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To: Dr. Oman and Class Aids
From: Northrop Grumman Team
Date: 2/26/21
Subject: Implementation Memo
The purpose of the Northrop Grumman capstone project is to design a new door latching system for the environmental control system of the company’s rockets. This memo will include the team’s customer requirements and engineering requirements developed from the 2020 fall semester for this project. Any changes to these customer and engineering requirements, and the reasons for those changes will be discussed. Once the CRs and ERs are laid out, the memo will move onto discussing all design changes the team has made since the start of this semester. All changes will be documented with reasons for each change. Finally, the memo will end with the team’s plan for future work. This includes the final steps the team needs to take to complete the design, along with a detailed schedule showing each team member’s role in completing future deliverables. 
[bookmark: _Toc472068887][bookmark: _Toc484366969][bookmark: _Toc20737280]Customer Requirements (CRs)
The project requirement consists of customer needs as well as engineering requirements the team had to compile to define the goals and objects in qualitative and quantitative values for the design process. These characteristics of the design are then analyzed via a quality function deployment. Then, the overall needed functions of the design are visually shown in functional decomposition models. Lastly, the standards observed in the design are discussed. 
[bookmark: _Toc56369383]Customer Requirements (CRs)
Various customer requirements have been discussed with the project sponsor, Northrop Grumman, and the team. The following listed items are all qualitative requirements that the ECS door design must fulfill as agreed upon by Northrop Grumman and team members. Majority of the customer requirements originated in the project proposal provided by Northrop Grumman. Additional customer requirements were added by the Capstone team as they were determined to be essential for a successful design.
· Ease/Safety of Installation: The door design must be able to be easily installed into various vehicle fairing dimensions and material. The installation shall not require any specialized, uncommon tooling and can be installed by no more than two people due to the limited access on site. 
· Scalable: The design shall be able to be scaled for use across various launch vehicles. While the door is being initially designed for the Antares rocket, the goal is to create a design that can be implemented across the entire selection of Northrop Grumman’s launch vehicles.
· Reopenable: The ECS door shall be able to be opened from the outside. There is potential for accidental closure of the door during installation and during insertion of the ECS nozzle in preparation for launch. The installation team must be able to easily open the door on site. 
· Withstand Pressure Differential: The design will potentially be implemented into various launch vehicles with different launch trajectories. These trajectories cause various pressure differentials, and the door must be able to remain closed when exposed to the range of pressures. 
· No Contaminates: The design materials shall not generate any foreign object debris (FOD) such as sparks, shavings, dust, or material off-gassing. The location of the door is close to sensitive satellites in which FOD can cause significant negative effects. 
· Not Based on Gravity: The closure of the door design shall not rely solely on the force of gravity. Additional systems must be implemented for closure to ensure an accurate design.
· Door Closes on Launch: The design must automatically close upon removal of the ECS nozzle. It is acceptable for the ECS nozzle to hold the door open with direct contact. 
· No Interference with Surrounding Systems: The components of the door latch shall not interfere with nearby systems or operation of the rocket fairing. Any system interference can create potential for mission failure. 
· Professionalism: The team shall conduct themselves in a professional manner throughout their work with Northrop Grumman. The team recognizes that they not only represent themselves, but also the reputation of NAU’s mechanical engineering program. 
· Minimal Effect on Aerodynamics: The design must be externally flat and free of any major protuberant components to minimize potential effects on overall aerodynamics of the launch vehicle. 
· Electrostatic Discharge Safe: The design shall not have any major potential electrostatic discharge (ESD) as any discharge can affect the performance of the sensitive satellite systems nearby. 
· Door Status Indicator: This indicator is an optional stretch goal. An indicator that remotely communicates that status of the door as open or closed. This is an optional customer requirement that has been communicated by Northrop Grumman.
These various customer requirements were rated by the team on a scale of 1-10 to allow the team to prioritize the most important requirements. It has been determined that the highest priority customer requirements are withstanding pressure differentials, automatic closure upon vehicle launch, and no interference of surrounding systems. The customer requirement that is the lowest priority is the optional door status indicator. The rating of all customer requirements is shown below in Table 1.
Table 1: Rating of Customer Requirements.
	#​
	Customer Requirement​
	Rating​

