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Abstract

Stabilization of a spacecraft through active attitude control is essential for a successful mission; for example, spacecraft attitude control is necessary for power generation and communication capabilities.  A well-designed controller also has the capability to provide a spacecraft with necessary heating and/or cooling conditions.  For these and many other reasons, the space industry demands highly efficient and reliable attitude controllers for current and future missions.


A Fluidic Momentum Controller (FMC) is a highly attractive avenue to pursue, offering possible improvements in many of these areas.   The basic concept of the FMC is derived from the law of conservation of angular momentum.  An FMC controls attitude by accelerating fluid through loops and imparting torques on the spacecraft.  FMCs differ from conventional attitude controllers, in that other control systems tend to be more bulky and require a heavy solid mass to be spun to create angular momentum.  In comparison with the traditional Control Moment Gyro and Momentum Wheel, an FMC provides improvements in power, weight, and volumetric efficiencies.


A performance test of an FMC on the KC-135A will explore the capability to control a small mock satellite in three axes under microgravity conditions.  Six accelerometers will provide data to be manipulated to determine rotation rates and angle magnitudes.  The control system will turn the pumps on for a pre-specified amount of time.  Memory cards within the control system will record all inputs and outputs (e.g., control variables) for later analysis.  The results will be examined for consistency.  Video footage will also be taken to provide a qualitative assessment of the experiment.  A final report providing a detailed description of the performance test will be submitted to NASA.
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1.0
Spacecraft Attitude Control Background


Spacecraft attitude control is a core subsystem ultimately responsible for sustaining the life of a spacecraft.  The ability to control the orientation of a spacecraft plays a vital role in many mission requirements.  The requirements for mission success affected by spacecraft attitude control are too numerous to list in full, but a few major ones include generating power from the solar arrays, maintaining communication signals, providing the ability to maintain a prescribed mission altitude and/or attitude, and the heating and cooling of key system components.  Complete failure of a mission could occur if the importance of any one of these functions and their relation to spacecraft orientation is underestimated.  Stabilization of the spacecraft can also dictate the clarity of photographic images, and such a seemingly small defect can render a multi-million dollar mission useless.  It is for all of these reasons that the space industry demands highly reliable, efficient, and low-cost attitude controllers, tailored to fit the needs of specific missions.
1.1
FMC Theory and Motivation


In general, all spacecraft attitude control systems implement the principle of conservation of angular momentum to stabilize the spacecraft against disturbance torques.  Conventional attitude controllers, such as Control Moment Gyros (CMGs), provide momentum to the spacecraft by rapidly spinning a rotor.  One of the many advantages of a Fluidic Momentum Controller (FMC) is the flexibility of its application.  For instance, since an FMC is a more light-weight and less bulky system than CMGs, it could be implemented on a larger array of spacecraft missions.  Without adding significant weight to the control system, the fluid loop radius can be varied to best fit the needs of the given spacecraft and mission.


Since an FMC could be implemented on smaller spacecraft, FMCs could be used in the rapidly growing field of micro- and nano-satellite technology.  Micro- and nano-satellites are being used more frequently because of the cost benefits associated with sending smaller and lighter spacecraft to orbit.  However, the size and weight limitations of such satellites prevent conventional control systems from being implemented in their design.  A possible solution to the lack of such a major subsystem could be FMCs.  Increased research is required if that is to be achieved.

 
FMCs possess other advantageous features as well.  A design of an FMC with a sufficiently large fluid loop radius promotes energy efficiency by requiring less rotational velocity and system mass.  CMGs often require complex multi-unit systems to achieve adequate control torque.  CMGs also require vibration isolation platforms since they operate in a state of high energy density [Maynard, 1984].  The FMC, located on the periphery of the spacecraft, is capable of functioning at a low energy density.  In return, the FMC transmits minimal vibration to the structure, and is more efficient per unit mass or volume than a CMG [Maynard, 1984].


Some possible auxiliary functions of the FMC may also prove to be beneficial.  For example, water has the capacity to absorb much of the waste heat from the spacecraft, and thus the large surface area of the piping can be used as a radiator to expel excess heat [Maynard, 1984].  Also, by placing water reservoirs along the fluid loops, a secondary balancing effect could be created facilitating the primary function of active attitude control [Maynard, 1984].

1.2
FMC Previous Work


The concept for an FMC was developed in a white paper at NASA in the 1980s, and now lies latent in the paper design of the Delta Space Station, never reaching the manufacturing and testing phase [Maynard, 1984].  NASA eventually dismissed the feasibility of an FMC due to challenges that are inherent with fluid, such as leakage and thermal protection.

During the initial excitement of the FMC concept in the 1980s, two 463Q groups from the University of Texas attempted to build a test apparatus.  Simulations of the FMC by the previous 463Q groups were conducted in gravity and have not yielded the desired accuracy for the data collected.

One apparatus tested at The University of Texas (UT) by undergraduate students used a helium balloon.  To overcome the effects of gravity, the helium balloon needed to have a large volume and a low weight.  The large volume and resulting surface area introduced a sufficient drag effect across the balloon.  The nature of the helium balloon also rendered the experiment too fragile for sufficient testing.


The second type of apparatus developed by undergraduate students at UT implemented an air cushioning system to suspend a test object. This test method also proved to be ineffective.  Difficulties arose in maintaining an even distribution of air over the test apparatus while also keeping the apparatus’s weight sufficiently low so as not to exceed the reaction force due to air pressure [Krause, 1987].  Again, the limitations of the gravity environment caused the experiment to fail, as the controller could not be tested.  With these previous failures, it became obvious that a microgravity test environment would be the only possibility for reliable results.
1.3
FMC Goals


The FLOAT team has designed an experiment to conduct a performance test of an FMC in three axes in microgravity.  Microgravity conditions will provide a test platform that will allow for a small test apparatus, which will result in a small surface area and low corresponding drag effect.  Also, microgravity will provide the ability to test the FMC system in three axes as opposed to just the one axis perpendicular to the gravity vector.

The advantages of the FMC, outlined in Section 2.1, outweigh the challenges that are inherent in working with fluid.  The goal of the FLOAT team is simply to conduct a successful performance test of the FMC in microgravity and encourage further research into the control system as a lighter and more efficient alternative to current methods of attitude control.

The Reduced Gravity Research Student Opportunities Flight Opportunities Program (RGSFOP) provided an ideal testing environment to achieve these goals.

2.0
NASA KC-135A Program


NASA’s Reduced Gravity Student Flight Opportunities Program offers an opportunity for undergraduate students from across the nation to design, build and test an experiment in microgravity.  The experiments were tested aboard the KC-135A.
2.1
NASA’s RGSFOP

The program begins in the fall semester when student teams submit a proposal to NASA.  In December, NASA announces the teams that were selected for the program.  The selections initiate the major design phase of the program.  A Test Equipment Data Package (TEDP) is submitted to the RGSFOP Office approximately six weeks before the assigned flight week.  The TEDP includes the final design of the test apparatus, the accompanying structural and electrical analysis, along with flight procedures for testing the experiment aboard the KC-135A.  Next, the teams construct their test apparatus and prepare for the trip to Ellington Field (including flight physicals and other necessary paper work).  Each team will spend a week and a half in Houston.  There the team will go through orientations and classes on the KC-135A, and be subjected to physiological training to prepare them for the flight.  Each team’s test apparatus must pass a Test Readiness Review (TRR), where NASA engineers review the experiment and certify that it meets all of NASA’s imposed safety requirements.  The TRR is followed up by the team’s flight days.  Each team will have two consecutive flight dates aboard the KC-135A, in which alternating team members get an opportunity to fly with the experiment.  The teams will then spend the next 3 months analyzing the data obtained from the two flights.  A final report will be submitted to the RGSFOP, thus concluding the program.  


NASA encourages the RGSFOP teams to participate in an Outreach program.  The Outreach program is a way to inform and excite the local community about the team’s project and NASA’s program.  Typical outreach events include presenting at local schools, science fairs, and museums.

2.2
NASA’s KC-135A

The platform for simulating microgravity is the KC-135A.  NASA uses this plane to train and prepare astronauts for future flights into space.  The aircraft is also used to test experiments and tools for the effects reduced gravity will have on their operation.


The KC-135A is similar to a Boeing 707 in size and structure.  To simulate microgravity, the aircraft will fly the parabolic trajectory illustrated in Figure 1.
[image: image5.wmf]
Figure 1. KC-135A Flight Trajectory [VanAlstine, 2002]

The 25 to 30 second microgravity stage will occur at the top of each parabola.  For the RGSFOP campaign, the KC-135A will fly approximately 30 zero-gravity parabolas each day.  These parabolas provide student groups 60 opportunities to test their experiment.  The FMC test apparatus the team designed will be a free-floating experiment.  The free-float of the apparatus means that during the micro-gravity portion of the flight, the test apparatus will be free to float in a specified area of the cabin.  The test apparatus is described in the following section.

3.0
Experiment Description


The following subsections provide an overview of the ground testing of the system and the method of data acquisition, manipulation and analysis.
3.1
Ground Testing


Prior to flight testing the experiment, ground testing was conducted in order to examine the capabilities of the FMC.  Ground testing of the experiment was conducted by floating the apparatus on Styrofoam in a bathtub and powering the pumps for a prescribed time.  During this time, the angular rotation was observed.


The ground test was simply for the purpose of examining the ability of the FMC to function as expected.
3.2
Flight Testing

The data acquisition and manipulation was controlled by National Instruments Compact FieldPoint (NICFP).  NICFP is a stand-alone data acquisition system that is capable of interfacing with NI’s LabVIEW software.  LabVIEW software was the primary data manipulation software used in the FLOAT project.


The aim of the FLOAT project was to prove that the yaw, pitch, and roll of the test apparatus can be controlled with a fluid-loop control system.  The primary experiment was conducted as follows
1. the test apparatus was picked up from the floor of the cabin as microgravity began,

2. the LabVIEW data acquisition and control programs were initiated,

3. the pumps were automatically turned on with previously specified test routines to spin the apparatus through a set angle,

4. the accelerometer data was analyzed to determine the rotation magnitudes, and
5. the test apparatus was closely monitored to ensure the cube did not stray too far from the center of the cabin.


The desired goal of the project was to demonstrate that an FMC is capable of controlling a spacecraft’s attitude through the transfer of angular momentum.  It was understood that for a free-floating experiment, only a few seconds of unobstructed free-float were likely to be achieved.  Therefore, the minimum goal was to prove that the FMC would actively provide an exchange of angular momentum to the system, thus providing a rotation.  Testing proved that the FMC did accomplish this goal.

