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DISCLAIMER 

This report was prepared by students as part of a university course requirement.  While considerable effort 
has been put into the project, it is not the work of licensed engineers and has not undergone the extensive 
verification that is common in the profession.  The information, data, conclusions, and content of this 
report should not be relied on or utilized without thorough, independent testing and verification.  
University faculty members may have been associated with this project as advisors, sponsors, or course 
instructors, but as such they are not responsible for the accuracy of results or conclusions. 
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EXECUTIVE SUMMARY 

 

The Navy Precision Optical Interferometer (NPOI) Capstone team was created due to concerns over the 
projected service life of the current Fast Delay Line (FDL) vacuum manifold system. The expected failure 
point of the original manifold was the vertically positioned bellows which were subjected to loading 
conditions beyond what they were originally designed to withstand. These loads were expected to 
eventually lead to a tear in the thin walls of the bellows which would have caused air to disperse into the 
FDL tank potentially leading to the destructions of the optical equipment inside. Due to this looming 
threat the purpose of the team was to redesign, implement, and test a new vacuum manifold for the FDL’s 
at NPOI. The parameters that the team had to follow as requested by the client is that the new manifold 
would be safe, reliable, repairable, built within budget, be easy to use (i.e., no need for new employee 
training), and allow for future project integration. In addition, part of the design requirement was to move 
where the manifold connected to the FDL tank such that would no longer attach to the “snoot” of optics 
pipe. These expectations from our client where used to define the engineering characteristics that are 
design would follow. These engineering requirements were used when initially choosing the design of the 
manifold from the concepts that were generated. The final design that resulted after concept evaluation 
and multiple design iterations was that the manifold connected to the FDL tanks via the current ribbon 
cable interconnect. To do this a custom interface was designed, after several iterations, by the team to 
connect the standardized parts of the rest of the manifold to the custom ribbon cable interconnect allowing 
for connection to the FDLs. From the interface, the manifold would have a 90° miter elbow to direct the 
piping upwards. From this elbow a tee branch would be connected. From this branch a cross pipe was 
attracted that held the two standard 26pin ribbon cable connections as well as a small pressure valve 
which is attached to the pressure sensor. The other section of the tee is also connected to a different larger 
pressure valve.  This larger valve connected to another tee which would connect to a bellows and a long 
section of straight pipe. This pattern was repeated for all six tanks with the last tank having an extra 
blanking plate at the end of the tee to maintain the vacuum. The first tank had its pipe connected to 
bellows which through a series of 12.6in pipes and 90° non-miter elbows lead to the original vacuum 
pump system. To support the manifold, rods where made such that they would connect to the FDL support 
structure that was already in place. From this rod a 3D printed part would be used to allow the cross 
section from earlier to rest on it. This 3D part will in theory help to reduce the vibrations. The results from 
our design have not been validated at NPOI due to supply shortages causing us to be unable to build the 
manifold currently. However, when the manifold is built the testing procedures have already been made to 
validate that our manifold conforms to the engineering requirements that were set.  
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1  BACKGROUND 

1.1  Introduction 

The Navy Precision Optical Interferometer (NPOI) is the world’s largest optical interferometric-based 
observatory. NPOI currently operates with a combination of up to six Siderostats (a flat mirror device 
used to collect and direct starlight) stations that are reconfigurable to produce unique and interesting sets 
of data. NPOI combines starlight collected by the six stations to synthesize a much larger telescope. This, 
in effect, makes NPOI the world's largest optical telescope. To minimize photon loss and atmospheric 
abortions which could contaminate datasets the entire array is held in a vacuum. 

“Fast Delay Lines” (FDLs) are used to account for variation in light path length between Siderostat 
stations. The FDL system, like most of the NPOI, must maintain a vacuum for operation. To achieve 
vacuum, a manifold connecting and isolating each delay line to a greater vacuum system is in operation. 
The existing structure is old and failing. Should the current manifold fail the NPOI facility would shut 
down until a solution could be made. A system-wide shutdown would negatively affect the scientists 
working at NPOI, the night operations team, the military and civilian clients who utilize NPOI data, 
ongoing visiting programs who utilize NPOIs unique delay lines, and the engineering team responsible 
for system performance.  

The Director of NPOI, Jim Clark, has personally undertaken the responsibility of sponsoring an NAU 
Capstone team. This team is tasked with designing, manufacturing, installing, and validating a new FDL 
vacuum manifold system before the current system experiences a catastrophic failure. This is a time-
critical and costly endeavor that, when complete, will eliminate the FDL manifold as a point of extreme 
concern to all parties. This project will deliver a system that will be utilized 24/7 to help produce real 
scientific data and potentially lead to new scientific discoveries.  

