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Abstract 
 

Pressure relief valves have soft seats that sometimes adhere to the metal hard seat preventing the 

valve from opening at the correct pressure in nuclear reactor plants.  This can cause serious 

damage to the system the valve is supposed to be protecting and its surroundings.  The design 

team assisted Tyco Flow Control in designing a test to identify the cause of this sticking for the 

Electric Power Research Institute (EPRI).  Specifically Crosby Series 800 and 900 valves were 

tested.  Air was the working fluid.  The variables tested include the amount of time the valve has 

remained closed, the material of the o-ring soft seat, the durometer of the o-ring, and the set 

pressure of the valve. Tests were performed at Tyco’s ASME lab.  Data was taken and statistical 

analysis was performed. This analysis showed that the time the valve remained closed was most 

likely to be a factor in the valve sticking. In addition, the team did a set of outside test to better 

establish how the soft seat design can be improved. This test concluded that a lubricated, circular 

O-ring is best for preventing sticking. From these tests, the team concluded that the 75 Shore A 

Viton O-ring is best for preventing sticking. The team then designed an aluminum fixture to be 

attached to the valve during shipping and storage. This fixture will press up on the valve seat and 

prevent the O-ring from contacting the hard seat so not sticking can occur. This fixture is to be 

made of aluminum and should add negligible weight and cost to the valve itself.   
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1. PROBLEM STATEMENT 
 
This project focuses on small pressure relief valves that are used in nuclear power plants.  Currently, one of the 

major flaws of the industrial pressure relief valve is a failure to open at the correct pressure.  The valves may stick, 

which causes the pressure to increase to unacceptable levels before the valve opens.  The purpose of this project is to 

work with Tyco to design an experiment that will pinpoint the cause of this problem.  The factors contributing to the 

problem could be the time between openings, the set pressure of the valve, the durometer of the soft O-ring material, 

or the inherent properties of the O-ring material.  The most important factor of success in this project is isolating the 

factor that has the greatest impact on whether or not a valve will stick.  The valves of concern in this project are used 

in nuclear power generation and failure in a nuclear system can be catastrophic.  Sticking of the relief valve can 

cause pressure in the system to rise to a point where the system components are damaged or destroyed.  The 

destruction of a pressure vessel can be violent and often results in large explosions.  To minimize valve failures the 

manufacture and installation of valves used in nuclear applications is highly regulated and problems are dealt with 

immediately.  The issue of sticking valves is being investigated by Tyco with the help of the design team per request 

of the Electric Power Research Institute (EPRI). 

 

1.1. Impact Statement 
Since the issue of sticking is common in all soft-seated pressure relief valves success in this project will have a large 

and positive impact on the industry as a whole.  Improving the valve seat creates more predictable valve behavior 

because the actual valve release pressure will be closer to the valves designed set pressure.  This will give the user 

peace of mind that the valve will open when it is needed.  By improving the true set pressure of the valve, safety is 

also greatly improved.  A lack of valve response can cause an overpressurization of the system or vessel to which 

the valve is attached.  Depending on the severity, this could lead to catastrophic failure which can result in property 

damage, injury and sometimes death.  When valve failure occurs, system leakage is almost always a problem.  The 

costs of a leak are caused by a few different things.  First, the leak can cause damage to other equipment or 

structural component surrounding the system.  Secondly, the material that is leaking can be very expensive and hard 

to replace.  Lastly, the material that is leaking can be hazardous to the environment, workers, or both.  Cleanup and 

disposal of hazardous material is extremely expensive.  This is especially important in the nuclear industry.  Success 

in this project would reduce or eliminate these problems which would give peace of mind, save money and improve 

safety. 

  

Deliverables for project completion involve designing an experiment or set of experiments that will test for the cause 

of the sticking as well as performing the tests, and analyzing the data.  The team will then make a recommendation 

as to how to lower the probability of sticking using the knowledge gained from these tests. 

 

2. INTRODUCTION TO PRESSURE RELIEF VALVES (PRVs) 
 
Pressure relief valves allow excess pressure to be released from a system.  When a particular pressure, the set 

pressure, is exceeded the valve opens and provides an alternate route for the fluid in the system.  Once the pressure 

has been reduced by a certain percentage, called the blowdown, the valve is allowed to close and the normal flow of 

the system resumes.  The blowdown must be 7-10% below the set pressure.  The pressure at the outlet of the valve, 

called the back pressure, is important to both its opening and closing.  If this pressure is too high the valve will not 

be able to open properly.  If it is too low the valve will fully open before it reaches the set pressure which could 

cause pressure in the system to drop below acceptable levels [1].  

 

All spring operated relief valves for hazardous or expensive material use a full nozzle design.  This means that the 

process fluid is contained until it is properly released.  The nozzle of a pressure relief valve is made from corrosion 

resistant material to increase the life of the valve.  For non-hazardous applications, a semi-nozzle can be used; a 

semi nozzle is less expensive due to the reduction in nozzle material.  Semi-nozzle valves used for steam service can 

weigh up to 4 tons, at and above this size the valves can become impractical because of their size and weight.  The 

directly mechanical nature of spring operated valves allows room for some leakage; it is normal to see venting 

beginning to occur at just over 90% of set pressure.   
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2.1. Basic Valve Components 
The basic components of a mechanical spring-operated pressure relief valve can be seen in Figure 1. 

 

 
Figure 1- Basic components of spring-operated pressure relief valve (shown closed) [2] 

 

The exterior of the valve is split into three sections:  body, bonnet and cap.  The body of the valve attaches to the 

system for which the valve relieves pressure.  It also attaches to the exhaust that removes the excess fluid from the 

system when the valve is open.  The bonnet encloses the spring keeping it clean and protecting people that work 

with the valve.  The cap sits on top of the valve and encases the stem and adjustment screw.  Removing the cap 

allows access to these two components.  The stem runs vertically through the spring keeping it in line.  By rotating 

the adjustment screw the tension on the spring can be changed resulting in different forces required to open the 

valve.  A vent is placed in the bonnet so that excess pressure cannot build up around the spring.  The nozzle shown 

in Figure 1 is a full nozzle.  This corrosion resistant component ensures that the working fluid does not come in 

contact with the body of the valve.  It is less expensive to make this one part out of a stronger material than to make 

the whole body chemically resistant.  When this protection is not needed semi-nozzles can be installed in valves 

instead [2]. 

 

This project deals most with the disc and the seating surface (seat) of the valve.  When the valve is closed these two 

components are in contact creating a seal as shown in Figure 1.  A clearer view of the mating surfaces of a closed 

valve can be seen in Figure 2. 
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Figure 2- Closed pressure relief valve (adapted from Figure 1 [2]) 

 

Fluid pressure in the system acts vertically upward on the face of the disc.  When this pressure becomes greater than 

the force of the spring holding the disc onto the seat the spring compresses and the valve opens.  Fluid escapes 

horizontally to an exhaust system as shown in Figure 3.  

 

 

 
Figure 3- Open pressure relief valve (adapted from Figure 1 [2]) 

 

The pressure is relieved until the spring force can overcome the fluid pressure.  At this point the disc reseats, coming 

back into contact with the seat to form a seal and returning to the position shown in Figure 2.  The pressure at which 

the disc reseats can be adjusted using the adjusting ring.  While not all relief valves are spring-operated they all have 

most of the same parts and function in a similar manner. 

 

2.2. Valve Operation 
There are two types of relief valves:  safety relief valves and pressure relief valves.  Safety relief valves are also 

known as pop valves because once their set pressure is reached they immediately open to full flow capacity.  

