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Abstract

The goal of this work is to design a module that can record in-flight accelerations, temperatures, strain, and sound pressure levels. In particular, lack of in-flight data for the Evolved Expendable Launch Vehicle Secondary Payload Adapter (ESPA) has prevented engineers from efficiently producing less expensive satellite adapters. Designing an ESPA Launch Load Module (ELM) capable of recording provides the industry with actual conditions to design for. The ELM’s weight had to be minimized while maintaining a high stiffness. Shaker table testing was done to verify this requirement. The ELM attaches to one adapter port on the ESPA and extends inward. The ELM design is a 13.5-inch diameter shell constructed of 6061-aluminum, which can house necessary measurement devices. All data is recorded and stored onboard, then transmitted back to ground receiving stations after all satellites have been jettisoned. Santa Clara University has provided the necessary data acquisition system and electronic components. 
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The Need for Project

	The ELM will measure the unknown flight environment experienced by the ESPA and secondary payloads so they are more accurately engineered.
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Upper Launch Vehicle Layout
	Due to high launch costs, CSA Engineering (Mountain View, CA) developed the ESPA (EELV Secondary Payload Adapter) that allows up to six secondary payloads to accompany a primary payload on a launch.  Increasing the use of the launch vehicles’ capacity decreases the launch cost per satellite.  In order for the secondary satellites to fit in the available space they are cantilevered from the ESPA ring, creating unique loading conditions. An ESPA Launch Load Module (ELM) will fill the gap of no existing launch data for the ESPA, thereby allowing engineers to design to loads lower than the conservative simultaneous 10 g lateral/axial load estimate derived during ESPA and EELV design.


The Design Project Objectives and Requirements 

	The ELM must be capable of recording and transmitting environmental loads experienced during the first 10-15 minutes of flight with out having any adverse effect on any other mission components.
	Design Objectives
The objective of this design project is to create an ESPA Launch Load Module (ELM) capable of recording and transmitting environmental loads experienced during the first 10 to 15 minutes of flight. The ELM is being developed as a flexible instrumentation system capable of measuring accelerations, temperatures, strain, and sound pressure levels.  
Design Requirements

The ELM’s weight must be minimized while maintaining a natural frequency above 500 Hz. The ELM’s high stiffness will prevent it from amplifying the ESPA’s natural frequency or interfering with the loads being measured. The ELM must be self-powered and capable of measuring acceleration, temperatures, strain, and sound pressure levels experienced during the first 10 to 15 minutes of flight. All structural components, measurement devices, and electronics must survive the predicted flight environment vibration testing of 20Hz to 2kHz in three axes.

	
	


Design Concepts Considered

	The original design of the ELM is similar in shape to a top hat and the internal components secure the cylindrical wall.  The secondary design of the ELM is constructed from multiple parts with the addition of a “+” shelf assembly to mount the internal components on.
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Original “Top Hat” Design
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Secondary Design
	The original concept of the ELM was to create a wall structure similar in shape to a top hat.  This top hat design consisted of a hollow cylinder 13.5 inches in diameter, 10-inches in length from base to top, with a 0.25-inch wall thickness, and a 16-inch diameter flange at the base.  The flange interfaced with the ESPA ring with matching bolt patterns.  The cylindrical part of the ELM was inserted through the porthole of the ESPA ring and extended radially inward towards the center of the ring.
The original design required all internal components fasten to the cylinder walls. Further investigation proved this idea to be more complex than the project required.  The manufacturing of this single piece model was determined to be expensive and time consuming for the budget and timeline of the project.

The secondary design of the ELM was more complex than the original.  The size and shape of the ELM remained the same due to spatial restrictions, with the most significant changes being the addition of a shelving assembly and fabrication from multiple parts.
The shelving assembly was designed with a “+” cross-section and extends the length of the ELM’s interior.  The addition of the shelving assembly makes mounting of the internal components easier, as well as improves the structural integrity by making the ELM more rigid, increasing the natural frequency.
The original ELM design evolved from a single piece to multiple parts welded together, making a majority of the manufacturing easier and less expensive. The ELM was separated into parts consisting of the base flange, tube, shelf assembly, cap flange, and cap that would be welded together.  A different assembly process was needed, as welding would cause deformation of the 0.25-inch walls. 

