering analysis, our final design was conceived. Figure 8.1 shows a 

rendered CAD image of our final design along with Table 8.1 listing the major components of the final 

design. 

 
Figure 8.1: CAD model of final design 

 
Component Number Quantity  Description 

1 1 6061 Aluminum Piston Cylinder 

2 2 6061 Aluminum End-Plate 

3 1 Stauff Extraction Fitting 

4 3 Analog Pressure Gauge (0-200 psi) 

5 3 High Pressure Sight Glass 

6 4 Steel Tensioning Rods 

7 2 Air Solenoid 

8 1 Air Exhaust Muffler 

9 2 Safety Relief Valves 

10 2 Reference Piston 

11 2 Concept Piston 

12 1 Air Filling Valve 
Table 8.1: Major components of final design 

 
To get an overall idea and scale of the final design, Figure 8.2 shows the major dimensions of our final 

design. Detailed drawings of the fabricated components that make up the final design can be found in 

Appendix H . All dimensions are in inches.  
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Figure 8.2: Major dimensions of final design 

8.1 Major Sub-Assemblies of Final Design 

 

 
Figure 8.3: Four main sub-assemblies of final design 

 
Figure 8.3 shows the final design as a function of the four main Sub-Assemblies. The following sections 

will detail the four main sub-assemblies in terms of their function within the overall design and their 

relationship to the engineering analysis. 

8.1.1  Sub-Assembly 1: Piston Cylinder and Filling/Extraction Ports 

The Final Design uses an aluminum cylinder which serves as the piston cylinder for both the concept 

piston and the reference piston. The piston cylinder is an extruded, seamless, 6061-T6511 hollow 

aluminum cylinder with an inner diameter of 3.5‖ and outer diameter of 4.5.‖ A seamless tube was chosen 

four two main reasons: Safety and associated tolerances. Since a seam is non-existent in a seamless tube, 

risk is minimized from a crack propagating under force or pressure. A seamless tube also has a 

significantly better tolerance in terms of the thickness and inner diameter when compared to a structural 

tube that has been welded during processing [3]. This is critical to ensure a smooth actuation process 

during the testing phase of our design. 

 

Although the engineering analysis revealed that under our operating pressures a smaller wall thickness 

would suffice, another factor played into the 0.5‖ wall thickness. There are two ¼-NPT pipes that will 
be threaded into the piston cylinder that comprise the filling and extraction ports. To maximize the thread 

engagement of both of these fittings, we decided on a 0.5‖ wall thickness.  

 

To fill the middle chamber of the test fixture with olive oil, a ¼-NPT brass pipe with a brass ball valve 

centered in the middle of the piston cylinder will be used. Figure 8.4 shows the filling port in two 

Sub-Assembly 2: 

Air Inlet/Outlet 

Sub-Assembly 1: 

Piston Cylinder and Filling/Extraction Ports 

Sub-Assembly 3: 

Air Filling Port 

Sub-Assembly 4: 

Control System 
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orientations. In (I), the fixture will be turned on its side while the filling procedure is under way. By 

turning the fixture on its side, the filling port will be the highest point in the fluid system (not overall 

system), thus minimizing the amount of free gas in the main fluid chamber. The ball valve will close the 

system off from the atmosphere and provide a seal in which fluid and gas cannot pass through. 

   
Figure 8.4: Filling port orientations during filling (I) and testing (II) 

 
Once sufficient testing has been conducted, the fluid in the piston cylinder will be ready for extraction. 

Figure 8.5 shows the extraction port that will be used. This port uses a Stauff test line fitting that will be 

directly connected to the gas tester through a Stauff test line. The test line fitting acts as a check valve, so 

that when extraction is not needed, the system will be closed off from the atmosphere and will not allow 

fluid to leak out of the system. 

 

 
Figure 8.5: Fluid extraction port 

 

Included in the fluid extraction port are several features that ensure safety and proper operation. Since the 

extraction port will be the highest point in the fluid system during testing and extraction, a sight glass is in 

place to capture any free gas that may be present before extraction and during testing. A pressure gauge 

has also been implemented so that before extraction, an operator will know the pressure of the fluid 

chamber and take precautionary steps if needed. A brass ball valve is also in place so that the system can 

be closed off from the atmosphere if needed. All fittings and valves are made of brass and exceed the 

required pressure rating of 3 times the working pressure that was set in place by our sponsor, Dr. 

Moskalik. The pressure gauge is suitable for both air and fluids, including hydraulic fluid. 

 

(I) (II) 
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Stauff Test 
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The gas tester, shown in Figure 8.6 and provided by the EPA, will be used to test the amount of 

permeation past the seal. Included in the box with the gas tester was a Stauff Test line that was mentioned 

earlier for the extraction process.  

 

 
Figure 8.6: Gas permeation tester 

 
The gas tester uses the ideal gas law and the change in pressure and temperatures to determine the amount 

of free and dissolved gas within a particular fluid. This will be the primary means of measuring 

permeation for the final design. 

 

The Stauff test line has a fitting that can be directly connected to both the final design and the gas tester. 

This particular line allows for a sealed connection from the atmosphere when connected. When not 

connected, the Stauff fittings that the final design and gas tester use are a check valve which will not 

allow for the passing of fluid or air into or out of the system. 

 

 
Figure 8.7: Stauff test point line 

 
The reference and concept piston comprise the final piece of Sub-Assembly 1. Figure 8.8 shows the 

reference piston that will be used in the final design. Made of 6061-T6511 aluminum, the reference piston 

is a model of the piston that the EPA is using in their hydraulic hybrid vehicles. We chose aluminum for 

its lightweight, yet high strength characteristics as well as the fact that the EPA‘s piston is made of the 

same material. The reference piston uses a one seal design and two wear rings, analogous to the design 

the EPA uses.  

 

 
Figure 8.8: Reference Piston 

 
Since the final design will be using compressed air and olive oil, it was necessary to use a seal that could 

separate the two mediums. Thus, we chose a PQ Piston Seal from Power Seal International. This seal is 

Wear Ring 

Piston Seal 

Wear Ring 



49 
 

similar to the style the EPA is currently using and it satisfies the constraints that we have set aside for the 

seal to work properly in our test fixture. These constraints include bi-directionality, media separation, and 

provide sealing under the test fixture‘s method of actuation (compressed air). The test fixture relies on the 

piston being able to actuate smoothly in the piston cylinder tube. Since the reference piston utilizes only 

one seal, the glide rings are in place to center the piston in the piston cylinder as it actuates, ensuring a 

smooth actuation process. 

 

Similar to the reference piston, the concept piston, shown in Figure 8.9, is made of 6061-T6511 

aluminum. Again, aluminum was chosen for its high strength to weight ratio and its ease of machining, as 

well as it being the same material used in the full scale system. 

 

 
 

Figure 8.9: Concept piston 

 
The concept piston, designed by a previous student team, has several important features. The concept 

piston has the ability to expand and contract. This design feature was driven by the fact that the space 

between the two seals is going to be filled with olive oil through the fluid filling port and then pressed 

into the piston cylinder. Once the piston begins actuating and as air starts to permeate past the first seal, 

the pocket between the two seals will start to become saturated. The concept piston‘s ability to expand 

will account for the extra gas between the two seals due to permeation and ensure that the seals will not 

blow out due to the pressure differential across the two seals. Of course, at this point in the project, this is 

all a hypothetical situation and many assumptions have been made. Our sponsor has informed us that we 

are also testing this expansion and contraction feature of the concept piston, and we will determine if this 

feature is advantageous. He does not think that it is necessary for our test fixture due to the lower 

pressures that we are using, but still wants it to be implemented into our design. The final concept piston 

design allows for 1/8‖ of expansion of the middle pocket, resulting in approximately 0.9 in
3
 of extra 

volume. 

 

To allow for the concept piston to expand and contract, a slot and set screw have been used. After 

engineering analysis was performed on the set screw, it was determined that a ¼‖-20 stainless steel set 

screw was sufficient to resist against fracture and corrosion from being in contact with the fluid in the 

middle pocket.  

 

To adjust the concept piston position within the piston cylinder, a 3/8‖-16 threaded hole that is 

approximately a ½‖ deep was tapped into the end of the concept piston. This hole allows for the piston to 

be pushed and pulled when necessary using a 3/8‖-16 threaded rod. The reference piston shares this same 

feature, for the same purpose. 

 

Since the concept piston has two seals—in comparison to one seal on the reference piston—spaced 

sufficiently apart, the final design of the concept piston will not use wear rings like the reference piston. 
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The spacing between the seals will allow for the piston to remain concentric within the piston cylinder 

and aid it in the actuation process. 

8.1.2 Sub-Assembly 2: Air Inlet/Outlet 

The final design uses compressed air to actuate both the concept and reference piston in the piston 

cylinder. The compressed air not only provides a method of actuation but also simulates the compression 

and expansion of the full scale system. Sub-Assembly 2 provides a method of actuation through the use of 

two solenoid valves as shown in Figure 8.10. 

 

 

 
Figure 8.10: Air inlet/outlet sub-assembly 

 
After an engineering analysis revealed that a compressed air source that was able to provide at least 90 psi 

would be sufficient to actuate the piston, two solenoids were selected to control the inlet and exhaust of 

the compressed air source through a control system. The final design utilizes two solenoids rated to a 

maximum working pressure of 150 psi. These solenoids are normally closed unless electrically energized, 

in which case the solenoid gate will open. The steps below will outline the actuation process and how the 

one-way solenoids are used. 

 
Step 1: Control system initiates the opening of the inlet solenoid. Air is inputted into the system 

and is able to be throttled through the ball valve which is between the air hose connection and the 

air inlet solenoid. This will begin the piston actuation process as Figure 8.11 shows. 

 

 

 

 
Figure 8.11: Piston actuation process-air input 

 
Step 2: Once the piston on the far end (piston farthest from the air inlet) has reached the high 

pressure of 90 psi, the inlet solenoid will be closed by the control system and the outlet solenoid 

will be opened. At this moment, air will be exhausted from the system, thus producing a pressure 
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difference and forcing the piston set-up back to the original equilibrium pressure and position. 

Figure 8.12 shows the piston returning to equilibrium. 

 

 

 

 
Figure 8.12: Piston actuation process-air release 

 
Sub-Assembly 2 has several other features that aid in the overall safety and operation of the actuation 

process. In terms of aiding the actuation process, an analog pressure gauge, air muffler/exhaust port, 

filling port, and sight glass have been implemented. The analog pressure gauge will be used to determine 

when to switch from the inlet solenoid to the outlet solenoid and vice versa. Our sponsor has indicated 

that a consistent pressure profile is not an important factor in the actuation process, but rather that fairly 

consistent high and low pressures are met during the actuation process. Sub-Assembly 2 also has a filling 

port with a throttling valve. This filling port can be used to pressure the system to a low or high pressure 

during filling process or to add/subtract pressure from the system in the event that the second piston 

begins to ―walk‖ and not return to equilibrium. The term ―walking‖ refers to a situation where the piston 

in the system does not return back to the original equilibrium position thus resulting in a higher or lower 

equilibrium pressure.  

 

A muffler/exhaust port has been added to the system for two reasons. The first is that the air in the system 

will need to be regulated during the exhaust process so that the piston does not accelerate uncontrollably 

and hinder the actuation process. The current exhaust port also acts as a muffler for the exhausting air. 

Although no preliminary testing has been done to determine the amount of decibels that the final design 

may possibly emit, a muffler has been built into the final design to dampen any amount of noise that is 

present. 

 

As the last aid in the actuation process, a sight glass has been added to Sub-Assembly 2 as shown in 

Figure 8.13. The sight glass has been put in place in an attempt to have visual access to the piston 

cylinder. Since the piston cylinder in the final design is constructed of aluminum, there is no way to see 

the actuation of the pistons. As a back-up to watching the pressure gauges for a change in pressure—

signifying movement of the pistons—the sight glass will allow the operator to see if the pistons are 

moving within the cylinder.  
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Figure 8.13: Sight glass on sub-assembly 2 

 
Figure 8.10 shows the safety relief valve and ball valves that are implemented into the system for safety. 

The safety relief valve is rated to release pressure if the system reaches pressures above 120 psi. 120 psi 

was chosen since some of the components in the final design have a max working pressure of 150 psi, and 

in the event that the system pressure needs to be increased there is still room for a higher system pressure. 

The ball valves have been implemented to allow for the entire system to be closed off from the 

atmosphere in the event a component fails and the system begins releasing pressure. 

 

Another feature that is built into Sub-Assembly 2 is an in-line air filter. After speaking with Bob Coury 

about the University of Michigan‘s compressed air supply, he explained that the compressed air is ―dirty.‖ 

He later explained that the air has many particulates in the system that are not filtered out from air 

filtration in place. With this being said, we decided that an inline air filter that had the ability to remove 

particulates and any moisture in the system was necessary to protect our seals and to ensure the most 

accurate results possible. The particular air filter is shown in the following figure. 

 

 
Figure 8.14: In-line Air filter/regulator 

 

The final two features in Sub-Assembly 2 are embedded into the end-plates. The end-plates are made of 

6061-T6511 aluminum and have machined grooves for Buna-N o-rings as shown and a larger groove in 

which the piston cylinder can fit into and seal against the Buna-N o-ring as shown in Figure 8.15. The o-

rings have an interference fit with the outer edge of the groove so that when pressurized they are already 

in place to create an internal pressure seal 

 

Sight Glass 
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Figure 8.15: End-plate, sub-assembly 2 

 

There are also rubber stoppers embedded into the end-plate sub-assembly, which are in place to protect 

the pistons from damage in the event that they run into the end-plate sub-assembly. The end-plates also 

have four clearance holes at each corner for the threaded rods that hold the piston cylinder together, thus 

making a successful pressure vessel. 

8.1.3 Sub-Assembly 3: Air Filling/Exhaust Port 

Sub-Assembly 3 consists of the second end-plate, an air-filling/exhaust port, a pressure gauge, safety 

relief valve, and sight glass. 

 

 
Figure 8.16: Sub-assembly 3-air filling/exhaust port 

 
Sub-Assembly 3‘s main purpose in the final design is to serve as a pressurizing point in the system. As 

mentioned earlier, due to the open-loop control in place with the final design, the second piston in the 

system (piston closest to Sub-Assembly 3) may begin to ―walk‖ due to frictional losses in the system. If 

this phenomenon does occur, Sub-Assembly 3 has a port and brass ball valve for throttling in which the 

system can be pressurized/depressurized to return the piston assembly to equilibrium if needed. Sub-

Assembly 3 is also equipped with a pressure gauge which allows the operator to see if the piston is 

actuating by watching the gauge pressure change from high to low or vice versa. The gauge also serves as 

a safety feature which will be used during the disassembly process to ensure there is no stored energy on 

this particular end of the fixture. 

 

As with Sub-Assembly 2, a high pressure sight glass has been added to the system to aid the operator in 

determining if the system is working. Identical to Sub-Assembly 2, a brass safety relief valve rated to 120 

psi is equipped to Sub-Assembly 3. As with Sub-Assembly 2, Sub-Assembly 3 has a Buna-N o-ring in 

place to provide a seal for the piston cylinder. Sub-Assembly 3‘s end-plate is constructed of 6061-T6511 
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aluminum, has four clearance holes for the threaded rods to slide into, and rubber stoppers to pad the 

piston in the event of the piston hitting the end-plates. 

 

 
Figure 8.17: Sub-assembly 3-O-ring grooves and rubber stoppers 

8.1.4 Sub-Assembly 4: Control System 

In order for our final design to be tested, it needs a means to pressurize and depressurize. Through talks 

with our sponsor, we knew that we needed a cost effective system to cycle air into and out of the cylinder. 

Upon initial thought of this control system, our group decided that we would like to be able to control the 

airflow into and out of the system. We also wanted to be able to dictate when and at what rate the air 

would flow into and out of the system based on the pressure on either side of the cylinder. Our initial 

control system concept would involve two solenoid valves, two pressure transducers, multiple power 

supplies, a data acquisition system and a computer with LabVIEW software. With this setup, we would be 

able to develop a feedback system in which the air flow would be controlled based on the pressure 

transducer readings. This system would be able to precisely monitor the pressure and make decisions 

based on system parameters. After further meetings with our sponsor, he said that it was not important to 

have such a precisely controlled system and it would not be beneficial to purchase expensive items such 

as pressure transducers and data acquisition systems. The benefit of using these extra components was 

small compared with the increase in the cost of the system.  

 
Once we realized that we needed a rather simple control method, we developed some criteria for what we 

needed our control system to do. It is summarized in Table 8.2. Our initial thoughts were to use a function 

generator to switch the position of a relay that is connected to both solenoid valves and a power supply. 

We knew that we would not be purchasing a function generator due to the cost, but we assumed that there 

would be one available that we could use. However, once we realized that this was not the case, we knew 

we had to come up with another way of controlling the system.  

 
Criteria for Airflow Control System 

Control airflow into and out of system 

Maintain consistent high and low air pressure in the system 

Ensure that air cannot enter and leave at the same time 

Allow for quick adjustments to length of time for air going into and leaving system 

Does not involve unnecessary components that have higher costs than benefits 
Table 8.2: Airflow control system criteria 

 
We contacted John Baker [17] and met with him to explore our options. He confirmed that it would be 

feasible and cost effective to use a relay to switch power from one solenoid to another, but we still needed 

a method to switch the position of this relay. John Baker suggested we use an Arduino board to output a 

square wave, because it was an inexpensive and easily adjustable way to switch the position of the relay. 

He also suggested a 555 timer, which is an integrated circuit device that can act as a pulse generator. The 

duty cycle of the pulse is adjusted by different resistor values connected in a specified configuration. With 

our testing, we want to be able to quickly adjust the duty cycle and period of the output signal, so it would 

Buna-N O-ring 
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not be feasible to have to calculate what resistances to use to obtain a certain duty cycle. The period also 

cannot be adjusted with this device. Therefore, the Arduino board was the best option for our team; it is 

cost effective and easily adjustable. However, the Arduino board is not capable of outputting the 

appropriate voltage and current to switch the relays that are appropriate for use with our solenoid valves. 

We needed a method of amplifying the 0-5 VDC square wave that the Arduino board outputs.  

 
To amplify the square wave signal that is output by the Arduino board, John Baker suggested that we 

could use either an operational amplifier or a transistor. Both of these devices would also require the use 

of a 12 VDC power supply to provide the 12 VDC (167 mA) signal required by the relay to switch 

position. The op amp would be configured as shown in Figure 8.18 with no feedback. In this 

configuration, the inverting input is connected to ground through a resistor, so when the non-inverting 

input is positive, the output of the op amp is the maximum positive (12 VDC) and when the non-inverting 

input is zero, the output is maximum negative (0 VDC). The relay coil could be powered or not powered, 

depending on the output of the op amp. 

 
Figure 8.18: Operational amplifier as a switch 

 
While an op amp would work for our application, an even simpler device suggested by John Baker is a 

transistor. John suggested two different types of transistors, either an NPN bipolar junction transistor 

(BJT) or an N-type metal-oxide-semiconductor field effect transistor (MOSFET). The typical 

configuration for the BJT consists of three terminals, the base, collector and emitter as seen in Figure 

8.19. When no voltage is applied to the base, there is an open circuit between the collector and emitter. 

When voltage is applied to the base, current can flow from the collector to the emitter. This could be used 

to regulate when power is applied to the relay coil.  

 
Figure 8.19: BJT Transistor 

 
The typical configuration for the MOSFET is shown in Figure 8.20. When no voltage is applied to the 

gate, there is an open circuit between the drain and the source. When voltage is applied to the gate, 

current can flow from the drain to the source. This could be used to regulate when power is applied to the 

relay coil. John Baker recommended the MOSFET for our application because it is a newer technology 

and can handle the power required for the relay coil and has a very fast response time. 
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Figure 8.20: MOSFET 

 
Instead of purchasing two separate power supplies, 24 VDC for the solenoids and 12 VDC for the relay, 

John Baker suggested some options that would only require a single power supply. He suggested that we 

could use a single 24 VDC power supply and a voltage regulator to switch from 24 V to 12 V to power 

the relay coil. He also showed us a power supply that outputs 5, 12, and 24 VDC that was very close in 

price to either of the single power supplies and was the obvious solution for us.  

 
The final circuit that our group came up with, with the aid of John Baker, is shown in Figure 8.21. The 

Arduino can be connected to a computer to change the properties of its output signal. The Arduino can 

also be powered through the computer‘s USB port, but it needs to have a common ground with the power 

supply. After the output signal properties are changed using the computer, the USB is unplugged and the 

5V pin on the Arduino is connected to the +5 VDC output of the power supply for operation during 

testing.  

 
The Arduino‘s output signal is connected to the gate of the MOSFET. When the Arduino is outputting 0 

VDC, the MOSFET would not be conducting and the relay coil would not be powered. In its unpowered 

state, relay pins 3 and 6 are connected, so the exhaust solenoid is powered and thus opened. The solenoid 

valves are normally closed, so they open when they are powered. When the Arduino outputs 5 VDC, the 

MOSFET will conduct and the relay coil will be powered. This will switch the relay so that pins 3 and 5 

are connected and thus the inlet solenoid is powered and opened. The resistance of the relay coil is such 

that the required 167 mA will flow through the relay coil. There is also a flyback diode between the 

terminals of the relay coil. This diode is used to eliminate the sudden voltage spike that may occur across 

the relay coil when the MOSFET stops conducting. This will protect the MOSFET from being damaged 

by current flowing through it the wrong way. Another feature of our circuit is an emergency stop switch 

in the solenoid circuit. When opened, this switch will break the circuit and both solenoids will be 

unpowered and thus closed.  
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Figure 8.21: Airflow control circuit diagram 

8.1.5 Final Assembly and Additional Components 

Having discussed the four main Sub-Assemblies, the final design and composition of the three main sub-

assemblies excluding the control system, and inline filter are in Figure 8.22. 

 

 
Figure 8.22: Final design assembly 

 
As the last components to be inserted into the final design, the tension rods hold the piston cylinder 

together and provide the force necessary to create a proper face seal between the end-plates and the piston 

cylinder tube. After performing an engineering analysis, it was determined that steel should be used for 

the tension rods versus aluminum due to its high tensile strength. The final design also uses plain steel 

rods with threads on the ends for nuts, versus a fully threaded rod. A fully threaded rod essentially has 

thousands of stress concentrations which could act as sites for crack propagation and failure when 

subjected to a force. 
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8.2 Purchased Parts and Manufactured Parts 

Table 8.3 and Table 8.4 show the list of purchased and manufactured components, respectively. 

