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Executive Summary

In recent years, much time and effort has gone into developing controlled parachute
systems to improve to accuracy of unmanned airdrops. Most of the research effort has
goneinto developing the guidance and navigation systems, while ignoring the actuators
used to control the airdrop system.

This proposad contains the plans for an experiment to test a new method and type of
actuator for autonomous guided parachute systems. The proposed method uses lighter
and cheaper actuators made from shape memory aloys, materials that change shape when
hested above a certain trangtion temperature. One such materid that is often used and
reedily avallable is Nitinol, and aloy of nickd and titanium. The experiment outlined in
this proposa will evauate how well shape memory dloy actuators made of Nitinol wire
can steer a parachute.

A scaled-down prototype parachute will be equipped with Nitinol actuators as well as
control and sensing circuits housed in a payload container. Simple models were used to
determine baseline parameters for the experiment. Three independent variables, each
being a different method of changing the amount of power supplied to the actuators will
betested. The system will first be tested in the [ab, and then by performing a series of
ardrops at atesting facility. Having the collected data meet or exceed defined
controllability requirements, would demondrate the potentid use of shgpe memory dloys
as parachute system actuators.

Commercidly available equipment will be used to construct the experimental apparatus
based on low cost and smplicity. Sources of error have been identified, and the design of
the experiment has attempted to minimize or account for these wherever possible. Safety
concerns are aso addressed, as are the data collection and reduction methods.

The proposd dso includes information concerning the testing facility at the US Army
Natick Soldier Systems Center, which will be used for the drop tests. A tentative
agreement has been reached with Natick, whereby they would provide the facility and
support staff free of chargeto the project. The proposa dso includes information
concerning a proposed budget and schedule, and the additional required facilities and
staff support.



I ntroduction

In 1997, the U.S. Air Force Science Advisory Board identified a need to improve the
accuracy of unmanned airdrops as one of its recommendations in areport titled
“Summary Report: New World Vistas, Air and Space Power for the 21st Century.”*
Unmanned cargo parachutes are used by military and humanitarian organizations to
deliver payloads such as food, ammunition and equipment. Unfortunately, without
control, cargo parachutes can be knocked off their intended course by wind and other
meteorologica phenomena, resulting in lost or damaged cargo.  Since the New World
Vidtas report, there has been work on autonomous Guidance, Navigation and Control
(GN& C) systems to address the need of improving the accuracy of parachute drops.
These efforts have been successful in achieving their goals, but little has been done in the
development of actuators for these airdrop systems. In this proposa, an experiment for
testing a new type of actuator will be described, which may be alighter and cheaper
dternative to current actuation systems.

The proposed new method involves using shape memory aloys (SMAS) as the actuators
for aparachute sysem. A shgpe memory dloy is, in smple terms, defined as amateria
that changes shape when heated above its transition temperature? In thisway, the
materid exhibits memory by “remembering” its origind shgpe. One method of railsing
the temperature of an SMA is by running a high amount of eectric current through the
meterid; abattery can be used to provide the current necessary to effect achangein
shape of an SVIA. By using this method, a smple actuation system can be built by
powering shape memory aloy wires with eectric current.

Hypothesis, Objective and Success Criteria

The experiment will assess whether it is possible to control an unmanned parachute by
changing the lengths of shgpe memory dloys woven into itsrisers. To quantify the
amount of control these actuators can provide, the objective of the project will beto
assess experimentaly what degree of control can be achieved by changing the lengths of
the shape-memory dloy wiresin therisers of the parachute. Accordingly, the experiment



will be deemed a success if it can be determined whether or not using shgpe memory
aloy actuators enables a scaled-down prototype parachute system to meet the following
controllability requirements:

1. A horizontal velocity of 0.5 for every 10T of vertical drop velocity
2. A changein horizonta path of 12for every 10 of vertica drop velocity

If the scaled-down prototype parachute isin fact able to meet these controllability
requirements, it will congtitute a strong argument for exploring the use of shape memory

dloy wires as the actuators in new and exigting parachute guidance systems.