1.2  Project Description 

Following is the original project description provided by the sponsor [1] 
 

“An NAU capstone project would be charged with designing, analyzing, and possibly 
manufacturing a new vacuum manifold for the Fast Delay Lines. The new manifold 
would be separate from the vacuum snoots allowing for shorter down times when 
working at the front of the tanks. Additionally, the relocation of the vacuum manifold 
would eliminate forces on the snoots reducing potential for vacuum failure. The proposed 
manifold would be required to interface with the existing bulkhead plates, greatly reduce 
risk of vacuum failure, partition each of the six delay lines so an individual tank can be 
vented without disrupting operation of other delay lines and reduce maintenance time 
when working on the FDL carts. Other considerations include location of the vacuum 
pump to reduce/eliminate vibrations that effect optics cart performance, and access to 
partitioning valves.  Above and beyond features could include a data logging system for 
vacuum performance utilizing the existing sensor array. Currently, vacuum pressure is 
recorded by hand in a notebook. Development of a sensor package to research any 
correlation between vacuum performance with humidity and temperature changes in the 
room could be useful for continued engineering development. The scope of this project 
requires analysis of material properties, hydrostatic loading, cycle degradation prediction, 
cost optimization, and FEA evaluation to generate a fully engineered final product. 
Construction, assembly, and installment of the proposed manifold could be included in 
the capstone requirements requiring students to learn manufacturing processes and 
evaluation of final system.” 
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2  REQUIREMENTS 

This section of the report outlines the requirements that our new design must meet based on the given 
customer requirements. This is done by creating engineering requirements to match each of the customer 
requirements and discretizing the functionality of the manifold into parts. Finally, the codes and standards 
that our manifold should abide by is also addressed. 

 

2.1  Customer Requirements (CRs) 

The first and most important customer requirement is safety. The volume of evacuated space at NPOI 
represents an increased opportunity for catastrophic failure. Any sudden breach to the vacuum system 
could result in serious injury to nearby people and damage to the vacuum protected optics inside the 
system. Safety is taken seriously at NPOI. An example of system redundancy are the support cables 
holding the Long-Delay-Lines (LDLs) outside the FDL building. The design supports each end of pipe 
with two braded steel cables. One cable is rated to hold the weight of the pipe, yet a total of 4 cables are 
used to increase redundant safety at a low financial cost. The result is a minimum factor of safety of 4 
supporting the LDL system. Our client emphasized there is no weight or size limitation to the new 
vacuum manifold allowing the Capstone team to primarily design for safety. This is the 1st requirement 
which weighs 50% in the overall decision making prosses. 

The next requirement provided by the client is increased reliability and service life over the old system. 
The FDLs are a mission critical component to NPOI. If the carts are not held in vacuum, the system 
cannot be operated, and no data collection can occur. The vacuum manifold is the component responsible 
for maintaining FDL vacuum and therefore is a critical component of the interferometer. By designing a 
new manifold, the team will increase the reliability over the current system, and by optimizing the 
materials used the team will provide a solution that will last the duration of the NPOI’s mission lifetime. 
This is the 2nd requirement which weighs 12.5% in the overall decision making prosses. 

Our client pointed out the necessity for regular system maintenance and instituted a requirement for 
maintenance accessibility. Presently, the vacuum manifold must be physical disconnected from the FDL 
tank when cart maintenance is required. This operation is time intensive, requires skilled personnel, and 
presents a risk to the overall system due to the number of components being disassembled. The new 
manifold must allow for cart access and decrease the disassembly of optical and vacuum components. 
This is the 3rd requirement which weighs 12.5% in the overall decision making prosses. 

The fourth requirement is the that the team is to stay within the budget allocated to us by NPOI. This is 
desired because it challenges us to create something meaningful from limited resources and it also ensures 
that the materials used could be replaced without great cost to NPOI in the future if needed. This is the 4th 
requirement which also weighs 12.5% in the overall decision making prosses. 

The fifth requirement is that the new manifold should be easy to use. This is desired because it would be a 
hassle for the client to have to retrain his employees in the operation of the system. 

The last requirement is to allow for future project integration. The NPOI instrument is not only an 
operational observatory, but a testing ground for new and exciting types of experiments and technology. It 
is unknown what requirements future programs might have for the NPOI facility; therefore, it is necessary 
to provide integration and access points within our design. This fundamental feature of the new manifold 
is already being utilized by replacing the existing electrical passthrough to accommodate more electrical 
connectivity per the client’s request. This is the 5th requirement which weighs 12.5% in the overall 
decision making prosses. 
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2.2  Engineering Requirements (ERs) 

For each of the CR’s previously listed at least one engineering requirement was made to correlate to it. 
For safety, the ER is factors of safety (FS). Because the cost of materials increases with the FS used, the 
team decided that a FS of 2.5 ± .5 would be the target value to ensure safety and keep costs low. This is 
lower than some FS used elsewhere at NPOI, but this decision is justified because of the limited budget. 

The client budget expectation was matched together with manufacturing lead time and with project cost. 
For manufacturing lead time are goal was to have it be under four weeks plus or minus three days. In 
terms of project cost the goal was to have it be 10000$±4000$ because it is our goal to stay within budget 
and if possible be under. 