When the LabVIEW program was initiated, a pre-selected pump was turned on, forcing the apparatus to rotate.  The accelerometers attached to the centers of each face provided an increase in acceleration data from zero to some maximum value, then, as a steady acceleration was achieved, the values dropped back to zero.  The accelerometers did not constantly measure a centripetal acceleration as was originally planned because the accelerometers are not capable of measuring steady-state acceleration.  Measurement of steady-state acceleration in this manner would be comparable to the accelerometers measuring a constant 1g in Earth gravity.  Naturally, for most accelerometers, this measurement is not obtained.  For the FLOAT team’s purposes, the acceleration data obtained was resolved into rotational and translational acceleration and these values were examined for trends and spikes occurring when the test apparatus rotated or was abruptly brought to a stop.


The acceleration data was saved on NICFP memory cartridges.  These data were later used to verify that the apparatus did in fact attempt to rotate.  A video camera was also used during the flight test, and the recorded images were examined following the flight.  These two methods of data acquisition were the main sources for the final analysis of the experiment.
4.0
Equipment Description


An illustration of the apparatus design is provided below in Figure 2.  Please refer to Appendix A for more detailed CAD drawings.  The main structure is a 12.25” by 12.25” by 12.25” cubic structure.  The faces of the cube are thin Lexan XL10 plates, allowing the apparatus to be transparent and lightweight.  Five of the Lexan plates are held together by Plastic Fusion epoxy.  The top face of the test apparatus is hinged on one edge and latched down on the opposite edge.  The hinge allows the FLOAT team to access the interior components of the test apparatus.  All sharp edges of the structure are padded with foam rubber sealant to prevent crew member injury.  Two handles are on opposite sides of the test apparatus for lifting.  Each handle is constructed of Lexan and a 12-in. long PVC pipe.
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Figure 2. Final Design Configuration of the FLOAT Test Apparatus

An accelerometer is placed at the center of each face in order to determine the changes in centripetal acceleration at that point.  Two 12-V batteries are contained inside the cube to provide electrical system power.  PVC fluid loops containing water are mounted on the six faces of the cube.  The plastic loops were built with PVC flexible tubing, hard plastic PVC elbows, and Plastic Fusion epoxy.  Each fluid loop is completed with centrifugal pumps and hose clamps to secure the tubing to the inlet and outlet of the pump.  Fluid containment is two-fold.  The fluid is enclosed by the PVC loops, and the outer casing of the structure provides a barrier between the fluid and the KC-135A cabin environment.  The data acquisition, analysis, and control system hardware is securely mounted in the center of the cube.  All interior components are mounted to the Lexan faces with Plastic Fusion epoxy.

The experimental hardware is 32 lbs in weight and was secured to the floor of the KC-135A cabin during the climb and descent (take-off and landing) portions of the flight.
4.1
Accelerometers


NICFP hardware acquired acceleration data from six single-axis accelerometers mounted with adhesive at the center of each of the test apparatus faces.  With six accelerometers on adjacent faces, NICFP was able to detect rotation about any axis.

 
PCB Piezotronics’ model 333B52 was selected as the preferred accelerometer.  The accelerometer was selected because it met compatibility, sensitivity, phase response, and durability requirements of the project.  The accelerometers output a biased voltage between 7 and 12 Volts.  They are calibrated to 1000 mV per g with a measurement range of ± 5g.  Additionally, a concern existed with the maximum allowable shock value the accelerometer could withstand.  The PCB accelerometer is able to withstand a ±4000 g shock, which was more than adequate for KC-135A conditions.


In addition to meeting the FLOAT project data sensing requirements, the PCB accelerometer adheres to the space constraints of the project.  The dimensions of the accelerometers are 0.45 inches by 0.68 inches by 0.45 inches.  The selected accelerometer can be seen in Figure 3 below.


It was learned during the project that the criteria used in the selection of the accelerometers was errant.  The measurement range was too large and the frequency measurement capabilities were too high.  The FLOAT project requires a low-frequency, low-measurement range accelerometer.  These qualities will be discussed in more detail later in this report.
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Figure 3. PCB Piezotronics' Model 333B52 Accelerometer (magnified) [PCB Piezotronics, 2003]
4.2
Pumps


The FLOAT team used JABSCO model number 59500-0012 centrifugal pumps.  There is one pump per each face of the cube.  The pumps complete a fluid-loop constructed of PVC pipe and corner elbows.  The JABSCO pumps are sufficient for the first year of the FLOAT project because of their small size and light weight.  These pumps have a magnetically coupled, internal impeller that accelerates the fluid flow in a sealed chamber.  In addition, the JABSCO pumps have some important safety measures incorporated into their design.  The JABSCO 59500 series pumps are rated for 15 liters per minute of continuous fluid delivery at a nominal value of 1.7 psi for up to 2,500 hours.  The inlet and outlet ports are 0.75 inches in diameter with an increased outer diameter at the connection points, which reduces the risk of the tubing detaching from these points.  Also, the pumps have been IP 53 and ISO 8846 rated.  These ratings mean the pump may withstand a 60g shock and that its motor will not ignite surrounding gases, respectively.


Figure 4 below shows the JABSCO pump.  The pump dimensions are 5.72 inches long by 2.53 inches high by 3.13 inches wide.  The weight of the pump is 0.838 pounds.  The pump’s motor was powered with a 12-V battery.  An upper limit for the current was created by a 1.5-A fuse to prevent the pump from overheating.
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Figure 4. JABSCO 59500-0012 Centrifugal Pump [JABSCO, 2001]
4.3
NI Compact FieldPoint

The FMC control system was automated with NICFP hardware, a stand-alone, modular distributed I/O system.  LabVIEW was the main programming software used to implement the data acquisition and control programs and was uploaded into the NICFP system.  No host computer was required for the FLOAT team’s real-time embedded application.


The integrated system is composed of individual modules with unique specifications that meet the needs of the FMC application.  The NICFP configuration can be seen in Figure 5 below.  The modules were screwed into a solid metal backplane, which is a platform capable of housing a controller module, four I/O modules, and four connector blocks.  NI connector blocks allow the accelerometers and pumps to be directly connected to the NICFP system.  The FLOAT team’s application required four modules: one controller module in which the LabVIEW software was downloaded, one input module to accept a range of voltages from the accelerometers, and two output modules to relay voltage to the six pumps.  For further details on the selected modules, see Table 1.  A constant 12-V and 1.2-A was distributed to the pumps by NICFP for the amount of time specified in the LabVIEW software in the controller module.  Two output modules were necessary for the FMC application to avoid exceeding the specified maximum allowable current rating across all channels for each output module.  See Appendix B for the NI specification sheets.
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Figure 5. Modular Design of FieldPoint Hardware [National Instruments, 2002]

NICFP did not only make decisions in real-time, it also stored 512 MB of data in memory cartridges, NI CompactFlash cards.  The data of interest to the FLOAT team is essentially a recording of the accelerations measured.  The voltage sent to the pumps was constant because the output modules were simply relay switches and provided digital input and output.  All stored data was downloaded onto a PC from the CompactFlash cards after the KC-135A flight for thorough analysis.


The NICFP hardware is located at the center of the cube structure.  Several braces are epoxied to the sides of the cube and NICFP is screwed down onto these mounts so that it can be re-used in future applications.

Table 1. National Instruments' Compact FieldPoint Component Details

[image: image10.wmf]NICFP Component

Model 

Number

Quantity

Function

Specs

Controller Module

cFP-2020

1

Runs real-time LabVIEW.             

Filters and distributes specified 

power to I/O modules.                                                                                                 

Runs on 11 to 30-V.                                   

Power consumption determined by the 

equation:                                                     

P= 6.1 W + 1.1(total P consumed by all 

I/O modules).

Input Module

cFP-AI-100

1

Accepts 0 to 15-V range from 6 

accelerometers.

Provides 8 input channels.                         

I/O ranges are configurable per channel.                                                                                      

Power distributed from controller 

module: 400mW.

Output Module

cFP-DO-400

2

Outputs constant 12-V and 1.2 A 

to 6 pumps.

Provides 8 output channels.                                        

Output voltage range 5-30 V.                            

Maximum of 1.5 A per channel.                        

Maximum of 8 A across all 8 channels at 

any given time.                                                                        

Power from controller module: 300mW.                                            

Requires additional power.

Connector Block

cFP-CB-1

3

Provides a way to connect sensors 

and actuators to Compact 

FieldPoint.

N/A

Backplane

cFP-BP-4

1

Houses controller module, I/O 

modules, and connector blocks.                       

Allows communication and power 

distribution between modules.                                       

Provides slots for the controller module, 

4 I/O modules, and 4 connector blocks 

Mounting Bracket

cFP-PM-H

1

Enables the backplane to be 

mounted onto a horizontal panel.

N/A

Compact Flash

1

Provides 512 MB of removable 

storage.

N/A


4.4
Batteries


Two 12-V and 4.5-AH Universal UB1245 batteries power the control system.  The batteries are non-spillable, sealed lead acid / absorbent glass mat batteries.  The batteries are rechargeable and were to be recharged overnight between flight days to ensure they are at full power when flight testing is done.  However, due to changes in the RGSFOP flight schedule, the batteries could only be charged for the hour and a half between flights.  This change of schedule will be discussed in more detail later.  The batteries are secured to two opposite Lexan faces with Plastic Fusion epoxy.  The MSDS sheets for the batteries can be found in Appendix C.  Please see the Electrical Analysis section for a further power analysis.

4.5
Flourinert™ FC-77 (Rejected for Use)

Flourinert™ FC-77, produced by 3M™, was considered for use as the working fluid for the FMC apparatus.  The primary considerations in the fluid selection process were safety/conductivity and density.  The FC-77 was desirable because, unlike water, it would not be harmful to the electrical components in the FMC in the event of a leak.  The FC-77 also had a higher density than water, which would provide a higher angular rotation rate for more noticeable results.

Unfortunately, the FC-77 also had a lower viscosity and lower surface tension than water.  These qualities caused the FC-77 to leak from the seals of the pumps while the pumps were being operated.

This unforeseen problem caused the FLOAT team to return to water for the working fluid of the FMC.  The water resulted in lower angular rotation rates and caused a possible hazard to the electronics, but since the fluid was well contained, it was the best option at the time of the flight.
4.6
Total Material Weight

The preliminary total weight of the test apparatus was calculated simply by summing up the individual weights of its components.  Table 2 below provides the measured weights of all components of the test apparatus that were brought onboard the KC-135A.  The preliminary weight of the test apparatus was calculated to be 31.35 lbs while the actual weight was found to be 32 lbs when measured in Houston at Ellington Field.
Table 2. Component Weight Chart of All Materials
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Quantity 

Weight Per Unit (lbs)

Total Weight (lbs)

Structure

Lexan Plate (1' X 1')

6

0.591

3.546

Hinge

2

0.05

0.1

Locking Clamp and Hasp

1

0.08

0.08

Rubber Edges (ft.)