 

 
Table 8.3: Purchased components 

 

 
Table 8.4: Manufactured components 

8.3 Prototype Description 

The prototype will closely model the final design that was described above. During fabrication, all parts 

will be manufactured to the specified tolerances to ensure that our final design works as intended. In the 

event that our manufactured parts, or even purchased components are not within the tolerances that were 

requested, several contingency plans were created based on the different modes of failure in which are 

group brainstormed.  

 

We feel that the current final design has gone through a rigorous parameter analysis not only theoretically 

by calculations, but it has also been reviewed by our sponsor and faculty/peers of ME450. We are 

confident that this approach will lead to a successful prototype that will help yield the results that our 

group and sponsor are anticipating. 
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8.4 Final Mechanical Design Validation  

Several validation tests were implemented to verify the mechanical operation of the final design. The 

mechanical validation methods were not only in place to determine whether the device was working as 

planned, but also working in a safe manner. Experimental validation and results will be discussed in the 

results and validation section.  

8.4.1 Structural and Safety Validation 

To validate whether or not the test fixture was structurally sound, several pressure tests were conducted. 

The first pressure test was conducted at 15 psi and held for 5 minutes. After the five minute period, the 

pressure gauges were checked for a pressure drop. After passing this initial pressure test, the pressure was 

increased to 35 psi and held for five minutes. This process was continued at 75 psi, and then at the highest 

pressure available to via shop air (this was approximately 95 psi). The highest pressure was tested for one 

hour to validate that our final design was structurally safe at this pressure. The high pressure test was also 

in place to validate how well our pressure vessel could maintain pressure for an extended period of time. 

It was determined that after an hour, the test fixture had a small leak in the center of the piston cylinder 

near the extraction/filling ports. This leak caused the test fixture to lose approximately 2.5 psi over the 

one hour period. This leaked was deemed acceptable since the highest pressure would only be maintained 

for seconds rather than hours. Also, the location of the leak would be subjected to fluid rather than a gas, 

thus the leak would most likely be reduced due to the viscous nature of the fluid. 

8.4.2 Control System Validation 

There were several steps in the validation of the control system, with the first being the validation of the 

Arduino board. After programming, the Arduino board was run to determine if it was cycling in a five 

second on, five second off period. This was validated by the blinking of the LED light that was attached 

to the board from the factory. Once it was determined that the Arduino board was cycling correctly, the 

circuit was assembled. The next functionality test was testing the switching of the relay. It was soon 

realized that a common ground between the Arduino board and the power supply was needed. After this 

ground connection was made, the relay actuated with the cycling of the Arduino board, five seconds on, 

five seconds off. .  

 

The next test for the control system was to test it with the solenoids and test fixture. After the test fixture 

passed the pressure testing, we connected the control system to it. We began by setting the pressure to 20 

psi and turning on the control system. Initially, the control system appeared to be working perfectly. It 

would cycle air in and then exhaust. However, every so often, it would skip a cycle. This would result in 

either leaving the inlet solenoid valve open for twice as long as it should be or having the exhaust 

solenoid open for twice as long as it should be. While the operation of the control system was nearly 

perfect, this sporadic operation could have potentially resulted in a burned out solenoid valve. This 

problem was resolved with the implementation of flyback diodes across both solenoid valves, as seen in 

the engineering change section. After the diodes were put in place, the control system worked as planned 

and did not operate sporadically. 

 

It was imperative that the control system allowed adequate time for the pressurization and de-

pressurization of the system. The ball valves that were connected to both the intake and exhaust solenoid 

were adjusted to control the flow of air. This allowed our group to manipulate the ball valves to control 

the speed in which the test fixture pressurized and de-pressurized, without having to adjust the Arduino 

board cycle. This method was proven to work throughout the duration of the testing phase of our project, 

thus validating the control system. 
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8.4.3 Mechanical Operation Validation 

The main mechanical operation of the final design was the method in which the pistons were actuated. 

There were two methods that were used to determine whether or not the pistons were actuating within the 

piston cylinder. The first being the pressure gauges located on each end of the test fixture and the second 

being the high pressure sight glasses that were attached to each end-plate as shown in Figure 8.23 

 

 
Figure 8.23: Pressure gauge and high pressure sight glass location 

 
The pressure gauges were an indication of actuation due to the pressure fluctuations during each piston 

cycling. When the entire system was being de-pressurized, the gauges showed a hesitation in de-

pressurization and then a smooth release of pressure. It was determined by everyone present that the 

hesitation was caused by the pistons being released from their static position, to a state of motion. As 

another method of validation, a light source (e.g. flashlight) and a high pressure sight glass were used to 

visual the movements of the piston. During the pressure cycling, a light was held up to the high pressure 

sight glass. The light formed a shadow in the shape of a half ellipse on the face of the piston, and as the 

piston actuated back/forth, the ellipse on the face of the piston would expand and contract. If the piston 

was moving closer to the end-plates, the shadow would grow larger on the face of the piston, and vice 

versa for the opposite direction (Figure 8.24). 

 

Both tests were observed by our section instructor and several members of group.  Both groups agreed 

that the pistons were indeed actuating as designed, thus validating this portion of the mechanical design. 

 

 
Figure 8.24: Piston actuating closer to end-plate, from (I) to (II) 

 

(I) (II) 
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9 FABRICATION PLAN 

Our final design will be fabricated using the machines in the G.G. Brown Machine Shop. These machines 

include a band-saw, lathe, drop-saw, and vertical linear table mill. A CNC mill will be used to machine 

specific components due to the time it would take to machine them by hand. The subsequent tables 

outline how each component will be machined, including machine choice, feed-rates, tool choice, and 

special notes about the particular part. Engineering drawings of all of the manufactured parts can be seen 

in Appendix H  

9.1 Fabrication of Parts 

9.1.1 Concept Piston-Female Side 

Since we have to fabricate four pistons, two large aluminum slugs will be purchased. It should be noted 

that the machine shop mills are limited to 2500 RPM, even though theoretical cutting speeds were 

calculated above this value.  The formula below was used to convert the values listed in the Machinery‘s 

Handbook from surface feet per minute to rotations per minute. V is the velocity in surface feet per 

minute, and d is the diameter of the mill or drill depending on operation. 

 

RPM = 
12∗𝑉

𝜋∗𝑑
 

 

For both male and female ends of the concept piston, the rough slug will be cut to 4‖ to ensure enough 

engagement of material in the lathe chuck. Both ends will be made of 6061-T6511 aluminum, as was 

previously discussed in the final design section. Once the part is properly secured in the lathe chuck, the 

end visible to the operator will be squared using a facing tool as labeled by step two. Next, the piston will 

be turned down to the final maximum diameter as labeled by step three. This will be accomplished by a 

standard turning tool.  

 

Using the same turning tool, the sleeve outer diameter will be machined. By switching to the 

parting/groove tool, the seal groove will then be machined. Frequent diameter and width measurements 

will be taken in order to ensure that the seal groove is fabricated to manufacturer specifications. Upon 

completion of the seal groove, the lathe will be switched to perform a boring operation using the boring 

tool as shown in step six. A pilot hole will first be completed to minimize the time of the boring 

operation. Once the drilling operation has been completed, the boring tool will be equipped to the lathe to 

size the hole to the final diameter. The piston will then be removed from the lathe and taken over to the 

band-saw to be cut to the rough final size. The part will then be re-fixtured into the lathe and re-centered 

to ensure concentricity. The piston will then be faced using the facing tool to lathe the piston down to the 

final overall size. 

 

Upon completion of the final lathe processing step, the part will be gripped by the sleeve labeled #4 in 

Figure 9.1. Once the part is secure, the slot will be milled using an end mill. The part will then be re-

oriented and flipped 180˚ to drill the small liquid hole as labeled by 11 in the same figure.  
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Step 
Operation 

Name 
Mill/Lathe/Band 

Saw 
Tool 

Size/Name 
Cutting 

Speed(RPM) 
Feed Rate 

(in./min) 
Tap if 

Necessary 

1 
Cut to rough 

size 
Band Saw N/A 500 (fpm) N/A N/A 

Move aluminum slugs to lathe 

2 Face end Lathe Facing Tool 550 8 N/A 

3 
Turn to final 

OD 
Lathe Turning Tool 550 8 N/A 

4 Sleeve OD Lathe Turning Tool 550 8 N/A 

5 Seal Groove Lathe 
Parting/Groove 

Tool 
250 8 N/A 

6 
Cut to rough 

size 
Band Saw N/A 500 (fpm) N/A N/A 

Re-chuck part  

7 
Remove excess 

material 
Lathe Facing tool 550 8 N/A 

8 
Drill Extraction 

hole 
Lathe 5/16" Drill 300 N/A 3/8-16 

Move part to mill and secure in vise 

9 Drill Fill  Hole Mill 13/64" Drill 2500 12.5 1/4-20 

Re-chuck part to drill outer sleeve 

10 Drill Pin Hole Mill 13/64" Drill 2500 12.5 1/4-20 

Table 9.1: Concept piston-female side machining process 

 

 
Figure 9.1: Concept piston-female side 

9.1.2 Concept Piston-Male Side 

As with the female end of the concept piston, the male end of the concept piston will be cut down to a 

rough final size of 4‖ from the piece of stock measuring 12‖ in length. The part will then be moved to the 

lathe where it will be secured and properly centered. To finish off the rough cut created by the band saw, 

the exposed end will be faced to ensure a square face for a datum reference. The exposed outer diameter 

will then be turned down to the specified final diameter. Using the same turning tool, the outer diameter 

of the sleeve will be turned down to the specified diameter as pointed out in step four of Table 9.2: 
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Concept piston-male side machining processTable 9.2. The turning tool will then be switched out for 

a parting/groove tool and the seal groove will be cut as pointed out in step five. Careful attention will be 

applied to this groove as it is essential to the overall function of the design. After the seal groove has been 

cut, the piece will be removed from the lathe and taken to the band saw where it will be cut to the rough 

final size. The lathe will then be used to finish off the end that was cut using the band saw.  

 

After the facing process has been completed, the facing tool will be removed. A 5/16‖ drill bit will be 

chucked into the tail stock, where the bit will be used to create a pilot hole for a 3/8‖ tap. After 

completing the drilling, a hand tap will be used to create the treaded hole. Upon completion of the 3/8‖ 

tapped hole, the part will be moved to a vertical mill and properly secured in a vise by the sleeve OD as 

shown in step four above. A 13/64‖ drill bit will then be used to create the pilot hole for a 1/4‖-20 hand 

tap. Before tapping the hole, the part will be re-oriented so that the sleeve outer diameter centerline will 

now be in parallel with the jaws of the chuck. Once properly secured and oriented, a 13/64‖ drill bit will 

be used to create the pilot hole for a 1/4‖-20 hand tap. The part will then be removed from the vise and 

both pilot holes will then be hand tapped, concluding the fabrication of the male end of the concept 

piston. 

 

 

Step 
Operation 

Name 
Mill/Lathe/Band 

Saw 
Tool 

Size/Name 
Cutting 

Speed(RPM) 
Feed Rate 

(in./min) 
Tap if 

Necessary 

1 
Cut to rough 

size 
Band Saw N/A 500 (fpm) N/A N/A 

Move aluminum slugs to lathe 

2 Face end Lathe Facing Tool 550 8 N/A 

3 
Turn to final 

OD 
Lathe Turning Tool 550 8 N/A 

4 Sleeve OD Lathe Turning Tool 550 8 N/A 

5 Seal Groove Lathe 
Parting/Groove 

Tool 
250 8 N/A 

6 
Cut to rough 

size 
Band Saw N/A 500 (fpm) N/A N/A 

Re-chuck part  

7 
Remove excess 

material 
Lathe Facing tool 550 8 N/A 

8 
Drill Extraction 

hole 
Lathe 5/16" Drill 300 N/A 3/8-16 

Move part to mill and secure in vise 

9 Drill Fill  Hole Mill 13/64" Drill 2500 12.5 1/4-20 

Re-chuck part to drill outer sleeve 

10 Drill Pin Hole Mill 13/64" Drill 2500 12.5 1/4-20 

Table 9.2: Concept piston-male side machining process 
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Figure 9.2: Concept piston-male side 

 

9.1.3 Reference Piston 

As with the concept piston, the two reference pistons will also be cut from a long piece of 6061-T6511 

aluminum bar stock. The two reference pistons will be cut to a rough size of approximately 4‖, to ensure 

that there is enough material for the lathe to grab onto during the turning process. The end that was cut via 

band saw will be exposed to the operator and squared using a facing tool. Upon completing the facing of 

the stock, the facing tool will be replaced with a turning tool. The turning tool will be used to turn the 

outer diameter of the piston to the final diameter. Once the piece has reached the final diameter, the 

turning tool will be exchanged with the parting/grooving tool to create the wear ring grooves. Precise and 

careful machining will be used on the wear ring grooves to ensure the tight and proper fit. The 

parting/grooving tool will then be used to cut the seal groove for the reference piston. Along with all of 

the grooves associated with the pistons, special care will be taken when fabricating the seal and wear ring 

grooves.  

 

Exchanging the parting/grooving tool with the boring tool, the bore on the reference piston will be 

created. Before the boring tool is equipped to the lathe, a large drill bit will be chucked into the tail stock 

of the lathe and it will be used to create the rough hole for the boring operation. Once the boring operation 

has been completed, the part will be removed from the lathe and cut to a rough final size using the band 

saw. The part will be re-chucked into the lathe and centered once again. The lathe will be re-equipped 

with the facing tool, and used to square and finish the reference piston to the final size. 

 

With the part already chucked and centered in the lathe, a 5/16‖ drill bit will be put into the tail stock to 

drill the extraction pilot hole labeled in step nine as shown above.  The part will then be removed to tap 

the extraction and fill holes as shown in the figure above.  
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Step 
Operation 

Name 
Mill/Lathe/Band 

Saw 
Tool 

Size/Name 
Cutting 

Speed(RPM) 

Feed 

Rate 

(in./min) 

Tap if 

Necessary 

1 
Cut to rough 

size 
Band Saw N/A 500 (fpm) N/A N/A 

Move aluminum slugs to lathe 

2 Face end Lathe Facing Tool 550 8 N/A 

3 
Turn OD to   

final size 
Lathe Turning Tool 550 8 N/A 

4 
Wear ring 

groove(s) 
Lathe 

Parting/Groove 

Tool 
250 8 N/A 

5 Seal Groove Lathe 
Parting/Groove 

Tool 
250 8 N/A 

6 Drill Bore Lathe 1‖ Drill Bit 250 8 N/A 

7 Bore ID Lathe Boring Tool 400 8 N/A 

8 
Cut to rough 

final size 
Band saw N/A 500 (fpm) N/A N/A 

9 
Remove 

excess 

material 
Lathe Facing tool 550 8 N/A 

10 
Drill 

Extraction 

Hole 
Lathe 5/16‖ End Mill 2500 10 3/8-16 

Table 9.3: Reference piston machining process 
 

 
Figure 9.3: Reference piston 
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9.1.4 End-Plates 

Two end plates will need to be fabricated in order contain the pressure within our vessel. To create the 

plates we ordered a 12‖ x 6‖ x 0.5‖ 6061-T6511 aluminum plate from McMaster-Carr. We will first cut 

the plate to rough size in the band saw. Once the plate has been cut to rough size, it will be secured in a 

vise and squared up to the final size. The plate will then be re-oriented so that the thickness is parallel to 

the z-axis of the mill. The clearance holes will then be tapped once a datum has been established. Once 

the tension rod holes have drilled, the part will be removed from the conventional mill vise and placed in 

a rotary table. Once properly secured in the rotary table, the outer seal groove will be created. After the 

outer seal groove has been created, the inner seal groove will be created on the rotary table as well. The 

end mill bit used between rotary table operations will be reduced from 1/4" to 1/8.‖  

 

The rotary table will then be removed from the table and replaced with a conventional vise. Once the part 

has properly secured, a 7/16‖ drill bit will be used to create the pilot holes for a 1/4" NPT threaded hole. 

Following the pilot holes for the 1/4‖ NPT pipe thread connections, the pilot holes for the rubber stoppers 

will be created. These holes will require a pilot hole of 7/64‖ in order to accommodate a 6-32 tapped hole.  

 

Once all of the holes have been drilled, all of the holes will be tapped with the proper taps listed in the 

table below. If possible, the seal groove and piston cylinder groove will be cut using a CNC mill. John 

Mears of the graduate student shop will be contacted to assist with this particular operation. 

 

Step 
Operation 

Name 
Mill/Lathe/Band 

Saw 
Tool 

Size/Name 
Cutting 

Speed(RPM) 
Feed Rate 

(in./min) 
Tap if 

Necessary 

1 
Cut to rough 

size Band Saw N/A 500 (fpm) N/A N/A 

Move plate(s) to mill, ensure proper vise arrangement, use risers if necessary 

2 
Square 

endplates Mill 
1/4" End 

Mill 2500 10 N/A 

3 
Drill tension 

rod holes Mill 
25/64" 

Drill Bit 2500 12.5 N/A 

Put plates in rotary table vise to begin groove operation 

4 
 Outer seal 

groove 
Mill (Rotary 

Table) 
1/4" End 

Mill 2500 10 N/A 

5 
Inner seal 

groove 
Mill (Rotary 

Table) 
1/8" End 

Mill 2500 10 N/A 

6 

Drill pipe 

connection 

holes Mill 
7/16" Drill 

Bit 2500 12.5 1/4" NPT 

7 

Drill/Tap 

rubber stop 

holes Mill 
7/64" Drill 

Bit 2500 12.5 6-32 
Table 9.4: End-plates machining process 
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Figure 9.4: End-plates 

9.1.5 Steel Tension Rods 

Four steel rods will be used to tension the fixture together. These rods will need to be threaded in order to 

bolt the entire fixture together. The rods will first need to be cut to size, preferably using the drop saw so 

that all the rods can be cut at one time. If not, each rod will be cut to size using the band-saw. Once the 

rods have been cut to size, a grinder may have to be used to create a chamfer to get the die started. Both 

ends will then be threaded to the proper length with a 3/8‖-16 die. 

 

Table 9.5: Steel tension rods machining process 

 
Figure 9.5: Steel tension rods machining process 

Step 
Operation 

Name 
Mill/Lathe/Band 

Saw 
Tool 

Size/Name 
Cutting 

Speed(RPM) 

Feed 

Rate 

(in./min) 

Tap if 

Necessary 

1 Cut to Size 
Band Saw/Drop 

Saw 
N/A 500 (fpm) N/A N/A 

2 
Thread 

Ends 
N/A N/A N/A N/A 3/8"-16 
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9.1.6 Piston Cylinder 

The aluminum tube that we will be using for our main piston cylinder enclosure will require three 

operations. The first operation will be to square up both ends of the tube to ensure a quality seal between 

the end plates when assembled. This operation presents some challenges due to the length of the tube. We 

will first secure the tube on the table of the mill so that the tube is lying on the table lengthwise. The tube 

will be elevated off the table using a set of v-blocks. The tube will then be secured using tie downs to 

prevent the tube from spinning or turning during milling operations. The mill head will then be equipped 

with either a large end mill, or shell mill (depends on shop availability), and the auto-feed will be used to 

lower the mill down the face. This facing operation will then be repeated for the other end of the tube as 

well. If the student machine shop mill cannot handle this operation, we will get in contact with John 

Mears of the Autolab Machine Shop to complete the operation on a larger mill. After the ends have been 

squared and faced, the mill will be equipped with a 7/16‖ drill bit to create the pilot hole for a ¼‖ NPT 

pipe tap. The tube will then be rotated 90˚ to drill the hole for filling port. We will make sure that the tube 

is secure for every operation before machining.  

 

Step Operation 

Name 
Mill/Lathe/Band 

Saw 
Tool 

Size/Name 
Cutting 

Speed 

(RPM) 

Feed Rate 

(in./min 
Tap if 

Necessary 

 

1 Facing Ends Mill Large End 

Mill/Shell 

Mill 

2500 12.5 N/A 

2 Extraction 

Pipe 
Mill 7/16‖ Drill 2500 12.5 ¼‖ NPT 

3 Filling Pipe Mill 7/16‖ Drill 2500 12.5 ¼‖ NPT 
Table 9.6: Piston cylinder machining processes 

 

 
Figure 9.6: Piston cylinder machining processes 

9.1.7 Estimated Cost of Manufacturing  

To give our sponsor the best estimate for the cost of manufacturing our final design, we have tracked the 

number hours required for fabrication and fixturing. We have assumed that our sponsor would have 

access to a lathe and vertical milling machine. We have also assumed that our final design would never 

have the marketability to be a mass produced item since it is mainly a research related item that serves a 

specific purpose in a particular setting. 

9.1.8 Estimated Labor Costs 

We have estimated that it would take approximately 50 hours to completely machine and assemble the 

entire test fixture. The 50 hours include the time needed for set-up, dimensional checks, and any other 
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intermediate steps that a qualified machinist would find necessary in the creation of the components of the 

final design. A summary can be seen in Table 9.7. 

 

It should be noted that we assumed all processes would take a maximum of two machinists to 

manufacture and assemble the entire test fixture.  

 

Part Hours Cost  

Concept Piston 20 $800 (i.e. [20 hours x $20 x 2 people]) 

Reference Piston 15 $600 

End-Plates and Piston Cylinder 10 $400 

Assembly Time 5 $200 

 

Total Manufacturing/Assembly Costs: $2,000 

Table 9.7: Estimated machining and assembly costs 

9.2 Assembly Plan 

The following section will detail how the test fixture will be assembled, the order in which it will be 

assembled, and where it will be assembled. Special details and notes about the assembly process will also 

be detailed in this report. The individual sub-assemblies will be displayed pictorially in exploded and 

assembled views for maximum clarity. 

 

The assembly process is deemed a very low risk process. There will be no stored energy during the 

assembly process, and all joining processes are accomplished by the means of fasteners or threaded pipe 

fittings. To ensure that air does not become pressurized by any means during assembly, all valves will 

remain open. When the fixture requires filling of both air and olive oil, all valves will be closed. No parts 

are inherently dangerous to handle or assemble, but must be handled with care to ensure they are not 

damaged. All fittings will be inspected for cracks and broken threads before the assembly process. 

 

All fittings will be tightened to maximum thread engagement (for ¼-NPT: 0.41‖ of thread engagement) to 

ensure the maximum safety factor against the connection failing during pressurization. All pipe fittings 

will be wrapped in PTFE thread seal tape to create an air-tight seal. Some fittings will require that the 

thread seal tape not be wrapped all the way to the end of the fitting if they are exposed to liquid. This 

prevents fragments from the thread seal tape from contaminating the liquid in use (the components that 

require this will be outlined in the preceding sections). All components can be assembled in a normal 

shop setting. A level and flat work surface will be necessary during assembly. Items that can prevent the 

main piston cylinder from rolling off of a bench-top should be used, (e.g. a two by four) 

 

Test Fixture Sub-Assemblies 

Figure 9.7 below shows the completed test fixture assembly in its final form. The test fixture can be 

broken down into 3 main sub-assemblies. 
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Figure 9.7: Main sub-assemblies of test fixture 

Sub-Assembly One  

Sub-assembly One and Two, consisting of the end plates will be assembled first. Figure 9.8 below shows 

Sub-Assembly One. 