Both reliability and repairability were incorporated into a minimize downtime ER. The hope for this 
would be that the maintenance would be reduced to 2 ± 1 hours for a disassembly and reassembly of the 
manifold system which would be less than the time needed for the original manifold.  

The new vacuum manifold must provide sufficient flow rate to evacuate one FDL line over the course of 
one day. Constriction in the pipe, poor geometric design, and insufficient vacuum power could reduce the 
team’s ability to deliver a system capable of meeting this design requirement. Analysis and validation of 
the completed system will be done to evaluate the systems performance and influence final design. 

The last ER that was created was leak rate. The original system at NPOI was able to hold an operational 
vacuum for five days. Our manifold must at least match this value but preferably go beyond that. 

 

2.3  Functional Decomposition 

2.3.1  Black Box Model 

To understand what goes into our system, a black box model was created that visualized the material, 
energy, and signal inputs into our vacuum manifold and the also the corresponding outputs. This helps to 
visualize the project by giving a broad overview of what are system is supposed to being doing and what 
inputs are required to make it work. The final black box model can be seen in Figure 1 below. Compared 
to the preliminary report the addition of a digital output signal was added to represent the pressure sensor.  

 

 

 

 

 

 

 

 

 

Figure 1: Black Box Model for Vacuum Manifold 
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2.3.2  Functional Model/Work-Process Diagram/Hierarchical Task Analysis 

The functional model helps the team by giving a more detailed view of how each of the systems inside of 
the vacuum manifold work and how the various parts work together. The decomposition uses the same 
three inputs from the black box model of material, energy, and signal. The decomposition that was made 
for the vacuum manifold can be seen in Figure  below. A change that has occurred was the addition of a 
control valve for the pressure sensor. This was done in accordance to a request of the client to have each 
pressure sensor be able to be removed from the FDL tanks without compromising the vacuum.  

 

 

 

 

 

 

 
 
 

 
 
 
 
 
 

Figure 2: Function Decomposition for Vacuum Manifold 

 
In addition to the functional decomposition, a hierarchical chart was created to show the breakdown of the 
vacuum manifold system to its lowest manageable parts. This was done in order to visualize the parts of 
the system and how they come together to achieve the end goal of a fully working vacuum manifold. The 
hierarchical chart can be seen in Figure 3. In a similar fashion to the function decompositions an extra 
branch was added to the hierarchy chart to represent the pressure sensor subsystem of the manifold. 
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Figure 3: Hierarchical Chart of Vacuum Manifold 

 

2.4  House of Quality (HOQ) 

As previously mentioned in Section 2.1 and 2.2, we had a total of seven CRs that had an equal number of 
ERs corresponding to them. To evaluate which engineering requirement had the highest technical 
importance to this project regarding satisfying the customer requirements, a house of quality was used to 
compare them. In the HOQ, for customer requirements, safety has a weight of nine, cost is three, ease of 
use is three, reliability is nine, repairability is nine, longevity is three, and future project integration is one. 
Using these weights and the relevance to each of the engineering requirements it was found that the three 
most important ER are the factors of safety, followed by project cost and finally minimize downtime. The 
three systems that were used to benchmark against the current system is the Laser Interferometer 
Gravitational-wave Observatory (LIGO), the Vacuum Tower Telescope (VTT), and the 1-meter Swedish 
solar telescope (SST). These three systems were used as benchmarks because they utilize vacuums 
systems to gather observation data. Technically none of these comparisons are a perfect match to NPOI 
but they all offer decent standings on how other vacuum systems operate in the world. The completed 
house of quality can be seen in appendix A.  

 

 

 

 

 

Vacuum 
Manifold 

Operate 
Small Pump 

Utilize 
Electricity 

Operate 
Large Pump 

Create 
Vacuum 

Control 
Vacuum 

Operate 
Valves 

Open  
Valve 

Close 
Valve 

Utilize 
Electricity 

Maintain  
Vacuum 

Sense 
Pressure 

Pressure 
Sensor 

Utilize 
Electricity 



6 

2.5  Standards, Codes, and Regulations 

As engineering students it’s important that our design holds to accepted standards in industry. The 
standards that directly apply to our project our shown in Table 1.                                                                                       

Table 1: Standards of Practice as Applied to this Project 

Standard 

Number or 

Code 

Title of Standard How it applies to Project 

ISO 
19685:2017 

Specifications, calibration, and 
measurement uncertainties for 
Pirani gauges 

Our project uses a Pirani gauge (I think) 

ISO 
2861:2020 

Dimensions of clamped-type 
quick-release couplings 

Clamps are used throughout the manifold to attach 
adjoining pieces. 