24

0.0215

0.516

Handle Bar

2

0.692

1.384

Corner Braces

8

0.026

0.208

Epoxy

N/A

N/A

N/A

Pump System

Pump 

6

0.838

5.028

Loop (Constructed)

6

0.607

3.642

Water (Volume*)

6

0.4788

2.8728

Epoxy

N/A

N/A

N/A

Sensors

Accelerometers

6

0.018

0.108

Epoxy

N/A

N/A

N/A

FieldPoint

Backplane

1

1.94

1.94

Controller Module

1

0.71

0.71

Input Module

1

0.24

0.24

Output Module

2

0.24

0.48

Connector Blocks

3

0.44

1.32

Mounting Panel Plates

2

0.33

0.66

Horizontal Plate

1

TBD

TBD

Screws

N/A

N/A

N/A

Power

Battery

2

4.2

8.4

Wiring (ft.)

120

0.001

0.12

On/Off Switch

4

TBD

TBD

Switch Housing

4

TBD

TBD

Epoxy

N/A

N/A

N/A

Total Experiment Weight

31.3548



5.0
Structural Analysis


In order for the FLOAT team to be permitted to fly on-board NASA’s KC-135, the structural integrity of the test apparatus had to be verified by NASA’s test equipment design requirements.  Two scenarios were considered with respect to the KC-135 flight operations: Takeoff/Landing and in-Flight Loads.  The FLOAT team analyzed the test equipment in the same format as suggested in NASA’s requirements.  The critical requirement that was imposed on the FLOAT team was that all structural or fracture critical elements must satisfy a factor of safety (FS) of 2.0 or greater.  A complete description of the structural analysis requirements can be found in the JSC Reduced Gravity Program User’s Guide, the Experiment Design Requirements and Guidelines, and the Test Equipment Data Package Requirement and Guidelines NASA JSC RGO.

The FLOAT Team conducted a thorough structural analysis to prove that the FMC apparatus passed all requirements imposed by the RGO.  The take-off/landing loading cases and the in-flight loading cases were analyzed separately.


For a conservative analysis, the total weight used in the structural analysis for the test apparatus was 40 lbs.  A breakdown of all components can be found in Table 2 above.  To aid in the structural analysis, all g-loads were applied at component centers of gravity.  Reaction forces were determined by summing the forces acting on the test apparatus.  See Appendix D for a sample design calculation.  The structural analysis was further enhanced through use of the engineering application SolidWorks, specifically the finite element analysis toolbox contained within it, COSMOSWorks.

5.1
Takeoff and Landing


The takeoff and landing scenarios involved analysis of all equipment with the potential to detach and become a hazard to the researchers, the crewmembers, and/or the aircraft.  All components in the FLOAT team’s test apparatus were contained in a cubic structure made of Lexan XL10.  The test apparatus was held together with an industrial strength epoxy, Plastic Fusion, manufactured by Pacer Technology located in Rancho Cucamonga, California.  The analysis aimed to ensure that all joints did not exceed the shear strength of the epoxy.  The g-load specifications are summarized in Table 3 below.

Table 3. Applied g-load Specifications [Created by the FLOAT Team]
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2
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Due to the symmetric nature of the test apparatus, the FLOAT team considered only three load orientations on the test apparatus: forward, down and lateral.  These three load directions were used because they are larger than their respective opposites and, therefore, satisfied the corresponding g-load requirements.  For the purpose of this analysis, the test apparatus was oriented such that the handles are perpendicular to the forward and aft directions, as seen in Figure 6.  The directions correspond to those of the aircraft and thus had the respective load forces applied as listed in Table 3.  The apparatus was in this orientation during take-off and landing.

[image: image13.png]



Figure 6. Test Apparatus Take-Off/Landing Orientation


There were three critical regions of possible material failure during take-off and landing.  The first failure region was the Lexan XL10 material itself.  Lexan XL10 has a tensile strength of 9,500 psi.  The second region of possible failure was the epoxy joints between the Lexan plates.  The industrial strength epoxy has a shear strength of 4,000 psi in a steel-steel contact.  The FLOAT team assumed a similar tensile strength for the Lexan-Lexan contact.  The assumption was conservative since a steel-steel contact provides a weaker bond.  Also, Pacer Technology was contacted for information regarding the shear strength of a plastic-plastic adhesion.  The company informed the team that experimental break-testing of various plastics, such as PVC and acrylic, showed evidence that the shear strength of the Plastic Fusion was stronger than the test panels themselves.  The final region of failure could occur on a component-epoxy basis.  In this component-epoxy situation, the shear strength of the epoxy was still assumed to be 4,000 psi for our test apparatus.

5.1.1
Floor Attachments


The test apparatus was strapped to the floor of the aircraft with two, RGO-provided, 1.5-inch cargo straps.  The foam padding on the floor of the aircraft was in contact with rubber sealant lining the edges of the cube.  The friction coefficient between the foam padding and the rubber sealant was large enough to prevent slipping under the cargo straps.  Figure 7 illustrates the manner in which the two straps held the test apparatus in place during takeoff and landing.
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Figure 7. Floor Strap Orientation


The worst load case for takeoff and landing was found to be the 9g forward case.  The FBD in Figure 8 shows the forces on the cube due to the straps for a 9g forward load.  At 9g’s, the test apparatus would exert a force of 360 lbs against the strap aligned in the same direction.  The straps can withstand a tensile stress of 1000 lbs.  This configuration gives a FS of 2.77, which meets the requirement of a FS of 2.
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Figure 8. Free Body Diagram of Test Apparatus Strapped Down in a 9g Load Case


In a 9g loading scenario, the two straps would provide a maximum resistance force of 360 lbs against the edges of the cube.   The interaction between the Lexan and epoxy would create a tensile stress of 4000 lbs.  Therefore, the cubic structure could withstand any reaction forces created by the straps.  All other loading cases (6g down and 2g lateral) were considered structurally safe by similarity.
5.1.2
9g Forward Load


The forward orientation load requirement was the most demanding requirement advised by NASA.  The test apparatus must have been able to withstand a forward load of nine times the weight of the test apparatus, a 9g load.  A free body diagram (FBD) illustrates this 9g load requirement and can be seen in Figure 9.  The force for the FLOAT team’s test apparatus, at 9g’s, totals 360 lbs.  The resulting reaction forces, R1 and R2, were found to be 180 lbs, respectively.  During takeoff and landing situations, these reaction forces were absorbed by the supplied cargo straps.
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Figure 9. FBD of 9g Forward Loading


In order to further understand the structural behavior of the test apparatus, the COSMOSWorks toolbox in SolidWorks was used to identify areas of high stress.  The result of the COSMOSWorks analysis can be seen in Figure 10.  The highest stress occurs near the top and the bottom edges of the test apparatus at 219.2 psi.  Based on the interaction between the Lexan and the epoxy, the resulting FS was computed to be 18, which is well above the required FS of 2.  A detailed summary of these results can be found in Table 4.
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Figure 10. COSMOSWorks Stress Analysis of Forward Loading
5.1.3
6g Downward Load


The 6g downward load is represented in the FBD shown in Figure 11.  The 6g load results in a total force of 240 lbs.  The subsequent reaction forces, R1 and R2, are 120 lbs, respectively.
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Figure 11. FBD of 6g Downward Loading


The COSMOSWorks analysis is shown in Figure 12 below.  The highest stresses once again occurs at the edges of the faces of the cube.  In this scenario, the highest stress is 77.2 psi.  From the consideration that the location of the stress is on the epoxy region of the test apparatus, the FS was computed to be 52.
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Figure 12. COSMOSWorks Stress Analysis of Downward Loading

5.1.4
2g Lateral Load


The 2g lateral load is represented in the FBD seen in Figure 13.  The 2g load results in a total force of 80 lbs.  The resulting reaction forces, R1 and R2, are, therefore, 40 lbs, respectively.
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Figure 13. FBD of 2g Lateral Loading


The COSMOSWorks analysis is shown in Figure 14.  As can be seen in the figure, the highest stress is 111 psi, which again occurs at the joints between the faces of the cubic test apparatus.  Again, with the consideration of the strength of the epoxy, the FS was found to be 36.
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Figure 14. COSMOSWorks Stress Analysis of Lateral Loading
5.2
In-Flight Load


In-flight loading occurs while the test apparatus was in free-float during the reduced gravity portion of the flight.  The first requirement stated that handling aids should withstand twice the weight of the equipment without damage.  The second requirement stated that all free-floated hardware must withstand 3g’s in all directions.  The third requirement stated that the test apparatus must withstand a drop of 4 feet at 0.75g’s.
5.2.1
Handling Aids


A FBD is illustrated in Figure 15 below to show the forces acting on the test apparatus.  In this case, 2g’s is equal to 80 lbs, assuming a maximum assembly weight of 40 lbs.  The resulting reaction forces, R1 and R2, were found to be 40 lbs per handle.
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Figure 15. FBD of Interaction of Test Apparatus and Handling Aids


A more sophisticated analysis was performed with the COSMOSWorks toolbox within SolidWorks.  The appropriate loads were applied at all component locations.  The resulting stress analysis is provided in the figure below.
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Figure 16. COSMOSWorks Stress Analaysis of Applied Load at Handles

As can be seen in Figure 16, the maximum stress occurs at the location where the handles connect to the test apparatus.  A summary of the in-flight load analysis is provided in Table 4.
5.2.2
Component Testing


For the component test, the two heaviest components of the test apparatus were analyzed.  Both the battery and NICFP will be mounted to the inside walls of the cubic box with the Plastic Fusion epoxy.  In order to ensure that all loading requirements were met for the inside components of the test apparatus, the FLOAT team assumed a 9g maximum load.  This 9g load assumption envelopes the 3g in-flight load requirement, therefore effectively tripling the FS. 


There are two batteries inside the test apparatus, each weighing 4.2 lbs.  A FBD illustrated in Figure 17 shows a battery with the forces acting on it.  The forces are a weight force in the down direction and a reaction force, R1, in the up direction.  For the case tested, a 9g load was applied to the battery.  The reaction force was 37.8 pounds.  As stated above, the epoxy has shear strength of 4000 psi.  This epoxy strength results in a FS of 105 for the epoxy and battery.
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Figure 17. FBD of Battery Epoxied to Face

At 5.35 lbs, NICFP is the heaviest component inside the test apparatus.  The NICFP mounting plate was epoxied to two opposite faces of the cube.  The FBD in Figure 18 shows NICFP and the forces acting on it.  The forces are a weight force, mg, in the downward direction and two reaction forces, R1 and R2, in the upward direction.  For the case tested, a 9g load was applied to NICFP.  The weight force was 48.2 lbs and the reacting forces are 24.1 lbs, respectively.  Since the epoxy has a shear strength of 4000 psi, the resulting FS is 166 for the epoxy and NICFP.  All other components inside the test apparatus were also epoxied to the Lexan surface.  Since all other components weigh less than NICFP or the batteries, they were assumed structurally safe by similarity.  
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Figure 18. FBD of FieldPoint with the Applied Forces
5.2.3
Analytical Drop Test


The FLOAT team conducted a mathematical analysis to calculate the apparatus’ reaction to a 4-ft drop at 0.75g’s.  The reaction found was a load of 1.73g’s.  The test apparatus was previously analyzed with loads of 9g’s, 6g’s, and 2g’s, and passed the analysis with a minimum FS of 13.  Therefore, through analysis, the test apparatus will withstand a 4-ft drop at 0.75g’s.