Pressure relief valves open proportionally with the increase of fluid pressure [3].  A properly functioning valve can 

be expected to open within 3% of the set pressure. 
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A pressure relief valve should operate normally and be completely sealed at 90% of set pressure.  As the system 

pressure increases to 92% the seat will start to lift slightly off the seat.  At this point chatter may occur where the 

fluid pressure is on the verge of overcoming the spring force so the disc could lift slightly and reseat again in a 

reciprocating motion.  When 95% of set pressure is reached the valve starts to simmer or open enough to release the 

fluid between the disc and seat but not yet at a measureable capacity.  Expansive lift occurs around 100%.  This 

means that the disc has left the seat and the fluid can start to exit the valve.  This leads to reactive lift at 105% where 

the fluid is now pushing not only on the disc but the disc holder that was previously sealed off from the fluid by the 

seat.  Once reactive lift occurs the valve can easily reach its fully open position by 110% of the set pressure.  At this 

point the valve is exhausting the fluid at full capacity and pressure is reduced.  Typically a valve is fully open for 

approximately ten seconds [3]. 

 

As the pressure drops to 105% of the set pressure the system leaves the dangerous pressure zone.  When 100% is 

reached the spring force of the valve starts to overcome the fluid pressure and the disc moves down onto the seat.  

By 93% the valve should be reseated and completely closed.  At 90% the system is returned to normal operating 

conditions [3].  A summary of the operating conditions and their set pressure percentages can be found in Table 1. 

 

Table 1- Pressure relief valve operation due to set pressure percentage 

 
 

 

3. CURRENT PRESSURE RELIEF VALVE DESIGNS 
The two main categories for pressure relief valves are direct spring operated relief valves and pilot operated relief 

valves.   

 

3.1. PRV Seats 
The seat material is an important factor when determining the right valve for a temperature range, chemical 

application or specified pressure.  Metal and soft seats are used for different applications in pressure relief valves; 

some costs and benefits of each seat type can be seen in comparison in Table 2. 

 

 

Table 2- Hard seats to soft seats comparison 

Metal Seat (commonly steel, Stellite®) Soft Seat (commonly Viton®, nitrile, EPDM) 

Low cost Good life cycle, low maintenance costs 

Wide chemical compatibility, high temperature 

compatibility 

Chemical and temperature compatibility limited by 

material 

Suffer from seat leakage Good seat tightness 

Sensitive to effects of back pressure Sensitive to effects of back pressure 

 

Soft seats and hard seats are clearly suitable for use in different applications.   

 

  

% of Set

Pressure
Operation

90 normal operating conditions

92 slight lift

95 simmer

100 expansive lift

105 reactive lift

Open 110 fully open

105 pressure reduces

100 spring overcomes fluid

93 reseat

90 normal operating conditions

Opening

Closing



11 

MEIE 4701 

3.1.1. Soft Seats 
A common way to create a soft seat is to mount an o-ring onto the seat to form a tight seal when the disc closes, as 

shown in Figure 4. 

 
Figure 4- O-ring soft seat on Crosby Series 900 PRV [6] 

 

The cross section of the o-ring is marked in red.  This type of seat creates a better seal than the hard seat when the 

valve is closed to ensure that product is not lost and hazardous materials are not released.  They are also low 

maintenance and have a long life meaning that the initial higher cost of the soft seat versus the hard seat may be 

negated over the lifespan of the seat.  Materials for the seats are available through a wide range of chemicals, 

temperatures and pressures.  A sudden increase in pressure can cause a jump in temperature so it is important to find 

a material that can envelope a safe temperature range.  Many materials are available for soft seats and choosing the 

right material will determine the effectiveness of the valve [7]. 

 

3.1.2. Hard Seats 
Metal or hard seats are not limited by the material of a soft o-ring insert.  This allows hard seats to operate 

throughout a much wider range of chemicals and temperatures than soft seats.  Although they cost less and have 

high temperature and chemical compatibility, hard seats cannot hold as tight of a seal as soft seats.  In applications 

where the process is steam, air or water a hard seat would not be used.  Corrosive fluids may use a hard seat to 

eliminate degradation of the o-ring as a problem [7]. 

 

4. VALVE FAILURES 
 

4.1. Failure modes 
The failure of safety relief valves occurs primarily in two primary modes.  The first is sticking or failure to open due 

to sticking between the valve seat and the o-ring.  The second is leakage.  Failure of the valve to open would be 

considered catastrophic while leakage, in most cases, is considered a partial failure. 

 

4.1.1. Sticking 
Failure to open can lead to dangerous increases in system pressure, which can cause explosions. This phenomenon 

was often observed with the boilers on steam locomotives before the use of safety relief valves and has since 

become much less common.  Relief valves are now a requirement for all boilers.  Sticking is particularly observed 

on the first pop of a PRV, that is the first time the valve opens after an extended period of time.  This phenomenon is 

a problem because when a PRV is installed on a pressure vessel the first pop is the only one that counts.  If a valve 

used in a nuclear application is tested and does not open within 3% of the intended set pressure a code violation has 

occurred and the Nuclear Regulatory Commission becomes involved in investigating the problem [3]. 
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4.1.2. Leakage 
In regards to leakage, the main problem is cost to the system efficiency.  In addition, such leakage can eventually 

cause valve failure.  According to an article in World Pumps Issue 478, “…it is not unusual for generating plants to 

lose up to 10% of capacity through leakage.”  The article also states that, “…even the smallest amount of leakage 

can result in severe damage to the trim and subsequent valve failure.”  Valve seat leakage can occur due to 

inconsistent operation or to improper installation of the seat [18]. 

 

4.2. O-ring Soft Seat Failures Types 
There are many different types of failure for the o-ring of a soft seat valve.  In the failure types where material from 

the o-ring is partially removed there is a possibility that the dangling particles become fixed to the disc causing it to 

stick.  The four types most likely to cause sticking can be seen below.  

 

4.2.1. Abrasion 
Abrasion can be recognized by scrapes and loose particles along the surface of the seal.  The surface parallel to the 

flow of the working fluid becomes flat.  The main causes are a rough seating surface and an abrasive fluid.  Other 

contributing factors can be working outside of the service temperature of the seal or not having a good finish on the 

o-ring.  This type of failure is depicted in Figure 5. 

 

 
Figure 5- Abrasion Failure [8] 

 

4.2.2. Chemical Degradation 
If the material selected for the o-ring is not compatible with the environment of the application, chemical 

degradation can occur.  Chemical degradation can often be recognized by a damaged surface with cracks, blisters or 

discoloration.  Sometimes the degradation is not visible and can only be detected through the measurement of 

physical properties.  This o-ring may resemble that shown in Figure 6. 

 

 
Figure 6- Chemical Degradation [8] 

 

 

4.2.3. Extrusion 
The low pressure side of the o-ring seal can develop ragged edges resulting in an extrusion failure.  Sizing of the fit 

is the largest contributor to this type of failure.  If the clearances are too big extrusion is likely to occur.  Extrusion 

can be prevented by carefully designing the sizing of the o-ring on the seat and ensuring that there are no sharp 

edges where the seal is installed.  The tattering failure of extrusion can be seen in Figure 7. 
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Figure 7- Extrusion Failure [8] 

 

4.2.4. Thermal Degradation 
The surfaces of the o-ring that come in contact with the highest temperature in the system may develop radial 

cracks.  It is also possible for the elastomer to soften and get a shiny surface.  Thermal cycling as well as consistent 

extreme temperatures can cause these issues.  Some valves are cooled to prevent the soft seat from degrading.  Many 

polymers now exist that can withstand extreme thermal cycling.  After suffering thermal degradation an o-ring may 

look like Figure 8. 

 

 
 

Figure 8- Thermal Degradation [8] 

 

4.3. O-ring Failure Consequences 
O-ring failure can have severe consequences. If the system environment causes the o-ring to become tattered or 

softened the elastomer itself could become a sort of glue that does not allow the valve to open at the correct set 

pressure on the first pop. This causes an excess of pressure in the system that can result in the failure of the pressure 

vessel.  