ASME P-15.7 Code of Ethics Engineers  It’s a policy all engineers should follow in ever 
project 

 
The importance of ISO 19685:2017 to our project is that as part of installing the Pirani gauges used on 
our vacuum manifold, we will most likely have to calibrate them. Because of this, it is important that we 
follow the established guidelines from this standard to ensure that the equipment that is installed for our 
client gives proper and accurate data. Failure to properly calibrate the gauges can lead to the emergency 
shutoff system of NPOI prematurely activating or causing lost observational time as they wait for the 
system to get to an acceptable vacuum level according to the gauge.  ISO 2861:2020 is another important 
guideline to follow because every standard section of pipe that is used in our manifold needs to be 
clamped with a quick-release style of coupling. Although are team will not be making the clamps, it is 
important that we verify that the clamps that we order fall within the standards set to ensure that they 
work properly. Proper verification of the clamps ensures that the joints of the manifold are not able to 
have large leaks allowing for longer operation without vacuum pumps on as well as ensuring that the 
vacuum pumps can be run at lower RPMs during normal operation. The final code that our team must 
follow is ASME P-15.7. This is the general engineering code of ethics that should always be used (in 
some variation depending on the organization) when working on a project. This applies to us too because 
are project can have real consequences if we fail to follow these practices. 
 

3  Testing Procedures (TPs) 

An important step in making sure that our final design works is testing it to compare to each of our 
engineering requirements, from section 2.2. The procedures and methods we will use to test the system 
will be outlined in this section of the report. Many of the systems we are working with are unique and do 
not currently have industry standard testing procedures. We, as a team, will work to develop testing 
procedures for our system so that it better interfaces with existing structures.  

 

3.1  TP 1: Safety Analysis (Factors of Safety) {1} 

Engineers are expected to design components and systems before the manufacturing process to save time 
and money on expensive replacement. Sometimes physical testing of components can be performed to 
increase the certainty of design. Given the projects limited budget and time constraints strictly an 
analytical analysis will be conducted to insure feasibility of design. This section of the report outlines 
how theoretical analysis will be conducted. 
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3.1.1  TP 1: Objective 

The objective of this testing procedure is to test under what conditions the manifold that we have created 
would fail allowing us to calculate its factor of safety based on known loading conditions. Because many 
of the parts that were ordered are both expensive and time consuming to replace it is not possible to test 
them to failure. Instead, the pieces will have to be evaluated analytically to understand what conditions 
they can withstand and get individual and system wide factors of safety. Certain cheaper items where 
spares are handy at NPOI, like blanking plates and centering rings/clamps, could be tested physically. 
However, these components are in use around the array and have a long track record of quality 
performance.  

 

3.1.2  TP 1: Resources Required 

Software and computer applications like Solidworks enable the team to perform “finite element analysis” 
for specific subcomponents under simulated loading conditions. This method allows the team to design 
parts and system geometries to optimize for everyday use and to failure. Indeed, designing to failure 
allows the team to submit confidence values along with projected safety factors elevating clients trust in 
the overall design. FEA also allows the team to perform optimization analysis for specific components 
enabling us to save money on part manufacturing and component selection.  

 

3.1.3  TP 1: Schedule 

Because of shipping constraints, we are not currently in possession of any of our parts. Because of this we 
cannot be certain of the true material properties the components have. However, evaluation of 
components can be performed now assuming material properties. For our individual analysis some 
assumptions will be made. If any properties change these parameters may be updated in the FEA program 
and revaluated to provide a more accurate evaluation of component performance. These simulations can 
be completed within a day for individual parts but may take longer to simulate the entire manifold 
depending on how powerful the computer we are running the simulation on is. This should be completed 
towards the beginning of the second semester if our parts arrive at some point before it starts. 

 

3.2  TP 2: FDL Evacuation (Pump Flow Rates) {4,5} 

3.2.1  TP 2: Objective 

The objective of this test is to see if the new manifold design can evacuate the air of the FDLs in a similar 
time to the original. Doing this test involves removing the air from one or more of the FDLs using the 
same vacuum pump system that the original system used. Once the vacuum pump has been turned on a 
timer will be started. Once the FDL reaches a working vacuum of 30mTorr the timer can be stopped. This 
number can then be used to identify the rate the pumps operate at. This can then be compared to the 
original design to see if any improvements have been made. Up to six tests can be done initially, as each 
FDL will have to be at atmospheric pressure when we are installing our new manifold, without 
completely disrupting work at NPOI. Alternatively, the team can evaluate the time to evacuate all six 
delay lines at once.  

We expect the rate of evacuation to be different for each delay line due to variations in assembly material 
and humidity in the tanks. We also expect variation between the new and old manifold system. We 
recognize the new manifold is not optimized for evacuation speed but rather modularity and compatibility 
with the existing structure. Therefore, it is expected the new system will be slower to evacuate the FDL 
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tanks compared to the old manifold. This is not a failure of design, and the team points out the function of 
the manifold is primarily to maintain vacuum.  

 

3.2.2  TP 2: Resources Required 

In order to do perform this test the full new FDL vacuum manifold has to be installed at NPOI. 
Additionally, the main array roughing pump used to evacuate high pressure atmosphere and the turbo 
pump must be operational and connected to the new manifold. 

Because the team is utilizing components from the existing structure, mainly the vacuum valves, we are 
unable to test in parallel with the old system.  