Please see Appendix E for the mathematical analysis used to obtain these results.
5.3
Structural Analysis Summary


The structural analysis of the FLOAT team’s test apparatus has been shown to be safe by a minimum FS of 13.  This information was verified through two forms of examination: a summation of the forces in a FBD and a computer aided finite element analysis with COSMOSWorks.  The summary of these results can be seen in Table 4.
Table 4. Structural Analysis Summary
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6.0
Electrical Analysis


NICFP hardware housed the primary electrical system and tailored it to fit the FLOAT team’s application.  Two 12-V and 4.5-AH motorcycle batteries powered the control system, and the signal conditioner provided the PCB accelerometers a necessary constant current source.

 NASA stipulated several electrical system requirements for the test apparatus.  Please refer to the Section 2.1 in the Test Equipment Data Package Requirement and Guidelines NASA JSC RGO for a complete list of these requirements.

6.1
Schematic


Figure 19 represents a top-level schematic of the electrical system.  Power for the FLOAT team’s system was provided by two 12-V batteries.  The wiring depicted in the schematic is the external wiring that was completed by the FLOAT team.  The circuitry within the backplane that connects the integrated NICFP system is not illustrated.  Also not illustrated is the circuitry within the signal conditioner that provided the PCB accelerometers the necessary constant current source.
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Figure 19. Top-Level Electrical System Schematic


One battery was connected to both the controller module and an output module.  The controller module will filter and regulate a specified amount of power distributed to each individual I/O module.  The circuitry within the backplane allowed this communication and distribution of power to I/O modules.


The second battery powered the second output module. The output modules required an additional power source for the FMC application because the NICFP system relayed a sufficient amount of power to the pumps.


The circuitry for the signal conditioner was designed by Mr. Frank Wise, the electrician within the UT Aerospace Engineering Department.  This component provided the constant current excitation to the PCB accelerometers that the NICFP input module could not provide.  Mr. Wise also implemented a filter and an amplifier within the circuitry to reduce the error in the information obtained from the sensors.


Table 5 below outlines the wire specifications for the FMC electrical system.  The specifications yield to both the requirements of NICFP, as well as, the requirements of the JABSCO pumps and the PCB accelerometers.
Table 5. FieldPoint Wiring

[image: image28.wmf]Wire 

Bundles

Gauge

Nominal 

Current (A)

Max        

Current (A)

Fuse                

Limit (A) 

P1

12

0.6

2

2

P2

12

3.6

8

8

P3

12

3.6

8

8

P4

16

0-0.02

0.02

N/A

P5

16

0-0.02

0.02

N/A

P6

16

0-0.02

0.02

N/A

P7

16

0-0.02

0.02

N/A

P8

16

0-0.02

0.02

N/A

P9

16

0-0.02

0.02

N/A

P10

16

0-0.02

0.02

N/A

P11

16

1.2

1.5

1.5

P12

16

1.2

1.5

1.5

P13

16

1.2

1.5

1.5

P14

16

1.2

1.5

1.5

P15

16

1.2

1.5

1.5

P16

16

1.2

1.5

1.5

12 Gauge Wire is Rated 9.3 A*

16 Gauge Wire is Rated for 3.7 A*

* [PowerStream, 2004]



The FLOAT Team wired two switches to the system.  Table 6 below discusses these switches.

Table 6. System Switches
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P1,P2, P3

DTDP 

Master kill switch to cut all three direct power connections

S2

P10

Circuit 

Breaker

LabVIEW program will be written to monitor the state of this 
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6.2
Load Table


Two 12-V and 4.5-AH batteries powered the control system.  The controller module and two output modules were the only components that required a direct power source connection.  Table 7 below provides the results of the load analysis of the system.
Table 7. Load Analysis

[image: image30.wmf]Power Source Details

Load Analysis

Name:                      Universal UB1245 Battery 1          

NICFP system                         0.60 Amps

Voltage:                    12-V DC

Output Module 1                      3.60 Amps

Wire Gauge:              12

Max Outlet Current    4.5 Amp-hours

Total Current Draw                4.20 Amps

Name:                       Universal UB1245 Battery 2         

Output Module 2                      3.60 Amps

Voltage:                    12-V DC

Wire Gauge:              12

Max Outlet Current    4.5 Amp-hours

Total Current Draw                3.60 Amps

 


The signal conditioner was not treated in this load analysis because the component included its own two 9-V batteries that were sufficient to perform its specified functions.

6.3
Emergency Shutdown Procedures

One master kill switch was easily accessible on the outside of the cubic structure and was a double throw switch to cut the three power connections.  A second switch was available that controls the initiation and conclusion of the LabVIEW applications, and achieved the same result as the kill switch.


The Emergency Shutdown Procedure (ESP) for the flyer responsible for handling the free-flying apparatus during microgravity was

1. grab one handle on the cube structure,
2. throw kill switch.

The NICFP system would incur no damage during an emergency shutdown procedure.  All data was written into non-volatile memory and could be retrieved if the system were shutdown.  A small portion of data would have been lost if it were not written to non-volatile memory before the kill switch were hit.  If the kill switch were to be hit during an emergency shutdown procedure, the control application would stop running, the input module would cease to accept voltages from the six accelerometers, and the output modules would cease to provide power to the six pumps.  This configuration was safe to fail to.

7.0
Hazard Analysis

The possible hazardous sources have been analyzed in accordance to Aircraft Operations Division (AOD) Form 71 and can be seen in Table 8.  Furthermore, from AOD Form 70, an elaborate explanation which details each hazard, its possible causes, and the precautions taken to mitigate the risk follows the table.

Table 8. Hazard Analysis Table

[image: image31.emf]Hazard Number Hazard Title

N/A Flammable/combustible material, fluid (liquid, vapor, or gas)

N/A Toxic/noxious/corrosive/hot/cold material, fluid (liquid, vapor, or gas)

N/A High pressure system (static or dynamic)

N/A Evacuated container (implosion)

1 Frangible material

N/A Stress corrosion susceptible material

N/A Inadequate structural design (i.e., low safety factor)

N/A High intensity light source

N/A Ionizing/electromagnetic radiation

2 Rotating device

3 Extendible/deployable/articulating experiment (collision)

N/A Stowage restraint failure

N/A Stored energy device (i.e., mechanical spring under compression)

N/A Vacuum vent failure (i.e., loss of pressure/atmosphere)

N/A Heat transfer (habitable area over-temperature)

4 Over-temperature explosive rupture (including electrical battery)

N/A High/Low touch temperature

N/A Hardware cooling/heating loss (i.e., loss of thermal control)

N/A Pyrotechnic/explosive device

N/A Propulsion system (pressurized gas or liquid/solid propellant)

N/A High acoustic noise level

N/A Toxic-off gassing material

N/A Mercury/mercury compound

N/A Other JSC 11123, Section 3.8 hazardous material

N/A Organic/microbiological (pathogenic) contamination source

5 Sharp corner/edge/protrusion/protuberance

6

Flammable/combustible material, fluid ignition source (i.e., short circuit; under-sized 

wiring/fuse/circuit breaker)

N/A High voltage (electrical shock)

N/A High static electrical discharge producer

N/A Software error or compute fault

N/A Carcinogenic material

7 Other: Fluid seepage


Hazard Number: 1

Title:

Frangible material

Hazard Description:

Material that may shatter when hit

Hazard Cause(s):

1. Clear viewing areas into test apparatus (windows)

2. Video camera contains a glass lens

3. Digital camera contains a glass lens

Hazard Control(s):

1. Viewing window made of Lexan® with high impact strength

2. Camera lenses will be shielded from hazards with an impact resistant material

Hazard Number: 2

Title:

Rotating device

Hazard Description:

Apparatus (or apparatus components) moving in a rotational fashion

Hazard Cause(s):

1. An FMC’s purpose is to start/stop rotating motion; however to test this, the device must be rotated to begin with
Hazard Control(s):

1. Sharp edges of the FMC test device will be regulated

2. Handle on the apparatus to allow team members to stop uncontrolled motion

Hazard Number: 3

Title:

Extendible/deployable/articulating experiment (collision)

Hazard Description:

Devices that extend, deploy, or translate that could collide with other experiments/aircraft/people

Hazard Cause(s):

1. Being a free-flyer, the FMC can translate into other experiments and people, as well as the aircraft
Hazard Control(s):

1. Sharp edges of the FMC test device will be regulated

2. Handle on the apparatus to allow team members to stop uncontrolled motion
Hazard Number: 4

Title:

Over-temperature explosive rupture (including electrical battery)

Hazard Description:

Too high a temperature which may cause seals to break and devices to rupture

Hazard Cause(s):

1. Too great a current for a prolonged period of time may cause the battery to overheat

2. Faulty manufacturing or connection to battery

Hazard Control(s):

1. Batteries contained within test apparatus provides an additional layer of protection in addition to battery’s own seal

2. Emergency shut-off switch (easily accessible to flyer)

3. Current provided only during parabola to minimize heat build up 

Hazard Number: 5

Title:

Sharp corner/edge/protrusion/protuberance

Hazard Description:

Sharp corners/edges/protrusions/protuberances can injure people as well as damage the aircraft and other experiments

Hazard Cause(s):

1. Joints of the structure meet at right angles

2. Edges of the structure meet at right angles

Hazard Control(s):

1. Edges and corners regulated to prevent injury and damage

Hazard Number: 6

Title:

Flammable/combustible material, fluid ignition source (i.e., short circuit; under-sized wiring/fuse/circuit breaker)

Hazard Description:

Materials which could cause fire, in particular a short-circuiting within the test apparatus

Hazard Cause(s):

1. Short circuiting due to crossing wires

Hazard Control(s):

1. Electrical system contained within test apparatus

2. Emergency shut off switch

Hazard Number: 7

Title:

Other: Fluid seepage
Hazard Description:

Fluid leaking from test apparatus

Hazard Cause(s):

1. Depressurization of aircraft

2. Poor connection between fluid loops and the pump

3. Faulty manufacturing of tubing

Hazard Control(s):

1. Fluid loops contained within the test apparatus to prevent leakage to the aircraft, even if a leak developed

2. Emergency shut off switch

3. Connections between the fluid loops and pumps are reinforced with hose clamps

4. Ground testing of apparatus will identify leaks before flight

8.0
Construction of the Test Apparatus


The construction of the test apparatus was divided into three main parts, the outer protective structure, the fluid-loop structure, and the control system structure.  The outer protective structure consists of the Lexan cube, the handling aids, and the foam padding.  The cube houses all of the components of the fluid-loop structure and control system structure.  The foam padding and handling aids were constructed as required by NASA.  The fluid-loop structure consists of the PVC tubing that forms the loop and the pumps.  The fluid-loop structure generates the torque on the test apparatus while in flight aboard the KC-135.  Finally, the control system structure consists of NICFP, the accelerometers and the two 12-V batteries.  All AutoCAD drawings in this section are oriented such that the front of the test apparatus is facing to the left.
8.1
Outer Protective Cubic Structure


One of the first pieces of the test apparatus that was built was the outer protective structure of the FMC.  The structure is made up of the six Lexan plates pieced together to form inner dimensions of a one-cubic-foot box.  In order to build a box that has inner dimensions of one cubic foot, various sides of the cube must have the proper dimensions.  The Lexan plate dimensions are shown in Figure 20 below.  Each Lexan plate has a thickness of 1/8th of an inch.
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Figure 20. Lexan Plate Dimensions


The box structure was built by starting with the bottom face, the largest square face.  Each adjacent side of the box (Aft, Forward, and Left/Right face) was then individually placed perpendicularly on top of the bottom face.  Each face was secured in place with Plastic Fusion epoxy.  The two-part epoxy was mixed and then generously applied to all edges of the cube.  Epoxy was applied to both the inside and outside edges of the Lexan box.  In the application of large quantities of epoxy, the general rule is that the more surface area the epoxy adheres to, the stronger the test equipment will be.  The top face of the Lexan box was left unattached until the control system structure was completed.  The reason for leaving the top face unattached is that the FLOAT team did not want the top face to interfere with construction of the other components.  The top face was attached simply by applying epoxy to hinges and then connecting the hinges to the test apparatus.  The result was a top face that could be open and closed as needed for access to the interior of the test apparatus.