 

4.3.1. Case Study:  Kaiser Aluminum and Chemical Corporation 
Located in Gramercy, Louisiana the Gramercy Works Plant, operated by Kaiser, has been refining bauxite into 

alumina since 1959. In July of 1999 the plant experienced a power outage which had devastating results. After the 

loss of power the pumps that kept the slurry moving through the digesters stopped operating and the digesters began 

to overpressurize. To make matters worse, steam from the boilers continued through the system after the pumps 

stopped operating. As a result, an explosion occurred in the digestion system injuring twenty-nine workers. The 

system was fit with pressure relief valves, but they failed to open because they had been blocked with a scale [9]. 

 

4.3.2. Case Study:  Avon High School, Avon, MA 
On May 12, 2000 a five gallon water heater at Avon High School exploded causing serious damage to its 

surroundings including the cafeteria. No one was injured, although two of the high school custodial staff were 

working in the cafeteria minutes before the catastrophic failure. The water heater failed because of an 

overpressurization due to pressure relief valve failure. The valve failed to open at the set pressure and testing after 

failure showed the valve remained shut even 34 psi above the set pressure [10]. 
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5. CURRENT PATENTS 
A patent search was performed to see what innovative technologies have already been developed in the field of 

pressure relief valves.  The search focused specifically on novel designs for valve seats and material selection.  Four 

patents were found applicable to the current project.  Two focus on material selection of both metals and ceramics.  

The other two patents focus on seat designs, one soft seat and one hard seat. 

 

5.1. Alleviating Sticking in Normally Closed Valves in Nuclear Reactor Plants 
A 2000 patent titled “Alleviating sticking of normally closed valves in nuclear reactor plants” modifies one or both 

of the valve seating surfaces in pilot-operated safety/relief valves.  Five different substrate materials were used in the 

tests:  Stellite® 6B (the most commonly used material for relief valves in nuclear plants), PH 13-8 Mo stainless 

steel, Carpenter 20-Cb3 steel, Incontel 690 and Stellite® 21.  These substrates were then coated with one of six 

implants:  platinum, boron plus nitrogen, boron nitride, diamond-like carbon, palladium and aluminum oxide.  Three 

different techniques were used for surface modification:  ion implantation, ion beam mixing and ion beam enhanced 

deposition (IBED).  Preliminary testing was performed by bolting different substrate/implant combinations together 

to simulate a valve disc closed onto a hard seat.  These test setups were then submitted to an environment similar to 

what a valve experiences in a nuclear reactor plant.  After four to five weeks the materials were unbolted and 

observed for sticking and corrosion.  Stellite® 6B with a platinum coating implanted by IBED was found to be the 

best combination after these preliminary tests.  Then Stellite® 6B valve discs with platinum implanted by IBED 

were installed in relief valves in a boiling water nuclear reactor environment along with some unmodified Stellite® 

6B discs.  Two tests were run, one lasting ten months and the other eighteen months.  At the end of both tests none 

of the modified valves stuck nor had any sign of wear or corrosion [11]. 

 

This patent clearly showed Stellite® 6B coated with platinum is a safe selection for valves.  Only metals were 

discussed in the previous patent.  They were subjected to only steam and liquid water which may not turn out to be 

the fluid of concern for the redesign.  A second patent was found that explored the use of ceramics in valve design.  

This broadened the possibilities for material selection for the Tyco project. 

 
5.2. Silicone Carbide Valve Discs for Nuclear Reactors 

The “Silicon carbide valve disc for nuclear reactors” was patented in 2002 and detailed a new shape for valve discs 

that would allow them to be made out of ceramic.  The patent claims that if the disc is made of 90%+ oxide-free 

silicon carbide it will be corrosion resistant and not stick to the valve seat even after extended periods of remaining 

closed.  It goes even further to claim that a Stellite® 6B disc coated with platinum still sticks (contradicting the 

results found in the previous patent) and that a ceramic disc will be an even further improvement [12]. 

 

Metals, mostly steels, are the most commonly used valve materials and therefore were the first to be considered for 

the project.  This patent brought the possible materials list for the Tyco valve seat redesign an entirely new branch of 

materials:  ceramics.  It has opened the door to many high temperature and corrosion resistant materials.  Using 

ceramic would introduce the complication of a custom design to ensure manufacturability, greatly increasing cost of 

production. 
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5.3. Safety Relief Valve Soft Seat 
A novel seat design was patented in “Safety relief valve soft seat” in 1984.  In an attempt to eliminate the 

deterioration of the metal ball and seat in a spring-loaded ball valve the patent details an annular soft seat made of a 

rubber-like material.  The deterioration discussed in the patent was due to mechanical impact when the ball reseats 

against a hard seat.  This seat would be shaped in such a way that when the system pressure is below the set pressure 

the pressure would press the seat against the ball forming a tight seal (see Figure 9). 

 

 

 

 
Figure 9- Cross section of safety relief valve with soft seat (adapted from [13]) 

 

A detailed view of the soft seat (enclosed by the green rectangle in Figure 9) being acted on by the fluid pressure 

and making a seal against the ball can be seen in Figure 10: 

 

 

 
Figure 10- Detailed view of soft seat from figure 3 (adapted from [13]) 

 

Since the seat is made of a rubber-like plastic material the seat will deflect and push against the ball at pressures too 

low to unseat the ball.  This will create a tight seal when the valve is closed. 

 

The idea of a soft seat eliminates the risk of metals oxidizing together over a long period of time.  This patent does 

not discuss the corrosion resistance expected of a soft seat.  Its purpose was to reduce mechanical impact while 

creating a leak proof seal.  More research will need to be done on potential soft seat materials to see if they are a 

viable option.  Rubber-like materials could potentially dry and crack over long periods without use. 

See Figure 10 for 

detail 
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5.4. Pressure Relief Valve 
A patent titled “Pressure Relief Valve” from 1978 proposed a novel seat and disc idea where there are two 

interacting plungers (see Figure 11). 

 

 

 
 

Figure 11- Pressure relief valve with two plungers (adapted from [14]) 

 

The fluid pressure acts on the bottom annular face of plunger 1 pushing the entire plunger up onto the conical face of 

plunger 2.  The contact between plunger 1 and plunger 2 is the seat of this novel valve.  Fluid pressure is also acting 

on the conical tip of plunger 2.  The ratio of the surface areas of the annular face of plunger 1 to the conical face 

exposed to the fluid on plunger 2 is set so that when the system pressure is below the set pressure plunger 1 will 

create a tight seal with plunger 2 without opening the relief valve.  When the set pressure is reached both plungers 

move up to their respective hard stops and the fluid can escape out an exhaust pipe. 

 

The purpose of this patent was to reduce the mass of the housing of shear pin relief valves.  Massive housings better 

absorb the impact of a valve popping open without damaging themselves.  The double plunger technique aims to 

minimize impact by having two small plungers hit separate surfaces at different times when the valve opens.  Shear 

pin valves are not the most reliable type and will not be the type used in the current redesign.  However, this idea of 

having a hard seat move onto the disc could be altered to work with a spring-loaded valve or a pilot-operated valve. 

 

6. TYCO 
Tyco Valve & Flow control is the sponsor for this project.  Tyco was founded as a high-tech material research 

laboratory in 1960 with only two holdings: Tyco Semiconductors and the Tyco Material Research Laboratory.  After 

becoming a public company in 1964, Tyco’s business model became growth through acquisition.  Between 1974 

and 2001 Tyco acquired over a dozen companies including Anderson Greenwood and Crosby.  Anderson 

Greenwood was started as an airplane manufacturer during the Korean War.  When the war was over, plane 

production ceased and the company went in a new direction: valves.  Crosby started making whistles, valves, and 

gages for steam locomotives and today they serve the nuclear, chemical, refinery and power industries worldwide.  