	1​
	Ease/safety of installation​
	7​

	2​
	Scalable​
	8​

	3​
	Reopenable​
	4​

	4​
	Withstand Pressure Differential​
	10​

	5​
	No contaminates ​
	8​

	6​
	Does not use gravity or acceleration​
	6​

	7​
	Activates on launch​
	10​

	8​
	Does not interfere with nearby systems​
	9​

	9​
	Professionalism​
	5​

	10​
	Does not influence aerodynamics​
	9​

	11​
	ESD safe​
	7​

	12​
	Indicates open/closed status​
	1​


There have been some changes to CRs between the Preliminary report from ME 476C in the fall semester and this report. For instance, one was the demotion of the Not Based on Gravity rating the team assigned. From discussion and clarity on the objectives of the deliverables expected by the client at the Preliminary Design Review the team placed focus on the latching system of the door. Thus, the need to ensure the door was closing from other forces than simple gravity was covered by the original design with the torsion spring on the hinge of the door.
Another change to the original list is the addition of having a Functional System despite rapid, extreme temperatures changes. Feedback the team received from the client presentation was a high concern for thermal expansion affecting the design movement. Therefore, it was added to ensure the team met the needs of the customer as the design was being reevaluated in preparation for manufacturing and assembly. The material would be directly associated to this requirement as well as which make it a vital aspect of the CRs. 
Table 2: Rating of Customer Requirements Part 2.
	#​
	Customer Requirement​
	Rating​