In addition to the construction of the sides of the box, handling aids were attached as required by NASA.  The handling aids were attached with the same method of applying epoxy as used for the sides of the Lexan box.


An AutoCAD drawing of the completed box structure can be seen in Figure 21 below.
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Figure 21. Outer Protective Cubic Structure
8.2
Fluid-Loop Structure


The fluid-loop structure consists of the pumps, PVC tubing, and PVC elbow joints.  Ideally, the fluid loop structure would be made up of perfectly circular loops with in-line pumps.  Unfortunately, in-line pumps do not provide the desired fluid flow rates that were required for the short time periods of microgravity experienced aboard NASA’s KC-135A.  Due to the inflexibility of the PVC tubing and the location of the inlet and outlet of the centrifugal pumps, elbow joints were used in order to redirect the fluid flow.  The elbow joint also allowed for a maximum loop radius to be achieved.  The fluid loops were constructed in much the same manner as the outer protective structure.  The appropriate lengths of PVC tubing were cut for six loops.  Two PVC elbow joints were required for each loop.  Each segment of each loop was connected together with Plastic Fusion epoxy.  A picture of the PVC tubing and elbow joints construction can be seen in Figure 22 below.
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Figure 22. Construction of a Segment of a Fluid Loop

Once the fluid-loops were constructed, the pumps, water, and loops were assembled for their final configuration.  In order to fill the pumps and loops completely and eliminate as many air bubbles as possible, all components were submerged under water.  Once the bubbles were eliminated, the joints between the pumps and loops were sealed with hose clamps.  Each fluid-loop was then attached to the inside faces of the Lexan box with the Plastic Fusion epoxy.  When the fluid-loop structure was completed it appeared in the configuration as shown in Figure 23 below.
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Figure 23. Pump Orientation Inside the Lexan Box

8.3
Control System Assembly

The control system has three major parts: NICFP, the accelerometers, and the two 12-V batteries.  The first components to be attached were the accelerometers.  The accelerometers were attached simply by applying super glue to the accelerometer mounts and then attaching the mounts to the centers of each of the Lexan faces.  The reason the accelerometers were attached first was because they had to be placed in the center of the Lexan faces in order to best determine rotation rates from the centripetal accelerations.


The second components that were attached to the test apparatus were the batteries.  The batteries were attached to the left and right sides of the test apparatus.  Due to some difficulty in fitting the batteries near the curved portion of the loops, as shown in Figure 23, the battery arrangement was altered.  The best configuration remained to be on the left and right sides of the test apparatus; however, they were situated underneath or above the flat edges of the fluid-loops directly above or below the pumps.  The alteration was only a slight one to the original design so it was not considered an issue of concern.  


Finally, NICFP was attached to the test apparatus.  NICFP attachment was completed so that it could easily be placed in the test apparatus or taken out when needed.  Elbow brackets were epoxied on the fore and aft walls of the test apparatus to support NICFP.  The brackets were carefully placed so that they would line up exactly with the mounting plate of NICFP.  When this was completed, NICFP could be mounted to the elbow brackets with simple bolts and nuts.  The final configuration can be seen in Figure 24.
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Figure 24.  Final Test Apparatus Structural Configuration
8.4
FMC Code


The FMC control code development began at the start of the semester.  The first step in code development was to select the programming language to be used.  The selection was a simple choice, as NICFP runs NI LabVIEW Real Time (RT) natively.  The selection initially proved a challenge because none of the FLOAT team members knew how to program in LabVIEW.  The first steps to programming then became LabVIEW familiarization.  Once the familiarization was completed, it was time to address the actual development of the control code.


The first concern that the control code needed to address was the boot-up time of the NICFP system, which is almost 30 seconds.  The boot time was a concern because it meant that the system would likely need to remain on for the entire flight.  There were two simple solutions to this problem.  The first was to write each test routine as a separate program, and then string them together in a series.  The second routine would begin when the first routine ended.  The other approach was to place the entire program in a loop and use a case statement to select a subroutine to run for each test.  Once the system reached the end of a program, it would return to the beginning and start again.  The second approach was chosen because of the amount of code that each test would share.  A loop allowed for only the test specific code to change, while re-use of the shared code could be achieved.  The use of shared code has the benefit of reducing the program size and time required to program the system.


Once it was decided that the program was to be placed in a loop, another problem appeared, the potential for continuous execution.  A simple true/false execution statement in the code would cause the program to immediately restart if the on/off switch was in the ‘on’ position when the program finished.  This problem was solved with two separate triggering loops.  The first triggering loop will loop continuously until the switch is turned ‘on.’  Once that occurs, the main portion of the program will execute, and then transition to the other triggering loop.  This second portion of the triggering system will loop continuously until the switch is returned to the ‘off’ position.  Once the system is switched ‘off’, the outer loop will return the program to the start and the process will repeat.  This portion of the code is illustrated below in Figure 25.
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Figure 25. Triggering Loops [Created by the FLOAT Team]

The next step in developing the code was to generate the main body of the program.  The main body has gone through several design iterations, changing in response to several changes in the scope of the project.  The first portion of code developed translates accelerometer data into an angular displacement.  This code uses a series of dynamics equations and a simple integrator to determine the angular displacement.  This portion of the code is listed below in Figure 26.
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Figure 26. Acceleration to Angular Displacement [Created by the FLOAT Team]

The code in Figure 26 was converted into a subroutine, and the output from the subroutine was simultaneously sent to a recording function and an evaluation function.  The record function recorded all accelerometer measurements, calculated displacements, and which pumps were active.


The next portion of the code developed was variable, and would change with each iteration of the loop.  The changes were made with a case statement in LabVIEW and by linking it to the loop iteration counter.  Each iteration has its own case statement that contains the specific test for that iteration, including which pumps to select and the stop condition.  Within each case statement is a loop to continuously collect data.  An example of the case structure is listed below in Figure 27.
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Figure 27. Sample Case Structure [Created by the FLOAT Team]

Unfortunately, it was discovered that the accelerometer data would likely be inaccurate.  The FLOAT team decided that it would be better to have the controller run based on pre-set pump timings and simply record accelerometer data rather than measure that accelerometer data and control the apparatus with those measurements.  This decision required a major re-write of large portions of the code.  This re-write removed a large portion of the calculations that the computer was required to do in each loop.  The new program design is shown in Figure 28.  The code starts the selected pumps, and then goes into a measure and record loop for a pre-set time.  Once the time has elapsed, the program exits the loop, shuts off the pumps, and proceeds to the final trigger loop.  Inside the recording loop, the “read and save” (R&S) subroutine streamlines the data acquisition process.
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Figure 28. Revised Case Structure [Created by the FLOAT Team]

The above program was the first version of the code to be tested on NICFP; all prior versions were run as simulations in LabVIEW.  Unfortunately, the code was too slow when running on NICFP.  The problem was determined to be the constant recording of measurements to the data file.  Instead, a temporary array is used to store the accelerometer measurements while the program is in the data collection loop.  The array is then stored to a data file once the data collection is complete.  The array recording increased the data collection rate by a factor of 10.  Figure 29 is the diagram of the final version of the main body of the program.
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Figure 29. Main Body of Program [Created by the FLOAT Team]

Please refer to Appendix F to see the entire final LabVIEW code as loaded on NICFP.

8.5
NI Compact FieldPoint (NICFP)

The initial setup of NICFP was early in the construction process.  The early setup was completed because some basic information in regard to programming was needed to adapt existing code to operate remotely on NICFP.  Construction of the NICFP hardware was a simple task that involved mounting the modules on the backplane.  Once this was completed, the NICFP software was loaded onto the host computer.  Once NICFP was connected, several small programs were written to familiarize the FLOAT team members with NICFP and its basic operations.  These programs accessed the input and output channels of NICFP and validated several simple subroutines.  During this testing, the startup program function was also validated.  This function will cause NICFP to load one program at startup.


NICFP is equipped with a number of diagnostic features that have been used to test the programs as they are loaded onto NICFP.  These features include light emitting diode (LED) indicator lights on each output channel and a series of digital input (DIP) switches.  With these switches and indicators, the current versions of control software and hardware have been verified.

9.0
Flight Week

The FLOAT team has completed the flight testing of the FMC.  The test was conducted in Houston, TX at Ellington on NASA’s “Weightless Wonder”, the KC-135A.  The following subsections provide a description of all the events of the week and a half spent in Houston, and the preliminary results of the experiment.
9.1
Flight Week Procedures


This section outlines the procedures used during the FLOAT team’s flight week.  It is provided as per NASA’s RGO requirements.
9.2.1
Equipment Shipment to Ellington Field

The test apparatus and equipment were driven to Houston by the FLOAT team and personally taken to Ellington Field for storage on March 18, 2004.
9.2.2
Ground Operations

1. Arrived at Ellington Field and unloaded test article and other necessary equipment (No special ground facilities or equipment will be required at Ellington Field).

2. Tested the batteries, electrical system, pumps, and power switches.
3. Verified the power is turned off.
4. Securely closed the test apparatus and prepared for the TRR.