Today Anderson Greenwood and Crosby have been combined under the Tyco Valves and Controls name. [4] 
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6.1. Tyco Crosby Series 900 Valves 
The valve this project will focus on is the Crosby Series 800/900 fixed blowdown OMNI-TRIM® full nozzle 

pressure relief valve.  This is a soft seat valve with an elastomer O-ring that ensures the tightness of the seat when 

the valve is closed.  The 800/900 series is specifically designed for gas, vapor, liquid and thermal relief.  The valve 

operates within a temperature range between -450°F and 750°F.  The problem that needs to be addressed with the 

current design is that on the initial opening the valve opens above the set pressure.  The reason for this is to be 

determined, but it is likely associated with the elastomer used to make the O-ring that characterizes the soft seat.  A 

Crosby Series 800/900 pressure relief valve is shown in Figure 12: 

 

 

 
Figure 12- Crosby’s Series 900 pressure relief valve (adapted from [6]) 

 

The Series 900 valves are certified for use with air, steam and water making it a versatile option.  The maximum set 

pressure of this series ranges from 1500-5000 psig.  The inlet and outlet orifices range in size from about ½” x 1” 

(inlet x outlet) to 1 ½” x 2 ½”.  A detailed listing of the series 900 components and materials can be seen in 

Appendix A.  These spring-loaded valves have a fixed blowdown.  A fixed blowdown results in a more reliable set 

pressure and reduces the risk of the valve leaking or not opening soon enough.  However, having a fixed blowdown 

removes the convenience of being able to make adjustments to the difference between the set and reseating pressure.  

The fixed blowdown of these valves is typically less than 20%.  Their adjustable counterparts (Series 800) can be 

adjusted between 5-15%.  The Series 800/900 valves feature a single trim design allowing for simplified 

manufacturing and maintenance.  Trim is the term used for the internal components including the disc, seat, stem 

and sleeves collectively.  A full nozzle protects the housing of these valves from corrosion due to contact with the 

working fluid [6].  Figure 12 along with Table 9 in Appendix B show the components and materials of construction 

of the Series 900 valves. 

 

The majority of the components of the valve are made of stainless steel.  Different alloys are offered to cover many 

ranges of system temperature.  More specialized alloys, such as Alloy 20 and titanium, are available for custom 

orders.  Some materials may work better with different working fluids.  Once the environment that the valve must 

operate in has been determined one should be able to find a valve that can meet the requirements. 

 

There are multiple options for the o-ring soft seat and the current materials used for the o-rings can be seen in Table 

3. 
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Table 3- O-ring soft seat materials and pressure/temperature limits [6] 

 
 

Standard commercial sizes are used for the o-rings on these valves.  Having a soft seat requires minimal 

maintenance because unlike hard seats the seal is not dependent on hard smooth surfaces that get worn away by the 

working fluid.  The testing and selection of this material will be the main concern for this project.  Testing will be 

performed to determine the cause of these valves sticking closed.  Variables that are thought to be the cause 

currently are the material of the o-ring, the durometer of the o-ring and the length of time that the valve remains 

closed.  It is known that the material of the o-ring is one of the determining factors of the maximum set pressure.  If 

the wrong material is selected for a certain application the valve will not work as expected.  In order to make this 

project more design intensive the team plans to research further possibilities for o-ring materials.  There may be 

materials not listed in Table 3 that could reduce sticking. 

 

7. O-RING MATERIALS 
 

7.1. Material Options 
The current materials used for the o-ring soft seats of the Series 900 valves are rubber-like elastomers.  Customers 

can choose between Buna-N, Viton®, ethylene propylene rubber (EPR), Kalrez®, tetrafluoroethylene (TFE) and 

silicone [6]. 

 

7.1.1. Buna-N 
Buna-N is another name for nitrile rubber.  This type of rubber is resistant to water, alcohols and petroleum-based 

fuels and oils.  It is not safe to use with fluids that have high-oxidizing effects.  Corrosion can occur if it comes in 

regular contact with acetone, methyl-ethyl ketone, or other highly polarized solvents.  Also ozone and sunlight can 

damage nitrile rubber.  Chemically it is a copolymer of butadiene and acrylonitrile.  Variations can be made to this 

elastomer to improve its low temperature, corrosion and abrasion resistance properties.  Through hydrogenation the 

material can be made ozone and chemical resistant.  This material can function in a temperature range of –40ºF to 

248ºF.  It is available in a wide range of durometers. [8] 

 

7.1.2. Viton® 
Viton is a fluorocarbon elastomer.  It is resistant to solvents and petroleum products.  Systems involving polar 

solvents, amines or hot acids should not use viton o-rings.  Chemically Viton® is a copolymer of vinylidene fluoride 

and hexafluoropropylene.  This material is a high temperature polymer and can function in the range of -40ºF to 

392ºF.  Lower temperatures and more corrosive chemicals can be used if a variation of the copolymer is made. [8] 

 

7.1.3. Ethylene Propylene Rubber (EPR) 
EPR is resistant to most common fluids including water, steam, alcohols, polar solvents and ozone.  It is also 

resistant to sunlight.  Non-polar solvents and petroleum products can damage it however.  Chemically, EPR is a 

copolymer of ethylene and propylene or sometimes a terpolymer with butadiene added as well.  There are many 

available durometers of this elastomer.  Temperatures between -67ºF and 302ºF allow for normal fuctioning of EPR. 

[8] 
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7.1.4. Kalrez® 
Kalrez® is designed to have a low compression set and to be used in high or cycling temperature environments.  It 

has a broad range of chemical resistance including good resistance towards acids and aldehydes.  There are many 

different types of Kalrez® and one, Kalrez® 6375, is “the suggested material” for use in hot water and steam 

applications.  The miscellaneous properties of this material are said to be similar to those of Viton® [8].  

Temperature can range from just below 0ºF up to 500ºF while this material will still function as expected. 

 

7.1.5. Tetrafluoroethylene (TFE) 
TFE is a solid fluorocarbon commonly known as Teflon.  It is extremely inert making it resistant to most fluids used 

in industry including organics.  However it has a low resistance to wear compared to most other engineered 

elastomers.  This can be improved by adding different fibers to strengthen the Teflon.  Extreme temperatures can be 

covered using Teflon.  The service temperature of a system can range from -100ºF to 400ºF while still allowing 

Teflon to have effective properties.  [15] 

 

7.1.6. Silicone 
Silicone is the recommended material when dealing with fungal or biological applications.  It also works well with 

ozone or UV radiation.  This elastomer should not be used with petroleum products or chlorinated solvents.  Due to 

its permeability to gases it is physically weak and does not resist abrasion. Chemically it is a methyl disiloxane with 

vinyl- and/or phenyl- groups.  Silicone is excellent for extreme temperatures, both hot and cold.  Standard silicones 

can be used from -175ºF to 400ºF and high temperature silicones can be used from -94ºF to 500ºF.  High flexibility 

gives it an outstanding fatigue life [8]. 

 

7.2. Material Properties 
All of the materials currently used for soft seats by Tyco Crosby provide different combinations that could be ideal 

to different environments and applications of the Series 900 valves.  A comparison of five important properties, 

shore A hardness, tensile strength, elongation and minimum and maximum service temperatures, can be seen for the 

six previous materials in Table 4: 

 

 

Table 4- O-ring material physical properties comparison [8], [15] 

 

 

Notice that the temperatures from Marco and Mat Web vary slightly from those given in Table 3 from Tyco.  This 

could be because the information from Marco and Mat Web were averages of the general type of elastomer while 

Tyco had specifications for the specific polymer that was chosen from each type of elastomer. 