	1​
	Ease/safety of installation​
	7​

	2​
	Scalable​
	8​

	3​
	Reopenable​
	4​

	4​
	Withstand Pressure Differential​
	10​

	5​
	No contaminates ​
	8​

	6​
	Does not use gravity or acceleration​
	2

	7​
	Activates on launch​
	10​

	8​
	Does not interfere with nearby systems​
	9​

	9​
	Professionalism​
	5​

	10​
	Does not influence aerodynamics​
	9​

	11​
	ESD safe​
	7​

	12​
	Indicates open/closed status​
	1​

	13
	Functional system despite temperature
	9


[bookmark: _Toc472068888][bookmark: _Toc484366970][bookmark: _Toc20737281]Engineering Requirements (ERs)
The various engineering requirements are quantitative characteristics that were provided by Northrop Grumman. These requirements are necessary to successfully fulfill the intended use of the design. These engineering requirements help to ensure a high standard of design performance, reliability, durability, and safety. Many of these engineering requirements are directly related to customer requirements and give a quantitative measurement to fulfill the customer requirement. 
[bookmark: _Toc56369384]Engineering Requirements (ERs)
· Safety Factor: All metal components shall meet the minimum safety factors of 1.6 to yield and 2.0 to ultimate. All plastic or composite components shall meet the minimum safety factors of 2.0 to ultimate and 2.3 to buckling. These safety factors help to prevent any potential failure of components that can potentially lead to door failure.
· Vibrations: The design shall withstand a vibration test with a load of 24 Gs while in the closed position. The vibration test helps to ensure the reliability of the latching mechanism during launch of the vehicle. The previous load of 73 Gs was a false value that the team later confirmed with the client. Instead, the 24 Gs was the desired vibration loading to achieve during testing. 
· Pressure Differential: The door shall withstand a pressure differential of up to 7.5 psi during flight. Failure to withstand this pressure differential was the main issue of the original design. The new design must be able to withstand the pressure differential that the previous design was not able to withstand. 
· Budget: The team shall not exceed the allocated budget of $8,000. This budget includes all costs of materials, prototypes, and out-sourced manufacturing. 
· Dimensions: The maximum inlet area shall not exceed 203 . The design will be scaled for implementation on various launch vehicle. This is the maximum potential area required. 
· Weight: The overall mass of the design shall not exceed 5 lbs. This weight limit is important as overall weight of the launch vehicle must not have major effects due to the door.
· Pressure Limit: The compressive stress applied to the surrounding fairing area of the door shall not exceed 810 psi. This compressive pressure limit ensures that the design will not cause any damage that can potentially compromise the integrity of the fairing structure. 
· Temperature: They system will have to function after spending extended periods in extreme cold weather then endure a quick increase in temperatures as the vehicles are launched in certain Northrop Grumman sites. A range of 0°C to 100°C must be withstood.
ER #1: Safety Factor
ER #1: Safety Factor Target = 1.6 to yield and 2.0 to ultimate for metal
Our design is made from aluminum and steel hardware, so the composite safety factors are not relevant for our purposes. These are the minimum safety factors that are stated by the client.
ER #1: Safety Factor Tolerance = (2-3x's) higher than required
Our current safety factors range from 4-5. This shows that our design is over engineered for the forces it will encounter during launch. The team plans to research into design changes that will make the safety factors more appropriate and reduce weight even further.
ER #2: Vibrations
ER #2: Vibrations - Target = 24 Gs for 9 seconds duration.
This target was created based off data tables provided by the client. These tables consisted of various frequencies which we were able to reveal the require vibrations we needed to fulfill was the 24Gs.
ER #2: Vibrations - Tolerance = +/- 1.5 dB from 20-500 Hz and +/- 3 dB from 500-2000 Hz
Based on the extensive tests Northrop Grumman performed in the past the tolerances were also provided by our client. As we progress forward, we will investigate how to reach these tolerances using a vibration jig, but since we cannot use Northrop’s facilities, we will aim to get as close as we can.
ER #3: Pressure Differential
ER #3: Pressure Differential - Target = 9.5psi
This target value was given by the client. Our device withstanding this pressure differential is the sole purpose of failure or success since if it fails under this, then the design fails as a whole.
ER #3: Pressure Differential - Tolerance = +/- 0.01 psi
The tolerance of 0.01 psi was set in order to state the importance of being able to withstand the 9.5 psi pressure. While we could go with a tighter tolerance, we believe the target value of 9.5 psi met with our device since we have over engineered and designed it to withstand 9.5 psi at the beginning.
ER #4: Budget
ER #3: Budget - Target = $8,000
The client was able to increase the overall budget to $8,000 from the $5,000 by carrying over the remaining amount from the previous Northrop capstone last year. However, the team believes the cost should not exceed $4,250 based on the current Bill of Materials as well as future plans for manufacturing and testing.
ER #3: Budget - Tolerance = +/- 500
The maximum cost for this project is now set at $8,000, but the team is set to design towards only using 4,250 to allow a contingency of $500. As a team the additional $500 may not be necessary because we may find constructing our jig used for testing to be cheaper than anticipated. But in the event our supplies used for manufacturing and testing are damaged we developed a cushion that allows us to continue as planned. 
ER #3: Dimensions
ER #3: Dimensions - Target = 203 .
From the previous semester we based our dimensions around the inlet area. This dimension was given by our client in the project proposal. Currently our design is 1 in surface area which is well below the target dimension.
ER #3: Dimensions - Tolerance = +/- 0.001  
Due to our dimensions being well below the target we had to consider if we did come close what our tolerance would be. Since this dimension is to not exceed 203  we created a tight tolerance that way our device does not affect the functionality of the door. 
ER #3: Weight
ER #3: Weight - Target = < 5 lbs.
The client stated that they wanted the total weight of the design to weigh no more than 5 lbs. The original design had a weight of just over 1 lb. which is well within the requirement of the client.
ER #3: Weight - Tolerance = 4.48 lbs.
The client challenged us to reduce the weight even further as the average cost to send a rocket into space is $10,000 per pound. Through material and design changes the team further reduced the weight to roughly 0.52 lbs. with a tolerance of 4.48 lbs. below the stated engineering requirement.
Design Changes
This section will discuss all design changed made since the beginning of this semester. Each design change will be accompanied by the issue it fixed and justifications for these changes will be provided. The full CAD assembly from the end of last semester will be compared directly to the current CAD assembly with each part change being highlighted. Finally, each 3D printed iteration will be showed and explained. 
Design Iteration 1: Change in scalability discussion
At the beginning of the semester the first change to the design the team looked at was the device’s ability to scale to any size rocket fairing. The team met up the first week of the semester to lay out the problems of the old design and start brainstorming new ideas. This issue was brought up in the preliminary design review held by Northrop Grumman last semester. Below are some pictures of the design process the team took to brainstorm new ideas.
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Figure 1: Whiteboard Drawings. 
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Figure 2: Continuation of Whiteboard Drawings.
While many different designs were suggested and thought of, the design the team moved forward with was adding a shoulder to the housing and adding an adjustable plate that would sandwich any size fairing in between the device. This provided the solution to the scalability problem with changing as little of the design as possible. Below are two figures, comparing the original design to the new design. 
[image: ]             [image: ]
         Figure 3: Original Design.                                      Figure 4: New Design.
It can be seen in Figure 3 above, that the original design had no system to scale to different fairing sizes. The design on the right had that shoulder with the adjustable plate under it. The fairing will fit in between the shoulder and the plate will be adjusted accordingly, then tightened with bolts and nuts on the corners.
Design Iteration 2: Change in material discussion
The next design the team looked at was a material change from stainless steel for every part in the design to aluminum 7075-T7. This material was suggested to the team during the preliminary design review with NG. This material provided a much lighter weight as well as stronger ultimate and yield strengths. Both properties are directly related to our engineering requirements. The first is to stay under 5.0 pounds while being encouraged to make it as light as possible. The second is to meet a 1.6 yield factor of safety and 2.0 ultimate factor of safety. With the change in material there was a decrease in weight of over 50% while adding more material to the design. This can be seen below in the table.
Table 3: Weight decrease
	Mass Properties ​
	Twisting Latch 1.0​
	Twisting Latch 2.0​