 

 
Figure 9.8: Sub-assembly 1-end-plate 

 

 
Figure 9.9: End-plate sub-assembly step 1 

 

Steps 1-2) The pressure gauge coupling and 90˚ elbow will be the first components to be attached 

to Sub-Assembly 1. Both the fitting and elbow will be turned using a pipe wrench after they have 

been hand tightened. The coupling will be threaded into the endplate until it is flush with the 

other side of the endplate. 
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Figure 9.10: End-plate sub-assembly step 3 

 

Steps 3-4) The air input coupling and female tee joint will be attached to the end-plates next. 

Both fittings will be tightened by hand, and tightened using a wrench after being secured by hand.               

 

 
Figure 9.11: End-plate sub-assembly step 5 

 

Steps 5-6) Hand tightening will occur until further tightening requires a wrench. In the case of the 

air hose fitting and ball valve, a 9/16‖ open ended wrench will be used to tighten the fittings after 

hand tightening. 

 

 
Figure 9.12: End-plate sub-assembly step 7 

 
Steps 7-8) These steps integrate the two one-way solenoids into the end plate sub-assembly and 

ball valves to close the system off. When tightening the one-way solenoids onto the couplings, 

special care will be taken to not damage the solenoids or drop them, thus potentially hindering 

their operating ability. Care must also be taken to ensure that the solenoid is facing the correct 
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way. The arrows on the solenoids indicate the direction of the flow of air. All fittings will be 

tightened using a pipe wrench, unless a hex head is available for tightening via open ended 

wrench (after hand tightening).  

 

 
Figure 9.13: End-plate sub-assembly step 9 

 

Steps 9-10) The sight glass will be threaded into the 1/4-NPT threaded hole in the endplate with 

an open ended 9/16‖ wrench after hand tightening. Special care should be taken to not damage 

the sight glass during the assembly process, and should be inspected for cracks during assembly. 

 

 
Figure 9.14: End-plates sub-assembly step 11 

 

Steps 11-12) One of the last elements to be added to the first end-plate assembly is the safety 

relief valve. The safety relief valve will be wrapped with pipe tape on its exposed end and then 

screwed into the end-plate using a 9/16‖ open-ended wrench. Throughout the duration of this 

assembly process, the end-plate will be lying flat down on a bench-top. This will ensure that 

when fittings are being inserted, they will remain flush with the other side of the plate and not 

protrude out. 

 

Sub-Assembly Two 

Sub-Assembly Two is very similar to Sub-Assembly One, with Sub-Assembly Two having fewer 

components. Similar to Sub-Assembly One, Sub-Assembly Two will be assembled on a bench-top to 

ensure that the fittings will remain flush with the other side. Sub Assembly Two is shown in Figure 9.15. 
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Figure 9.15: Sub-assembly two-end-plates (II) 

 

 
Figure 9.16: End-plates (II) sub-assembly step 1 

 
Steps 1-2) Follow the same procedure as Sub-Assembly One for the coupling and 90˚ elbow.  

 

 
Figure 9.17: End-plates (II) sub-assembly step 3 

 

Steps 3-4) Both the ball valve and hose fitting will tightened using a 9/16‖ open ended wrench. 

The brass pipe nipple will be tightened using a pipe wrench after hand tightening.  
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Figure 9.18: End-plates (II) sub-assembly step 5 

 

Steps 5-6) Both the safety relief valve and sight glass will be attached using a 9/16‖ open ended 

wrench. Both fittings will be tightened until the end of the pipe fitting is flush with the other side 

of the end-plate. 

 

Sub-Assembly Three 

Sub-Assembly Three consists of the large aluminum tube, and one port for extraction and one for filling 

of olive oil. The tube will need to be assembled on a bench top, and secured using a concept similar to v-

blocks. Ideally, two two by fours will be place on either side of the tube and clamped down to prevent the 

tube from rolling during the assembly process. Figure 9.19 below shows Sub-Assembly Three. 

 

 
 

Figure 9.19: Sub-assembly three: tube, extraction, and filling ports 
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Figure 9.20: Sub-assembly three: extraction port step 1 
 

Steps 1-2) When applying the PTFE Thread Seal Tape it is very important to leave two threads 

exposed (not wrapped in pipe tape), so that fragments of pipe tape will not be in contact with the 

working fluid, thus potentially contaminating the fluid.  

 

 
 

Figure 9.21: Sub-assembly three: extraction port step 3 

 

Steps 3-4) Similar to the filling port, the extraction port will use several components. All fittings 

that do not have a hex head will be secured using a pipe wrench after hand tightening. The sight 

glass will be wrapped in pipe tape on the exposed threaded end, and tightened using an open 

ended 9/16‖ wrench after hand tightening. 
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Figure 9.22: Sub-assembly three: extraction port step 5 

 
Steps 5-6) All fittings without hex head areas for tightening will be tightened with a pipe wrench 

after tightening by hand. It has been determined that 0.41‖ is the maximum amount of thread 

engagement necessary for our fittings.  

 

Concept and Reference Piston Sub-Assembly 
Before the entire fixture can be assembled, both the concept piston and reference piston must be 

assembled. For the concept piston, this entails assembling two piston halves together and installing the 

three piece seals. For the reference piston, wear rings must be installed in addition to the seals. Figure 

9.23 shows both the reference and concept piston in their final assembled form. 

 

 
 

Figure 9.23: Concept piston (I) and reference piston (II) final assembly 

 

 
 

Figure 9.24: Concept piston sub-assembly step 1 
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Steps 1-2) For the concept piston, the two piston halves will have to be inserted together. The 

piston should be held so that the threaded hole in the male piston lines up with the slot in the 

female piston before proceeding. 

 

 
Figure 9.25: Concept piston sub-assembly step 3 

 

Steps 3-4) To secure the two piston halves together, a ¼‖-20 set screw will be threaded into the 

male side of the piston while the two halves are together. The set screw will need to be threaded 

so that it protrudes out from the female side, while sufficient thread engagement is maintained to 

form a strong connection. A second ¼‖-20 set screw will be threaded into the male side piston 

face to close off the fluid pocket reservoir. This set screw will be wrapped with pipe tape to 

ensure a proper seal, and tightened until flush with the surface of the male piston. 

 

 
Figure 9.26: Concept piston sub-assembly step 5 

 

Steps 5-6) The rubber o-rings that make up the base of the three piece seals that we will be using, 

are easily installed due to their elastic properties. They will be slipped on and fitted into the 

manufactured o-ring grooves. No lubrication or tools will be needed for this step. 
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Figure 9.27: Concept piston sub-assembly step 7 

  

Steps 7-8) The second part of the three piece seal (Turcon seal ring), requires a special tool for 

installation. The Turcon material that the seal is made of is very difficult to stretch, making it 

difficult to install without the aid of a mandrel. A mandrel was created that would gently stretch 

the seal over a small taper and distance, allowing the seal to be placed into the seal groove over 

the rubber o-rings. The mandrel has a hole drilled down the center, with clearance for a 3/8‖ bolt 

so that it can be secured to the outer face of the piston. Once the mandrel has been centered onto 

the face of the piston and secured, the seal will be slipped onto the mandrel and forced downward 

into the seal groove. The seal should not remain on the mandrel for longer than necessary, as it 

will stretch the seal excessively. This should be repeated twice for both grooves of the concept 

piston. 

 

 
Figure 9.28: Concept piston sub-assembly step 9 

 

Steps 9-10) As the last step in installing the three piece seal, a rubber ―x-ring‖ seal is placed into 

the groove of the Turcon seal ring. Due to its elastic nature, the rubber x-ring will be installed by 

stretching the ring by hand.  

 

As a final step in the piston ring installation, the rings will need to be recompressed to their 

original diameter to ensure a proper seal when placed into the piston cylinder. To accomplish this, 

a piston ring compression tool will be used. The tool will be left on the piston to ensure the three 
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piece seal has compressed to its original diameter. Figure 9.29 shows the tool that will be used to 

compress the seals. 

 
 

Figure 9.29: Piston ring compression tool 

 

Reference Piston 

 

 
Figure 9.30: Reference piston sub-assembly step 1 

 

Steps 1-2) The reference piston utilizes wear rings to center the piston within the piston cylinder. 

These rings are easily expanded by the human hand due to their split ring design, and do not 

require any special tools or excessive force to install. 

 

 
Figure 9.31: Reference piston sub-assembly step 3 
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Steps 3-4) As with the concept piston, the rubber o-ring is the first component of the three piece 

seal to be installed. Due to its elastic nature, the rubber o-ring can be installed by the hand 

stretching the o-ring over the outer diameter of the piston and into the seal groove. 

 

 
 

Figure 9.32: Reference piston sub-assembly step 5 

 

Steps 5-6) Follow the same procedure as in Steps 7-8 of the Concept Piston. 

 

 
Figure 9.33: Reference piston sub-assembly step 7 

 

Steps 7-8) Once the Turcon seal ring has been stretched over the outer diameter of the reference 

piston, the rubber x-ring will be installed by hand and stretched over the outer diameter of the 

piston until it is in the groove of the Turcon seal ring. Careful attention will be paid to the rubber 

x-ring so that it is not twisted in the Turcon seal ring groove. The same method to compress the 

seals on the concept piston will be used here to compress the three piece seal of the reference 

piston. 
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Final Assembly of the Test Fixture 

Up to this point, all of the main sub-assemblies have been assembled as separate entities. The following 

sections will outline the order and procedure in which the entire fixture will be assembled.  

 

End-Plates: O-Ring and Rubber Stopper Installation 

 

 
 

Figure 9.34: End-plates (I & II) final assembly step 1 
  

Steps 1-2) To ensure a proper seal with the end-plates and the piston cylinder tube, o-rings will 

be installed into the o-ring groove. The o-rings will need to be pushed into the machined groove 

and then held in place for a period of time so that they will remain in the groove during 

installation. After the o-ring has been placed into the groove, three rubber stoppers will be 

screwed into placed by hand. This procedure will be repeated for the second end-plate. 

 

Insertion of Pistons into Piston Cylinder 

 

 
Figure 9.35: Piston and piston cylinder assembly step 1 

 

 

 
 

Figure 9.36: Piston cylinder installation tools 
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Steps 1-2) Once the piston rings have been compressed using the piston ring compressor tool, 

they will need to be assembled/inserted into the piston cylinder. Due to the nature of the piston 

seals, the piston ring compressor tool will need to be used to manipulate the pistons into the 

cylinder. To accomplish this, the ring compressor will be applied to the piston and centered over 

the piston cylinder. When properly aligned, the piston will be tapped downward, forcing the 

piston into the cylinder. This will continue until the piston is inserted into the piston cylinder. The 

ring compressor will be removed, and then it will be pushed into the cylinder further with a 

rubber mallet and a wooden block (to protect the aluminum from damage) to a specified depth. 

  

 
 

Figure 9.37: Piston and piston cylinder assembly (II) 

 

Steps 3-4) Following the same steps as 1-2 above, the second piston will be inserted into the 

piston cylinder. Using the same tools, the most important factor will be to ensure that the depth of 

the second piston is at the same depth of the first inserted piston. Once both pistons have been 

inserted into the cylinder, the set screw that is on the face of the concept piston (shown in Figure 

18) will be removed. The cavity between the pistons will then be filled with olive oil, and then 

capped off when the entire cavity is filled with olive oil. This procedure will only be necessary 

for the final stage of testing when the pistons are ready for the actuation process. 

 

Note: The reference piston will be inserted using the same procedure as the concept piston, 

excluding the need to fill the piston cavity with olive oil. 
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Figure 9.38: Tension rods to end-plate sub-assembly step 5 

 

Steps 5-6) The main tensioning rods that hold the test fixture together and apply the force 

required to seal the piston cylinder off from the atmosphere are attached to the end-plate 

assembly via 3/8‖ nuts. Based on our calculations, two nuts will be necessary to satisfy the 

minimum amount of thread engagement to withstand the forces the system will experience and 

retain a satisfactory safety factor. First a washer will be put onto the tension rods, and then the 

nuts will be tightened to specific depth on the tension rods. By tightening the nut to a specified 

depth on the tension rods, this will ensure that each rod is the same length and that the fixture will 

be tensioned evenly when finishing the assembly. The depth to which the nuts will be tightened 

will be determined while assembling the test fixture in the shop. This process is repeated four 

times for each rod. 
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Figure 9.39: Assembly of sub-assemblies 
 

Steps 7-8) As the second to last step in the mechanical assembly process, the piston cylinder and 

two ends plates are joined together to form the completed assembly. This will require three 

people, as one person will hold the piston cylinder in place, another will guide the steel tension 

rods into end-plate (II), and the last person will apply the 3/8‖ nuts on the steel tension rods and 

tighten. The nuts shall be tightened until the rods no longer bow/sag along the length of the 

cylinder and sufficient tightness is reached to ensure a proper seal between the end plates and the 

piston cylinder. The nuts will be tightened using a 9/16‖ open ended wrench. 
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Figure 9.40: Assembly of pressure gauges 

 

Steps 9-10) As the final step in the mechanical assembly process, three pressure gauges will be 

installed along the cylinder as Figure 9.40 depicts. The middle gauge requires that two threads 

remain free at the bottom of the pipe connection to ensure pipe tape fragments will not 

contaminate the working fluid. The pressure gauges should be connected to the assembly last so 

that they are not damaged while the fixture is handled and manipulated. They will be hand 

tightened, and then a 9/16‖ open ended wrench will be used to tighten so proper thread 

engagement occurs. Their orientation should be that they face the direction in which the operator 

will be facing during testing.  

 

Note: At this point the fixture is ready to be pressure tested for leaks. This means that no olive oil 

or any other fluid exists within the system. If the system passes the pressure testing phase, the 

system will be ready for olive oil in both the cavity between the two pistons, and in the case of 

the concept piston, the cavity between the seals. The main piston cylinder will be filled through 

the filling port that is labeled above until the desired volume has been reached. 
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9.3 Control System Assembly 

The following section pertains to the preliminary setup of the control system for our project. This control 

system involves a computer, Arduino circuit board, power supply, transistor, two solenoid valves and a 

relay, specifics of which can be seen in Table 9.8. The circuit diagram of our control system can be seen 

in Figure 9.41 below. This circuit was developed with the aid of John Baker.  

 
Figure 9.41: Control system circuit diagram 

The Arduino is connected to a computer, with appropriate software, so that the properties of its output can 

be easily changed. The Arduino should only be connected to the computer when the E-stop is switched 

off and when the period and duty cycle needs to be changed. When running a test, the computer should be 

disconnected. The code that was run in the Arduino can be seen in Appendix D.5 . The Arduino‘s output 

signal is connected to the gate of the MOSFET. When the Arduino is outputting 0 VDC, the MOSFET 

would not be conducting and the relay coil would not be powered. In its unpowered state, relay pins 3 and 

6 are connected, so the exhaust solenoid is opened. The solenoid valves are normally closed, so they open 

only when they are powered. When the Arduino outputs 5 VDC, the MOSFET will conduct and the relay 

coil will be powered. This will switch the relay so that pins 3 and 5 are connected and thus the inlet 

solenoid is opened. The resistance of the relay coil is about 72 ohms, so the required 167 mA will flow 

through the relay coil when the transistor is energized.  

Component  Detailed Description 
Arduino Duemilanove Open source I/O board. Can be easily programmed to output a 0-5 VDC 

square wave with fully adjustable duty cycle and period. 

 

MOSFET (IRLD110PBF) MOSFET capable of handling 1A of current from the source to the drain and 

a 100 V potential difference between source and drain. The transistor is 

switched via a 5 V input to the gate. Has an internal backflow diode for 

transistor protection. 

 

Mean Well RT-50D Power Supply Takes a 120 V (15 A) AC input and converts into three switching DC outputs 

to provide constant voltage. Output 1: 5 VDC (3 A), Output 2: 24 VDC (1 A), 

Output 3: 12 VDC (1 A). Total output power of 51 W. 

  

Deltrol Controls 900 series power relay Single pole double throw (SPDT) configuration. Relay coil is 12 VDC (167 

mA). Relay can handle ~780 W. 

 

Solenoid valves 2-way normally closed configuration (open when electrically energized). 

Solenoid coil is 24 VDC (330 mA). Require a 2 PSI pressure difference 

between the input and output to remain closed (this will always be the case in 

our test fixture). 

Table 9.8: Control system component description 
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10 VALIDATION RESULTS 

To validate whether the concept piston offers a significant reduction in the amount of permeation past the 

seals over the current design, a number of tests need to be performed to provide the EPA with significant 

results. These tests were carried out at the University of Michigan in room 1067 DOW under the 

supervision of Charlie Weger.  

 

10.1 Experimental Procedure 

To validate which piston design produces the better results, we had to develop a standard procedure for 

how we would assemble the fixture and pistons, cycle the pistons, and sample the fluid. The procedure 

outlined in this section is for the series of tests that were run after initial verification that our test fixture 

was functional. The procedure is outlined for the concept piston, because loading the concept piston is 

more involved than loading the reference piston. The steps that only apply to the concept piston are 

labeled with a ‗*.‘  

 
  1       2*           3 

 
  4      5           6 

 
  7*      8*         9* 
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  10        11              12 

 
  13       14            15 

 
  16       17          18 

 
  19        20             21 
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  22         23           24 

 
  25       26             27 

 

The steps for each labeled picture are shown below: 

 

0.) Begin with the test fixture disassembled, meaning the endplates are detached from the cylinder. 

1.) If you are starting with a new seal, it will be necessary to use a piston seal compressor. We rented 

one from our local automotive supply store. Use it to compress the seals so they can fit into the 

cylinder. 

2.) For the concept piston, ensure that the set screw is not installed on the piston during installation. 

3.) Place the piston and seal compressor on top of the cylinder. Ensure that the middle valve of the 

cylinder is open so no pressure builds up. 

4.) While ensuring the piston stays aligned, use a mallet and gently tap on the piston so it slides out 

of the seal compressor and into the cylinder. It may be necessary to let the piston rest inside the 

ring compressor for a while if you cannot get it to slide into the cylinder. 

5.)  Notice that the piston is almost all the way into the cylinder, but still inside the seal compressor. 

6.) Once all seals are inside cylinder, the ring compressor can be removed. 

7.) For the concept piston, use the syringe to inject fluid into the pocket. The pocket holds 

approximately 110 ml of fluid. 

8.) Fill until the pocket won‘t accept any more fluid. Rotate the cylinder so that the piston is on an 

angle to try to release any air bubbles present. 

9.) Wrap the concept piston set screw with thread seal tape before installation. Insert this screw so it 

is flush with the piston. 

10.) Use a piece of wood to tap the piston down to the desired depth into the cylinder. 

11.) For this test, the depth was 8‖ as can be seen in the picture. 

12.) Repeat for the other side. Both pistons should be 8‖ deep in the cylinder. 

13.) Install the endplates onto the cylinder. It is easiest to prop both endplates up on a piece of wood 

as shown to aid with aligning the cylinder and attaching the tensioning rods. 
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14.) Rotate the fixture so that the fill valve is the highest point in the system. 

15.) Using a funnel and a beaker, slowly fill the system with fluid. It will take approximately 1.06 

gallons of fluid. 

16.) Once it is full, lift and lower both sides, one at a time, as shown. This will aid in air bubbles 

leaving the system. Keep topping the fluid level off as it lowers. Use the gas tester to extract fluid 

from the extraction port to remove more air bubbles from the system. Keep topping off the fluid 

while you pull fluid out with the gas tester. Once you are confident that most air has been 

removed from the system, close both valves. 

17.) Insert the test fixture into the protective steel cylinder. Place pieces of wood on either side of the 

cylinder and secure with C-clamps so the cylinder cannot roll off the table. 

18.) Pressurize both sides of the cylinder to 35 psi. Do this by incrementally filling each side 5 psi at a 

time until the pressure is reached. 

19.) Open the solenoid inlet and exhaust throttling valves half way and turn on the control system. 

Adjust these valves so that the system fills to 90-95 psi and then exhausts to 35 psi in one cycle. 

Ensure that the system does not fill or exhaust too quickly as the solenoid valves rely on the flow 

of air for cooling purposes. Cycle the system for 3 hours. 

20.) After 3 hours, turn the control system off after the system exhausts. Ensure that each side reads 

35 psi. This will ensure that the pistons are centered. After the pressure is equalized, 

incrementally fill each side by 5psi until a pressure of 80 psi is reached. 

21.) Ensure that the middle pressure gauge reads 80 psi. This is necessary so that the fluid actually 

flows out without pulling a vacuum on it. Be very careful not to knock the filling valve open. 

An 80 psi pressurized fluid exhausting out of a ¼” valve would be dangerous. 
22.) Attach the Stauff line to the extraction Stauff fitting. 

23.) Attach the other end of the Stauff line to the Stauff fitting on the gas tester. 

24.) Slowly lower the piston in the gas tester while monitoring the pressure. Do not let the pressure 

go below 0 psi. This may cause gas to come out of solution prematurely and ruin your 

measurement. Follow the gas tester procedure to measure the concentration of gas in the sample 

[6]. After sampling, depressurize the system in 5 psi increments alternating sides of the piston 

cylinder. 

25.) After testing 2-3 samples from the test fixture, remove the endplates. Check for any fluid that 

may have leaked past the seals and make a note of it.  

26.) Attach one of the tensioning rods to the piston. To get some of the fluid out, use this rod to push 

the piston back and forth (ensuring it doesn‘t cross the center line) while holding a container in 

front of the fill valve. 

27.) To drain the rest of the fluid, place the cylinder on two chairs, tables, etc. and place a container 

below it. Open the fill valve and let the fluid drain out. Lift either side to aid in draining the fluid. 

After the fluid drains out, use the tensioning rod to pull the pistons out of the cylinder. 

 

10.2 Design of experiments based on results 

This section discusses the various results that were obtained through testing and the reasoning that lead us 

from one experiment to the next. More detail for each day of testing can be viewed in Appendix K. 