 

7.2.1. Shore A 
Shore A is a hardness scale that gives a value to the resistance to plastic deformation of a material.  Shore tests are 

the most common used on elastomers.  Shore A is used on the softer materials while a second test, Shore D, is used 

on the harder materials.  There is no direct correlation between the Shore A and Shore D of a material.  Notice that 

in Table 4 above all of the hardnesses are given in Shore A except for TFE.  This material is given in Shore D 

because it is a harder elastomer.  Since there is no direct correlation Teflon’s hardness cannot be accurately 

converted into Shore A to be compared the other materials.  Looking at trends of materials measured on both scales 

         Properties

Materials Shore A Tensile [psi] Elongation %
Min Service

Temp [ºF]

Max Service

Temp [ºF ]

Buna-N 70 2150 400 -40 248

Viton® 75 1750 210 13 392

EPR 70 2230 260 -67 302

Kalrez® 78 2400 150 -4 500

TFE 55* 2030 310 -100 400

Silicone 70 810 200 -175 400

*Shore D hardness
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however (see Appendix C) it can be estimated to fall in the 75-100 Shore A range making it the hardest material 

considered for the Series 900 O-rings. [15] 

 

Shore hardness is also known as durometer hardness.  The durometer measures an indentation of the rubber-like 

material.  Since an indent in rubber can change over time the measurement is often recorded with time as well to 

make a more standardized measurement.  This material property cannot be used to determine resistance to abrasion 

or wear.  It is helpful in gauging the flexibility of a material. [15] 

 

The durometer of the material selected for the o-ring of the valve will be important because having the correct 

hardness can reduce the possibility of failures.  Many failure types including explosive decompression, extrusion 

and spiral failure list that a low hardness elastomer is one of the main contributing factors of the failure.  If the o-

ring starts to deteriorate this could enhance the probability of the elastomer sticking to the metal mating face causing 

the valve to open above set pressure. In addition, an O-ring with too high of a durometer may cause leaks. 

 

 

8. ASME CODES 
Various agencies have created standards for the design, manufacture, and installation of valves. These standards 

govern performance requirements, tolerances and design aspects such as dimensions and orifice sizes. Such 

regulations ensure that the device is effective and safe as well as creating a standard for valve sizes so that valves 

can be interchangeable and do not need to be custom designed for each system. The main organizations that create 

and revise these codes are the American Society of Mechanical Engineers (ASME), American Petroleum Institute 

(API), and Pressure Equipment Directive (PED). Local codes also exist.  

 

Tyco valves are sold in many countries and they have to adhere to the codes in the area where they are being sold 

and installed. This project requires that AMSE standards are followed. ASME pressure relief valve standards are 

divided into four sections based on the type of system that the valve is used in. Section I covers direct fired pressure 

vessels, Section II is for nuclear power plants, Section III is for heating boilers, and Section VIII is for unfired 

pressure vessels. The Crosby 900, the valve that will be used for the testing, adheres to ASME Boiler and Pressure 

Vessel Code, Section VIII. The National Board is a third party organization who tests and ensures that valves are 

meeting the necessary codes.  

 

All valves with a set pressure greater than 15 psi must follow ASME code. The codes control materials, 

manufacturing processes, performance, maintenance, and labeling of all these valves. For example, any part of the 

valve that is made of a corrosive material cannot come in contact with the working fluid. Valve seats cannot be 

made out of cast iron and springs must be made of corrosion resistant materials. Any pressure containing component 

must have a safety facture of 4:1 in order to guarantee that the valve casing does not break, which could have an 

effect on the back pressure. Valves must also be installed vertically to maintain the pressure balance inside of them. 

Since the valves are designed for gravity to act axially along the spring, if they are not installed vertically, the force 

of gravity on the valve components will change the force at which the valve opens.  

 

The aspect of the codes that will be used in this project will be related to the performance of the valves. These codes 

state that the set pressure must be less than the maximum allowable working pressure (MAWP). In addition, the 

valve must be equipped so that no event will cause the pressure of the system to rise more than 16% above the 

MAWP. The valve must open within 3% of set pressure, and full opening and maximum flow must be achieved 10% 

above set pressure. The blowdown should be 7-10% below the set pressure. Anything less than 7% could cause the 

valve to open and close rapidly, creating a machine gun like sound and increasing wear on the valve components. 

Valves can be made so that the set pressure can be adjusted by the customer, but for this the set pressure cannot vary 

by more than 5%.  [17] 

 

Because these valves are being installed into nuclear power systems, the nuclear code must be followed. This code 

states that each valve must be tested before it is put onto the system. The valves are often received by the plants 

early, and stored until they need to be used. In the time that they sit in storage, many of the valve seats begin to 

stick. This causes the initial test, also called the first pop, to be outside of the permissible 3% range. 
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9. Testing 
 
9.1.  Tyco Testing 

The team ran a series of tests for Tyco that will establish the cause of the sticking. These tests will focus on four 

factors: o-ring material, durometer, time closed and set pressure. Each of these factors was tested at two levels with 

the exception of time, which was tested at three levels. MiniTab, a statistics program, was used to construct a test 

plan that will test each of these factors as well as the interactions between them. MATLAB was then used to analyze 

the data collected. This test plan was based on a full factorial analysis. The final testing will involve eleven Crosby 

Series 900 valves. These valves will be provided by Tyco and all necessary modifications, such as changing the o-

ring and set pressures, will be made by Tyco employees. The test parameters can be seen in Appendix D. The testing 

will be done in Tyco’s ASME air lab. A schematic of the test set up can be seen in Figure 13. 

 

 
Figure 13- Tyco test set-up 

 

Air enters the drum from the compressed air source. As the pressure in the drum increases, it begins to press up on 

the seat of the pressure relief valve. At all times, the pressure in the system can be read on the digital readout. The 

valve opens with a loud popping noise and the pressure at the sound is recorded. Excess pressure is then vented out 

of the outlet of the system until the valve has reseated. This pressure, the blowdown, is also recorded.  

 

Because the readout had read when the popping sound occurs, some measure of human error was to be expected. 

Because of this, three members were present at all testing to record pressure readings, these values can them be 

averaged for a more accurate set pressure reading. 

 

After this testing, Tyco provided the team with the used O-Rings for visual inspection and material analysis.  
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9.1.1. Baseline Testing 
On October 22, eight valves were tested. These valves were tested nine months ago and had been sitting on a shelf 

since that time. Baseline testing was performed on October 29, 2010. This testing will be used as a basis for 

comparison for the final testing, which will occur at the end of November. Analysis will be done through an analysis 

using MATLAB.   

 

9.1.2. Materials 
Viton and EPR are the two o-ring materials used in nuclear applications because they perform better than the other 

materials in radiation.  Both of these materials will be used in the testing done for Tyco with varying durometers. 

 

9.1.3. Durometer 
A previous test by Tyco increased the durometer of the o-ring and found that the sticking problem lessened.  There 

is however the trade off of a harder o-ring not forming as tight of a seal with the metal disc.  Tests will be run using 

o-rings with durometers of 60 and 75 Shore A hardness.  The team will try to find the best material durometer to 

minimize sticking while still establishing a leak-proof seal.  

 

9.1.4. Time Closed 
Time will be another variable considered.  Sticking has occurred after as little as two weeks of sitting closed on a 

storage shelf.  The problem has not been observed when the valve is actually installed in a fluid system.  When 

installed the working fluid is constantly acting on the seat and pushing up on the spring relieving some of the 

compression of the soft seat.  Sitting on a shelf the full force of the spring is acting on the seat and can cause 

sticking.  This experiment will use test valves at both nine months, three months and one month to discover if the 

sticking becomes worse over greater time periods. 

 

9.1.5. Set Pressure 
The final variable tested will be the pressure at which the valve is set to open. This is not thought to be a 

contributing factor but testing will be able to confirm this. Valves that open at higher pressures will have stiffer 

springs, and this will cause more force to be transmitted to the o-ring when the valve is not on a system. The valves 

will be tested at 175 psi and 320 psi to see if the additional force causes the sticking to worsen. 

 

9.1.6. Results 
Testing at Tyco facilities involved only eleven valves so testing could not be optimized for a full factorial DOE 

analysis, so a fractional factorial analysis was completed.  