 

3.2.3  TP 2: Schedule 

Once again, this test cannot happen until all the manifold parts have arrived and we have assembled the 
full device. The installation of the new system is predicted to take one full week of work and coordination 
with other active projects at NPOI. As before, if the parts come in late December, we should be able to 
complete this test towards the beginning of the semester. These tests will take a considerable amount of 
time to run due to the large volume of air inside the FDL tanks and as such it may take a full week of 
pulling vacuum. Characterization of the pull-down rate will take place over the next few years by 
operations staff at the facility. Variations in humidity and atmospheric pressure alter the performance of 
the system and therefore a true understanding of system performance will take over one year to evaluate. 
This is not explicitly part of the capstone project but is important information of technicians at NPOI to 
monitor the systems performance and health of the vacuum pumps.  

 

3.3  TP 3 Front Plate Disassembly (Minimize Downtime) {6} 

3.3.1  TP 3: Objective 

This test aims to understand how long it takes to remove the front plate of a FDL with our new design and 
compare it too how it was. Many maintenance operations require the front of the FDL tank to be removed. 
The current manifold interfaces with the front of the tank and therefore is part of the current disassembly 
and reassembly time. The new manifold will not interface with the front plate and therefore is expected to 
reduce downtime during maintenance.   

 

3.3.2  TP 3: Resources Required 

To accomplish this test, the old manifold has to be removed from the snoot and the bottom portion of our 
new manifold that is closest to the front plate should be installed. In addition, an employee of NPOI that 
is familiar with removing the front plate is needed to ensure that the lack of experience from some of the 
team members does not skew the results.  

The completed new manifold is not required for this test.  

 

3.3.3  TP 3: Schedule 

Like the previous test this one is also planned for the start of the second semester. This test is being 
pushed to second semester due to ongoing visiting science work utilizing the FDL systems. Once these 
projects are complete, time to work with the FDLs will allow the team to conduct important research. The 
ongoing projects are scheduled to let up at the start of next semester.  
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Because the entire manifold assembly is not needed for this test it can happen before any of the other 
mentioned tests. If desired, and time permitting, the team could time disassembly and reassembly of the 
current system. We would then remove the section of vacuum manifold and run the test again. This would 
emulate not needing to remove the vacuum manifold like in the new design.  

 

3.4  TP 4: Leak Rate {7} 

3.4.1  TP 4: Objective 

This test aims to understand how quickly the new manifold would lose its vacuum and where major 
sources of leakage occur on the structure. In order to test the leak rate of the entire manifold a section of it 
would need to be isolated after achieving vacuum and the data from the pressure sensor would need to be 
recorded until it reached a critical pressure of 30mTorr. From the time it took to reach this pressure the 
overall leak rate can be found. If this method cannot be used due to time constraints, the leak rate of the 
manifold can also be calculated by using the given leak rates from Kurt J Lasker on the various parts [2]. 
To cheek for the major sources of leakage on the manifold a He leak test can be performed. This test 
involves spraying some He gas on a joint and then using a spectrometer next to the vacuum pump to see if 
any He enters the system. 

The vacuum manifold is not the primary concern for leakage. The seals used in the FDL tanks are 
nonstandard and known to leak. Additionally, the reported leak rate from the manufacturer is for 
significantly higher vacuums compared to the vacuum at NPOI. This test is useful in identifying any error 
in assembly or faulty components utilized in the new manifold.  

 

3.4.2  TP 4: Resources Required 

To perform the full-scale leak rate, test the entire new manifold must be built and installed. Should the 
team wish to test only the components of the new manifold as an assembly a test could be performed 
disconnected from the array. If the new manifold leaks at a concerning rate, and the location of leak 
cannot be easily determined, the use of a Helium Leak tester can be used. NPOI has this devise on site. 
The He tester should only be utilized if the point of failure cannot be determined.  

 

3.4.3  TP 4: Schedule 

Like the previous test this also relies on having the pieces of the manifold. Most likely the test will be 
performed after the manifold has been attached to the FDLs. If this is this case it would mean that this 
would be the last test performed as it would have to come after the flow rate test. The full-scale test could 
take up to five days if our new system is as good as the original vacuum system. The He leak test would 
take a couple of days to test the various joints. 

 

4  Risk Analysis and Mitigation 

An important step in the design project is accessing the risk of failure that the proposed design has and 
finding ways to mitigate it. To do this a failure mode and effect analysis (FMEA) was performed on 
selected design. The finalized FMEA for the design can be seen in Appendix B. Most of the failure modes 
identified result in failure to maintain vacuum pressure. Some components support the manifold structure 
and failure could result in loss of vacuum pressure and the collapse of the system.  