 
The data output from the gas tester is a pressure measurement that results from a change in volume. Our 

first use of the gas tester on March 24 gave a pressure reading of 26.4 psi used to derive the gas 

concentration of the first bar in Figure 10.1 below. Upon measuring the same sample of tested fluid again 

we got a reading of zero. This brought to our attention that the gas tester has to remove the dissolved gas 

from a fluid sample in order to measure its concentration. Instead of trying to perform consistent 

experiments, we decided to vary certain parameters in our experiment to understand their effects on our 

results.  
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Figure 10.1: Gas tester trends of olive oil handling methods 

 The measurements in Figure 10.1 show consistency in our use of the gas tester with two measurements of 

fresh fluid taken on most days for precision error. Figure 10.1 also shows the results of different methods 

of handling the olive oil after it has been tested. Tested samples left open to the atmosphere overnight had 

begun to acquire more dissolved gas, but at a decreasing rate after repeated tests. We assume its 

equilibrium concentration is that of the fresh samples, but we cannot confirm whether the tested samples 

are converging back to the fresh sample concentration. Another tested sample was sealed in a glass jar 

with an air-tight lid between tests and showed a trend of increasing convergence rate to equilibrium 

concentration. This was likely due to the slight pressurization of the jar upon the sample being sealed. On 

April 7
th
, a week after observing theses trends, two samples were left overnight with one of the sample‘s 

container having the cap left off. The containers used for the April 7
th
 test were different than the 

containers used for previous tests. The April 7
th
 containers do not provide as tight of a seal and thus do 

not produce as high of a pressure difference when sealed. Due to the lesser seal quality, we expected and 

observed a smaller difference between concentrations of the open and closed samples.  

 

Initial reference piston force cycling is shown in Figure 10.2. We began a reference piston trial after we 

took two measurements of the control concentration in fresh olive oil for the day. After one hour, we 

purged the line and took a sample of the force cycled olive oil as planned. We measured a very high gas 

concentration compared to the fresh samples. After cycling for another hour, we expected to measure an 

even higher concentration but the remaining samples went down to the uncertainty range of the fresh 

sample measurements. We began to suspect that our procedure for purging the line and removing free gas 

from the gas tester was throwing away free gas that may have permeated past the seals. From the 

beginning however, we assumed that any permeated gas would be in dissolved form.  

 

In an attempt to get permeation data, we decided to take samples by extracting from the highest point in 

the liquid chamber as opposed to the filling port, and also force cycled for three hours instead of one hour 

between samples. Only two three-hour samples, shown in Figure 10.2, could be taken due to time 

constraints. This did not improve our results.  
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Figure 10.2: Initial reference piston trials were inconclusive 

After the first force cycling interval for three hours, we noticed the fluid was darker due to particulates. 

We investigated the possibility that the very slight acidity of olive oil may be degrading one or all of the 

o-ring, seal rings, or glide rings. Submerging these materials in fresh olive oil for a few days showed no 

particulate formation. Friction due to sticking was a possibly causing the seals to wear down and thus 

causing particulate formation. However, we never observed the settling of these particulates and after 

running some of the darkened fluid through a coffee filter, we did not observe any visible particles 

coming out of the olive oil. It is possible that when the seals become pressurized, the presence of olive oil 

causes the dye of the seals to contaminate the fluid. It is likely that the pressure causes the darkening of 

the fluid since the seals did not degrade in unpressurized olive oil. 

 

Up until April 2
nd

, the transition from high to low pressure was smooth during force cycling. From this 

day onward, the pistons would stick, causing the transition from high to low pressure to not be smooth. 

The pressure dial readings would drop 10 psi during the stick for every oscillation. An initial 

measurement of the darkened olive oil seemed to show a much higher concentration than the fresh 

samples.  

 
Figure 10.3: Variance in successive test fixture samples without force cycling 
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We decided next to observe the variance of sample readings from continuous extractions of olive oil from 

the liquid chamber of the test fixture without force cycling. A concern was that the distribution of 

dissolved gas that may have permeated was not uniform in the working fluid. Shown in Figure 10.3, the 

first sample from the test fixture is both the largest and equal to the control measurement. The variance of 

successive measurements was used for precision error in our uncertainty calculations.  

 

Concentration measurements in Figure 10.4 show that some concentration measurements of the darker 

samples are higher than every fresh sample measurement. This is either because the gas tester interpreted 

the particulates as being dissolved gas or because the particulates increase the solubility of the olive oil. 

However, some later readings of dark samples were lower than fresh samples. Because of the trends in 

Figure 10.1, we anticipated fresh concentration measurements as low as the one for April 9
th
 in Figure 

10.4 despite the apparently high solubility of darker olive oil. During pouring of the dark olive oil 

samples, we noticed dark clouds around where the bubbles would pop after rising to the surface. The 

distribution of the particulates is affected by air bubbles but we cannot confirm if the presence of 

particulates increases the solubility of olive oil or affects the distribution of dissolved gas. In the gas 

tester, rising bubbles would take longer to pop on the surface of the olive oil and thus grow larger. The 

particulates may increase the surface tension of the olive oil.  

 

We had enough fresh olive oil left to fill the fluid pockets of the concept pistons to see if the accumulation 

of particulates to make the olive oil dark was caused by the seals or the glide rings of the reference 

pistons. The fluid became dark during force cycling of the concept pistons as well thus concluding that 

the particulates are from friction on the seals.  

 
Figure 10.4: Contaminated olive oil gas concentrations were higher than those of the consistent fresh samples 

To address our concern that fresh olive oil may be too saturated to absorb any permeated gas to begin 

with, we began shaking olive oil in the gas tester without taking measurements so that we could collect a 

large enough volume of ―flat‖ olive to fill the test fixture enough for at least one sample. Although use of 

the gas tester on an olive oil sample twice in a row would yield a gas concentration of zero, this 

preparation method on up to a dozen samples mixed together would not always be zero. We therefore 

took an initial reading of the supply of flat olive oil before force cycling. Figure 10.5 below shows the 

reference piston trial results of our taking an initial concentration reading and then taking samples after 3 

hours of force cycling.  
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Figure 10.5: Reference piston force cycling yielded higher dissolved gas concentrations 

The April 7
th
 flat olive oil supply in Figure 10.5 was force cycled for 3 hours, and was measured to be at a 

higher gas concentration still within the bounds of uncertainty. The remaining cycled fluid was left sealed 

in the test fixture overnight at 5 psi and then measured again the next morning. The increase in gas 

concentration could have been caused by the presence of air bubbles in the liquid chamber of the test 

fixture due to imperfections of our filling process, or from steady state post-permeation effects.  

 

These overnight pressurization measurements were our way of measuring free gas in the liquid chamber 

since the fixture cylinder is not transparent. In recognizing the possibility of a leak, the observed change 

in pressure due to free gas in the liquid chamber is an underestimate. These overnight pressurization 

measurements are taken after force cycling with the exception of the night of April 12
th
 shown in Figure 

10.6. On April 12
th
, shown in Figure 10.6, we filled the test fixture with flat olive oil and took an initial 

measurement. We then left the test fixture slightly pressurized overnight without cycling beforehand to 

see if we would get a change in dissolved gas concentration similar to the post-cycling overnight 

pressurizations. The gas tester psi reading increased from 0.9 to 5.3 psi while the liquid chamber pressure 

dropped by 2 psi. Leaks and gas dissolving could have caused this added concentration increase despite 

no force cycling. Dr. Moskalik informed us that most seals have a minimum pressure at which they seal, 

so it is possible that we reached this minimum and air leaked past the seal overnight. In another test where 

we left the system pressurized at 80 psi overnight, we did not notice an increase in gas concentration. We 

feel that this is a clear indication that force cycling is necessary to induce permeation past the seal. 

 

The April 8
th
 measurement in Figure 10.5 and Figure 10.6 show that there was both a small amount of 

permeation and that there was no trapped free gas in the liquid chamber. None of the permeation we 

measured was in the form of free gas. Time constraints encouraged us to force cycle the concept piston 

without bothering to increase our degree of confidence that what we measured for the reference piston 

was indeed permeation.  
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Figure 10.6: Permeation measurements for the concept piston varied significantly compared to the reference 

piston 

Figure 10.6 shows that on April 12, after force cycling for 3 hours with the concept pistons, we had 

enough flat olive oil to take three measurements that all showed permeation beyond uncertainty. This 

encouraged the conclusion that the concept piston is simply not a good idea. Two more trials the next day 

showed an increased performance of the concept piston. The measurements of the first trial on April 13
th
 

were compared to the dissolved concentration we measured from overnight pressurization as opposed to 

the flat sample reading taken before leaving the prepared test fixture overnight. The third and final 

concept piston trial showed an increase in concentration that failed to exceed uncertainty like the previous 

trial.  

10.3 Summary of Results 

This section will outline the major findings and results from our testing: 

 For the duration of our testing, the olive oil visibly darkened. We feel that this is due either to the 

friction of the seals against the piston cylinder during testing or from the pressurization of the 

seals. We concluded that the seals do not degrade when placed in olive oil that is not pressurized. 

We also confirmed that it was indeed the seals that were causing the olive oil to darken and not 

the wear rings.  

 When left in a jar with an air tight seal lid overnight, the rate at which the gas concentration of the 

olive oil converged to its original concentration tended to increase with subsequent samplings. 

When left open to the atmosphere overnight, the rate at which the gas concentration of the olive 

oil converged to its original concentration tended to decrease with subsequent samplings. 

 When left pressurized overnight in the piston cylinder at a low pressure, the concentration of gas 

in olive oil tends to increase. However, when left pressurized overnight at a high pressure, the 

concentration of gas in olive oil does not change. This may be due to properties of the seal. The 

seal may require a higher pressure to work properly, thus when left at the lower pressure the seals 

were not working properly. Thus, it can be concluded that force cycling is necessary to induce 

permeation. 

 From the data that we have collected, the concept piston, in its current state, does not seem to 

provide a significant reduction of permeation. On a per seal basis, the reference piston is the 

better design. This is counterintuitive because one would assume that two seals are better than 

one. Design improvements to the concept piston can be found in the next section. 
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11 DISCUSSION 

After working with our fixture for well over 50 hours, we have noticed several strengths and weaknesses 

in the design we created. The following sections provide details of what we noticed while testing our 

fixture. 

11.1 Design Strengths 

The design we created performed very well, and we feel it worked exactly how it was designed to. This is 

evident through the fact that we met eight of the nine engineering specifications that were set at the 

beginning of the project. A table with the engineering specifications and how they were met can be seen 

in Appendix D.6 . The specific strengths of our project are listed below, with more detailed explanations 

following. 

 

1. Control system 

2. Reference piston 

3. Prevented leakage 

4. Robust and safe design 

 

One of the specific design strengths of the fixture was the control system we developed. Through 

assistance, we were able to develop a system that was very simple and cycled between the solenoids as 

desired. Calibration testing of this system took less time than we had anticipated, which in the end 

allowed us to test the pistons longer. A somewhat unexpected benefit of the control system was the fact 

that we never had to change the code in the Arduino board. Originally, we had thought we would have to 

change the cycling times for the solenoids when testing conditions changed. We determined all that 

needed to be done was change how much the throttling valves were either opened or closed. We knew the 

throttling valves would control the air flow; however we had not expected them to essentially act as a 

secondary controller, controlling the pressures of the system. Again, not having to change the code for the 

Arduino board every time we changed testing conditions allowed us to test the pistons for a longer period 

of time.  

 

We were also extremely pleased with the design of the reference piston, and how well it cycled in the 

piston cylinder. While we did model the design after the current EPA design, there were still no 

guarantees that the piston would run smoothly. When the reference piston was placed in the piston 

cylinder for the first time, after calibration testing, it ran perfectly. We had originally expected it to take 

some time to refine the cycling and get it to work properly. Because we had designed the piston to stay 

aligned and manufactured it to the proper tolerances, it worked the first time. By spending a little extra 

time on the design portion, we were able to save much more time on the testing portion of the project. 

 

Although it was one of the main tasks of the test fixture, we were very pleased with how well it retained 

pressure and prevented leakage. During the initial calibration testing when we left the fixture pressurized 

for an hour, we only noticed a 2.5 psi drop. This is impressive, considering all the fittings that were 

installed on the test fixture. The o-rings and tensioning rods performed well to retain the pressure, while 

the NPT threads with thread tape also did their part to hold the pressure. Throughout testing, we did not 

have any leakage of olive oil, and only minimal leakage of air pressure, which was small enough that it 

did not affect any of the testing results. 

 

Another one of the main tasks of the test fixture was that it should be able to stand up to repeated cycling 

and remains safe while doing so. Throughout the testing procedures (which totaled to more than 30 

hours), we experienced no safety concerns with the test fixture. Also, we did not notice any degradation 

of any of the components. This shows that the test fixture was very well designed, and it can handle 
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varying pressures and the forces it experiences because of these. We feel confident that the test fixture can 

last for a much longer time, so it will still be of use if further testing on the pistons is to be done. 

11.2 Design Weaknesses 

While our design was very successful, there are some points of our design that we felt could have been a 

little better. The weaknesses of our design that we determined are listed below, with more detailed 

explanations following. 

 

1. Lack of ability to see inside piston cylinder during cycling 

2. Long time needed to fill/empty the test fixture 

3. Long time needed to assemble/disassemble the test fixture 

4. Concept piston did not cycle smoothly in the piston cylinder 

5. Ball valves were vulnerable to being accidentally opened 

 

During the design process, we opted to use an aluminum cylinder, with the knowledge that we would not 

be able to easily see any air bubbles or see the pistons cycling. While we tried to resolve this situation by 

installing sight glasses, these turned out to be relatively useless. They did allow us to verify the pistons 

were moving, however we could not tell exactly where they were in the cylinder, or how they were 

cycling. The sight glass installed to help visualize air bubbles also was not very helpful, because we 

assume that some of the air bubbles were trapped against the aluminum cylinder, and we were never able 

to see them. With all the possible situations that were going on inside the cylinder, it was very difficult to 

analyze the results without seeing inside. 

 

Another weakness of the test fixture is the amount of time it took to fill and empty the test fixture with the 

olive oil. In the design we created, we only had one valve that we could fill or empty the interior of the 

piston cylinder with. The issue with this is that when filling, air would have to escape through the same 

valve the olive oil was being poured into. The same happened with emptying, where air would have to 

enter the same valve the olive oil was exiting. Because of this, every time we would either fill or empty 

the test fixture, we would have to be careful to pour the olive oil slowly, to ensure air could properly enter 

or exit the fixture. If we poured too fast, the air would be forced through the olive oil, and cause it to spill 

slightly. While this is not a major safety concern, it did take time, and caused us to lose some olive oil. 

 

After the lengthy process of removing or filling the piston cylinder with olive oil, it took a great deal of 

time to actually disassemble the test fixture, which is another design weakness. To assemble or 

disassemble, eight nuts needed to be tightened or loosened, and then the endplates had to be properly 

arranged or removed. This entire process took approximately 30-45 minutes, and while it does not seem 

like a lot of time, doing this twice a day added up. If we could have designed this process to take slightly 

less time, we would have possibly had additional time to test the pistons, and acquire more data. 

 

Although we did not actually create the design for the concept piston, we did find some weaknesses with 

it through testing. When designing the reference piston, we had a dual glide ring design to prevent the 

piston from misaligning in the piston cylinder, and ensure it cycled smoothly. The concept piston had a 

dual seal configuration, and initially, we thought the seals also would act as a glide ring. When we did 

tests with the concept piston, it would occasionally stick in the tube. Because this did not happen with the 

reference piston, we hypothesize that the lack of glide rings on the concept piston were the reason for it 

sticking. The sticking that occurred for the concept piston could have been one of the reasons why the 

results we got were inconsistent. We predict that if we corrected the piston so it could not misalign in the 

piston cylinder, the results would be much more consistent. 

 

During the testing procedures, we noticed that some of the ball valves were in a vulnerable location, and 

if accidentally bumped, they could open. For some of the valves, this would not have been a problem, 
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however for valves such as the ones in the center of the fixture, this could pose a sever safety concern. If 

the filling valve were to accidentally open while the fluid inside the cylinder was pressurized, it would 

come out of the fixture very quickly, and likely cause a great deal of damage. We noticed this safety risk 

early on in the testing, and were very cautious around the risky valves, to ensure we did not accidentally 

open them.  

11.3 Design Improvements 

Although our test fixture worked extremely well, based on the discussions above, there is still a fair 

amount that could be improved on our fixture to make it even better. Table 11.1 below shows the design 

improvements we would implement if we were to work further on this project, with specific details in the 

following sections. 

 
Current Design Design Improvement 

Aluminum cylinder Aluminum cylinder with sight windows 

Single filling/extraction valve Additional valve for air inlet/outlet 

Tension rods with nuts Quick connect/disconnect tension rods 

Dual seal concept piston Dual seal with dual glide ring concept piston 

Standard ball valves Locking ball valves 

Table 11.1: Design Improvements 

11.3.1 Aluminum cylinder with sight windows 

Aluminum was chosen over clear material for the piston cylinder due to the strength and the ability to tap 

into it to mechanically attach the filling and extraction ports. As discussed above, though, it was a 

significant disadvantage not being able to see inside the piston cylinder. To resolve this issue, we would 

create a hybrid piston cylinder design, which would consist of a clear material and aluminum. The clear 

material could possibly be polycarbonate, as it would have the strength to withstand the pressures the 

system would experience. The design would likely entail a metal portion that would be installed in 

between two segments of polycarbonate. This metal portion would need to have an internal diameter 

equal to the external diameter of the polycarbonate. It would also need internal o-rings to ensure it 

remains sealed, and screws could attach the metal to the polycarbonate. The filling and extraction ports 

would be threaded into the metal portion, so the polycarbonate would not have to be threaded into. This 

resolves the safety concerns of threading into polycarbonate; however the inside of the test fixture can 

still be viewed. A preliminary drawing of this concept can be seen below, and would contain the 

endplates and tensioning rods that were used in the current design. 

 
Figure 11.1: Hybrid design for piston cylinder 
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11.3.2 Additional valve for air inlet/outlet 

To expedite the fluid filling and extraction process, we would add a third valve somewhere in the center 

of the piston cylinder. This valve would allow for air to exit while filling and enter while extracting. This 

would eliminate the need for the air to exit/enter the valve which the olive oil is entering or exiting, 

meaning the olive oil can be poured at a quicker rate. 

11.3.3 Quick connect/disconnect for tension rods 

To allow for quicker fluid/piston changing, one of the things that we would change is the method of 

attachment of the tensioning rods. In the current design, you must remove eight nuts from one endplate 

and then move all of the rods out of the way in order to access the pistons. If we were to redesign this 

mechanism, we would employ aircraft cable instead of steel rods. The steel rods were often in the way, so 

have a cable that can be moved out of the way would be ideal. In order to secure both plates together, we 

would employ pull clamps. This mechanism would make the process of taking the endplates off much 

easier and quicker. 

 
Figure 11.2: Schematic of tensioning rod redesign [18] 

11.3.4 Dual seal and glide rings for concept piston 

To resolve the problem of the concept piston misaligning in the piston cylinder, we propose adding two 

glide rings on the outside of the piston seals, as shown in Figure 11.3. The additional glide rings would 

cause the concept piston to increase in length, which would in turn alter the aspect ratio. The aspect ratio 

would no longer match the current EPA piston design; however we do not feel that is significant. We feel 

it is more important to ensure the piston remains aligned and can cycle smoothly through the piston 

cylinder. We predict this will provide better data, so in the long run it can be determined if this is a better 

design or not. 

 

 

                     
Figure 11.3: Proposed new concept piston design 
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11.3.5 Locking ball valves 

To resolve the issue of the ball valves being accidentally opened, we suggest the use of locking ball 

valves. They have all the same properties and strength as the standard ball valves, with the difference 

being a padlock can lock the valve in the closed position so it cannot be opened accidentally. Figure 11.4 

below shows the recommendation for future ball valves. Spring-close lever ball valves also exist, however 

these can still be accidentally opened if bumped into, so they do not resolve the issue.  

 

 
Figure 11.4: Lockable lever ball valve [19] 

12 RECOMMENDATIONS 

After cycling the pistons for over 30 hours and analyzing the results, we have some recommendations if 

further work is to be done on this project. Aside from making all the design changes as mentioned in the 

previous sections, additional recommendations are listed below, with further details in the following 

sections. 

 

1. Test the concept piston while locking the expansion/contraction ability 

2. Test the pistons for a longer duration 

3. Test the pistons at a higher pressure difference 

4. Continuously inspect test fixture for flaws 

 

One of the tests we were unable to perform due to time constraints was to restrict the ability of the 

concept piston to expand or contract. This test would be valuable to perform because theoretically, the 

permeation results compared to the reference piston should be half. This is because with this test, it would 

basically be testing one seal versus two seals, and it would be expected that two seals should perform 

better. Because we got some strange results while testing that we felt were a little counterintuitive, it 

would be valuable to run this test to ensure our assumptions are correct. Once this test is performed, the 

results from the restricted concept piston could be compared to the normal concept piston, and the affect 

of the expansion and contraction could be analyzed. 

 

Another testing procedure we would alter would be to test the pistons for a longer period of time. With 

current results, the differences between the concept piston and the reference piston permeation values are 

essentially the values of the error. In Figure 12.1, the data points above zero represent samples that have 

shown permeation beyond the bounds of uncertainty. While using our engineering judgment, we were 

able to come up with a conclusion; we feel that through testing longer, differences in permeation rates 

would increase beyond uncertainties. This would conclusively provide the result for which piston design 

performs better. Based on the mathematical model we have created, it predicts that running a test for four 

hours straight would change these permeation rates enough so they are no longer the same when error is 

factored in. Under the assumption that the dissolved gas concentration of olive oil in our test fixture 

increases at a linear rate during force cycling, estimates of the additional time required to confirm 
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permeation for each sample are summarized in Figure 12.2. Note that samples that do not need additional 

time are negative in Figure 12.2. It is important to note that the mathematical model is more accurate for 

the reference piston as opposed to the concept piston. This is because it is still relatively unknown how 

the concept piston acts, so creating an accurate mathematical model is very difficult. Keeping this in 

mind, it might be wise to run a test longer than four hours, to ensure the difference in permeation 

develops. 

 

 
Figure 12.1: Half of trial concentration measurements did not confirm permeation beyond uncertainty 

 

 

 
Figure 12.2: Cycling durations 1 hour longer would have almost doubled the number of permeation 

measurements that are beyond uncertainty 
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Aside from testing the fixture for longer periods of time, we also feel that testing the fixture at a greater 

pressure, and therefore greater pressure difference, could increase the permeation values. The solenoids 

have the minimum pressure rating for the entire test fixture, 150 psi, so this is the absolute maximum 

pressure the current design could be tested at. We recommend testing at a slightly less pressure than this, 

135 psi, to ensure the solenoids remain in working condition. With this 135 psi high pressure, we suggest 

the lower pressure to be approximately 50 psi, to keep the same aspect ratio. With this higher pressure 

difference, we would expect to see greater permeation values according to Equation 9, and the difference 

between the concept piston and the reference piston should become more evident. 