 

After testing was completed MATLAB was used to complete an Analysis of Variance (ANOVA) first using the 

average percent pressure drop as the response and then using the average percent overpressure. 

 

       
         

    
      

 

       
          

     
      

 

Initial conclusions of the data showed large variability within a given factor configuration. For example, a group of 

five valves that sat for nine months at a set pressure of 175 psi with 60 shore A Viton O-rings, showed an average 

percent pressure drop of 2.04% with a standard deviation of 2.14%. The maximum percent pressure drop was 4.33% 

while the minimum actually showed a slight rise in pressure between the first and second pops indicating a 

negligible sticking force. Full data with averages and standard deviations can be found in Appendix E. 

 

This large variation carried over into the ANOVA which showed yielded p-values of 0.18 for time, 0.96 for 

durometer, 0.44 for material, and 0.69 set pressure. The closer this value is to zero the more likely it is that the null 

hypothesis, in this case that the given factor has no affect on the response, is false and can be rejected. While none of 

our factors yielded a p-value below the typically accepted threshold of statistical significance, 0.05, the analysis 
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shows that time is the most significant of them in average pressure drop percentage. An identical ANOVA was 

performed using average overpressure as the response. This showed even less significance and so it was not used for 

drawing conclusions. The low significance factor is consistent with the variance observed and the relatively low 

number of test samples. 

 

9.1.7. O-ring visual inspection 
A Olympus AH2 microscope was used at 25 times magnification to compare the surface characteristics of a new and 

used O-ring. The images are shown below in Figure 15. 

 
Figure 14-New O-ring (left) and used O-ring (right) at 25X 

The new O-ring showed regular striations that are consistent with a freshly molded part. The used O-ring shows a 

surface covered in irregularities and pock marks. This particular O-ring was composed of 60 Shore A Viton® and 

sat in a valve with 320 psi set pressure for three months. This kind of wear is indicative of bonding of the O-ring to 

the valve seat.  

 
Figure 15-Used O-ring 

In Figure 15 there is a notable permanent indentation in the O-ring where it comes into contact with the valve seat. 

This is a strong indicator of wear due to the unopposed force of the spring pushing the O-ring into the nozzle. 

9.2. Independent Testing  
As a supplement to the testing being conducted at the Tyco testing facility, the team decided to do a set of 

experiments to determine the type of o-ring that will minimize sticking. A testing apparatus was designed to 

reproduce the interface between the seat and the o-ring in a Crosby Series 800/900 pressure relief valve.  It is 

suspected that the soft seat interface is a major contributor to the problem of valve sticking.  Isolating this interface 

allowed the material interactions to be observed in a controlled situation. Eliminating other parts of the valve for this 

test demonstrated the extent to which the material interaction affects the valve’s ability to open at the set pressure.   
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9.2.1. Fixture Design 
The valve seat test design consists of two stainless steel discs that were machined to imitate the interactions in an 

actual valve. These fixtures are three inches in diameter and half an inch in diameter. The two pieces are attached 

together with four bolts around the outside to keep everything in place and one bolt in the middle that will mimic the 

spring force in an actual valve.  This setup is demonstrated in Figure 16. 

 

 

Figure 16- Testing Assembly 

 
 The fixture design can be seen in comparison to its analogous components on the actual design in Figure 17. 

 

 

 

Figure 17- Test design with analog 

 
Initially, the proposed test used four bolts around the perimeter of the stainless steel disk in order to apply the 

necessary pressure to the O-ring. Finite element analysis was used to determine if this bolt configuration was 

comparable to the pressure created by a spring creating a single downward force at the center.  It was discovered that 
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using the four bolts around the outside of the disk did not produce realistic valve conditions. As can be seen in 

Figure 18, the four bolts around the outside actually caused a negative pressure (the blue area), meaning the bolts 

were lifting he seat off of the o-ring. In order to solve this problem, the team decided to use a single bolt at the 

center to provide the force directly above the o-ring. The pressure distribution for this set up can be seen on the right 

in Figure 18. The pressure over the o-ring is evenly distributed and significantly closer to the 200 psi. This more 

closely recreates the spring that is concentric to the seat in the Series 900 valve.  The single center bolt was decided 

upon, with the four outside bolts acting as stabilizers to ensure that the disks do not twist and break the seal. 

 

 

 

Figure 18- Test fixture pressure distribution 

 
 

9.2.2. Fixture Analysis 
The fixture was analyzed using Abaqus to ensure that the deformations remained small and none of the components 

would fail. Figure 19 shows the von Mises stress in the fixture when the single blot is used to apply pressure to the 

center. The maximum pressure occurs in the valve seat where the spacer hits it. The stress is significantly below 30 

kpsi, the yield strength of 316 Stainless Steel. This is acceptable for the purpose of this design. 

 

 

Max von Mises stress = 300psi Max Von Mises stress = 300 psi 
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Figure 19- Test fixture stress analysis 

 

Figure 20 shows the deformation of the fixture when the pressure is applied. The maximum deformation is very 

small and therefore acceptable for the use of this fixture.  

 

 

Figure 20- Test fixture deformation analysis 

 

9.2.3. Testing 
The team designed frame out of 80-20. This frame held the bottom of the fixture while the top part will be connected 

with a rope to a series of pulleys. The rope was connected to the fixture by threading it though a standoff that is 

threaded into the top half of the fixture. At the other end of the rope was a small container which can be loaded with 

weight. The difference between the weight required to break the seal and the weight of the top half of the fixture will 

give us the sticking force.   

The middle bolt was be tightened to 17.7 lb-in with a torque wrench to model the spring force pushing down on the 

seat in a valve that is sitting on a shelf. The calculations for this torque can be seen in Appendix D. Valve failures 

tend to occur when a valve has been stored on a shelf where is does not have any pressure opposing the spring force.  

This information indicates that having the full spring force pushing down on the valve seat may lead to sticking.  

Three different o-ring cross sections will be used to investigate the effect the shape of the o-ring has on valve 

sticking.  A circle, square, and quad o-ring cross section will be used.  These cross sections can be seen, 

respectively, in Figure 21. 

 

Figure 21- O-ring cross sections 

 

The o-rings will be made out of Buna-N since not all three cross-sections were readily available in either of the two 

materials used in the Tyco test. A picture of the O-Ring installed in the fixture can be seen in Figure 22.   

Max deformation = 4.7e-06 in Max deformation = 4.7e-06 in 
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Figure 22- Assembled Fixture 

These three o-rings have been placed in the fixtures and sat for two weeks. The sticking force was measured by 

placing the fixture into a test rig made of 80-20. There were two one and a quarter inch pulleys mounted to the rig. A 

3/16” rope was attached to the top of the fixture and then travel over the two pulleys. Weights were added to the end 

of this rope, and the weight that causes the fixture to open will be recorded. A picture of the test rig can be seen in 

Figure 23. 

 

Figure 23- Test Rig 

After this test was completed, further testing can be done on other properties, such as material, durometer, and size 

to find the best o-ring design to prevent sticking. The group can then suggest changes to the Series 800/900 valve to 

include this kind of o-ring and use Tyco’s facilities to test that no leaks occur. 

9.2.4. Results 
Six tests were run on the independent test set up.  In addition to O-ring shape, different testing times and use of an 

O-ring lubricant were studied.  The raw data from tests can be seen in Appendix F.  The circular cross section 



28 

MEIE 4701 

showed the least sticking on average with the lowest standard deviation.  From this it was decided that the circle is 

the best shape O-ring to use. 

The data collected shows a large amount of variance.  This could be due to inconsistent deformation of the O-rings 

when the fixtures were clamped closed.  Having a blind assembly of the test fixture it was not possible to perfectly 

align the mock seat on the O-ring.  Varying deformation of the O-ring would result in different surface contact areas 

of the O-ring and metal which would create inconsistencies in the sticking.  This would be especially problematic in 

the square and quad O-rings since they are not axisymmetric.  Any twisting could have a profound effect on the O-

ring seat interactions.  This issue could be improved upon by creating a tighter fit for the O-ring leaving less room 

for it to deform. 