10 

4.1  Critical Failures 

4.1.1  Potential Critical Failure 1: Small Vacuum Leak 

Small vacuum leaks are expected for not only the new manifold but also the FDL tanks. The current 
system requires 24/7 pumping to maintain vacuum pressure of 5 mTorr. We would consider leak rates that 
maintain operation pressure for 3 days without pumping negligible. Leak rates that lose vacuum pressure 
sooner than 3 days, and especially audible leaks to be small vacuum leaks. This type of failure is not 
catastrophic to system health but does require attention. Often improper assembly can be blamed for poor 
matting connections. It is also not uncommon for an O-Ring to go bad. These types of leaks can be found 
by listening for air whistling or by seeing frost on vacuum components. Bellows are notorious for frosting 
around small punctures. The first step is to reseat matting components. Then change O-Ring. If the below 
is damaged, then replacement is necessary. Mitigation would include proper assembly, clean surfaces 
before assembly, check for defects before assembly, take special care of fragile hardware such as bellows, 
O-Rings, matting surfaces, and brass components.  

[Provide a brief description of the potential failure here, how that failure could be caused, the effect of the 
failure, and then discuss how the failure can be mitigated.] 

4.1.2  Potential Critical Failure 2: Sudden Vacuum Loss 

Suddenly losing vacuum is an unexpected and unlikely event. Regardless this event could happen and 
poses an extreme safety threat to people and machinery. Sudden vacuum loss could happen during 
improper operation of valves, if components were flawed before assembly, or if people abuse (climb on, 
hit, sit, shake) the manifold. Worst case scenario someone is pulled into the vacuum where serious injury 
or death is plausible. The more likely outcome of sudden vacuum loss is sand/oil blasting of optical 
components housed inside the FDL tanks. These components can cost thousands of dollars and take time 
to rebuild and align to the rest of the array. To mitigate this threat the new manifold is designed with large 
factors of safety, the valves are positioned out of the way of tour groups, and an operations guide will be 
provided along with the new manifold.  

 

4.1.3  Potential Critical Failure 3: Support Disconnect 

Should several companies fail simultaneously it is possible for the main horizontal section of the manifold 
to fall. This would result in structural loss, broken hardware, and loss of vacuum. This would be an 
incredibly unlikely event requiring several pipes to disconnect/server, the brass interface to spontaneously 
fracture, or the bellows to split. Events that could cause this include abuse from operators, neglect during 
assembly, or running into the manifold with the crane/other large objects. To mitigate this the team has 
designed in factors of safety, moved the manifold away from the heavy front plates and crane operations, 
and will be implementing an external support structure.  

4.1.4  Potential Critical Failure 4: Electrical Discontinuity 

The move to industry standardized electrical connectors should automatically reduce this risk over the 
existing design. Regardless, internal disconnect could result in loss of control of the optics cart and/or 
shorting 1000 volts of electricity to the FDL tank. These events pose a threat to the sensitive carts housed 
in the FDL tanks and to people touching the manifold/FDL tank when the system is turned on. Mitigation 
includes software control of high-power components, a new wiring harness which allows for regular 
inspection of connectors, and the new design provides engineers access to the electrical pass through for 
easy repair especially when compared to the existing system. The proposed new system increased the 
number of conductors available to engineers which may be used in future projects.  
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4.2  Risks and Trade-offs Analysis 

As identified by the FMEA analysis the majority of the failure modes result in a loss of vacuum and 
subsequent damage to the optical components on the FDL cart. By nature, the geometric layout of the new 
manifold is not optimized for flow rete. However, the geometry also directs particles carried by sudden 
depressurization events into the side walls of the FDL structure. This means particles have a more 
complex path to colliding with the optical surfaces when compared to the current manifold design.  

As discussed above, flow rate optimization is not critical for the success of this manifold. Should flow 
rate optimization become a requirement the team would most likely increase the risk of damage to the 
optical components of the system. There is a distinct tradeoff between flow optimization and protection of 
delicate scientific equipment. There are no plans being made to alter the current design and therefore, at 
the expense of efficiency, the manifolds inherent design protects the internal systems from failure.  

The manifold is designed to operate under static loading conditions. Operation of the manifold is 
necessary and accomplished by way of high-pressure vacuum valve integrated into the support structure. 
Operation of these valves changes the pressure loading of the system. Additionally, during physical 
operation of the valves people may induce unpredictable loading. Some concept variations moved the 
location of the isolation valves over to one side of the structure. This reduced the opportunity for 
operators to apply full body weight onto the valve when in contact with the knob. This design was not 
selected as more components were needed to make it work. The cost and increased number of seals would 
decrease the overall reliability of the system.  

To mitigate failure due to changing pressure loads the system is designed to be statically stable for all 
loading conditions. Additionally, an external support structure will be implemented. This structure 
removes loading from the brass interface and is positioned directly under where an operator would 
interface. This structure reduces the risk of mechanical failure. This structure is also asked to be a 
mechanism to transfer mechanical vibration. Ideally the support structure would be isolated but without 
isolation thermal stress and vibration may be imposed onto and though the structure. Evaluation and 
thoughtful design of the structure must be performed to insure a cohesive fit with the system. Otherwise, 
this structure could decrease the instrument's performance and ultimately reduce reliability of the new 
manifolds.  