 

Lastly, we feel it is very important to continuously inspect the test fixture to ensure it is in proper working 

order. Some specific components that should be looked at are the o-rings on the endplates, piston seals, all 

threaded components, and the piston cylinder. While this design has a very long fatigue life, it is possible 

that some flaws in the materials could cause early failure. The o-rings on the endplates should be 

inspected to ensure they have no flaws or plastic deformation, so they can perform their job and hold 

pressure in the system. The piston seals should also be inspected to ensure they do not develop any flaws 

that might alter the permeation values. The threaded components should be inspected to ensure the 

threads are still intact. The thread seal tape should also be replaced when it looks deteriorated, to ensure 

the threaded connections keep the pressure vessel sealed. Finally, the piston cylinder and tension rods 

should be inspected to see if any flaws are developing. The piston cylinder has a large critical crack 

length, so if a large crack develops, it should be addressed before further testing is performed. 

13 CONCLUSION 

Growing global energy demands, global warming effects, and diminishing fossil fuels have been 

motivation to improve current power-train technologies to make them more efficient and cost-effective. 

With an emphasis currently on urban delivery vehicles for the United Parcel Service (UPS), the 

Environmental Protection Agency (EPA) is improving hydraulic hybrid technology. The current design 

uses a high pressure system, with nitrogen gas and hydraulic fluid in an accumulator. A single seal piston 

in the accumulator separates the gas and hydraulic fluid; however the gas can permeate past the piston 

and into the hydraulic fluid, causing damage to the system components due to cavitations. An innovative 

design by a previous ME450 team was developed to solve this problem. This piston seal design was never 

validated due to test fixture design flaws. Our task for this project was to create a test fixture for their 

piston design, and conclude whether the design should be further developed, or if the concept does not 

work as planned. 

 

Through the duration of the semester, we followed a very strict schedule to allow for us to have adequate 

time for testing the piston design. We manufactured a test fixture that uses compressed air to cycle the 

pistons back and forth. We also manufactured two sets of pistons, a set of the concept pistons that were 

designed by the previous ME450 team, and a set of reference pistons, which are similar in design to the 

pistons that the EPA is currently using in their accumulators. Creating the two sets of pistons instead of 

one allowed for us to conduct a much more valuable series of tests. The two piston designs are compared 

directly, under the same conditions, in our test fixture.  

 

We began our testing with preliminary testing to ensure fixture safety and reliability. We first pressurized 

our fixture without a control system and then cycled air in and out using the control system, but without 

pistons. We then began preliminary testing with the pistons to refine our testing procedure to ensure the 

best results possible. We decided that it would be best to test the reference piston first because it is more 

predictable. If we could not measure any permeation with this piston, then we would not be able to 

conclude anything about the concept piston. Initially, we conducted our testing with our test fixture full of 

fluid, which would allow for four cycling periods and four samples to be taken. After conducting this test 

multiple times, we realized that we were not observing any notable permeation of gas into the fluid. We 
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decided to run a test to validate the gas tester to ensure that it was our testing procedure and not the gas 

tester that was causing our results to be inconclusive. We did this by taking repeated samples from the 

same fluid source: the gas tester produced very consistent measurements. We then continued our testing 

by reducing the volume of fluid inside the test fixture and increasing the sampling time, in hopes that it 

would expedite the permeation that we could observe with the gas tester. This testing produced noticeable 

permeation results and could be repeated to produce fairly consistent results with the reference piston. We 

then set up an identical test with the concept piston in order to make a direct comparison to the reference 

piston. The permeation results noticed by the concept piston were very unpredictable and in its current 

design state, the concept piston does not produce significantly lower permeation results than the reference 

piston. 

 

In order to reach a definite conclusion as to which piston is the better design, further testing must be 

conducted. There are many variables that need to be quantified in order to reach a definite conclusion. For 

instance, the concept piston should be redesigned with glide rings in order for it to cycle smoothly, as the 

reference piston did. It is unclear whether the bumpy movement of the concept piston is causing the 

sporadic results that we observed. The testing periods for both pistons should also be increased in order to 

produce results for the two designs that are not within the error ranges of each other.  

 

From the data that was collected, we were able to calculate a rough approximation of the amount of moles 

of gas that could be expected in the current full scale accumulator. With a 95% confidence level, we 

approximated this to be 11,000 
+43,000
−11,000

 moles of gas. † This number is approximated over 10 years and is 

based off of the data that we collected, which has a large standard deviation due to limited tests. Thus, 

there is a large amount of error in this number and it does not meet our engineering specification of 

±100% error. The calculations that lead to this number can be seen in Appendix J  

 

Scaling using Equation 8 in Section 7.1.3 could have also been attempted. Because this analysis was 

meant for scaling of concept piston permeation data, we did not use this derivation. We observed 

unpredictable concept piston performance for too few data points.  

 

Overall, we had a very successful project; we maintained a stringent schedule, met eight of our nine 

engineering specifications, produced a working test fixture, and provided insight into additional tests, that 

could be conducted that require no modifications to our test fixture, to provide more conclusive results for 

the EPA. While we didn‘t close the book on the concept piston, we have provided the EPA with 

significant knowledge about gas permeation and concentration in fluid, and information as to what needs 

to be done in the future to produce conclusive results. We are providing the EPA with a fully functional 

testing device that can be reused in its current state to produce better results.  
†: It is not possible to have negative permeation in the system, thus the difference in plus and minus errors 
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15 INFORMATION SOURCES 

To gain more knowledge and insight into our project as well as the fundamentals behind the engineering 

problems at hand, we consulted various sources of information, including patents, previous ME450 

reports, and experts in the areas of interest for our project. Other sources include fluid mechanics text 

books, theoretical models of similar experiments, ISO registered websites for seals and engineering 

applications, and specification sheets of potential parts. The primary information gap was whether or not 

the concept piston would function the way it was intended to. More research and experiments are 

necessary to predict what will happen in the fluid pocket of the concept piston under the conditions 

simulated in the test fixture. Persistent effort on utilization of gathered information sources should be 

sufficient to fill the information gaps.  

15.1 Patents and Literature Review 

In our research, we found four patents to help us with understanding multiple ways to design a test fixture 

to cycle a piston and measure gas permeation. They include an apparatus for dissolved gas in a liquid 

[20], a liquid pumping system [12], a hydro-pneumatic accumulator [21], and a method for determination 

of relative gases in liquids along with their densities [22]. In researching these patents to come up with 

ideas for our test fixture, we gathered five essential functions for measuring the amount of gas in a liquid 

cycled by a piston multiple times. For the apparatus of each patent, there were valves for allowing liquid 

and gas to enter and exit the test fixture. Devices for measuring temperature and pressure were also 

consistent since each apparatus used changes in volume, temperature, and pressure to get moles per unit 

volume of dissolved gas in a liquid. The fifth function is the force required to cycle the piston to see 

changes in pressure and volume. Since the method of force actuation is what differentiated the devices the 

most, deciding on the force actuation method is going to be critical in our design process.  

15.1.1 Physical Laws  

Research of relevant patents helped us develop an understanding of how fluid properties are related. A 

fluid under increased pressure will have higher gas solubility. An increase in fluid temperature will 

increase its pressure if it is enclosed in a fixed volume. A fluid‘s capacity to store energy decreases as 

density increases. Helium, for example, is capable of storing much more work energy than air due to 

compression since it is less than 14% the density of air [21]. In whatever configuration we decide to 

arrange components in our test fixture, we will likely use the equations below to measure gas permeation 

around the piston design concept subject to our evaluation.  
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      𝑛 =
 𝑃−𝑃𝑉  𝑉𝑔𝑎𝑠

𝑅𝑇𝑉𝑙𝑖𝑞
           Eq.1 

𝑛 = gram-moles of gas dissolved per ml of liquid 

𝑃 = pressure reading in cylinder [atm] 

𝑃𝑉 = vapor pressure of liquid constituents [atm] (sample temperature) 

𝑉𝑔𝑎𝑠 = gas volume in cylinder [mL] 

𝑅 = universal gas constant [atm-ml/gram-moles/deg] 

𝑇 = absolute temperature [K] 

𝑉𝑙𝑖𝑞 = liquid volume [mL] 

 

    𝑃𝑇𝑜𝑡 = 𝑃𝐴𝑖𝑟 +  𝑃𝑣,𝑊𝑎𝑡𝑒𝑟 + 𝑃𝑣,𝑂𝑖𝑙   𝑃𝑁2
= 𝑦𝑁2

𝑃𝐴𝑖𝑟        Eq.2 

𝑃𝑇𝑜𝑡 = measured pressure reading 

𝑃𝐴𝑖𝑟 = air pressure 

𝑃𝑣,𝑊𝑎𝑡𝑒𝑟 = water vapor pressure present in the air 

𝑃𝑣,𝑂𝑖𝑙 = oil (test liquid) vapor pressure present in the air 

𝑦𝑁2
= molar concentration of nitrogen in air 

𝑃𝑁2
= partial pressure of nitrogen 

15.1.2 Possible Component Arrangements 

Three of the devices in these patents used a piston cylinder driven by the liquid to apply pressure to the 

gas. The liquid pumping system, however, included a piston driven by a motor to pump a fluid while the 

two translational walls of the fluid chamber could measure the compressibility of the fluid. This is 

achieved by maintaining the pump (set-up shown in Figure 15.1is referred to as the pump) in a sealed 

state. The actuating piston is set to a specified position, as controlled and measured by a motor and an 

optical shaft encoder or Linear Variable Differential Transformer (LVDT) depending on the user‘s 

preference. Two check valves, as shown in Figure 15.1 below, allow for fluid to be delivered during 

downward movement and exhausted during upward movement of the piston. When the piston is set to a 

desired volume, liquid is inputted. After inputting liquid, the volume and pressure are measured by the 

change in piston height and pressure transducer. By sensing the piston position during testing, the volume 

change can be calculated and thus the compressibility of the fluid can be determined. This concept is 

interesting and applicable to our project in the method of actuating a piston, and at the same time 

releasing and permitting liquid delivery.  

 

 
Figure 15.1: Schematic of patent 4255088 showing force actuation on the liquid [23] 
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A potential problem with this setup is that it would be much more difficult to fabricate than to simply 

apply pressure using adjustable shop air on either side of the liquid chamber. Our team plans to do more 

research to determine whether or not applying shop air to cycle the concept-pistons and the liquid 

chamber accurately reflects the forces experienced in the full scale system. A set of fixtures that more 

closely resemble the hybrid hydraulic system is the model hydro-pneumatic accumulator [21]. These 

fixtures include a low pressure reservoir shown in Figure 15.2 below. Because the hydraulic accumulator 

system in UPS trucks has a low pressure reservoir, these fixtures are relevant to design possibilities.  

 
Figure 15.2: Schematic of patent 3856048 fixture closely resembling the system of an HHV 

 
The fixture in Figure 15.2 is used to determine the amount of energy that can be stored in various gases. 

The two devices use a cylinder and piston to pressurize a gas. An oil of choice is pumped into the cylinder 

via pump or motor to create pressure. As mentioned above, this device was merely used as a foundation 

for concepts involving a high and low pressure reservoir. The apparatus‘ function was ignored, while the 

components and circuitry of piping were valuable for concept generation. 

15.2 Previous ME450 Team Resources 

The EPA has sponsored other student projects at the University of Michigan to help further 

experimentation in hydraulic hybrid vehicles. Recent student projects include a device for measuring free 

and dissolved gas concentrations in a liquid and the previously mentioned novel piston seal design to 

minimize permeated gas around a piston-style accumulator. Figure 15.3 shows the dissolved gas tester 

prototype and Figure 15.4 shows the piston seal test fixture prototype.  

 

Dr. Moskalik informed us that we may use the gas tester device to measure the gas content of the 

hydraulic fluid in our test fixture. The device essentially draws in a specified amount of liquid and then 

measures the pressure and temperature at various volumes using a pressure gauge and thermocouple. 

Using the ideal gas law and partial pressures, various calculations are made with the volumes, pressures 

and temperatures recorded to determine the concentration of gas dissolved in the liquid. 

 

The group that made the piston seal test fixture focused most of their efforts on the design of the piston 

seal configuration and did not have the time or resources to fully test their prototype. The test fixture 

prototype that they manufactured cycled the two pistons back and forth in an acrylic tube. There is 

hydraulic fluid in the cavity of each piston as well as in between the two pistons. There is air on both ends 
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of the tube. The air on one side of the tube is pressurized and depressurized with compressed air using a 

solenoid valve. The other side acts as the nitrogen gas in the full scale system and is compressed when the 

solenoid is pressurizing the system and is decompressed when the solenoid releases the pressure. Thus, 

the fixture was an attempt to efficiently model the full scale system, and we have agreed that it‘s a valid 

approach to evaluating the piston design concept. To measure the amount of gas that permeates into the 

hydraulic fluid, the previous team initially had the thin vertical cylinder full of hydraulic fluid as shown in 

Figure 15.4. As the pistons cycled, their thoughts were that the gas would come out of solution and would 

end up in the top of the thin vertical cylinder, thus displacing the hydraulic fluid. However, at the start of 

their initial testing, the top of the vertical cylinder blew off as the system was pressurized and hydraulic 

fluid contaminated the assembly room. This incident ended their testing and they were unable to validate 

their design.   

 

 
Figure 15.3: Hydraulic fluid dissolved gas tester [6] 

 
Figure 15.4: Accumulator piston seal design rest fixture 

15.3 Expert Assistance 

It was unknown what assistance would be needed early in the project, but there a few experts that have 

already been identified. Our sponsor, Dr. Andrew Moskalik, has a great deal of knowledge on our project, 

and we were in touch with him throughout the semester when we needed to learn more about a subject. 

Volker Sick, Professor at the University of Michigan, researches combustion in engines. Because the 

design we are working with involved pressure and cylinders, with similar concepts to engines, he is a 

valuable asset if questions arise. We discussed accurate measurements of the volume in a piston with him 

and he has given some valuable measurement suggestions. He has also suggested we talk with John Hart, 

Professor at the University of Michigan, because he uses high resolution cameras that might be useful to 

accurately measure the volume of the piston cylinder. 
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Aside from internal resources, there are a few external resources that have been identified that could 

possibly provide assistance. Trelleborg Sealing Solutions specializes in piston seals, and their product was 

used on the previous piston concept. We have determined that new piston seals will likely be needed, and 

keeping with the design the previous group created, we used the same seals (possibly scaled down). To 

ensure we worked with the seals correctly, we kept in contact with Trelleborg. 

 
To assist us in selecting a proper seal for the pistons in our test fixture, we have been in contact with 

numerous seal manufacturing companies. The original seal we were looking to purchase, and was used by 

the previous ME450 team, had both a high cost and lead time. These constraints encouraged us to look at 

alternative seals. We have been in contact with engineers at Trelleborg to discuss some of the seals they 

have available, and obtained data about them to be able to produce a test fixture that is reliable. We have 

also been in contact with sales people at Zatkoff Seals and Packings. They are a major distributor of seals, 

and they have been a valuable asset to us by assisting us in finding seals that both work well and fit into 

our time and budget constraints. 

15.4 Working Fluid Properties 

The properties of hydraulic fluid, olive oil, nitrogen gas, and air are all very important to experimental 

setup, procedure, and anticipated analysis of results. The full scale system uses hydraulic fluid to 

pressurize the nitrogen gas. In the test setup, we used olive oil to compress the air. The use of olive oil 

instead of hydraulic fluid expedites the permeation process as well as improves safety. As will be 

discussed below, olive oil and hydraulic fluid have similar properties, especially in density and viscosity. 

While similar viscosities and densities are important for the substitution of the hydraulic fluid, the 

dissolution of nitrogen in the fluid is also important. Hydraulic fluid has the ability to dissolve more 

nitrogen than olive oil. Thus, when subjected to testing conditions, the olive oil should saturate at a faster 

rate than hydraulic fluid would. This will allow for a shorter test time. Also, since hydraulic fluid is 

considered a hazardous substance, the use of olive oil will be much safer for the test environment as well 

as the users of the device. 

15.4.1 Hydraulic Fluid 

The hydraulic fluid that is used by the EPA in the full scale hydraulic hybrid system is Mobil 1 Synthetic 

Automatic Transmission Fluid. The main properties of concern for the fluid can be seen in Table 15.1. 

These numbers come directly from Exxon Mobil [24]. 

15.4.2 Olive Oil 

The properties of olive oil can be seen in Table 15.1. Olive oil cannot absorb as much gas per volume as 

hydraulic fluid can [6]. Due to this difference, when subject to the same conditions, the olive oil should 

saturate more quickly than the hydraulic fluid. This is what will allow for a shorter testing period using 

olive oil as opposed to using hydraulic fluid. 

15.4.3 Nitrogen Gas 

Nitrogen gas is used by the EPA in the high pressure accumulator of the hydraulic hybrid system to store 

the energy created when the vehicle is braking. This stored energy is then used to propel the vehicle 

forward upon acceleration. The basic properties of nitrogen gas can be seen in Table 15.1 on the next 

page. 

15.4.4 Air 

Air consists mainly of oxygen and nitrogen. Percentage wise, dry air is approximately 22% oxygen and 

78% nitrogen. Air has many other components including argon, carbon dioxide, neon, and helium, but the 

molar concentration of these are all less than 1% and are insignificant for our purposes. Because nitrogen 

has a larger molar concentration in air than oxygen, it will also have a larger partial pressure than oxygen. 
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When subject to a certain pressure, the nitrogen will have a partial pressure equal to 78% of the total 

pressure, while oxygen will have a partial pressure equal to approximately 22% of the total pressure. The 

partial pressure of nitrogen is what will drive it across the seals in the test fixture. The similar properties 

of nitrogen and air, shown in the table below, help justify the use of shop air for force actuation and gas 

compression chambers.  

 

Quantity 
Fluid Type 

Hydraulic Fluid [24] Olive Oil [6] Nitrogen Gas [4] Air [4] 

Dynamic Viscosity 

(lb·s/ft
2
) 

6.415e-4 at 104°F 1.754e-3 at 68°F 3.727e-7 at 68°F 3.500e-7 at 68°F 

Kinematic Viscosity 

(ft
2
/s) 

3.907e-4 at 104°F 9.826e-4 at 68°F 1.668e-4 at 68°F 1.360e-4 at 68°F 

Density (slugs/ft
3
) 1.642       at 59°F 1.785      at 68°F 2.208e-3 at 68°F 2.571e-3 at 68°F 

Table 15.1: Properties of relevant fluids 
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APPENDIX A  BILL OF MATERIALS 

 
The following table lists all materials and components used to create and run this test fixture. Standard 

tools, such as pipe wrench, socket wrench, hammer, measuring tape, etc. are not included in this table; 

however they were used in the assembly and disassembly of the test fixture. We also were able to borrow 

air hose fittings, air hoses, and extension cords from the ME Machine Shop, thus they are not included in 

the bill of materials. The total cost of all the components and raw materials for the test fixture came out to 

$1054.00. It is important to note that this final cost does not include any shipping and handling of the 

purchased parts.  

 
 

 

 

 

 

 

 

Quantity
Unit of 

Quantity
Part Description Company Purchased From Part Number

Price per 

Quantity($)

Total 

Price ($)

1 1 each 6061 Aluminum Plate 12" x 6" x 0.5" McMaster-Carr 8975K442 17.86 17.86

2 4 each 4140 Steel Rod 3/8" Dia. 6' Length McMaster-Carr 8927K23 9.35 37.40

3 1 pack of 5 Buna-N O-Ring 4.25" OD McMaster-Carr 5018T279 8.13 8.13

4 7 each Brass Ball Valve 1/4" NPT Female McMaster-Carr 47865K210 7.62 53.34

5 3 per foot 3.75" Aluminum Slug McMaster-Carr 8974K961 48.24 144.72

6 4 per foot Seamless Aluminum Tubing 3.5" ID TW Metals Quoted Price 71.25 285.00

7 6 each Wear Ring, 3.5" OD, 1/4" x 1/8" Power Seal International, LLC P3.50-0.25W125 0.34 2.04

8 8 each AQ Style Piston Seal, 3.5" Bore Power Seal International, LLC PSQ303500NBR 6.21 49.68

9 1 each 1/4" Pop-Safety Valve, 35 PSI McMaster-Carr 48435K763 6.78 6.78

10 2 each 1/4" Pop-Safety Valve, 120 PSI McMaster-Carr 48435K778 6.78 13.56

11 3 each 200 PSI Pressure Gauge McMaster-Carr 4000K546 7.85 23.55

12 3 each High-Pressure Glass Sight 1/4" NPTF McMaster-Carr 1322K71 8.59 25.77

13 1 pack of 25 Rubber Bumper 7/16" Diameter McMaster-Carr 9541K8 6.64 6.64

14 1 each Medium-Amp Relay SPDT 12 VDC McMaster-Carr 7384K52 18.58 18.58

15 2 each Brass Solenoid Valve 1/4" NPT 24 VDC McMaster-Carr 4738K151 75.08 150.16

16 1 each Air Filter/Regulator 250PSI max McMaster-Carr 4910K22 42.61 42.61

17 1 each
Power Supply, 120VAC Input, 5,12,24VDC 

Output, 51W
Jameco RT-50D 33.95 33.95

18 1 each Duemilanove Arduino Board SparkFun Electronics DEV-00666 29.95 29.95

1 each Brass Threaded Pipe Nipple 1/4" pipe 2" L McMaster-Carr 4568K133 1.71 1.71

19 3 each Brass Threaded Pipe Nipple 1/4" pipe 3" L McMaster-Carr 4568K135 2.18 6.54

20 1 each Brass Threaded Pipe Nipple 1/4" pipe 4" L McMaster-Carr 4568K137 2.79 2.79

21 1 each Flow-Control Exhaust Muffler 1/4" NPT McMaster-Carr 9834K32 4.26 4.26

22 1 each MOSFET N-CH 100V 1A 4-DIP Transistor Digikey Corporation IRLD110PBF-ND 1.78 1.78

23 2 each Test Coupling with Protective Cap SKK Stauff SMK20-1/4NPT-VD 12.56 25.12

24 4 3 L Olive Oil Sams Club 591527 15.52 62.08

25 -- -- Assorted Pipe Fittings Obtained from the EPA -- -- --

*Does not include S&H

Part

Bill of Materials

Final Cost*  ($) 1054.00
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APPENDIX B  ENGINEERING CHANGES 

The only change that was made to our design since review 3 was made to our control system. There were 

a few changes in this time period, because nearly all of our parts were manufactured prior to design 

review 3. 