	
	


Recommended Design Concept

	The ELM is an enclosed, bolted, top hat design, with internal “+” shelving assembly, made of 6061 aluminum.
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Final Structural Design


	Design Description
The structural design chosen uses fasteners to hold the ELM together. The same basic parts will be used as the ones noted in the secondary design, with the exception of the cap flange. Custom made aluminum brackets will be utilized at 90° corners where bolts cannot be used, such as the union between the two shelves; or the shelves, base plate, and cap. All of the aluminum used on the ELM, with the exception of the 2024 Al battery bracket, will be machined from 6061 Al. The shelves, cap, base plate, and tube are 0.25-inch thick. To secure the base flange and end cap to the tube, a half inch step extending radially inward is incorporated at either end of the tube with taped holes that match a bolt pattern on each end piece.

The internal measurement devices are one low and one large scale ICP MEMs triaxial accelerometer, strain gages, an integrated circuit temperature transducer, and an optional condenser microphone. Powering the computer and devices is a 10.8V NiMH battery.

The only parts whose locations are critical are the accelerometers, temperature sensor, and strain gages.  In order to discover the conditions present on the ESPA, the accelerometers are placed closest to the ESPA port, towards the outside radius on the base flange. 

On the final ELM, rosette strain gauges’ mounting locations will be external from the ELM and determined on a mission specific basis.  For the prototype, the single strain gages will be mounted on two cantilevered beams, designed by CSA Engineering, which are needed due to the stiffness of the ELM. The single strain gauges are placed on either side of both strain beams to assure functionality of the overall system. 
The temperature transducer is located on the computer for testing purposes. During flight, the temperature sensor will be located on a mission specific location.  The location of the condenser microphone, which requires a vibration isolation mount, will also be mission specific.

Analytical Investigations
Finite Element Analysis was used to verify that the chosen ELM design satisfies the requirement of a 500 Hz minimum natural frequency.  Analysis of the tube with shelving, base plate, and cap only, provided an approximate natural frequency of 1100 Hz.  While the actual natural frequency will be less, the ELM should still remain above 500 Hz.  Shaker table testing will be able to verify the ELM’s stiffness. 

Calculations were completed to ensure the survival of load bearing bolts that connect the tube and components to the base flange. Using several failure condition calculations it was determined that 24 bolts would be acceptable. 

Experimental Investigations
The vibration qualification included nine tests in total. Random vibration tests were done in all three axes to test the survivability of the ELM.  Sine sweep tests were run, before and after the random vibration test of each axis, to verify that the structural integrity was maintained. The results of the vibration testing will verify or discount the previously stated analytical investigations.

Key Advantages of Recommended Concept
The ELM is the first device of its kind, capable of providing the aero-space industry with valuable in-flight data of accelerations, temperatures, strain, and sound pressure levels experienced by the ESPA and secondary payloads. Actual flight loads make accurate engineering of the ESPA possible. The ELM also makes it possible to measure flight loads a payload would experience prior to a payload’s fabrication, decreasing overall costs. 

	
	


Financial Issues
	The ELM prototype cost approximately $13,000 to $14,000 in addition to over 4200 hours of engineering time.
	The functioning prototype ELM constructed of 6061 Aluminum cost between $13,000 and $14,000 to complete. This is the price for all materials, sensors, shop time and testing associated with the project, including the cost of the donated sensors. NASA Ames Research Center, CSA Engineering, and Northeastern University shared the costs.  In addition, an estimated 4200 hours of engineering and assembly time went into the ELM. Different manufacturing techniques for the final ELM will increase costs. Those overheads are justified by the long-term return of decreased satellite design and manufacturing costs seen from this project.


Recommended Improvements
	Some of these areas of improvement are vibration isolation, stronger materials, fasteners and machining.
	Prior to final use the ELM’s materials and manufacturing processes must be flight qualified. The prototype of the ELM is made of 6061 aluminum. Although 6061 meets the basic specifications for material requirements, an upgrade to 7075 of 7050 may be considered after initial test results show a need for a stronger material. A vibration isolation mount is required for the condenser microphone.
The battery bracket is manufactured by bending a plate of 2024 aluminum.  This process is not favored for space flight, and therefore will be manufactured on a mission specific basis. 

In a final ELM, the use of a more permanent fasteners and flight qualified epoxies will be required to ensure structural integrity.
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