For a more detailed description of the TRR, please refer to the TRR section below.
9.2.3
Loading


The test structure was carried onto the aircraft by two members of the FLOAT team.  Two handles were located on opposite sides of the test apparatus.  The structure was strapped the floor of the plane with two straps.  Figure 8 (in Structural Analysis section above) illustrates the orientation of the test apparatus on the floor of the aircraft.  A video camera was also carried onto the aircraft by one team member and mounted to a camera pole.
9.2.4
Pre-Flight


The FLOAT team did not require any special requirements in regards to cabin temperature, power availability, or in-flight storage space.  The pre-flight procedures were as follows:

1. Loaded the test apparatus onto the aircraft.

2. Strapped the test apparatus to the floor with the provided straps.

3. Verified the master kill switch is in the OFF position.

4. Mounted the video camera on the camera pole provided by NASA.

9.2.5
Take-off and Landing


The FLOAT team did not require any special procedures or equipment stowage during take-off and landing.  No power was required during take-off and landing.

9.2.6
In-Flight

Level Flight:

1. Turned video camera on to begin recording.

2. Removed straps from the test apparatus.
3. Turned the master kill switch to the ON position.
4. Prepared for microgravity.

Microgravity Flight:

1. Lifted the test apparatus off the floor.
2. As microgravity began, switched the LabVIEW program initiation switch to the ON position and released the apparatus.
3. Ensured the test apparatus did not hit aircraft walls or float into other experiments.

4. As each parabola concluded, prepared to catch the test apparatus so it would not hit the floor.
5. Switched the LabVIEW program initiation switch to the OFF position.

6. Placed the test apparatus on the floor.
7. Repeated this process (steps 1-6) throughout each microgravity parabola.

8. At the conclusion of the microgravity parabola sets, turned the master kill switch to the OFF position.

9. Securely strapped the test apparatus to the floor.

10. Turned the power to the camera off.

Return to Level Flight:

1. Verified the test apparatus was securely strapped in with the power switch in the OFF position.

2. Prepared for landing.
9.2.7
Post-Flight (Flight One)

1. Removed the straps from the test apparatus.

2. Lifted the test apparatus with the handles and carried it from the aircraft.
3. Data collected from NICFP was downloaded onto a Chris’s laptop.
4. Charged batteries and made necessary adjustments after the first flight.
5. Returned the test apparatus to the aircraft in the same manner it was brought onboard for flight one. (refer to Loading section above).
9.2.8
Off-loading (Flight Two)

1. Removed the video camera from the camera pole and carried it from the aircraft.

2. Removed the straps from the test apparatus.

3. Lifted the test apparatus with the handles and carried it from the aircraft.

The test apparatus was taken from Ellington Field in a vehicle driven by a FLOAT team member.
9.2
Flight Week Experience 


The ten days that the team spent at Ellington Field with the RGSFOP were the culmination of eight months of hard work.  The flight week procedures were developed ahead of time and carried out successfully.  After much anticipation, the FLOAT team completed the performance test of an FMC in microgravity aboard the KC-135A aircraft.

9.2.1
Ellington Field Arrival

The FLOAT team arrived in Houston, TX on March 17, 2004.  The first day of the flight week began on March 18 at Ellington Field with the RGSFOP check in.  At this point, the team received our on sight badges for access to Ellington Field.  At 9:00a.m., an introduction to Ellington Field and a safety briefing were provided by the RGO.  At 2:00p.m., a question and answer session for those students who have never participated in the RGSFOP was provided.  The last scheduled activity of the first day was a public relations workshop.  It is important to understand that students participating in the RGSFOP take part in many outreach activities and it essential that the students represent NASA with the highest honor.  All time in which there are no scheduled activities are available for construction of the test apparatus.

9.2.2
Altitude Chamber Ride


The second day of the flight week was divided into two sections: the physiological training and the hypobaric chamber test.  The physiological training was performed in the morning session.  The purpose of the physiological training was to acquaint students with the effects that lowered barometric pressure have on the human body, as well as help them to understand what actions to take to alleviate the induced stress when experienced [Baty, 2004].  This training consisted of a one hour lecture on the atmosphere, respiration and circulation.  This lecture taught students the science behind reduced pressure by reviewing the Gas Laws and their corresponding effects.  The second hour of lecture consisted of understanding hypoxia and hyperventilation.  This lecture primarily focused on the types of hypoxia, how to recognize the symptoms, and what to do to overcome the effects.  The third lecture was about trapped gas and decompression sickness.  Once again, the goal was to recognize the symptoms and learn what to do to resolve the problems.  The final lecture was about spatial disorientation and motion sickness.  These topics are important issues when flying on the KC-135A because spatial disorientation or motion sickness can essentially incapacitate a person and cause a loss of opportunity to perform the planned test.

The hypobaric chamber test was performed in the afternoon.  The goal of the hypobaric chamber test was to demonstrate the effects of lowered barometric pressure on the body and in turn allow students to practice the principles and techniques that were taught in the morning classes [Baty, 2004].  The test began by familiarizing the students with the oxygen equipment hook-up and checking for air leaks.  These actions were performed at ground level altitude.  Once the oxygen equipment was checked, all students were subjected to a thirty minute de-nitrogenation period.  The purpose of the de-nitrogenation period was primarily to remove excess nitrogen in the body, and, therefore, significantly reduce the chances of decompression sickness.  The chamber test then simulated a flight profile ascending to an altitude of 25,000 feet at 5,000 feet per minute (fpm).  Once arriving at 25,000 feet the effects of hypoxia were demonstrated by removing the supplied oxygen breathing equipment and subjecting the students to the reduced oxygen levels that occur at high altitudes.  The total time the students were subjected to the high altitude air was five minutes.  Afterwards, the pressure was increased back to sea level atmosphere by simulating an aircraft descent from 25,000 feet to 20,000 feet at 3,000 fpm and then 20,000 feet to ground level at 2,000 fpm.

9.2.3
Test Readiness Review


The third day of the flight week, Monday, March 21st, was primarily used for the Test Readiness Review (TRR).  The TRR is scheduled to make final verifications that the test equipment will be safe to take aboard the KC-135A.  A team of safety inspectors examine the test apparatus and ask questions in regards to the structural integrity of the equipment and the procedures that will take place while in flight.  The TRR went as planned with very little concern from the safety inspectors.
9.3
Test Objectives


The LabVIEW code mentioned above consisted of 26 subroutines to conduct the performance test of the FMC.  These subroutines provided code for 2 “dead runs,” 4 x-axis rotations, 4 y-axis rotations, 4 z-axis rotations, and 12 combined-axis rotations. The “dead runs” only collected accelerometer data without activating the pumps.  The subroutines were contained within a loop, and a counter cycled through the loop, incrementing each time the program initiation switch was turned on and off.


The objectives of these subroutines were to collect accelerometer data and rotate the test apparatus about a prescribed axis.
9.4
Ground Testing
To validate the system before flight, the team booted NICFP and cycled through the first portion of the 26 LabVIEW subroutines.  This ground test verified that the hardware relayed power to the pumps as desired.  To avoid draining the batteries, the team did not cycle through the full 26 subroutines.

9.5
Flight Test Limitations


The fixed flow rate pumps were the primary limiting factor during flight testing.  Angular momentum could only be transferred to the test apparatus by accelerating the fluid, and the fluid was only being accelerated at the instant the pumps were activated until the fluid reached a steady-state flow rate.  The pumps could not supply a continuous transfer of angular momentum, only an initial impulse of torque.  To compensate for this limitation, the team implemented a one-second time delay between the program initiation switch and the activation of the pumps.  The team members were to release the test apparatus within the time delay, otherwise, the test would be a failure.  The release was a crucial aspect to the experiment; if the flight crew continued to hold on to the test apparatus during the initial torque impulse, the crew members would absorb most of angular momentum.


Due to this limitation, the team set three criteria for a successful test run.

1. The test apparatus must be released within the time delay.

2. The NASA spotter must allow the initial free-float.

3. The flight crew must not disturb the initial free-float.
9.6
Flight Test Results

During the first flight, the test apparatus functioned exactly as designed.  Based on the three criteria that were set, the first flight crew achieved 6 successful test runs of the FMC.


The second flight crew encountered problems during flight testing, which resulted from the short transition time between the two flights.  The team did not anticipate the change in flight plans that occurred.  The original plan called for a Thursday and Friday flight; however, due to aircraft problems, the Thursday flight was pushed back to Friday.  The new flight plan only allotted a one-hour transition time, which was not adequate time to prepare for the second flight.  This preparation included replacing the signal conditioner batteries, recharging the main batteries, and verifying all of the hardware was in the correct configuration for another test.  Also, in response to the outcome of the first flight, the preparation included uploading a two-second delay time to provide a longer grace period to release the test apparatus.  These tasks were performed hastily during the transition, and while changing out the signal conditioner batteries, a connection to one of the main batteries was lost.


During the second flight, the test apparatus functioned with 50% power.  Due to LEDs which indicated the current test number, the flight crew realized that there was a problem.  However, the crew did not know at that time what the problem was.  The system was rebooted twice during the flight, and each time portions of the accelerometer data was erased and overwritten.

10.0
Post-Flight Data Analysis


The FLOAT team acquired two types of data from the performance test of the FMC.  The two types of data were video recorded data and accelerometer data.  The FLOAT team analyzed the data and attempted to correlate the different data sets in order to prove the concept of the FMC.  The following section provides that analysis.

10.1
Video Recorded Data


The video recorded data was a very useful set of data for the FLOAT team.  It allowed the team to visually examine each of the test runs and determine which were successful and of interest, and which were failures.  The video recorded data provided an easy interpretation of the test runs and allowed the team to make an early assessment of the test being an overall success.


Each test run was thoroughly analyzed from video recorded data.  The FLOAT team looked for instances in time when the test apparatus obviously experienced an acceleration along any particular axis.  A time stamp was applied to the video so that it could later be cross-examined with the accelerometer data.  The examination of the video recorded data can be found on the FLOAT team website at http://www.ae.utexas.edu/research/kc135/2004/float/data%20analysis.doc.

10.2
Accelerometer Data


The accelerometer data obtained following each flight was essential to the FLOAT team.  This data is essential because it is the only feasible method, barring rate gyros or some other very expensive Inertial Navigation System (INS), to obtain analytical results for the test of the FMC.


As was stated in the FLOAT team midterm report, the accelerometer measurements were to be used to back out the rotation rates of the test apparatus.  However, due to the fact that NICFP was a very slow system and the accelerometers chosen were inadequate for the FLOAT team’s application, an attempt to back out rotation rates would only provide minimal and inaccurate results.  Due to the low sampling rate of NICFP (between 3 and 4 Hz), the accelerometer data obtained was very sparse and trends in the data were difficult to interpret.  Also, the accelerometers used were not capable of measuring steady-state acceleration; i.e., an accelerometer would not measure a steady 1g if it were sitting on the Earth’s surface.  The accelerometers actually only measured changes in acceleration.  So, if steady-state acceleration were to be experienced, an accelerometer would measure an initial increase in acceleration, then as the changes in the acceleration reduced to zero, the measured acceleration would “bleed off” to zero.  One final issue that the FLOAT team experienced due to the chosen accelerometers is that the measurement range was too high for the given application.  The PCB Piezotronics accelerometers were designed to measure between ±5g.  However, the FLOAT test apparatus could only provide a centripetal acceleration on the order of a micro g.  Some attempts were made to filter the data by including a resistor/capacitor (RC) type filtering circuit in the signal conditioner.  However, these attempts were of minimal success due to the low magnitude of the acceleration measurements.  All of the problems encountered will be further discussed in the Future Work section of this report and will be major items of concern for future teams.