 

WAS: 

 
IS: 

 
As can be seen above, backflow diodes were added in parallel with the solenoid valves similarly to the 

backflow diode on the relay. The diodes that were added are numbered P6KE82A, which can withstand 

up to 82 V and 5A; more than they would ever see. This change was made during our control system dry 

run on March 29, 2010 when our control system was functioning, but would occasionally malfunction and 

skip a cycle. This change was proposed by John Baker. The solenoid valves are similar to the relay in that 

they are inductive loads, so it is necessary to have a backflow diode to prevent current from flowing the 

wrong way through the coil and interrupting performance of the circuit, which is what was happening 

before this change was made. After the change was made, the control system functioned exactly as it was 

supposed to and continued to function for the duration of our testing. 
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APPENDIX C  DESIGN ANALYSIS 

C.1  Material Selection for Functional Performance 

 Fixture Cylinder 

Function Primary: Maintain internal pressures and provide threading thickness.  

Secondary: Mimic thermal conductivity and surface roughness of full scale 

system. 

Constraints Length is specified.  << (Hard Constraint) 

Hold internal pressure 

Minimize price per mass 

 

Objective Maximize tensile strength/density              (σ/ρ) 

Minimize cost                                             (σ
2/3

/ρCm) 

Free variables Tube thickness 

Table 2: Fixture cylinder material parameters 

 
Table 2is a method to organize the parameters associated with each part. These parameters include the 

function of the part, the variables that are constrained, what objective you are trying to optimize (e.g. 

strength to weight), and the variables that are free for manipulation. 

 

Once the objective and free variables have been identified, material and process charts can be used to 

determine which free variables can be manipulated in order to maximize your particular objective. Table 

3 below shows for the fixture cylinder (a cylinder subjected to internal pressure) in order to minimize 

mass which in turn minimizes cost, energy, and eco-impact, the design should maximize the ratio of the 

materials strength to density ratio, or σ/ρ 

 

 
Table 3: Material maximization ratio for fixture cylinder [1] 

 
With the correct material ratio identified, the next step is to input the specific ratio into the CES EduPack 

software to determine which materials meet the constraints. Figure C.1 shows the results of the fixture 

cylinder in terms of maximizing the strength to density ratio. It is shown that materials ranging from 

wood to high carbon steel met this particular constraint. Of course at this point, the designer must use 

common sense to further reduce the materials presented. By looking at Figure C.1, wood can be 

eliminated immediately due to its interaction with olive oil. If used to contain any type of fluid, wood 

would eventually degrade and allow for the leakage of fluid. Steel and cast iron both have very high 

strength characteristics, but do not accurately represent the type of material used in the full scale system. 

We want to ensure that the material used in our test fixture cylinder and the materials used in the full scale 

system accumulators are closely related to obtain the most accurate results during testing. 
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Figure C.1: CES material selection for fixture cylinder (σ/ρ) 

In addition to maximizing the strength to density ratio, we have also decided to minimize the strength to 

density x part price (σ/ρ*Cm) [C1].  

 
Figure C.2: CES material selection for fixture cylinder (σ/ρ*Cm) 

 
Looking at Figure C.2, we see that the aluminum alloy also satisfies this material constraint, thus our 

choice of 6061 aluminum alloy satisfies both material constraints. 

 
Tension Rods 

Function Primary: Maintain internal pressures. 

Constraints Length is specified.  << (Hard Constraint) 

Maximize tensile strength 

Maximize fracture toughness 

Objective Maximize tensile strength/density              (σ/ρ) 

Minimize cost                                              (σ
2/3

/ρCm) 

Free variables Rod section area 

  
Table 4: Tension rods material properties 

Woo

d 

Aluminum 

Alloy 

Cast Iron 

High and Low 

Carbon Steel 

Woo

d 

Aluminum 

Alloy 

Cast Iron 

Low Carbon steel 

High Carbon steel 

Medium Carbon steel 
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The tension rods utilized the same techniques that were used for the fixture cylinder. After the function, 

constraints, and objectives were identified, it was determined that the free variable was the tension rods 

cross sectional area. The tension rods utilized the same objectives as the fixture cylinder as they are very 

similar in their functions.  

 

 
Figure C.3: Material maximization ratio for tension rods [C1] 

 

 
Figure C.4: CES material selection for tension rods (σ/ρ) 

As with the fixture cylinder we utilized a second material constraint, to minimize cost. Figure C.5 shows 

several materials that satisfied the cost constraint that we derived. 

Wood 
Polycarbonate 

Aluminum Alloy 

Cast Iron 

Medium Carbon Steel 

High Carbon Steel 

Low Carbon Steel 
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Figure C.5: CES material selection for tension rods (σ/ρ*Cm) 

 
Although these results were strongly considered, there were several other factors that weighed heavily in 

our decisions. For example, availability from suppliers was strongly considered when choosing different 

materials. If an aluminum tube was in stock with several suppliers and satisfied all of the constraints that 

our group had derived, it was an easy decision over a steel tube that maybe have had a slight advantage in 

certain areas such as strength.  

 

Materials were also chosen based on their ability to mimic the full scale system the closest. For example, 

the full scale accumulators use aluminum cylinder wrapped in carbon fiber. Thus, to replicate the same 

type of wear, frictional, and properties with the working fluid, we chose aluminum for the piston cylinder. 

It was very helpful to use CES as a verification tool in terms of identifying whether or not aluminum 

would be able to support the loads our test fixture would experience while minimizing both weight and 

cost. 

 

[C1] Ashby, (n.d), ―Material Indices,‖http://mech.vub.ac.be/teaching/info/Ontwerpmethodologie/ 

Appendix%20les%203%20Materiaal%20Indices.pdf  
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C.2  Material Selection for Environmental Performance 

 

Tensioning Rods Material Environmental Assessment 

 

 
Figure C.6: Total Emissions for Tension Rods on Mass Basis 

 

 
Figure C.7: Relative Impacts in Disaggregated Damage Categories 
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Figure C.8: Normalized Score in Human Health, Eco-Toxicity, and Resources 

 

 
Figure C.9: Single Score Comparison in Points 

 
In order to obtain the above information from SimaPro 7.1, the mass of the material that was required 

needed to be calculated. To calculate this, the volume of the tensioning rods, 23.0 in
3
, was multiplied by 

the average densities for the two materials. The two materials used were 4140 steel, which was actually 

used in the design, and walnut wood, which was determined through CES to be a viable alternative to the 

steel. The mass of the 4140 steel used in SimaPro 7.1 was 6.5 pounds, while 0.57 pounds was used for the 

walnut wood. 

 

Based on the results from SimaPro 7.1, it appears like walnut has less of an overall environmental impact 

than the steel does. The mass emissions for each of the materials is very similar, however when looking at 

almost any other category, the steel is far worse for the overall environment. The only category where it is 

better is in the ecosystem quality, which makes sense as the ecosystem will be significantly affected by 

the harvesting of the walnut wood. The walnut has almost no affect on human health, and the resource 

usage is not even visible on the graphs above. 
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While the walnut does appear to be the more environmentally friendly choice, we would still use the 1040 

steel in our tensioning rods. While CES does provide walnut as having the design characteristics we are 

looking for, we feel that the wood has much more unpredictable properties. This is because every tree is 

different, so we could get a piece of wood with a knot in it or another deformation, which could possibly 

jeopardize the structural integrity of the test fixture. Also, the wood would likely have a shorter lifespan, 

meaning it would be replaced more often. If the lifespan of the overall fixture is looked at, the wooden 

tension rods might have to be replaced multiple times. The steel, on the other hand, is much more 

controlled in its properties, and we feel much more confident using this as the material for the tensioning 

rods. 
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Piston Cylinder Material Environmental Assessment 

 

 
Figure C.10: Total Emissions for Piston Cylinder on Mass Basis 

 

 
Figure C.11: Relative Impacts in Disaggregated Damage Categories 
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Figure C.12: Normalized Score in Human Health, Eco-Toxicity, and Resources 

 

 
Figure C.13: Single Score Comparison in Points 

 
In order to obtain the preceding information from SimaPro 7.1, the mass of the material that was required 

needed to be calculated. To calculate this, the volume of the piston cylinder, 301.6 in
3
, was multiplied by 

the average densities for the two materials. The two materials used were 6060 aluminum and 1060 steel, 

which was determined through CES to be a viable alternative to the aluminum. While the actual design 

used 6061 aluminum, SimaPro 7.1 does not have this alloy in their catalog, so we approximated it with 

6060 aluminum. The mass of the 6060 aluminum used in SimaPro 7.1 was 29.4 pounds, while 85.5 

pounds was used for the 1060 steel. 

 

Based on the above results from SimaPro 7.1, it appears as though the 1060 steel has less of an 

environmental impact than the 6060 aluminum. Looking at the discrete categories in the graphs above, the 

1060 steel is better in most categories, however it still does have significant impact on the environment. 

The steel has approximately the same human and ecosystem impact as the aluminum, with the major 
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difference appearing in the resources. From these graphs, it appears that while the steel does have less of 

an environmental impact than the aluminum, it still does have an impact. 

 

After analyzing the results, we feel that while the steel does have a slightly less impact on the 

environment, we would still use the aluminum in our design. The lifetime for steel and aluminum does 

not play a factor in this decision, as they both would have approximately the same lifespan. The steel 

would increase the test fixture weight greatly, and this would cause us to not meet one of our engineering 

specifications. Aluminum is also used by the EPA as the piston cylinder, so we feel it is valuable to 

replicate, as best as possible, the system used. Also, it does not appear like the aluminum has that much 

more of a negative impact on the environment over the steel, so we feel comfortable using it after looking 

at this data. 
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C.3  Manufacturing Process Selection 

1.) Our project is very different from the other projects in the class. Our project was to test a piston 

seal configuration, so we designed and built a test fixture to test this specific piston design. While 

our project was only built for a single application, for the sake of this assignment, we will assume 

that it could be used for another application. Our test fixture could be used as either a piston 

testing device or as a media separation seal testing device. For our project, we are using it to test a 

piston, but it could be used to test a seal without any modification. We had to choose a set of seals 

to use with the pistons in our project and it was very hard for us to gather any permeation data 

from different seal manufacturers. A lot of the seal manufacturers said that they didn‘t have any 

permeation information available for their seals, so therefore this device would be best marketed 

as a seal testing device. The user would have to manufacture a piston with an appropriate seal 

cavity to use in the device. They would then input a fluid in the center of the device and cycle it 

with air for a specified amount of time. They would then measure the gas concentration with 

another device (sold separately). 

 

The manufacturing volume of our test fixture to be used as a seal tester would likely be around 

100. We don‘t anticipate that there would be a large desire for our product; rather it would be 

desired by a niche market. 

 

2.) The materials that were selected for the Material Selection assignment are 6061-T6511 

Aluminum for our pressure cylinder and 4140 Steel for our tensioning rods. The best 

manufacturing process for creating the pressure cylinder would be cold extrusion. This is where a 

blank is forced through a die to take the desired shape. This process is capable of producing 

tolerances of ±10 thousandths of an inch, according to the CES Process Universe. The tolerance 

of the tube that we ordered was specified as ±50 thousandths and worked out great for our 

application, so an even finer tolerance would work even better. However, this process is only 

economical for very large production volumes. If only 100 of these were needed, it would not be 

practical to invest in extrusion equipment; rather 100 aluminum tubes of the correct wall 

thickness and tolerances would be ordered and then cut to size. To cut the tubes to size, a drop 

saw would be used to make an even cut and produce a square surface. This method would be 

economical for the production volume, because a drop saw is a fairly standard piece of equipment 

in a machine shop. Creating the threaded holes in the middle of the tube would be the most 

tedious part of the machining process. To drill and tap the holes, a jig should be created to ensure 

that the holes are drilled in the same spot every time. This jig would be set up on a mill so that, 

assuming the tubes are all cut to the same length, they could just be placed into the jig and the 

holes would be drilled and tapped in one sweep. Instead of cutting the threads, they should be 

formed. This process does not remove material, rather it displaces it. It will ensure that they are as 

strong as possible in the case that higher pressures are required for testing procedures.  

 

To manufacture the tensioning rods at a production volume of 100, which would be 400 rods, the 

best process would be hot shape rolling. This process is ideal for ferrous alloys and involves 

heating the steel up and then passing it through a series of shaped rolls. This process allows for a 

high volume to be produced. This process is used for 90% of all steel according to the CES 

Process Universe. Similar to the pressure cylinder manufacturing, it would not be feasible to 

invest in trying to make these yourself. The rolled steel would be purchased and then cut to size. 

To cut the steel to size, a drop saw would also be used. This would allow for a good tolerance and 

multiple rods could be cut at the same time. To create the threads, a forming die would be utilized 

to form the threads instead of cutting them as we did. This would allow for a stronger thread in 

case the rods needed to be set to a higher tension due to a higher test pressure. A jig would be 

created to set the rod in for easy, repeatable threading operations.
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APPENDIX D  MISCELLANEOUS INFORMATION 

D.1  NIOSH Lifting Calculations 

 

   

 NIOSH Lifting Guidelines 
 

       
                              

                                    

 
Job Title       

       
                                    

 
        

       

 
Horizontal Location (H) 10 in 

 
HM = 1.00        Recommended Weight Limit (RWL): 

       

 
 (min 10", max 25") (10" is best) 

 
  

 
  
     

  
       

 
  

    
  

 
  
  51.0 lb.  

  
       

 
Vertical Location (V) 30 in 

 
VM = 1.00   

 
      

       

 
 (min 0", max 70") (30" is best) 

 
  

 
  
 

  
  

    
       

 
  

    
  

 
  
     Lifting Index (LI = 
Load/RWL):  

  
       

 
Travel Distance (D) 10 in 

 
DM = 1.00   

     
  

       

 
 (min 10", max 70") (10" is best) 

 
  

 
  
 

  
0.98 

  
 

  
       

 
  

    
  

 
  
    

  
       

 
Angle of Asymmetry (A)   deg 

 
AM = 1.00               

 

 

  

     

 
 (min 0°, max 135°) (0 is best) 

 
  

  
  

    
  

       

 
  

    
  

 
       Frequency Independent RWL: 

       

 
Coupling 1 

 
CM = 1.00   

    
    

       

 
 (1=good, 2=fair, 3=poor) (1 is best) 

 
  

 
  
 

  51.0 lb.     
       

 
  

  
  

 
  
     

  
       

 
Duration 1 hr(s) 

 
Dur = 1 hr. 

 
     Frequency Independent LI: 

       

 
 (Enter 1, 2 or 8 hrs. 
only) 

(1 is best) 
 

  
  

  
    

  
       

 
  

    
  

  
  

 
0.98 

  
  

       

 
Frequency 0.2 l/m 

 
FM = 1.00 

 
            

       

 
 (min 0.2, max 15 
lifts/min) 

(0.2 is best) 
 

  
  

     Recommendations:   
       

 
  

    
  

  
Nominal Risk 

       

 
Load Weight 50 lb 

 
  

         
 

                
       

   
Copyright 2002 by 
Humantech                   

                      
NOTE: The NIOSH guidelines in this Microsoft 

Excel Workbook are derived from a paper titled 

"Revised NIOSH Equation for the Design and 

Evaluation of Manual Lifting Tasks" published in 

Ergonomics (Waters, Putz-Anderson, Garg, and 

Fine, 1993). 
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D.2  Cycles Per Day Estimate Calculation 

 
From data provided by Dr. Moskalik, at the highest pressure the accumulator is approximately 24 inches 

long, while 56 inches long at the lowest pressure. A cycle is defined in the figure above.  

Distance traveled per cycle = 2 56− 24 = 64
inches

cycle
(1) 

1400 seconds

20 cycles
= 70

seconds

cycle
 (2) 

 

64
inches

cycle
×

1cycle

70 seconds
= 0.91

inches

second
 

 

We approximate that our test fixture will have a maximum stroke of approximately 10 inches. We are 

making the assumption that our test fixture pistons will travel at the same rate as the full scale model 

(1inche/second). Using this, and approximating 1 cycle will take approximately 20 seconds, we can 

estimate the number of cycles that our test fixture we be  able to achieve in 24 hours. See the equations 

below for a complete justification.  

1 cycle

20 inches
× 0.91

inches

second
× 86,400

seconds

day
≈ 4,000

cycles

day
 

It should be noted that the actual system has an inner diameter of 10.3‖, a stroke length of 32‖, and a 

working pressure between 2,000 and 5,000 psi.  
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D.3  QFD Diagram 
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D.4  Functional Flow Diagram 
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D.5  Arduino code 

 The Arduino software can be downloaded from Arduino.cc and is used to change the output 

parameters of the Arduino board. The code that was used for the duration of our testing is shown 

below. 

 

/* 

  Control System Code 

   

  Note that this code is based on the 'Blink' example that  

  comes with the Arduino software. The LED is already  

  connected to pin 13, which is the same pin as the MOSFET 

  is connected to. When the LED is ON, the output is HIGH and 

  when the LED is OFF, the output is LOW. 

   

  Also note that the time is in milliseconds, so a time of  

  5000 corresponds to 5 seconds. 

 */ 

 

int ledPin =  13;    // LED connected to digital pin 13 

 

// The setup() method runs once, when the sketch starts 

 

void setup()   {                 

  // initialize the digital pin as an output: 

  pinMode(ledPin, OUTPUT);      

} 

 

// the loop() method runs over and over again, 

// as long as the Arduino has power 

 

void loop()                      

{ 

  digitalWrite(ledPin, HIGH);   // set the LED on 

  delay(5000);                  // wait for 5 seconds 

  digitalWrite(ledPin, LOW);    // set the LED off 

  delay(5000);                  // wait for 5 seconds 

}  
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D.6  Engineering specifications with outcomes 

  
Engineering Specification Value Unit Satisfied? 

System input < 100 psi Yes 

Pressure vessel rating > 200 psi Yes, burst pressure of 11,000 

psi burst pressure and 2700 

psi max stress, so 4.16 safety 

factor 

Seal and fitting rating > 300 psi Yes, min rating on a fitting is 

300 psi 

Expected leakage of 

nitrogen gas accuracy 

±100 % concentration 

(mol/gal) 

No, due to limited samples 

this error is ±378% 

Weight < 50 lbs Yes, 49 lbs 

Size 48 L x 10 W x 10 H inches Yes, base of fixture is 48‖ x 

5.75‖ x 5.75‖ 

Cost < 2000 USD Yes, budget was $1054 

Sample size 0.1 - 0.16 gal Yes, have been using 0.13 gal 

samples 

Test cycles 4000 cycles/day 

 

Yes, we would be able to 

achieve 8640 cycles/day if we 

ran 24/7. We are doing 10 

second cycles, so we can get 

360 cycles/hour 
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APPENDIX E  CONCEPT SELECTION PUGH CHARTS 

 
Pugh charts were developed to determine which elements of the design best satisfy our requirements. 

Each element of the Pugh charts were rated on a 0 to 5 scale, 0 meaning that the requirement is not met at 

all and 5 meaning that the element perfectly satisfies the requirement. The requirements were ranked 

based on the order of importance and then each element‘s weighted total was computed by summing the 

products of all of its ratings with the rank of the corresponding requirements. 

Piston Cycling Method 

 

Method to Measure Gas Concentration 

 

Shop Air Pressure Hydraulic Pump Linear Actuator Motor and Link Motor and Gear Gravity (Ocean)

Selection Criteria Rank Rating Rating Rating Rating Rating Rating

Safety 9 4.50 4.00 4.50 4.00 3.00 2.50

Accurate Simulation 8 4.00 4.50 3.75 3.50 3.50 2.50

Provide Adequate 

Pressure
7 4.25 4.25 4.00 4.00 4.00 2.00

Adequate Sample Size 4 4.00 4.00 4.00 4.00 4.00 4.00

Simplicity of Design 4 4.25 3.75 3.50 2.75 2.00 0.75

Ease of Manufacturing 4 4.00 3.25 3.25 2.50 1.50 0.75

Cost 3 4.50 3.50 3.50 2.75 2.75 1.25

Size 1 4.50 2.50 3.50 3.00 2.00 0.50

Weight 1 4.50 2.50 3.50 3.00 2.00 0.50

173.750 161.250 159.000 143.250 125.250 83.250

1 2 3 4 5 6

0.00 7.19 8.49 17.55 27.91 52.09

Total

Rank

Percent Difference From 

Highest Rated

Concepts to Cycle Piston Design
Path

Gas Tester
Measuring Volume 

Changes
Watchglass

Fluid Retrieval 

Friendly

Pressure 

Changes

Selection Criteria Rank Rating Rating Rating Rating Rating

Safety 8 4.00 4.00 3.50 3.50 4.00

Accurate Measurement 7 4.25 1.50 1.00 3.00 1.50

Reliability 6 3.25 2.50 1.50 2.50 2.50

Simplicity of Design 4 3.50 4.25 3.50 3.00 4.25

Ease of Manufacturing 4 4.75 4.00 3.00 2.50 4.00

Cost 3 4.75 4.75 4.50 3.25 4.25

Size 1 3.75 4.75 4.25 3.00 4.50

Weight 1 3.50 4.50 4.25 2.50 4.25

135.75 114.00 92.00 101.25 112.00

1 2 5 4 3

0.00 16.02 32.23 25.41 17.50

Path

Concepts to Measure Gas Concentration

Total

Rank

Percent Difference From 

Highest Rated



E.2 
 

Method to Extract Hydraulic Fluid 

 

Full Concept Analysis 

 
 

Through Pressure Cylinder 

(Acrylic/Polycarbonate)

Through Pressure 

Cylinder (Steel)

Through Steel 

Endplates 

Flexible Hoses 

through Piston

Selection Criteria Rank Rating Rating Rating Rating

Safety 6 1.00 4.00 4.75 4.00

No Exposure to 

Atmosphere
5 3.75 3.75 3.75 3.25

No Interference with 

Cycling Pistons
4 3.00 3.00 4.25 2.00

Reliability 3 2.25 3.50 4.25 2.50

Simplicity of Design 1 3.75 3.75 4.75 3.25

Ease of Manufacturing 1 3.00 3.00 4.00 2.00

46.500 68.250 81.000 57.750

4 2 1 3

42.59 15.74 0.00 28.70

Path

Concepts to Extract Hydraulic Fluid

Total

Percent Difference From 

Highest Rated

Rank

Concept 1- Force Actuating 

Gas Tester

Concept 2-Pump/Actual 

System

Concept 2- Shop Air w/ T-

Fitting

Concept 3- Shop Air Full 

Tube- Steel

Concept 5- Double 

Experiment Fixture

Selection Criteria Rank Rating Rating Rating Rating Rating

Safety 13 4.00 4.25 4.25 4.35 4.00

Accurate Measurement 

Capability
12 1.50 4.25 4.25 4.25 4.25

Accurate Simulation 11 3.50 4.50 4.00 4.25 4.00

Reliability 10 2.50 3.75 3.75 3.95 3.50

No Exposure of Hydraulic 

Fluid to Atmosphere
9 2.00 3.50 3.50 3.75 3.75

Provide Adequate Pressure 8 4.00 4.25 4.25 4.25 4.25

No Part Interference with 

Cycling Pistons
7 4.75 4.75 4.50 4.25 4.25

Adequate Sample Size 6 4.00 4.00 4.00 4.00 4.00

Simplicity of Overall 

Design
4 3.38 4.42 4.08 3.92 3.74

Manufacturability 4 4.00 3.99 4.08 4.00 3.64

Cost 3 4.63 4.13 4.75 4.75 4.53

Weight 1 3.25 3.13 3.88 4.13 4.02

Size 1 3.88 3.13 4.13 4.13 4.00

291.250 368.238 363.667 369.472 354.630

5 2 3 1 4

21.17 0.33 1.57 0.00 4.02

Full Concepts

Percent Difference From 

Highest Rated

Rank

Total

Path
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APPENDIX F  ENGINEERING ANALYSIS CALCULATIONS 

F.1  Steady state fixture temperature 

Calculate heat generated with upper bounds of piston velocity, net pressure force, and kinetic friction 

coefficient [9]. 