	Surface Area​
	54.06 ​
	65.35 ​

	Volume​
	3.33 ​
	4.12 ​

	Mass​
	0.96 ​
	0.45 ​


As shown above the weight of the whole system went from 0.96 pounds to 0.45 pounds. The changes in strength resulted in an increase of both factors of safety changing them from around 2.0 to 4.5. The increase in strength makes the part that is taking the load over engineered, and its size might be reduced in the future because of this.
Design Iteration 3: Change for manufacturing discussion
The team wanted to work on making the design as easy to manufacture as possible, without sacrificing important design details. This was done by making changes to sizes of fillets and bolts. Our original design included many square edges in internal components, which would be difficult to manufacture. There were several key locations that warranted a redesign to allow for easier manufacturing, mainly the housing and pin.
The housing has all of the internal corners now match standard bit sizes, to allow for easy corners to be made in a CNC or with a vertical mill. All the corners now use a 0.125in radius to easily cut the aluminum material at the necessary depth. The design also removed fillets on the exterior, which can be added later onto the final design, but are not necessary for testing.
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Figure 5: New Housing Design.
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Figure 6: Comparison of Housing Designs from Original (left) to Newest (right) design.
The pin changed from being completely rectangular, to more circular in shape. The design required the use of the 0.125-inch radius in both the housing and the pin, so the design had to include these rounded edges. Two of the sides still include flat faces, to make sure the pin cannot rotate in its slot. Another change made here was including a small hole for the compression spring to sit in. This allows the pin to be comfortably placed on top of the spring. The top of the pin now includes a smaller diameter, that matches the hole in the top plate. This confines the pin in the housing, allowing only the top of the pin to peek out from the top of the plate. Lastly, the pin now included a small ramp in the cut, which allows for easier resetting of the device after it has activated.
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Figure 7: New Pin Design.
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Figure 8: Comparison of New Pin (top) and Original Pin (bottom).
Design Iteration 4: Change in activation discussion
An additional design change made was to change the distance that the shaft needs to rotate for closing. We reduced the travel angle from 180 degrees to 90 degrees so the device will catch the door faster. This change reduces the potential for failure if the door bounces during closure. This rotational change also reduces the risk of overloading the torsion spring due to only being a 90-degree rotation of the shaft.
The extrusion tab on the shaft was also reinforced with fillets to help support the extrusion. The extrusion rests against the pin when the device is set, and breakage of the extrusion would result in premature actuation and the door would not properly latch shut. This extrusion change also makes manufacturing easier by reducing the risk of tooling breaking the extrusion during the milling process. Figure 9 shows a comparison of the latest shaft design and the original shaft design.
[image: ]
Figure 9: Comparison of new (left) and original (right) shaft designs.
Future Work
For future work, the team has several deliverables for the class as well as the client from now until mid-April. All the class deliverables will be outlined in the team’s schedule below. Aside from this, the team plans to finish manufacturing a full-scale Aluminum prototype, conduct a heat test, and proof of concept with a testing jig. Finally, the team will manufacture the final design for the client. The schedule below will help the team meet capstone deliverables while the other aspects of the design will be completed as soon as the team has the required materials. 
Further Design
The team currently has work orders submitted with the NAU machine shop to complete the shaft and housing designs for the team. While those are being made, the team will also use the machine shop to finish making the plates and pin needed for the final assembly. We have already ordered tooling to be used to the creating of the shaft and housing and will be able to use the same tooling to create any other parts. The team already has a large plate of aluminum stock, that can be used for every part of the design except for the bolt. 
After manufacturing and assembling the design, the team also plans on creating a testing jig to simulate the door closing. This will be done by creating a 2x4 wood frame, that allows for an aluminum and plywood fairing replica to be placed in the frame. This will also include an aluminum door with a hinge, to mimic the actions of the door used on Antares. By dropping the door and testing device activation, we will be able to conduct many iterations to determine the quality, durability, and reliability of our design. Some of these tests will include general activation, using variable fairing sizes, and vibration tests between the latch and door.
Schedule Breakdown
Table 4: Complied team schedule of upcoming deliverables.
	Due Date
	Assignment
	Points
	Sub Tasks
	Contributor
	Team