Friction of the pulley combined with weight of the rope was considered as an issue.  To measure their effect, mass 

was added to the test set up when the fixture was not attached to see how much weight it took to overcome friction.  

This friction was found to be about 48.4g.  However, since the independent testing was a relative comparison of O-

ring shape and all of the shapes experienced the same friction this factor did not need to be taken into account. 

10. Valve Opening Device (VOD) 
 
10.1. VOD Concept 

The valve opening device (VOD) was conceptualized because a valve is most vulnerable to sticking when it is not 

installed on a system.  Keeping the O-ring from contacting the seat of the valve during shipping and storage would 

eliminate the possibility of sticking all together.  With this in mind a simple two part apparatus was developed to 

hold the O-ring off of the hard seat of the valve.  A rod slides inside the nozzle of the valve and a pipe cap is 

screwed onto the threaded outside of the nozzle, pressing the rod up into the valve disk and separating the O-ring 

and the seat (see Figure 24).   

 

Figure 24- Valve opening device placement and prototype 

To reduce the possibility of interfering with the calibration of the valve spring the VOD should lift the disc as little 

as possible.  The disc only needs to be lifted a few thousandths of an inch in order to lose contact. Specific 

dimensions can be found in Appendix G. 

As a proof of concept, a prototype of the VOD was made using stainless steel because it was readily available and 

kept consistent with the material of the valve.  Then, five different materials were considered for manufacturing the 

VOD if it were to go into mass production.  Polypropylene (PP), polyvinyl chlorine (PVC), brass, aluminum and 

steel were the possible production materials.  These materials were selected for their availability and range of 

mechanical properties.  First a cost analysis was performed to check if pipe caps and rods were readily available at 

reasonable prices for each of the five potential materials.  The costs are reported in Table 5: 

Table 5-Cost comparison for VOD materials 
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 Cap cost Rod cost Total cost 

Polypropylene  $     3.08   $     0.37   $       3.45  

PVC  $     3.48   $     0.50   $       3.98  

Brass  $     4.83   $     1.53   $       6.36  

Aluminum  $     2.30   $     0.88   $       3.18  

Steel  $  10.14   $     5.79   $     15.93  

 

Aluminum is the least expensive material and steel is by far the most expensive.  While cost is one important factor 

in material selection the stress and deformation of the VOD will also need to be considered.   

10.2. VOD Analysis 
Finite element analysis was performed on the VOD to validate the design and to help select the best material for 

mass production.  All five of the materials considered were analyzed.   

The finite element analysis was performed in Abaqus.   A pressure was applied to the top surface of the rod to 

represent the spring force acting axially downward.  The maximum set pressure from Tyco testing, 320psi, was 

used.  The inside threaded surface of the cap was fixed in six degrees of freedom to represent a perfect connection 

between the cap and the valve threads.  This assumed that the threads would not shear and the cap would not 

unscrew itself.  Finally a rough friction interaction was set between the bottom end of the rod and the inner end of 

the cap.  Applying rough friction assumed that there would be no slipping between the two surfaces.  The loads and 

constraints can be seen in Figure 25: 

 

 

 

 

Figure 25- Cross section of VOD showing FEA loads and constraints 

Once the model was set up the material of the two parts could be changed and the simulation was run for each 

material.  Examples of the stress and deformation plots for PVC are shown in Figure 26. 

 

320 psi 

Fixed 

Rough Friction 

Interaction 
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Figure 26- Von Mises (left) and deformation (right) plots for PVC 

All plots for the other four materials looked similar.  An overview of the results for all materials can be seen in 

Table 6: 

Table 6-Overview of FEA results for five materials considered 

Material Maximum 
von Mises [psi] 

Maximum 
Deformation [in] 

Polypropylene 246.4 3.05E-03 

PVC 240.5 1.53E-03 

Brass 252.3 4.96E-05 

Aluminum 243.5 7.72E-05 

Steel 251.7 2.73E-05 

 
The von Mises stresses were used to calculate factors of safety for each of the materials: 

Table 7- Factors of safety for five materials considered 

Material Maximum 
von Mises [psi] 

Yield Strength 
[psi] 

Factor of 
Safety 

Polypropylene 246.4 8000 32 

PVC 240.5 6500 27 

Brass 252.3 10000 39 

Aluminum 243.5 35000 143 

Steel 251.7 36000 143 

 

All of the factors of safety are far above the generally accepted value of two so it was decided that the VOD would 

not yield for any of the materials considered.  Looking at all of the materials and judging them on their deformation, 

cost, weight and machinability a decision matrix was made to help decide what material to use.  Since the VOD is to 

hold the valve open on the order of a few thousandths of an inch it was decided to be unacceptable if a material 

deformed on this same order of magnitude. 

 

 

Max stress = 241 psi Max deformation = 0.0015 in 
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Table 8- Decision matrix for VOD material 

 

Criteria 

Deformation Cost Weight Machinability Totals 

Scaling Factor x4 x3 x2 x1 

Stainless Steel 20 3 2 1 26 

Aluminum 12 15 6 2 35 

Brass 16 6 2 3 27 

PVC 8 9 8 5 30 

Polypropylene 4 12 10 5 31 
 

Aluminum was decided on as the best material to use for manufacturing of the VOD. 

11. Future Work 
 

11.1. Testing 
Further testing could be done in the ASME lab in order to perform a full statistical analysis with greater confidence. 

In addition, the independent testing could be modified to reduce variability in the testing and therefore reduce 

variability in the results. 

 

11.2. Redesign 
A more conclusive study could give results that indicate a serious change in the design of the valve is needed to 

prevent sticking. In addition the VOD should be tested to ensure that no material interactions occur with the valve.  

 

12. CONCLUSION 
The pressure relief industry wide problem of valve sticking has the potential to cause catastrophic failure and 

financial loss.  The allowable error for a valve opening is 3% more than set pressure. This is strictly enforced by the 

Nuclear Regulatory Committee.  If a valve in a nuclear plant tests above this range it can cause monetary loss for the 

plant involved and for the company that manufactured the valve. Small relief valves made by various manufacturers 

have been opening between 3% and 7% higher than set pressure in nuclear plants.  Tyco has been asked by EPRI to 

investigate and possibly resolve this issue.  While working with Tyco, the Capstone Design team tested valves with 

a specific set of variables to try to isolate the source of the problem.  The variables that were being investigated were 

the time that a valve remains on a shelf, the material used for the soft seat, the durometer of the soft seat material, 

and the set pressure of the valve.  This testing concluded that the time sitting on the shelf is the variable most likely 

to have an effect on sticking, followed by material, set pressure, and durometer.  Based on these tests the group 

recommends that a high durometer (75 Shore A) Viton O-ring be used in the Crosby Series 800/900 valves.  In 

addition, independent testing confirmed that a circular O-ring is the best cross-section and that the current practice 

of putting lubricant on the O-rings should be continued. In addition, a device was designed that would prevent the 

O-ring from contacting the metal seat, so no sticking could occur.  
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13. INTELLECTUAL PROPERTY 
 
13.1. Description of Problem 

Tyco Valve and Flow Control has been asked by the Electric Power Research Institute (EPRI) to investigate the 

cause of small spring loaded pressure relief valves opening above set pressure.  Soft seated valves have elastomer O-

rings that can stick to the metal seating surface not allowing the valve to open at the correct pressure.  The most 

likely cause of failure was determined through testing at Northeastern and Tyco and A fixture was then designed to 

prevent sticking.  