There are several commonly used types of O-Rings used in industry. The Capstone team has selected 
Viton across the design space. Although the vacuum manifold is not exposed to harsh chemicals or ultra-
high vacuum this material is selected for several reasons. Primarily, vacuum seals are used in many 
locations along the array. Other materials are susceptible to ultraviolet radiation from the sun. If the team 
were to introduce another O-Ring material, they could become confused with other applications and lead 
to the failure of another system. Additionally, Viton is a long-lasting solution. This manifold should last 
30 years of continual operation without substitution of components. Other materials would be more cost 
effective for this project, but the risk associated with mixing materials and types of O-Rings into the 
existing supply surpasses the threshold of tolerance the team has set for a safe and cohesive installation 
with the existing interferometer systems.  
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5  DESIGN SELECTED – First Semester 

This section contains the details of the final design that the team has chosen to build as well as the plan to 
implement the design into NPOI. 

 

5.1  Design Description 

This final design utilizes the FDL electrical feedthrough located near the front of the FDL tanks. The 
existing feedthrough screws into a welded shoulder creating a vacuum seal. By utilizing the feed through 
the team moves the manifold out of the way of other critical operations, improves upon the existing 
custom electrical components and replaces them with industry standard equipment, and by utilizing 
industry standard components the new manifold can be integrated with other vacuum systems at NPOI.  
An isometric view of the entire model is shown in Figure 4. An exploded view on one tank of the model 
can be seen in Figure 5. In addition to ensure that our model would not interfere with anything built in the 
FDL room, the majority of the room was modeled and can be seen in Figure 6. 

 

Figure 4: Isometric View of CAD 
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Figure 5: Exploded View of Repeating Section of Manifold 
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Figure 6: Manifold in Modeled Room 

 

An important part of the design that was changed was the interface that the team is using to connect to the 
original cable pass through. Due to ordering issues, we investigated new ways of building the part that 
would allow us to use the brass stock that was available at NPOI. The new design that was created can be 
seen in Figure 7. 
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Figure 7: New Ribbon Cable Interface 

Using this new information, we made a prototype of the interface which is shown in Figure 8. 
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Figure 8: Prototype of Interface 

To ensure that this interface works with the standardized parts that we are using for the rest of the 
manifold we tested connecting it to a spare piece of pipe at NPOI as well as a nut with the corresponding 
threads. The nut is important as the classification for the threaded connection is 2A (a lose but not sloppy 
fit) and the nut allows us to hold the work piece in the lathe during the manufacturing prosses. The results 
are shown in Figure  

 

Figure 9: Testing Interface Prototype  

All other engineering drawings can be seen in Appendix C. 

5.2  Implementation Plan 

The final implementation of the design will be a first article functional prototype. Due to budget and time 
restrictions the team will only produce one iteration of functional hardware to be implemented at the 
NPOI. System integration will be a time consuming prosses which will require the array to come offline 
for approximately 1-2 weeks. To minimize downtime the team will have all components on hand and as 
many preassembled sections as logistically feasible.  

The new manifold system will be constructed primarily from Kurt J. Lesker hardware, the current list of 
ordered components can be seen in Appendix E. Additional hardware is required to mate to the existing 
vacuum pumps. By ordering from a known company, the team has reduced the number of custom parts, 
the complexity of design, and increased the reliability of hardware. Most components are made from 
stainless steel. The custom team interface will be manufactured by members of the Capstone team. 
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Originally, the team planned to outsource the manufacture of these components, but budget restrictions 
required in-house manufacture. Brass is used to eliminate seizing when threading into the stainless steel 
FDL tank.  

Budget and time are the limiting factors to design alteration. The team is working with detailed 
SolidWorks modes of the proposed system along with the client to ensure the new manifold will integrate 
without significant interruption to the NPOI mission. The utilization of CAD is the primary resource 
during the development of the new vacuum manifold. Additional tooling includes but is not limited to: 
physical space for pre-and-final assembly at NPOI; machine tools at NAU and NPOI for interface 
component; supply of material such as brass and steel to make manifold components sourced from NPOI 
stock and McMaster; FEA for design evaluation and optimization built into SolidWorks; 3D printer for in 
hand prototyping located at students' homes; the client, engineers, and technicians' input for design 
ergonomics and flaw identification. The team notes many of the components and raw material are being 
sourced from NPOI stockpile and will not affect the budget. Thus far the team has presented information 
to the class assuming the team would be responsible for sourcing all the necessary hardware. Fortunately, 
regular meetings with the client and NPOI project managers have allowed the team access to necessary 
resources.  