Due to the fact that the accelerometer data could not be reduced into angular rotation rates, the FLOAT team determined another method for analyzing this data set.  Since the accelerometers on opposing faces are set-up to measure positive acceleration in the inward direction, simple equations for the rotational and translational accelerations could be derived.  The test apparatus’ rotational acceleration can be written as
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Not only does this equation provide pure rotational acceleration, but it also averages the two accelerometer measurements providing a more accurate accelerometer reading.  The translational acceleration can be written as
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because the difference of the two accelerations can be though of as twice the total translational acceleration.


With these two equations, the accelerometer data could be reduced into a few useful plots.  The first plot of minimal interest is the raw accelerometer measurement plot.  This plot provided all of the accelerometer measurements and allowed the FLOAT team to examine the data on a qualitative scale.  Figure 30 below is an example of what the raw accelerometer data plot looks like.  Again, the plot is of minimal value and only provides a look at what the accelerometer data output looked like.  This data plot makes it obvious that further data manipulation is necessary.  A few aspects of the plot to note are that the magnitude of the accelerometer measurements is extremely low, the data is extremely noisy, and the X, Y, and Z accelerometer pairs of measurements are commonly close to exactly opposite.  The sign change implies that the test apparatus was translating instead of rotating.
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Figure 30. Raw Accelerometer Measurements


As was stated earlier, the accelerometer data measurements were resolved into the rotational and translational accelerations as well.  These values were also plotted and provided the only analytical proof of the FMC concept.  Following the examination of the video recorded data, the accelerometer data was examined at specific instances in the data set for any correlation.  In most cases, the accelerometer data and video recorded data did correlate.  Two of the three data sets provided below are from Test 13 and the other is from Test 11 on the first flight.  Each set shows rotational or translational acceleration correlation.  Figure 31 below shows the rotational acceleration to correspond with viewed data within the first second of data.  This region of the plot is examined in more detail in Figure 32 which follows.  Finally, translational acceleration data is provided in Figure 33 which also shows areas which correspond to the video recorded data.  There are two areas on this particular plot which show spikes in translational acceleration as was expected.
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Figure 31. Rotational Acceleration for Test 13 from Flight 1
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Figure 32. Area of Interest From Above Plot
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Figure 33. Translational Acceleration from Test 11 on Flight 1

If the reader desires further data analysis completed by the FLOAT team, it can be found on the FLOAT team website at www.ae.utexas.edu/research/kc135/2004/float/results/. 

11.0
Lessons Learned and Forward Work
Throughout the duration of this project, the FLOAT team encountered numerous problems and learned many useful lessons along the way.  The following subsections outline the problems encountered, the lessons learned, and the possible design changes for next year.

11.1
Component Design Problems
The original goal of the FLOAT team was to de-tumble the test apparatus.  This goal meant that in micro-gravity, the team would release the test apparatus with an initial spin.  The accelerometers would read the acceleration of the box in all three axes and send this data to the controller.  The controller would then command which pumps would be turned on and would specify a speed of operation and length of time to run.  The team ran into many obstacles attempting to meet this objective.
11.1.1
Pumps

In order to de-tumble the test apparatus, the team would need light-weight pumps with variable speed capabilities that could create a high rate of change in torque.  While conducting initial research of potential pumps, the team found a pump design that fit most of their specified criteria.  However, this pump cost over $2000.  Since the team wanted to control all three axes of the test apparatus, 6 pumps would be needed.  This price was unreasonable given the team’s budget for the project.  The team did more research and eventually settled on a pump that had a fixed and lower-than-desired flow rate.  In an effort to assure project continuation, the team settled on the cheaper pumps and altered the project scope.  Variable speed pumps with a high torque production are the key to precise attitude control.

An alternative option to achieve variable flow rates is to simply vary the supplied voltage to the current fixed flow rate pumps.  The pumps are driven by electric motors, therefore, the pump’s speed, and, thus, its flow rate, is governed by the supplied voltage.  Unfortunately, these pumps have only been tested at the manufacturer-specified 12V, and the application of a higher voltage could result in damage.  If this method is chosen to achieve variable flow rates and higher flow velocities, extensive ground testing would be needed to validate the pumps under these test conditions and ensure the safety of the aircraft and passengers.
Whether the FLOAT team decides to go with a completely different pump or stay with the same pump and extensively ground test it for varied flow rates, much more research will be required in order meet the needs of the FLOAT project.

11.1.2
Alternative Working Fluids

Since the pumps chosen did not produce a very high torque, the team tried to maximize the available torque through the use of a fluid other than water.  Flourinert FC-77 appeared to be the perfect solution to this problem.  This substance was 1.7 times as dense as water and would not harm the electronics inside the test apparatus if it were to leak from the pumps.  However, a problem arose when the team began filling the pumps and loops with the FC-77.  Since the FC-77 has a lower surface tension than water, the fluid the pumps were designed to operate with, the FC-77 leaked out of the seals of the pumps during normal operation.  Due to this problem, the team reverted back to water and sacrificed the added torque.

If new pumps are chosen, then consideration should be made for other working fluids, including FC-77 or other fluids that would provide a higher density without significantly increasing the viscosity of the fluid.  An increase in the fluid density would enhance the overall performance of the FMC.
11.1.3
NICFP Limitations


The use of NICFP provided the team with a very user-friendly control computer, however, there were several problems directly related to NICFP.  The equipment was rather bulky, taking up a large amount of room within the test apparatus.  In addition, NICFP had a low computation rate, and, therefore, a very low update rate of approximately 3 to 4 Hz.  In order to overcome these two problems, future FLOAT teams should consider custom designing a microcontroller to replace the NICFP system.  A microcontroller can integrate the analog input, provide signal conditioning to the inputs, perform closed-loop processing, provide analog output, and record measurements.  All of these functions can be performed in the same small package.  Unfortunately, a microcontroller that can accomplish all of this is no easy task, and the FLOAT team is looking to recruit an electrical or mechanical engineering student to spearhead the design effort.  The goal is to provide a much more capable controller that is programmable in standard language.
11.1.4
Attitude Determination System

The attitude determination system used in the current system involved the 6 accelerometers mounted in such a way as to measure centripetal acceleration.  However, the accelerometers chosen were designed to measure high frequency vibrations, and not low frequency or steady-state accelerations.  In addition, the accelerometers were not designed to measure accelerations of low magnitude, such as those generated by the rotation of the apparatus.  At a minimum, these accelerometers must be replaced with low frequency or steady-state accelerometers.  In addition, a signal amplifier must be developed to work with these accelerometers.  This amplifier could possibly be integrated into the signal conditioner.  With these low frequency accelerometers, the attitude determination code developed for this version of the FMC would function correctly.


Another possible option is to use rate gyros in order to measure rotation rates.  Rate gyros can provide very accurate attitude measurements, however their location within the test apparatus must be very accurately described.  If the rate gyros are not located properly, they will not accurately report rotations.  An additional benefit to rate gyros is that they provide both rotation rates and direction, something that accelerometers do not provide.  However, rate gyros tend to be very expensive.


The third possibility is to use an integrated motion pack or an Inertial Navigation System (INS).  These motion packs are designed specifically to measure both translational and rotational motion.  A motion pack would be the ideal solution, as their output is calibrated by the manufacturer, and all motion is described by specific output channels, allowing the team to select which channels to monitor.  While the motion pack is the ideal solution from a technical standpoint, they are extremely expensive and, therefore, are not likely an option unless one is donated either by the manufacturer or by the department.

With the combination of all of these problems, the FLOAT team decided to change the flight test objectives.  The team would now release the test apparatus in micro-gravity with no initial spin and run control the movement of the FMC through the control code.  The accelerometers would record the acceleration of the test apparatus only for correlation to the flight video.  This objective would still prove that the test apparatus was controllable.  The team learned the importance of research and choosing the appropriate equipment in order to obtain the test objectives.

11.1.5
Power Supply


The FMC test apparatus is a free float experiment; therefore, the power supply must be contained within the test apparatus.  Batteries are the only viable source of power; however, the lead-acid batteries used were not the best choice.  Research must be conducted to determine a more effective battery choice, which will minimize the inertia of the test apparatus, while also providing the necessary power to drive the pumps.
11.2
Numerical Simulation


In order to accurately write a closed-loop control system, a simulation must be made in order to predict the inertia, rotation rates, and system response to pump activation.  This simulation will allow the team to verify that the new test apparatus design is capable of de-tumbling within the 20-second microgravity period provided on the KC-135 aircraft.  The FLOAT team began this process, but realized the impracticality of the goal for a first year experiment.  The control code can be tested and perfected before the flight.  In addition, this simulation would be useful to compare the FMC to conventional spacecraft attitude control devices of similar size and mass.  The comparison is necessary to prove the feasibility of the FMC for future spacecraft.
11.3
Human Factors

During the flight test of the FMC, the team discovered that human factors certainly played a role in the outcome of the test.  The RGO recommends that students flying on the KC-135A take medication to avoid getting motion sickness.  This medication is a mixture of Scopolamine, a depressant, and another medication which acts as a stimulant.  The effects of this combination of medication created side effects such as confusion and euphoria.  This slowed down the reaction times of the team members.  The slowed reaction time leads directly into another issue the team had to attempt to resolve.

Timing the release of the test apparatus in micro-gravity was very important to the performance test of the FMC.  The initial acceleration of the pumps was the only way to produce a torque on the test apparatus.  If the test apparatus was held when the pumps turned on, the angular acceleration would not be transferred to the box.  There were several instances on the first test flight when one team member would still be holding the box during the crucial first second after the program was initiated.  The team resolved this problem by relaying to the second flight group this information.  Even with this knowledge in mind, the team decided to add an extra one-second delay into the control program to ease this problem for the second group.  The second group did not have any problems releasing the test apparatus in the allotted time.

Another problem that was more difficult to control was team members hitting or bumping into the test apparatus.  As the team members became more accustomed to the experience of micro-gravity, this problem corrected itself.

 11.4
Changes in Test Schedules

The test apparatus was designed with the intention of performing maintenance work the night between the two test flights.  The team planned to charge the main batteries, change out the signal conditioner batteries, and download accelerometer data from NICFP overnight.  There was also the option of modifying the control program to incorporate suggestions or fix problems from the first test flight.  Unfortunately, there was a change in the flight schedule, and the two test flights occurred on the same day.  
With only an hour between the first and second flight, the ground crew for the second flight frantically tried to perform all of the necessary tasks.  This time constraint caused the crew to be more careless than normal.  One of the ground crew members accidentally knocked a connection from one of the main batteries to NICFP loose, thus causing a loss of 50% of power to the whole test apparatus.  The team learned a valuable lesson in planning for anomalies.  Had the team considered this possibility during the design phase of the test apparatus, an alternative mounting method for the battery could have been found, and the problem could have been avoided.