 

13.2. Proof of Concept 
A test was designed to find the cause of sticking.  The time that the valve sat shut was found to be the factor most 

likely to have an effect on the sticking, and so a device was designed to prevent the valve from closing fully during 

shipping and storage. This device is comprised of a rod to push the valve disc up and a cap that screws onto the 

valve and pushes the rod up. A prototype has been created to show that the prototype works and does not fail under 

the spring force. As long as the O-ring does not contact the metal seat until immediately before the valve is placed 

on the system, it is not likely for sticking to occur.  

 

13.3. Progress to Date 
To date, the team has completed testing to show that the sticking in pressure relief valves is due in large part to the 

time that they spend sitting on a shelf with the full spring force acting on the O-ring. From this, a valve opening 

device (VOD) was developed to keep the O-ring from contacting the metal seat so no material interactions can occur 

and cause sticking. This device consists of a rod that is 7/16” in diameter that has been machined down and a cap 

with 3/4” NPT threads. The cap screws onto the bottom of the valve and pushes the rod up, separating the O-ring 

from the metal seat. Aluminum was chosen for this fixture because it is relatively light and inexpensive and has 

negligible deformation under the force of the spring.   

 

13.4. Individual Contributions 
Test fixtures were initially designed by Adrienne Jalbert and modifications were made based on input from each of 

the group members. The fixture was conceptualized by Ben Felix and was created with input from all group 

members. Ryan Lussier did all statistical analysis as well as solid modeling of the VOD. All finite element analysis 

was performed by Adrienne Jalbert. All team members have contributed to research as well as conceptualizing test 

methods.   

 

13.5. Future Work 
Future work consists of prototyping the VOD out of aluminum and doing more in depth tests to ensure that material 

interactions between the VOD and the valve do not occur. After this, the VOD can be further modified and 

improved.  
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15. APPENDIX A – SERIES 900 COMPONENTS AND MATERIALS 

 

Figure 27- Components of Series 900 valves (see table below for part names) [6] 

 

Table 9- Materials of construction for Series 900 valves [6] 

 



35 

MEIE 4701 

16. APPENDIX B – SHORE A vs. SHORE D HARDNESS 
  

 

Figure 28- Comparison between Shore A and Shore D hardness (adapted from [15]) 

 

Notice that along the red line Shore D 55 there are many Shore A materials.  Most of the Shore A hardnesses that 

are comparable to a Shore D 55 fall within the 75-98 range.  An outlier can be seen at Shore A 40. 

 

Shore D 55 
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17. APPENDIX C – TYCO TEST PLAN 
 

Table 10- Tyco test parameters 

SERIES VALVE # SET P 

(PSI) 

TIME 

(MONTHS) 
MATERIAL DUROMETER 

(SHORE A) 

800 1 320 1 VITON 75 

800 1 320 3 VITON 60 

800 3 320 1 EPR 60 

800 3 320 3 VITON 60 

800 4 320 1 EPR 60 

800 4 320 3 VITON 60 

800 71 320 1 EPR 60 

800 78 320 1 VITON 75 

800 79 320 1 VITON 75 

900 1 175 1 VITON 75 

900 1 175 12 VITON 60 

900 2 175 1 VITON 75 

900 2 175 12 VITON 60 

900 3 175 1 VITON 75 

900 3 175 12 VITON 60 

900 4 175 1 EPR 60 

900 4 175 12 VITON 60 

900 5 175 1 EPR 60 

900 5 175 12 VITON 60 
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18. APPENDIX D – TORQUE CALCULATIONS 
 

       

 
Where T is the torque, K is the torque coefficient and d is the screw diameter. The necessary force to get 200 psi 

over the washer is 353.429 lbs. This was calculated using the following equation where A is the washer area. 

 

      

      
   

   
               

               

 

 

K for most screws is 0.2 and the diameter of the threaded rod is ¼ inch. Therefore, 
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19. APPENDIX E – TYCO RAW DATA 
 

Table 11-Raw Data 

  

SERIES VALVE 

# 

Time 

(Mos.) 

SET P 

(PSI) 

Material Durometer 

(Shore A) 

Drop 

% 

AVG. 

Pop 

Over 

% 

Friday  

October 22, 2010 

  900 2 9 175 VITON 60 3.47 174.7

2 

2.00 

October 22, 2010   900 1 9 175 VITON 60 -0.13 176.9

7 

1.37 

    900 3 9 175 VITON 60 4.33 175.7

2 

3.35 

    900 4 9 175 VITON 60 2.87 175.7

4 

2.19 

    900 5 9 175 VITON 60 -0.33 173.8

8 

-0.34 

    800 3 3 320 VITON 60 0.18 314.0

4 

-1.75 

    800 4 3 320 VITON 60 1.60 319.1

9 

0.73 

Friday  

October 29, 2010 

  900 1 0 175 VITON 75 1.59 174.5

8 

0.63 

October 29, 2010   900 2 0 175 VITON 75 0.95 177.6

1 

2.11 

    900 3 0 175 VITON 75 1.62 175.1

6 

1.07 

    900 4 0 175 EPR 60 0.75 177.3

0 

1.75 

    900 5 0 175 EPR 60 0.40 176.4

7 

1.09 

    800 4 0 320 EPR 60 0.25 317.1

1 

-0.76 

    800 3 0 320 EPR 60 0.24 320.4

2 

0.25 

    800 71 0 320 EPR 60 0.45 319.3

2 

-0.02 

    800 1 0 320 VITON 75 1.00 317.7

8 

-0.20 

    800 79 0 320 VITON 75 0.03 321.9

8 

0.64 

    800 78 0 320 VITON 75 0.37 321.9

8 

0.78 

Monday  

November 29, 2010 

  900 1 1 175 VITON 75 2.35 174.5

6 

1.28 

November 29, 2010   900 2 1 175 VITON 75 0.28 177.3

2 

1.43 

    900 3 1 175 VITON 75 0.99 174.8

1 

0.42 

    900 4 1 175 EPR 60 1.02 176.2

9 

1.30 

    900 5 1 175 EPR 60 0.42 173.2

6 

-0.72 

    800 4 1 320 EPR 60 5.17 320.9

8 

3.71 

    800 3 1 320 EPR 60 6.25 315.0

8 

2.61 

    800 71 1 320 EPR 60 4.99 314.0

7 

0.87 

    800 1 1 320 VITON 75 1.03 311.7

1 

-1.99 

    800 79 1 320 VITON 75 0.60 317.9

7 

-0.28 

    800 78 1 320 VITON 75 0.68 316.2

6 

-0.77 
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Table 12-Raw Data Calculations 

Config. Time 

(Mos.) 

SET 

P 

(PSI) 

Material Durometer 

(Shore A) 

Avg. 

Drop 

% 

StDev 

IIII 1 175 VITON 60 2.04 2.14 
IOII 1 320 VITON 60 0.89 1.01 

OIIO 0 175 VITON 75 1.39 0.38 

OIOI 0 175 EPR 60 0.57 0.25 

OOOI 0 320 EPR 60 0.31 0.12 

OOIO 0 320 VITON 75 0.47 0.49 

IIIO 1 175 VITON 75 1.21 1.05 

IIOI 1 175 EPR 60 0.72 0.42 

IOOI 1 320 EPR 60 5.47 0.68 

IOIO 1 320 VITON 75 0.77 0.23 
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20. APPENDIX F – INDEPENDENT RAW DATA 
 

Table 13-Independent Testing Raw Data 

Test Square Quad  Circle Variables   

1 174.03 94.31 74.38 13 Days No lube 

2 16.93 97.93 36.93 3 Days Lube  

3 23.35 0 0 3 Days Lube  

4 -1.3 39.08 8.7 6 Days Lube 

5 18.9 -21.28 18.9 3 Days Lube 

6 17.03 null 0 3 Days No lube 

Average 45.118 52.51 34.7275 
  Std Dev 72.53244 56.08192 28.89701 
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21. APPENDIX G – VOD DRAWING 
 

Figure 29-VOD Drawing 

 