 𝑄𝑘𝑢  𝐷 = 𝐹𝑛𝑒𝑡 µ𝑘𝑣 = 16.28 𝑊𝑎𝑡𝑡𝑠 

 

Net pressure force 𝐹𝑛𝑒𝑡 =  𝑃𝐻𝑖 − 𝑃𝐿𝑜 𝐴𝑡 = 530𝑙𝑏 

Kinetic friction coefficient µ𝑘 = 0.1 (upper limit) 

Piston velocity 𝑣 = 2.73 𝑖𝑛/𝑠𝑒𝑐 (ideal for similar Cauchy number in scaling) 

High Pressure 𝑃𝐻𝑖 = 90𝑝𝑠𝑖  Low Pressure 𝑃𝐿𝑜 = 35𝑝𝑠𝑖  Tube area  𝐴𝑡 = 9.6𝑖𝑛2 

Solve for the temperature on the outer surface of the piston cylinder T2 with all other variables known or 

approximated. 

 𝑄𝑘𝑢  𝐷 =
 𝑇2−𝑇∞  

 𝑅𝑘𝑢  𝐷
        𝑅𝑘𝑢  𝐷 =  

𝐷

𝐴𝑘𝑢  𝑁𝑢 𝐷𝑘𝑓
  

 𝑁𝑢 𝐷 =    𝑁𝑢𝐷,𝑙  
3.3
  𝑁𝑢𝐷,𝑡  

3.3
 

1/3.3
   𝐴𝑘𝑢 = 𝜋𝐷𝐿  𝐷 = 2𝑅1 + 𝑙1 

 𝑁𝑢𝐷,𝑙 =
1.6

𝑙𝑛 1+ 1.6/.772𝑎1 
𝑔𝛽𝑓 𝑇2−𝑇∞  𝐷3

𝜐𝑓𝛼𝑓
 

1/4

  

    𝑁𝑢𝐷,𝑡 =
0.13𝑃𝑟0.22

 1+0.61𝑃𝑟0.81 0.42  
𝑔𝛽𝑓 𝑇2−𝑇∞  𝐷

3

𝜐𝑓𝛼𝑓
 

1/3

 

Properties of air at T=300K    𝑎1 =
4

3

0.503

 1+ 0.492/𝑃𝑟 9/16 
4/9 

𝑔 = 9.807𝑚/𝑠2 𝛽𝑓 = 1/300𝐾 𝑇∞ = 298.16𝐾 𝜐𝑓 = 15.66 ∗ 10−6𝑚2/𝑠 𝛼𝑓 = 22.57 ∗ 10−6𝑚2/𝑠 

𝑃𝑟 = 0.69 𝐿 = 1.2192𝑚 𝑅1 = 0.04445𝑚 𝑙1 = 0.0127𝑚 𝑘𝑓 = 0.0267𝑊/𝑚 −𝐾 

Solve for the temperature inside the piston cylinder T1.  

𝑅𝑘1−2 =
𝑙𝑛  𝑅1+𝑙1 /𝑅1 

2𝜋𝑘𝐿
   𝑰𝒏𝒕𝒆𝒓𝒏𝒂𝒍 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 =  𝑸𝒌𝒖 𝑫𝑹𝒌𝟏−𝟐 + 𝑻𝟐 = 𝑻𝟏 = 𝟐𝟕.𝟖°𝑪  

𝑘 = 235𝑊/𝑚−𝐾 
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F.2  Fluid pocket expansion and saturation times 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐷𝑟𝑜𝑝 = 15.11 ± 2.46 𝑝𝑠𝑖  

     

Permeation Surface Area 𝐴 = 3𝑖𝑛2 Diffusion Length 𝑑 = 0.288𝑖𝑛 

Permeation Coefficient 𝐾 = 0.00167[(𝑝𝑠𝑖 − 𝑖𝑛3/𝑠𝑒𝑐) − 𝑖𝑛/𝑠𝑒𝑐 − 𝑖𝑛2 − 𝑝𝑠𝑖]    

 

𝑄 = 𝐾𝐴𝑑 𝑃2 − 𝑃1 = 0.00167 3  0.288 ∗ 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐷𝑟𝑜𝑝 = 0.0015𝑖𝑛3/𝑠𝑒𝑐 

 

Expansion Volume = 0.9𝑖𝑛3 Pocket Volume = 6.75𝑖𝑛3 Molecular Weight = 28.966𝑔/𝑚𝑜𝑙 

Estimated Gas Tester Measurement = 1.7 ∗ 10−6𝑚𝑜𝑙/𝑚𝑙 

 (based on average gas concentration of uncycled olive oil measured by gas tester) 

 

Henry‘s Law Constant = 8.94 ∗ 10−6𝑚𝑜𝑙/𝑚𝑙 − 𝑎𝑡𝑚 Gas Density = 1.184 ∗ 10−3𝑔/𝑚𝑙 

 

𝑬𝒙𝒑𝒂𝒏𝒔𝒊𝒐𝒏 𝑻𝒊𝒎𝒆 =
𝟎.𝟗

𝟎.𝟎𝟎𝟏𝟓
/𝟔𝟎 = 𝟏𝟎 ± 𝟓 𝒎𝒊𝒏𝒖𝒕𝒆𝒔 

 

𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 = 𝐻𝑒𝑛𝑟𝑦′𝑠 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ∗ 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐷𝑟𝑜𝑝 − 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐺𝑎𝑠 𝑇𝑒𝑠𝑡𝑒𝑟 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
= 7.45 ∗ 10−6𝑚𝑜𝑙/𝑚𝑙 

 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑔𝑎𝑠 = 𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 ∗ 𝑃𝑜𝑐𝑘𝑒𝑡 𝑉𝑜𝑙 = 8.24 ∗ 10−4𝑚𝑜𝑙 
 

𝑅𝑜𝑜𝑚 𝑓𝑜𝑟 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑔𝑎𝑠 = 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑔𝑎𝑠 ∗ 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔𝑡/𝐺𝑎𝑠 𝐷𝑒𝑛𝑠𝑖𝑡𝑦27.8°𝐶 = 1.23𝑖𝑛3 

 

𝑺𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏 𝑻𝒊𝒎𝒆 = 𝑹𝒐𝒐𝒎 𝒇𝒐𝒓 𝑨𝒗𝒂𝒊𝒍𝒂𝒃𝒍𝒆 𝒈𝒂𝒔/𝑸 = 𝟏𝟒 ± 𝟒 𝒎𝒊𝒏𝒖𝒕𝒆𝒔
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APPENDIX G  SAFETY FACTOR CALCULATIONS 

G.1  Safety factor calculations for pistons-concept and reference (seal edge) 

 
Assuming the maximum pressure is higher than system could experience, 100 psi. 

 

Area pressure acts upon:  𝐴𝑟𝑒𝑎 = 𝜋 ∗  𝑂𝑢𝑡𝑠𝑖𝑑𝑒𝑅𝑎𝑑𝑖𝑢𝑠2 − 𝐼𝑛𝑠𝑖𝑑𝑒𝑅𝑎𝑑𝑖𝑢𝑠2  
  =  𝜋 ∗ ((1.73)2 − (1.442)2) 

   = 2.87 𝑖𝑛2 
 

Force acting on section:  𝐹𝑜𝑟𝑐𝑒 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝐴𝑟𝑒𝑎 

 = 100 ∗ 2.87 

 = 287 𝑝𝑜𝑢𝑛𝑑𝑠 
 

If assumed all force acts on the end (which it does not), the shear force at the base can be calculated using 

this estimate. Because the thickness is unknown, we will keep it as a variable in the shear force area 

equation: 

 

Shear Force Area 𝑆𝑒𝑎𝑟 𝐴𝑟𝑒𝑎 = 2 ∗ 𝜋 ∗ 𝑅𝑎𝑑𝑖𝑢𝑠 ∗ 𝑇𝑖𝑐𝑘𝑛𝑒𝑠𝑠 
 = 2 ∗ 𝜋 ∗ 1.442 ∗ 𝑥 

 = 9.06𝑥 𝑖𝑛2 
 

Using the minimum yield strength for aluminum, 28 ksi, we can solve the shear force equation for the 

minimum thickness we need. 

 

Maximum Shear Force: 28000 =
𝐹𝑜𝑟𝑐𝑒

𝑆𝑒𝑎𝑟  𝐴𝑟𝑒𝑎
 

 

 28000 =
287

9.06𝑥
  

 

 𝑥 = 0.00113 𝑖𝑛. 
 

This wall thickness is extremely small, and we are concerned that we would not be able to machine this, 

and if we could, the material could plastically yield, affecting the design. To assure we have proper safety 

factors, we have decided to use a thickness of ¼‖, resulting in a safety factor of 221. We have decided to 

go with ¼‖ because if there are errors that arise during manufacturing, we can still decrease this wall 

thickness and still have an appropriate safety factor. 

 

Safety Factor 𝑆𝐹 =
0.25 𝑖𝑛𝑐 𝑒𝑠

0.00113  𝑖𝑛𝑐 𝑒𝑠
 

 

𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 = 221 
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G.2  Safety factor calculations for set-screw in concept piston 

Assuming the maximum pressure is higher than the system could experience, 100 psi. 

 

If pistons fully expand, and there is still 100 psi acting on the set-screw, the following calculations are for 

the forces that would be experienced. 

 

Assuming the force acts on the whole piston surface area, the force experienced by the set screw is as 

follows: 

 

 𝐹𝑜𝑟𝑐𝑒 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝑃𝑖𝑠𝑡𝑜𝑛 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 

 = 90 ∗  𝜋 ∗ (3.5/2)2 

 = 865.90 𝑝𝑜𝑢𝑛𝑑𝑠 
 

To calculate the shear the radius is the variable in the equation. 

 

 𝑆𝑒𝑎𝑟 𝐴𝑟𝑒𝑎 = 𝜋 ∗ 𝑟2 

   = 𝜋 ∗ (𝑟)2 

  

Maximum Shear Force =
𝐹𝑜𝑟𝑐𝑒

𝑆𝑒𝑎𝑟  𝐴𝑟𝑒𝑎
 

 

 69600 =
865.90

𝜋∗𝑟2  

 

 𝑟 = 0.0629 𝑖𝑛𝑐𝑒𝑠 
 

Based on this safety factor calculation, this radius can be multiplied by two to get a diameter. For safety 

we will assume this diameter to be the pitch diameter of the set-screw we will use. With the pitch 

diameter, 0.1258 inches, we could use a set screw of 1/8‖. To ensure our test fixture is safe, we would 

rather increase from the minimum we could use, so we have decided to use ¼‖ set-screw. These are 

readily available in the machine shop, and provide a safety factor of 2.99 in the case that unexpected 

forces are experienced. The pitch diameter of a ¼‖ set screw is 0.2175 inches giving a radius of 0.10875 

inches. The safety factor was calculated from the following: 

 

Safety Factor 𝑆𝐹 =  
𝐴𝑐𝑡𝑢𝑎𝑙  𝐴𝑟𝑒𝑎

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  𝐴𝑟𝑒𝑎
 

 

𝑆𝐹 =  
𝜋 ∗ 0.108752 

𝜋 ∗ 0.06292
 

 

𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 = 2.99 
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G.3  Safety factor calculations for leak before break criterion 

We must design our vessel to satisfy the leak before break criterion. Using the formula below, we can 

determine the critical crack length  

 

𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒄𝒓𝒂𝒄𝒌 𝒍𝒆𝒏𝒈𝒕𝒉 =  
1

𝜋
 
𝐾𝐼𝐶𝑡

𝑃𝑅
 

2

 

=  
1

𝜋
 

25000 ∗ 0.5

90 ∗ 1.75
 

2

 

 

= 2005 𝑖𝑛 
 

Fracture Toughness obtained from ASM International Handbook (6061 Alloy) 

 

Leak before break requires ccl >> thickness. Our wall thickness is 0.5‖ so we clearly satisfy this 

criterion. 

 

Using the above fracture toughness, we are able to calculate our leak before rupture safety factor using the 

formula below, 

 

𝑲𝑰 = 𝜎 𝜋𝑡 
 

𝑲𝑰 =
90𝑝𝑠𝑖 ∗ 1.75

0.5
∗  𝜋 ∗ 0.5 = 395 

𝒔𝒂𝒇𝒆𝒕𝒚 𝒇𝒂𝒄𝒕𝒐𝒓 𝒐𝒏 𝒍𝒆𝒂𝒌 𝒃𝒆𝒇𝒐𝒓𝒆 𝒓𝒖𝒑𝒕𝒖𝒓𝒆 =
𝐾𝐼𝐶
𝐾𝐼

 

𝒔𝒂𝒇𝒆𝒕𝒚 𝒇𝒂𝒄𝒕𝒐𝒓 =  
25000

395
= 𝟔𝟑.𝟑𝟐 

 

G.4  Safety factor calculations for burst pressure of piston cylinder 

Seeing that we are working with a pressure vessel, the burst pressure is calculated using the equation 

below. According to Randy Kisell from the Aluminum Association, who cited the Aluminum Design 

Manual Part III Section 3.3, the equation below used to calculate the burst pressure of our vessel, 

 

𝑩𝒖𝒓𝒔𝒕 𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆 =  
2𝑡 ∗ 𝐹𝑡𝑢 ∗ 𝐾

𝐷 − 0.8𝑡
 

 

𝐾 = 0.73 + 0.33
𝐹𝑡𝑦

𝐹𝑡𝑢
,𝐹𝑡𝑦 = 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡,𝐹𝑡𝑢 = 𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡 

𝐹𝑡𝑦 = 39.9 𝑘𝑠𝑖, 𝐹𝑡𝑢= 45.0 ksi 

 

𝐾 = 1.0226 
 

Using the thickness as the variable and assuming the burst pressure to be 100 psi, we can determine the 

minimum wall thickness we need. 

 

90 =  
2 ∗ 𝑡 ∗ 45000 ∗ 1.0226

4.5− 0.8 ∗ 𝑡
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𝑡𝑖𝑐𝑛𝑘𝑒𝑠𝑠 = 0.0044 inches 

 

After looking at the sizes available, and knowing the thread engagement for the NPT threads we will be 

using, we have decided that the wall thickness for our tube will be 0.5 inches. This gives us a safety 

factor of 124.82 

 

Safety Factor 𝑺𝑭 =   
𝑨𝒄𝒕𝒖𝒂𝒍 𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆
 

 

𝑆𝐹 =  
11233.66

90
 

 

𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 = 124.82 
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G.5  Safety factor calculations force on steel tensioning rods 

If we treat the tensioning rods and nuts as a complete assembly, we can calculate the minimum diameter 

needed for the rods.  

 

 

 

 

 

Using the yield strength provided from McMaster for the 4140 alloy steel of 60,000 psi, the minimum 

diameter can be calculated using the formula below (A safety factor of 5 was applied to the force above.) 

 

𝜎 =  
𝐹𝑜𝑟𝑐𝑒 ∗ 5

𝐴𝑟𝑒𝑎𝑏𝑜𝑙𝑡𝑠 ∗ 4 𝑏𝑜𝑙𝑡𝑠
 

 

60,000 =  
866 ∗ 5

𝜋 ∗ 𝑟2 ∗ 4
 

 

𝑟 = 0.07578,𝐷 = 0.15" 𝑟𝑜𝑑𝑠, 
 

We have chosen to use 3/8‖ steel rods. With a 3/8‖ steel rod, and a safety factor of 5 on the force 

experienced, our test fixture will still have a safety factor of 4.61. 

 

G.6  Safety factor calculations for thread engagement of steel tensioning rods 

To ensure the tensioning rods would fail in tension before the threads strip, the following equation [2] 

must be used to determine the proper thread engagement: 

 

𝑇𝑟𝑒𝑎𝑑 𝐸𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 𝐿𝑒𝑛𝑔𝑡 =  
2 ∗ 𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 𝐴𝑟𝑒𝑎

0.5 ∗ 𝜋 ∗  𝑀𝑎𝑗𝑜𝑟 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 − 0.64952 ∗ 𝑝𝑖𝑡𝑐−1 
 

 

Tensile stress can be conservatively based on the area of the rod, using the outer diameter (3/8‖). 

The pitch for the rod is 16. 

 =  
2∗𝜋∗ 0.1627 2

0.5∗𝜋∗ 0.375−0.64952∗0.0625 
 

 

 = 0.3166 𝑖𝑛𝑐𝑒𝑠 
 

We have determined that we will use two nuts, which have a total thread engagement length of 0.656 

inches. This results in a safety factor of 2.07 for the rods fracturing before the threads strip. 

 

  

Force = 90 psi*π(3.5/2)
2
=866  lbs Tensioning Rods 
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APPENDIX H  DIMENSIONED DRAWINGS OF MANUFACTURED 

COMPONENTS 

H.1  Concept Piston-Female Side 
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H.2  Concept Piston-Male Side 
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H.3  Reference Piston 
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H.4  Endplates 
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H.5  Piston Cylinder 
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H.6  Tensioning Rods 
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APPENDIX I  ADDITIONAL DESIGN CONCEPTS 

In addition to the concepts listed in section 4, we have developed a number of other design concepts, 

some of which are variations of those concepts. The main distinction between all of our designs is the 

method of actuating the pistons, so we have organized the additional concepts by their actuation 

methods. 

Electric Motor Variations 

The following concepts involve an electric motor as part of the force actuation method.  

 

I.1  Force Actuating with External Gas Tester 
For this concept, the user will initially fill the system with fluid by disassembling it and placing fluid in 

the piston pocket and in between the concept and force actuation piston in the figure below. The 

system will be initially pressurized by inputting compressed air through the upper valve on the left hand 

side of the vessel below. Actuating the piston involves an electric motor connected to a flywheel and a 

rod. As the motor turns, the rod is displaced such that it pushes or pulls the piston that is connected to 

the rod. This will push on the fluid, which will then push on the concept piston and compress the air on 

the left hand side of the figure below. It will also allow the air to expand and push the concept piston 

back to its original position. After cycling, the system would be depressurized by opening the upper left 

valve to release the pressurized air. To measure the gas concentration in the fluid after cycling, the gas 

tester developed by the previous ME450 team will extract fluid through the lower valve on the left side 

of the figure. Notice that there is a flexible hose that runs through the piston and collects the fluid that is 

in between the concept piston and the force actuating piston. The excess fluid would then be removed 

by disassembling the system and pouring the fluid into an appropriate disposal container. 
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I.2  Force Actuating with Electric Motor Inside Cylinder 

For this concept, the user will fill the system with hydraulic fluid. There were worries with other 

electric motor actuation methods in that atmospheric air could leak past the piston seal during the 

actuation cycling. Contamination should only occur from the pressurized air to the hydraulic fluid. It 

should not occur from any other source. This design eliminates this possibility by placing the electric 

motor inside the pressure cylinder so it is contained within the pressurized air chamber. Instead of 

having a force actuation piston, the rod would be connected to the concept piston. The problem with 

this design would be the location of the fluid. The fluid is more or less incompressible so by trying to 

push the piston into it, nothing will happen. An alternative to this would be to have the motor 

submerged in fluid and have the piston compressing air instead of fluid. However, it is obviously not 

feasible to try to submerge an electric motor in fluid. To test the gas concentration after cycling, the gas 

tester would be used to extract fluid from the valve on the right hand side of the figure below. After 

the testing is completed, the extra fluid would be poured into an appropriate disposal container. 

 

 
  



I.3 
 

I.3  Force Actuation using an Electric Motor and Gear Setup 

For this concept, instead of cycling the pistons, we would cycle the cylinder. The system would initially 

be filled with fluid and the air would be pressurized. As can be seen below, the pistons and motor are 

grounded to their surroundings. The motor would turn and cause the cylinder to move back and forth, 

thus the pistons would essentially move back and forth inside the cylinder. In this concept, the air 

would never really be compressed; all of the permeation of air past the seals would rely solely on the 

motion of the piston and not changes in total pressure. After the cycling, the air would be depressurized 

and fluid would be removed from the valve on the right side of the figure. The gas tester would be used 

to measure the gas concentration of the fluid. After the gas concentration is measured, the fluid would 

be poured into an appropriate disposal container.  
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I.4  Electric Motor Stirling Engine  

This concept utilizes a stirling engine to cycle the concept piston as can be seen below. Like previous 

designs with electric motors, there is a flywheel with rods attached to it. The rotation of the flywheel 

cycles the pistons in phase, so either they are both being pulled out of the pressure vessels or they are 

both being pushed into the pressure vessels. The only fluid in the system is in the pocket of the pistons. 

The thought behind this design is that the pressure of the air in between the pressure vessels will 

change. This change of pressure could be used to approximate how much gas has saturated into the 

fluid pockets. After the cycling is completed and measurements have been made, the system will be 

depressurized and then the fluid will be poured into an appropriate disposal container. 
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Hydraulic Pump Variations 

The following concepts utilize a hydraulic pump to cycle the pistons. 