	26-Feb
	Implementation Memo
	100
	 
	 
	Individual

	28-Feb
	Midpoint Presentation
	100
	 
	 
	Client

	12-Mar
	Individual Analytical Analysis
	150
	 
	
	Other

	 
	 
	 
	 
	Sam
	

	 
	 
	 
	 
	Alex
	

	 
	 
	 
	 
	Michael
	

	 
	 
	 
	 
	Andrea
	

	
	
	
	
	Jake
	

	 
	 
	 
	 
	Tim
	

	19-Mar
	Peer Eval 2
	40
	 
	 
	

	19-Mar
	Hardware Review 2
	100
	 
	 
	

	26-Mar
	Website Check 2
	50
	 
	Andrea
	

	2-Apr
	Draft of Poster
	25
	 
	 
	

	9-Apr
	Final Presentation
	100
	 
	 
	

	9-Apr
	UGrads signup deadline
	-
	 
	 
	

	12-Apr
	UGrads starts this week
	-
	 
	 
	

	16-Apr
	Final Product Meeting
	100
	 
	 
	

	16-Apr
	Operation/Assembly Manual
	100
	 
	 
	

	23-Apr
	Final Poster
	75
	 
	 
	

	26-Apr
	CAD Package + BOM
	150
	 
	 Tim
	

	26-Apr
	Senior Exit Survey
	40
	 
	 
	

	26-Apr
	Client Handoff
	100
	 
	 
	

	27-Apr
	Final Website Check
	50
	 
	Andrea
	

	28-Apr
	Final Peer Eval
	50
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Figure 10: Gantt Chart for Remaining Semester

The above Gantt Chart goes over our upcoming semester. We received very minimal changes and scenarios to investigate from the engineers at Northrop Grumman. They suggested we investigate the bouncing of the door after our device gets activated, the tolerance between the shaft and the door, and reducing the weight of the device further when possible. These investigations will be this weekend to meet the needs of our tight schedule. Furthermore, we recently just received our tooling needed to give to the machine shop to begin work on our prototype. Starting next week as well, we want to build our testing jig with the debatable fairing replicas. Once the test jig is made, the team will conduct heat testing with the jig to ensure the device works in all temperature conditions. We also would like to test the jig with Dr. Penado to ensure the device does not unlatch after activation. Once all our testing is done and our changes are made, we will create our final device to be submitted to Northrop Grumman. 
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the team had to 
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characteristics of the design 
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then analyzed via a quality function deployment. Then, the overall needed 


functions of the desig


n are visually shown in functional decomposition models. Lastly, the standards 


observed in the design are discussed. 
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Customer Requirements (CRs)


 


Various customer requirements have been discussed with the project sponsor, Northrop Grumman, and the 


team. T
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e following listed items 


are all qualitative requirements that the ECS door design must fulfill as 


agreed upon by Northrop Grumman and team


 


members


. Majority of the customer requirements originated 


in the project proposal provided by Northrop Grumman. Addi


tional customer requirements were added by 


the Capstone team as they were determined to be essential for a successful design.
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Ease/Safety of Installation: The door design must be able to be easily installed into 
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dimension
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The installation shall not require any specialized, uncommon 


tooling and can be installed by no more than two people due to the limited access on site. 


 


·


 


Scalable: The design shall be able to be scaled for use across various launch vehicles. While the 


door is being initially designed for the Antares rocket, the goal is to create a design that can be 


implemented across the entire selection of Northrop Grumman’s launch vehicles.


 


·


 


Reopenable: The ECS door shall be able to be opened from the outside. 


There is potential for 


accidental closure of the door during installation and during insertion of the ECS nozzle


 


in 


preparation for launch


. The installation team must be able to easily open the door on site. 
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Withstand Pressure Differential: The design wil
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design materials shall not generate any foreign object debris (FOD) such as 


sparks, shavings, dust, or material off
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gassing. The location of the door is close to sensitive satellites 
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cause significant
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Not Based on Gravit


y: The closure of the door design shall not rely solely on the force of gravity. 


Additional systems must be implemented for closure to ensure an accurate design.
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