As stated in prior sections the original plan was to start assembly late November and early December. Due 
to global supply chain issues the assembly of the new manifold will take place at the start of next 
semester. Assuming all parts are on hand the team will plan to start assembly week 2 of being back to 
school. Assuming one week of assembly and an additional week of pumping down by week 4 the new 
manifold will be in place. During this time the team will work to calibrate pressure sensors and collect 
data regarding system performance. Much of this project is optimized over current working conditions 
and therefore a series of maintenance tests will be performed in week 5 and 6 to understand the 
ergonomics of the new system. To accompany the new manifold the team will construct a user manual 
and operations guide. This will be developed once the new system is in place. The client has requested, if 
time permits, alterations to additional sections of the FDL system. Assuming the team can stay on track, 
the additional projects could serve as supplemental to the ongoing data analysis and system performance 
evaluation of the new vacuum manifold. The remainder of the semester will be focused on meeting 
Capstone requirements and compilation of our work into a master engineering document to be provided to 
the client and as testimonial to our work toward degrees in Mechanical Engineering.  
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6  CONCLUSIONS 

This Capstone team is charged with developing and implementing a new vacuum manifold system to 
interface with the Navy Precision Optical Interferometer Fast Delay Line system. The new manifold is 
responsible for maintaining vacuum pressure 24/7 of the FDL system and will be used by engineers, 
scientists, and technicians thought its service life. The new manifold will replace the existing failing 
manifold and will work to increase safety for personnel and improve quality of science produced by the 
NPOI.  

This report showcases the completed work of the NPOI Capstone team thus far in the semester. The scale 
and scope of the project mandates the continuation of work into the second semester. Outlines of the work 
to be completed are also provided in this report and the approximate timeline for the work to be 
completed.  

The initial goal of the project was to assemble a working prototype at NPOI by the end of first semester. 
Delays in shipping because of global supply chain disruptions have delayed the construction of the 
prototype to the second semester.  

The technical and financial challenges associated with physical testing of individual components is not 
within the scope of the project. Theoretical analysis of subcomponents will substitute for physical 
evaluation. Theoretical analysis includes FEA simulation which allows the team to optimize component 
design and selection. 

To further increase the reliability of the system a failure mode analysis was performed for each of the 
systems subcomponents. This analysis was used to make stronger design choices and optimize safety and 
reliability while staying within the prescribed budget. Only a few critical components have the potential 
of total system collapse. The evaluation indicates total system failure to be an extremely unlikely event 
and shows the new manifold will perform better than the existing system. The other most common failure 
mode is loss of vacuum. At every interface between components exists the possibility of vacuum loss. The 
most common mode of failure is slow leak which may be a result of incorrect installation or faulty 
components. Should a component fail suddenly there exists the potential of system blowback damaging 
the optical components inside the FDL system. To combat this unlikely event the new manifolds geometry 
is such that spray would be directed to the walls of the tank rather than directly at the optical components.  

The final design utilizes industry standard components for the main structure. A custom interface 
replacing the current ribbon cable connection is utilized for both pulling the vacuum and the electrical 
connection. This interface is being made by the team members on manual machine tools and will be 
constructed from brass to allow for a lubricant free threaded connection with the FDL tanks. The 
replacement of the ribbon cable increases system reliability as the new electrical connection will utilize 
industry standard vacuum rated connections. By moving the manifold interface to the side of the FDL 
tanks we decrease down time for regular maintenance by not needing to dismantle part of the manifold. 
Six isolation valves are used to compartmentalize each tank so maintenance can be performed on one tank 
without affecting the rest. Additional valves are used to isolate the pressure sensors so they can be 
calibrated without disrupting system operations.  
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APPENDICES 

7.1  Appendix A: House of Quality 
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7.2  Appendix B: Failure Mode and Effect Analysis 
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8  Appendix C: Bill of Materials  

Item Name Price 
(USD) 

Quantity Total Price 
(USD) 

Source  

3in DiaBrass Stock 
(3.75in segments) 

0 6 0 NPOI 

TankToKF50 Interface 0 6 0 Machined by team with NPOI equipment 

Mitter 90° Elbow 96 6 576 Kurt J Lesker 

Centering Ring QF 50 12 61 732 Kurt J Lesker 

Centering Ring QF 50 0 11 0 NPOI 

QF 50 Clamp 17 61 1037 Kurt J Lesker 

QF 50 Clamp 0 11 0 NPOI 

Tee Pipe 146 12 1752 Kurt J Lesker 

Cross Pipe 220 6 1320 Kurt J Lesker 

KF50To25 Reducer 81 6 486 Kurt J Lesker 

Centering Ring QF 25  9 6 54 Kurt J Lesker 

QF 25 Clamp 9 12 108 Kurt J Lesker 

QF 25 Pressure Valve 355 6 2010 Kurt J Lesker 

Pressure Sensor 175 6 1050 Kurt J Lesker 

QF 50 Pressure Valve 0 6 0 NPOI 

Blanking Plate QF 50 20 13 260 Kurt J Lesker 

6in Bellows 123 6 738 Kurt J Lesker 

12.6in Pipe 89 13 1157 Kurt J Lesker 

90° Elbow 95 3 285 Kurt J Lesker 

Blanking Plate 
Feedthrough   

0 12 0 Machined by team with NPOI equipment 

Total 11565 
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9  Appendix D: Engineering Drawings 
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10  Appendix E: Kurt J. Lesker Order Confirmation 
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