 

I.5  Single Piston with Fluid Reservoir 

This concept uses a hydraulic pump to cycle the fluid. The system is initially filled with fluid including 

the fluid reservoir on the right side of the figure below. To compress the air and cycle the piston, the 

pump is turned on and the reservoir level will go down. To decompress the air, the pump is turned off 

and fluid flows back through the pump and into the reservoir to equalize the pressure. Once the cycling 

is complete, the fluid will be extracted through the valve in the middle of the system and the gas tester 

will measure the gas concentration. The fluid reservoir is open to the atmosphere to avoid a pressure 

change of the fluid in the reservoir. Once testing is complete, the fluid will be poured into an 

appropriate disposal container. The problem with this design is that there is a large volume of fluid that 

will be wasted and it because the volume is large it may be hard to measure the concentration of gas 

that permeates past the piston. In addition to this, there is a direct link between contaminated fluid and 

the atmosphere. The gas that permeates past the seal could easily travel into the reservoir and go into 

the atmosphere.  
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I.6  Double Piston with Fluid Reservoir 

This concept is exactly the same as the previous concept. The only difference is the addition of a second 

piston as seen below. This eliminates the link between the contaminated fluid and the atmosphere. This 

also introduces a logistical challenge in that you cannot extract the fluid through the valve in the middle 

of the system like the previous concept. The fluid will have to be extracted through the pressure vessel 

in between the pistons instead. 
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I.7  Double Piston with Solenoid Valve 

This concept is similar to the previous one in that it has two pistons in the cylinder. The difference with 

this design is the addition of a backflow valve as well as a solenoid valve. The pump will turn on and 

pump fluid from the reservoir into the pressure vessel, thus cycling the pistons and compressing the air. 

However, there is a backflow valve in front of the pump which only allows flow in one direction. Once 

the desired high pressure is reached, the pump will be shut off and there is the option of holding the 

pressure for a certain amount of time. The solenoid valve is on the gray section of pipe above the pump 

in the figure below. This valve would be initially closed. After the high pressure is held for a set 

amount of time, the solenoid valve will be opened and the fluid will be allowed to equalize in pressure 

with the reservoir. 
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Pneumatic Cylinder Actuation 

The following concepts utilize a pneumatic cylinder to cycle the piston. 

I.8  Two Step Test 

This design concept splits the test into two separate tests. The top cylinder in the figure below would 

cycle the piston with a pneumatic cylinder. The goal for this piston is to see how long it takes the fluid 

to saturate with gas. The lower cylinder will take the saturated fluid and measure how much of the fluid 

permeates past the piston by cycling it with a pneumatic cylinder. This is essentially what we would 

want to know with the concept piston: how long does the fluid in the pocket take to saturate and once 

this fluid is saturated, how long does it take to permeate into the unsaturated fluid. However, this 

concept does not test the piston itself, so it would not be an appropriate test method. As with the other 

designs, when the testing is completed, the excess fluid would be poured into an appropriate disposal 

container. 
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I.9  Pneumatic Cylinder Inside Pressure Vessel 

This concept also utilizes pneumatic cylinder to cycle the piston. The pneumatic cylinder is located 

inside the pressure vessel to avoid contamination of the fluid with atmospheric air. The pneumatic 

cylinder is attached to the concept piston and cycles the piston back and forth. This design might not 

necessarily work because hydraulic fluid is incompressible for the most part. With this setup, the air 

would not be compressed; rather energy would be put into the system to try to compress the fluid. After 

the piston is cycled, fluid would be extracted through the valve on the right side of the figure below 

and tested using the gas tester. After the fluid is tested, the remaining fluid would be poured into an 

appropriate disposal container. 
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I.10  Pneumatic Cylinder Inside Pressure Vessel with Pump and Reservoir 

This design is similar to the previous design in that the pneumatic cylinder is placed inside the pressure 

vessel. This system also involves a pump. The thought is that the pneumatic cylinder would be used to 

push fluid into the reservoir and then the pump would be used to cycle fluid back into the pressure 

vessel so that the air is compressed. This design is very complex in that it involves two methods of 

force actuation. After the piston cycling is complete, the fluid would be extracted through the valve on 

the right side of the figure below and tested using the gas tester. 
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I.11  Pneumatic Cylinder Shaker 

This design concept uses a pneumatic cylinder to shake the pressure vessel. The pressure vessel is 

constrained vertically by the surrounding brackets. The idea is that the pneumatic cylinder will oscillate 

back and forth and essentially shake the pressure vessel. The momentum of the pressure vessel will 

cause the piston to move back and forth and compress/decompress the air. After the cycling is 

complete, the fluid would be extracted through the valve on the right hand side of the figure below. 

The excess fluid would then be poured into an appropriate disposal container. 
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I.12  Concentric Cylinders with Dual Pneumatic Cylinders 

This concept involves two pneumatic cylinders; a donut shaped piston, as well as two concentric 

cylindrical pressure vessels. This concept works by placing an initial volume of air at the top of the 

inner cylinder. Then, the pneumatic cylinders would apply force to the donut shaped piston that 

surrounds the inner cylindrical vessel. This would cause the fluid level in the inner cylinder to rise and 

compress the air. The springs on the pneumatic cylinders would ensure that they returned to the same 

position every time. After the piston cycling is complete, the fluid would be extracted through the valve 

on the bottom of the figure below and tested using the gas tester. The excess fluid would then be 

poured into an appropriate waste container. 
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I.13  Pneumatic Cylinder Force Multiplication 

This concept utilizes a pneumatic cylinder attached to a cylinder that is smaller than the main pressure 

vessel. Because of the difference in cylinder sizes, the pneumatic cylinder would not have to apply as 

large of a force as if the cylinders were the same size. This is analogous to an automotive jack; a small 

force is applied on one side while a larger force is applied on the other side. The pneumatic cylinder 

would move back and forth to cycle the piston back and forth. Once cycling was completed, the fluid 

would be extracted through the valve on the right side of the larger pressure vessel in the figure below 

and then tested using the gas tester. Once testing is completed, the excess fluid would be poured into an 

appropriate waste container. 
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Variations with Compressed Air Piston Actuation 

The following concepts involved compressed are to actuate the piston. 

I.14  Air Actuation with Spring 

The concepts involves using compressed air to cycle the piston. The compressed air would be cycled 

in/out on through the valves on the right hand side of the figure below. In order to ensure that the 

pistons return to their original position after the air is released, there is a spring in between the piston 

and the cylinder wall on the left in the figure. After the pistons are cycled, the fluid would be extracted 

through the flexible tube that extends through the piston and into the center volume of fluid. This fluid 

would leave through the valve on the left side of the figure and go into the gas tester, where its gas 

concentration would be measured. After the testing is completed, the excess fluid would be poured into 

an appropriate waste container. 
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I.15  Original Air Actuated Test Fixture 

We also considered the test fixture design that was used by the previous group as seen below. They 

actuate the piston with compressed air from one side. In the middle of the pressure vessel, there was a 

large tube that was initially filled with hydraulic fluid. Their plan was to measure the volume of free gas 

that made its way to the top of this tube. After the testing is completed, we would pour the excess fluid 

into an appropriate waste container. 
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Concepts with Other Piston Cycling Methods 

The following concepts involve methods of piston actuation that do not fit into the previous categories. 

I.16  Wave Field Actuator 

This concept would utilize some sort of medium, such as the ocean, to move the red bobber up and 

down. This would in turn compress/decompress the air that is in between the two pistons. After the 

cycling is complete in this case, the fluid would be extracted through the valve in the bottom of the 

pressure vessel as seen in the figure below. The gas concentration would be measured with the gas 

tester. After testing is completed, the excess fluid would be disposed of in an appropriate container. 

This design is not feasible, because there aren‘t any oceans near the University of Michigan. It also 

would not be feasible to travel to an ocean to run the test. 
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I.17  Hamster Wheel Actuation 

This concept involves a hamster and an exercise wheel to actuate the piston. It is essentially the same as 

the Force Actuating with External Gas Tester concept that was described previously. Instead of an 

electric motor with a flywheel, there is a hamster and an exercise wheel. When the hamster runs, the 

wheel will turn and the piston will actuate back and forth. Once the cycling is complete, the fluid would 

be extracted through the valve on the right side of the figure below and the gas concentration of the 

fluid would be measured using the gas tester. After the testing is completed, the excess fluid would be 

disposed of appropriately. This design is not feasible, because hamsters are a nocturnal animal. We 

would need our testing to occur in the daytime hours because we are not nocturnal, so a hamster would 

not be a good option for our project. 
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APPENDIX J  FULL SCALE ACCUMULATOR LIFECYCLE GAS 

PERMEATION SCALING METHOD 

 
Step 1: Take a sample of force-cycled olive oil and use the measured gas concentration to derive the 

experimental permeation rate.  

Inputs Outputs 

Final gas concentration     Cf  [mol/mL] Total experimental permeation   pfm [mols] 

Initial gas concentration    Ci  [mol/mL] Experimental permeation rate     qrm [mols/sec] 

Force cycling duration       t    [sec] Total experimental permeation   pfi   [in
3
] 

Liquid chamber volume    V   [mL] Experimental permeation rate     qri   [in
3
/sec] 

Henrys Law Constant        kh  [mol/mL-atm]  

Average internal pressure  P  [psi]  

 𝐶𝑓 − 𝐶𝑖 𝑉 = 𝑝𝑓𝑚          
𝑝𝑓𝑚

𝑡
= 𝑞𝑟𝑚           

𝑝𝑓𝑚

𝑃𝑘
= 𝑝𝑓𝑖          

𝑝𝑓𝑖

𝑡
= 𝑞𝑟𝑖   

Step 2: Calculate the permeation rate that would have been expected with the original mathematical 

model. 

Inputs Outputs 

Permeation coefficient         K    [in
3
 in/sec in

2
 psi] Seal arclength                        S     [in] 

Tube diameter                      Do  [in] Permeation surface area        SA [in
2
] 

Seal Diameter                       Di  [in] Theoretical Permeation rate  Q   [in
3
/sec] 

Permeation diffusion depth  d    [in]  

Average pressure drop         ΔP  [psi]  

𝜋

4
 𝐷𝑜 − 𝐷𝑖 = 𝑆         𝜋𝑆  

 𝐷𝑜−𝐷𝑖 

2
+ 𝐷𝑖 = 𝑆𝐴          𝐾 ∗ 𝑆𝐴 ∗ 𝑑 ∗ 𝛥𝑃 = 𝑄          

Step 3: Find the ratio of experimentally observed permeation rate divided by the mathematically 

calculated one. 

Inputs Outputs 

Theoretical Permeation rate      Q   [in
3
/sec] Reference Trial i Sample j Permeation Constant xij 

[] 

Experimental permeation rate  qri   [in
3
/sec]  

  

  

  

𝑞𝑟𝑖/𝑄 = 𝑥𝑖𝑗  

Step 4: Repeat steps 1 through 3 for every gas concentration measurement during the reference piston 

trials to come up with an average ratio.  

Inputs Outputs 

Reference Trial 1 Sample 1 Permeation Constant 

x11 [] 

Reference Permeation Constant X [] 

Reference Trial 2 Sample 1 Permeation Constant 

x21 [] 

 

Reference Trial 2 Sample 2 Permeation Constant 

x22 [] 

 

 𝑥11 + 𝑥21 + 𝑥22 /3 = 𝑋 

Step 5: Add this ratio as a permeation constant to the original mathematical model to refine its accuracy. 
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𝑋 ∗ 𝐾 ∗ 𝑆𝐴 ∗ 𝑑 ∗ 𝛥𝑃 = 𝑄 

Step 6: Use the experimentally revised mathematical model to calculate the expected permeation of gas 

for the full scale accumulator.  

Inputs Outputs 

Permeation coefficient               K    [in
3
 in/sec in

2
 

psi] 

Seal arclength                        S     [in] 

Tube diameter                            Do  [in] Permeation surface area        SA [in
2
] 

Seal Diameter                             Di  [in] Scaled Permeation rate         Q   [in
3
/sec] 

Permeation diffusion depth        d    [in] Total scaled permeation        n    [in
3
] 

Average pressure drop               ΔP  [psi] Total scaled permeation        N   [mols] 

Average internal pressure           P   [psi]  

Henrys Law Constant                  kh  [mol/mL-atm]  

Force cycling duration                 t   [sec]  

Reference Permeation Constant X   []  

𝜋

4
 𝐷𝑜 − 𝐷𝑖 = 𝑆         𝜋𝑆  

 𝐷𝑜−𝐷𝑖 

2
+ 𝐷𝑖 = 𝑆𝐴          𝑋 ∗ 𝐾 ∗ 𝑆𝐴 ∗ 𝑑 ∗ 𝛥𝑃 = 𝑄   

𝑄 ∗ 𝑡 = 𝑛                     𝑛 ∗ 𝑘 ∗ 𝑃 = 𝑁 

𝑋 ∗ 𝐾 ∗
𝜋2

4
 𝐷𝑜 − 𝐷𝑖 

2  
1

2
+

𝐷𝑖
 𝐷𝑜 − 𝐷𝑖 

 ∗ 𝑑 ∗ 𝛥𝑃 ∗ 𝑡 ∗ 𝑘 ∗ 𝑃 = 𝑁 

Inputs Outputs 

                   0.0007   [in
3
 in/sec in

2
 psi]          0.177         [in] 

                 10.27       [in]          5.64           [in
2
] 

                 10.045     [in]          0.0000099 [in
3
/sec] 

                   0.485     [in]   3,126                [in
3
] 

                   3.53       [psi] 11,395                [mols] 

            3,707            [psi]  

                   0.00006 [mol/mL-atm]  

315,360,000             [sec]  

                   0.0215   []  

 

Step 7: Use the standard deviation of the ratios to derive the uncertainty of the new permeation constant.  

 

Step 8: Calculate the uncertainty of the expected permeation of gas for the full scale accumulator.  

 

Step 9: Choose the permeation coefficient K to minimize the uncertainty calculated in step 8. 

 

Step 10: In assuming that permeation measurements follow a normal distribution, 95% of all 

measurements would fall within the closest 2/3 of the uncertainty range. Multiply the uncertainty by 2/3 

for 95% confidence or multiply by 1/3 for 68% confidence.  

 

Permeation in Accumulator after 

10 years 

Uncertainty Confidence 

11,000 mols 64,000 mols      567% 100% 

11,000 mols 43,000 mols      378% 95% 

11,000 mols 21,000 mols      189% 68% 
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APPENDIX K  TESTING JOURNAL 

March 31
st
, 2010 

Notes:  

 

-Filled system with olive oil. To rid the system of any free gas, we implemented several techniques 

-Filled the cylinder with olive oil until no more olive oil (via funnel) was able to be put into the 

system 

-With two people, the test fixture was tilted back and forth (e.g. see-saw motion) to aid in bubbles 

being removed from the system. 

-Every time the fluid level dropped using the above mentioned method, more fluid was added. 

-As a final step in removing air from the system, the gas tester was used to extract fluid/air from 

the system. The fixture was then filled again to replace the removed fluid. 

 

-Once the system was free of air (to the best of our ability), the system was ready to be pressurized. 

 -Using two people and the air hose, the system was pressurized. 

 -The first person pressurized their side up to 5 psi. 

 -The second person pressurized the another end of the test fixture until 10 psi  

 -The two people alternate by 5 psi until the low end of the pressure band is met (35 psi) 

 

-The system is now ready to be cycled. 

-Once the system is pressurized, the control system is activated by flipping the switch on the 

control board (make sure to plug system in first). 

-One person should throttle the inlet air via ball valve before the inlet solenoid 

-Another person should throttle the exhaust air until the low and high pressure correspond to the 

desired pressure band (35 to 90 psi) 

 

-Once the system has reached the desired amount of cycling time the system was ready to be tested for 

permeation 

-To test the system was depressurized until the low pressure (35 psi). This done by the same 

procedure as filling. Each person would release by 5 psi increments until the low pressure was 

met. 

-Once the low pressure, the extraction line was equipped to the system with all the valves closed. 

When all of the fittings had been checked, the extraction port valve was open. 

-The gas tester was then used to pull a small sample of fluid from the system (enough fluid to see 

in the gas tester) and then extraction port was closed 

-This process was in place to purge the line and rid the system of any residual dissolved 

gas. 

-With the extraction line full of fluid (as opposed to air), a sample was ready to be drawn for a 

permeation measurement. With the extraction line attached to the gas tester, a person would 

slowly turn the screw on the gas tester to pull the fluid into the system. 

 

-While pulling the fluid into the system, the person with the gas tester should watch the digital 

gauge to ensure that the pressure does not drop below zero. 

-While the gas tester is pulling fluid from the fixture, two people can also pressure the system on 

both ends. This will increase the pressure in the system, making it easier to extract fluid from the 

system. 

 

This procedure was repeated four times, each at one hour intervals. 

 

Total cycles on seals to date: 4 hours x 360 cycles/hour = 1440 cycles 
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April 1st, 2010 

Notes:  

 

Three tests were conducted today at 1 hour intervals, following the same procedure as March 31
st
. 

 

Total cycles on seals to date: 7 hours x 360 cycles/hour = 2520 cycles 

Cycles today: 1080 cycles 

 

 

April 2
nd

, 2010 

 

Notes:  

 

The test fixture sat over night after three samples were drawn on Thursday April 2
nd

. Once the test fixture 

was re-pressurized, the pistons were making a ―knocking sound‖ as they actuated. As a result, the group 

decided to dis-assemble the test fixture and re-center the pistons. 

 

The system was fully de-pressurized to ensure that no store energy existed within the system. Once de-

pressurized, the end-plates were removed and the positions of the pistons were checked. The pistons were 

not properly centered, so the pistons were pulled/pushed using the threaded rods that hold the end-plates 

together. When the pistons were properly centered, the end-plates were re-attached and the system was re-

pressurized following the same procedure that was described above. 

 

The system was then cycled for an hour and then a permeation test was conducted. On the next extraction 

test of the fluid, the fluid was a dark color. Concerned, the group de-pressurized the system and proceeded 

to dis-assemble. A possible explanation was that the seals potentially ran over the center filling and 

extraction port holes, damaging the seals. The pistons were completely removed from the system and the 

seals were checked. No damage was visible to the seals that the naked eye could see. The team then ran 

the pistons under water to remove any excess fluid and used a compressed air hose to blow any residual 

fluid and water away from the system. 

 

Once the pistons and tube were completely cleaned the test fixture was re-assembled. The system was 

filled with olive oil (following the same procedure as listed above) 

 

The system was then actuated for one hour and the fluid was then tested. The system was then de-

pressurized and it was prepared to sit for the weekend of April 3
rd

-4
th
. (No electricity, air..etc) 

 

 

Total cycles on seals to date: 9 hours x 360 cycles/hour = 3240 cycles 

Cycles today: 720 cycles 

 

April 5
th

, 2010 

 

Notes: 

 

No testing conducted (supervisor had an Easter break) 

  



K.5 
 

April 6
th

, 2010 

 

Notes: 

 

The system was pressurized to the low point. The system was then cycled for four hours until first 

extraction. The second extraction occurred three hours later. During this test, the pistons were offset 1 

inch from the end plates 

 

Total cycles on seals to date: 16 hours x 360 cycles/hour = 5760 cycles 

Cycles today: 2520 cycles 

 

April 7
th

, 2010 

 

Notes: 

The test fixture was filled with olive oil and allowed to sit over night to ensure that all of the air was bled 

from the system. Upon returning in the morning, the fluid level had lowered slightly, so a small amount of 

olive oil was used to top the system off. 

 

Once the system was completely filled with olive oil, the pistons were actuated for 5 minutes. After the 5 

minute period, a slug was pulled to purge the extraction line and then a 500 ml sample was pulled. 

 

This process will continue until no fluid existed in the system. There will be no cycling between tests 

after the initial cycle. This is being done to validate the gas tester and to create a solution with as little 

dissolved gas in the fluid as possible. 

 

Since all of the fluid was tested it had close to zero dissolved gas concentration. All of these samples were 

then inputted into the test fixture. After the system was filled, it was cycled for 1.5 hours. During this test 

the reference pistons were offset from each end approximately 8 inches. 

 

Total cycles on seals to date: 17.5 hours x 360 cycles/hour = 6300 cycles 

Cycles today: 540 cycles 

 

April 8
th

, 2010 

 

Notes: 

The system was left pressurized overnight at 5 psi. A sample was then pulled and tested for gas 

concentration. After the second sample was tested, the fixture was drained and re-filled with de-gassed 

olive oil. The pistons were offset 8 inches from the end-plates during this test. The test was run for 3 

hours. After the three hour period, one initial extraction was pulled and tested. This sample first had a 

slug pulled to purge the extraction line of air. Two samples were taken, with the second requiring no 

purging of the line. 

 

The system was then de-pressurized to 5 psi and set-up to sit over night. 

 

Total cycles on seals to date: 20.5 hours x 360 = 7380 cycles 

Cycles today: 1080 cycles 

  



K.6 
 

April 9
th

, 2010 

 

Notes: 

After leaving the system pressurized, a sample was pulled with no initial slug being pulled. After the 

sample was extracted, the system was drained. After draining the remaining olive oil from the system, the 

concept pistons were placed into the tube. ―Zeroed‖ olive oil was placed in the tube, while the pockets of 

the concept pistons were filled with fresh olive oil. This was done to ensure that the olive oil in the pocket 

was as saturated as much as possible, and to test the theory of whether or not the wear rings are causing 

the olive oil to turn a dark color. 

 

The system was tested for three hours, with an 8‖ displacement for each piston from the end of the tube. 

A slug was pulled before a sample was taken. 

 

Total cycles on concept seals to date: 3 hours x 360 = 1080 cycles 

Cycles today: 1080 cycles 

 

April 12
th

, 2010 

 

Notes: 

The system was completely emptied over the weekend. Today, the group worked to de-gas enough liquid 

to fill the test fixture with fluid with the pistons being offset from each end-plate at a distance of 8.‖ The 

concept pistons were completely removed and the pockets were filled again with fluid and re-centered 

into the test fixture. 

 

The test fixture was then cycled for three hours before a sample was drawn. Three samples were pulled 

before the test fixture was refilled with de-gassed fluid. When enough fluid was available to  fill the test 

fixture, the fixture was filled and pressurized at 5 psi. 

 

 Total cycles on concept seals to date: 6 hours x 360 = 2160 cycles 

 Cycles today: 1080 cycles 

 

April 13
th

, 2010 

 

Notes: 

After being pressurized over night, two samples were drawn before the test fixture was emptied. After 

being emptied and re-filled with fluid, the fixture was cycled for three hours with the concept piston. Both 

pistons were offset from the end-plates at distance of 8 inches. After the three hour period, several 

samples were taken. After the samples were extracted the test fixture was emptied once again and re-filled 

with fluid. This time the pistons were offset six inches from each of the end-plates. The pistons were 

cycled again for three hours and one sample was taken. After the initial sample was taken, the test fixture 

was pressurized to 8 psi with fluid in the chamber. The fluid would then be tested in the morning of April 

14
th
, 2010. 

 

 Total cycles on concept seals to date: 12 hours x 360 = 4320 cycles 

 Cycles today: 2160 cycles 

 

April 14
th

, 2010 

 

Notes: 

After being pressurized at 8 psi for approximately a 15 hour period, two samples were drawn to determine 

if permeation occurred. This concluded testing. 