The FLOAT team members encountered many problems on this project and walked away with a handful of lessons learned and many issues that can be resolved in the future.  Encountering numerous problems is not uncommon, especially with the consideration that the test of the FMC is a first year project.  Hopefully, through this experience, the FLOAT team has laid the groundwork for future FMC teams to build on.

12.0
Application to “The Design of Everyday Things”

Several decisions in our design coincide with the reasoning of the book The Design of Everyday Things.  The first of these design decisions was to use two separate colors of wire for all internal wiring.  These colors are red for positive leads, and black for negative leads.  The color-coding was implemented for several reasons.  First, two separate colors allowed for easy identification of leads, ensuring the correct polarity for all connections.  Correct connections were of critical importance when wiring the pumps, as they will not function when the polarity is reversed.  Another advantage of separate colors is that it will allow future users to easily identify the polarity of the wires.  Further enhancement is achieved with the use of the industry standard red and black colors for designating positive and negative wires.


The switch design is another area where the FLOAT project coincides with The Design of Everyday Things.  Program execution will be controlled by a single switch labeled with on and off positions.  The labels allow users to clearly identify how to initiate a test cycle and, if necessary, terminate a test.  In addition, the apparatus will be equipped with two emergency ‘kill’ switches.  Each ‘kill’ switch will disconnect one of the two batteries from the system, powering down the entire system in the event of an emergency.  These switches will be located next to one another and separate from the program execution switch.  Locating the ‘kill’ switches next to one another is to allow for both switches to be turned off simultaneously.  Separation of the switches from the program execution switch allows for easy identification of the program initiation switch, and will prevent one switch from being mistaken for another.  In addition, the switches will be color-coded to further differentiate between the program execution and emergency ‘kill’ switches.


The selection of NICFP illustrates another application of ideas presented in The Design of Everyday Things.  NICFP is both compact and modular.  The compact size allows for a better use of space within our test apparatus and helps allow easier access to the internal components.  The modular design allows for easy replacement of damaged parts without having to replace the entire system.  An additional benefit of the modular system is that future groups can replace existing modules with other modules, allowing for more flexibility when upgrading the system in the future.


Also, the enclosed system structure is another area where The Design of Everyday Things coincides with the FLOAT design.  The enclosure design was implemented to protect the internal components from damage due to possible collisions while in transit or during the experiment.  This enclosure was also designed with the user in mind, incorporating padding on all edges to protect the users in the event of a collision.  The enclosure also provides a second form of leak protection.  User friendliness was also incorporated into the material choice of transparent Lexan polycarbonate.  With a transparent material, users are allowed to see inside, which will help to identify problems as they occur without having to open the apparatus.


The last area where The Design of Everyday Things impacted the design was in the output indicators on the apparatus.  A simple array of LEDs will be used to indicate which test number is being executed.  In order to save space and output terminals, the diodes will be used to indicate numbers in binary.  Binary is both easily identifiable and a standard for digital systems, so most users should have no trouble identifying this display.  In addition, the display will be labeled as binary and the bit order identified.  The binary numbering will give users a clear indication of which test is about to be executed.  Like all other components, the LED display will be located inside the Lexan enclosure to protect the LEDs from damage.

13.0
Management


The FLOAT team developed a schedule, a budget analysis, and a management structure.  The following subsections provide a description of each of these.
13.1
Schedule

The FLOAT team’s schedule for the semester is outlined below in Figure 34.  Every Monday the team had a meeting with the group’s advisors to discuss the progress of the project.  A memo was also written weekly to report the group’s progress to the teaching assistance and faculty advisor.


The first major milestone the team met was to submit the TEDP to NASA on February 6, 2004.  The team spent from January 28, 2004 to March 15, 2004 purchasing equipment, constructing the test apparatus, and the writing the controller.  Just before the team left for Houston, initial ground testing was conducted to ensure that the LabVIEW code properly operated the pumps as commanded.


The team traveled to Houston, on March 17 – 27 for the performance test of the FMC.  On March 18, the team arrived at Ellington Field and went through an orientation and KC-135 overview.  The following day, the team went through their chamber test.  Monday March 22, the team successfully conducted their Test Readiness Review and was approved for flight.  The original schedule was to fly the first test flight on Thursday March 25 and the second on Friday.  Due to problems with the aircraft, the two flight days were condensed into one, and both teams flew back to back on Friday March 26.

On March 27, the team returned to Austin and spent the month of April analyzing both the accelerometer data and the video data received from the flight day.  After all data was analyzed, the team spent the last week in April discussing the lessons learned throughout the course of the project, and brainstorming ideas for future FMC tests.  May 5, the team gave a final presentation of the performance test of the FMC.  On May 7, the final report was submitted.
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Figure 34. FLOAT Team Schedule

13.2
Budget

The FLOAT team’s budget included both items purchased to build the test apparatus and personal travel expenses to conduct the performance test of the experiment.  The total budget for the FLOAT team comes to $11,872.  Table 9 illustrates a high-level breakdown of the budget.


The hardware purchased towards the test apparatus includes the Lexan plates, PVC pipe, PVC tubing, hose clamps, and the Flourinert FC-77.  The total price of the hardware items for the test apparatus was $904.00.  The control system was comprised of NICFP, six pumps, six accelerometers, two batteries, wires, and fuses.  These items cost approximately $7000.  Personal expenses totaling $4000 revolved around the team’s trip to Houston.  This included flight physicals for four team members, car rental, hotel rooms and meals for five team members for ten days.


The FLOAT team received $7315 of aid in funding.  National Instruments donated NICFP, which came with a price tag of $4315.  The team also received a research grant from the University Co-operative Society in the amount of $1000.  This money was put towards the purchase of items for the control system.  The Texas Space Grant Consortium agreed to donate $2000 to aid in the team’s travel expenses.


The UT Aerospace Engineering and Engineering Mechanics Department supplied the remaining funds for the FLOAT project.
Table 9. Budget Summary
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13.3
Team Member Roles

The FLOAT team was organized into three major sections: the control system, the structural analysis, and the electrical analysis.  Chris McChesney and Patrick Smith were in charge of the control system, including the NICFP code and the accelerometers.  Shara Walenta and Chad Zaruba headed up the structural analysis of the test apparatus while Amanda Kelly and Chris McChesney worked the electrical analysis portion of the experiment.  Amanda Kelly served as the FLOAT team leader and is the point of contact to the RGSFOP.  The FLOAT team organization structure is provided in Figure 35 below.
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Figure 35. FLOAT Team Organization

Each team member participated in the construction of the test apparatus.  Amanda Kelly and Shara Walenta served as the flight test team for the first flight.  Patrick Smith and Chad Zaruba were on the flight test team for the second test flight.  Chris McChesney served as the ground crew for both flights.  After the flight test, Patrick Smith headed the data analysis for the accelerometer data while Amanda Kelly and Shara Walenta worked to digitize and review the data obtained from the flight video.  Chad Zaruba was in charge of updating the team’s web page.

14.0
Conclusions


The performance test of an FMC was conducted after several months of research, hard work, and determination.  The results of the test were encouraging and provided a springboard of opportunity for future research.  The feasibility of an FMC has been proven, and future groups will now have the opportunity to further research this technology and, hopefully, be able to apply it to future space missions.  There is already stipulation of the applicability of an FMC to a future Mars exploration mission.  With continued funding, the knowledge and technology behind the FMC could increase without bounds.  The possible value of an FMC is only limited by its need for continued research.
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Appendix A: Detailed CAD Drawings
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Appendix B: National Instruments Specification Sheets

Appendix C: MSDS Safety Specification Sheet

Appendix D: Sample Design Calculation
Sample Design Calculations:
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From the summing forces in the y-direction equation, the following relationship can be found
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If m is 4.2 lbs and a 9 g load is applied to the battery, then R1 is 37.8 lbs.

Appendix E: 0.75g Floor Impact Calculation
To analyze the equipment’s ability to withstand a 4-ft drop at 0.75g’s, the impact force at which the apparatus hit the floor must be calculated.  The following steps show the method used in the derivation of the impact force.  

First, acceleration of the test apparatus at 0.75g was calculated as 
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The new acceleration is 24.15 ft/sec2.  Next, the time to fall a distance, d, of 4 feet was found by
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The 0.75g drop time is 0.575 seconds.  With the relationship between distance and time, a velocity, v, at which the test apparatus hits the aircraft floor can be found as
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The resulting velocity is 13.89 ft/sec.  The time of impact, 
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, was assumed to be 0.25 second.  With this assumption, a deceleration, 
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Equation 6 provides a deceleration of 55.56 ft/sec2.  The g-load, 
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   (7).

The above equation gives a g-load of 1.73g’s.  The test apparatus was analyzed with loads of 9g, 6g, and 2g, and passed the analysis with a minimum factor of safety of 18.  Therefore, through analysis, our test apparatus will withstand a 4-ft drop at 0.75g’s.

Appendix F: LabVIEW Code
[image: image67.png][Make input 1]

Switch 3
Value Out
Timestamp |

B

Main Program v5

Pump 30

Timestamp |
Valye In

Pump 40
Value In

[10000]

[Run for 10,000 ms]

Timestamp |

[@xeration

[Make input 1]

Pump 30 Off
Timestamp |

rf Valeln

Pump 40
Value In

CFRFP @
169_254 47_
2\FP-2020
@0\DP
Switch 3

Timestamp |





[image: image68.png]Integer to Binary LED Indicator

LEDA

Value In

Timestamp

LED B

Value In

Timestamp

LEDC

Value In

Timestamp

LED D

Value In

Timestamp





� EMBED MSPhotoEd.3  ���








PAGE  
80

[image: image69.png]


[image: image70.png]


[image: image71.png]NATIONAL
INSTRUMENTS



_1137078076.unknown

_1139772007.vsd
�

�

�

�

�

Controller Module�

Input Module�

Connector Block 
#2�

Connector Block 
3�

Connector Block
#1�

Output Module 
#1�

Output Module
 2�

12-V DC Battery�

12-V DC Battery�

6 Accelerometers�

3 Pumps�

3 Pumps�

P3�

P10�

P11�

P2�

P1�

P12�

P13�

P14�

P15�

P16�

P7�

P8�

P9�

P4�

P5�

P6�

S1�

S2�

Signal Conditioner�


_1145366583.unknown

_1145366911.unknown

_1139955367.unknown

_1139944860.bin

_1137259348.unknown

_1137259363.unknown

_1137078332.unknown

_1137074609.unknown

_1137077119.unknown

_1137077163.unknown

_1137075087.unknown

_1137075726.unknown

_1137074586.unknown

_1137074598.unknown

_1128086548.bin