Literature Review

In the late 1990s, the New World Vidas Precison Aeria Ddivery (NWV-PAD) research
initiative was formed to develop autonomous GN& C systems for unmanned parachutes
The most notable of these efforts are the Affordable Guided Airdrop System (AGAS),
developed at the US Army Y uma Proving Ground (Y PG),* and the Precision Guided
Airdrop System (PGAS) developed at the US Army Natick Soldier Systems Center.®

A standard G-12 resupply cargo parachuteis used by AGAS, ajoint development of the
Air Force Office of Scientific Research (AFOSR), the US Army Natick Soldier Systems
Center, The Boeing Company, and Vertigo Inc. The cargo parachute is modified by
extending its risers with four pneumatic muscle actuators (PMAS), which contract in
length when pressurized. The AGAS project proved, through extensive Monte Carlo
smulations and flight tests, that a controlled, unmanned parachute released at an dtitude
greater than 5000 m can softly land on the ground with an accuracy of within 100 m from
the target area. For PGAS, the C. S. Draper Laboratory, Inc. devel oped a government-
owned software guidance package that allowed parafoils to reach the same accuracy
godsas AGAS. A third system, the Smdl Autonomous Parafoil Landing Experiment
(ALEX) developed a the DLR in Germany issimilar to PGAS.®

The problem with the AGAS system isthat the PMAs that it uses are bulky, expensive



and require atank of compressed nitrogen to function. Likewise, the e ectromechanica
actuators used by the PGAS system are heavy and expensive. In addition, PGAS uses
parafoils, which are more expensive than circular parachutes.

Extensve research and devel opment has thus gone into devel oping autonomous control
systems for unmanned parachutes. The main focus, however, has been on the guidance
and navigation aspects of the airdrop systems, and not much work has been doneto
further actuator technology. Using shape memory dloy wires as actuators for aguided
parachute system will decrease the overal mass and cost of the system. This dternative
actuator option would aso not require the additional mass of nitrogen to function, and it
is much smpler to construct.

Technical Approach

For this experiment, the type of shape memory dloy that will be used is Nitinol. Nitinol
isan dloy of Nickd and Titanium discovered by William Buhler a the U.S. Nava
Ordinance Laboratory in 1961." The properties of Nitinol are summarized in Appendix
D. It has since then been used in awide variety of applications ranging from stress
sensors to robotic muscles. For our application, Nitinol wires will be woven into the
sugpenson or rigging lines of a scded-down prototype parachute. A plywood payload
container will be congtructed to hold the various components of the eectronic circuits

respongble for control and sensing.

Once these circuits have been congtructed and ingtalled, a series of bench tests will be
carried out on the ground to determine if the actuators function as anticipated. These
tests will include the following:

1. Tedting the Nitinol actuators on a ationary parachute to demongtrate that control
authority on the length of the rigging linesis within expected bounds.

2. Crashworthy testing of the payload container to ensure that it will not be damaged
upon ground impact.

3. Repeated cycles of dationary tests to determine the effects of cyclic loading on
the actuators and the electronic system.



A find check of the entire system will be performed before heading out to the test facility

for each testing sesson.

At thefirgt session, a cdlibration drop test will be performed at an airdrop facility and

used as the control of the experiment. Subsequent drops will be performed using the
control circuit to apply different perturbations to the actuators, and the sensing circuit to
detect the responses of the parachute. A Data Acquisition Unit (DAQ) will store the data
collected by the senang circuit onto a flash memory card for later retrieval.

Findly, in between and after drop tests, data will be uploaded to a persona computer
where it can be andyzed using a spreadsheet program such as Microsoft Excd or a
numerica analyss program such as MATLAB. The andysiswill consst of determining
the trends resulting from the different perturbations applied by the control circuit, and
evauating whether or not the prototype system meets the controllability requirements.

Although it may seem that the functiondlity of the actuators can be determined without
actudly performing drop tests, thisis not the case, asthe actuators rely on a combination
of ambient air temperature and payload weight to return them to their initia Sate.
Likewise, it is not possble to perform this experiment * horizontaly” in awind tunnd for
anumber of reasonsinduding:

1. Thegravitationd force pulling on the payload is not in adirection that will stretch
the SMA wires back to their origina state during cooling periods.

2. The gravitationd force does not alow sideways displacement of the parachute to
be tested since there is always a bias to one Side.

The experimentd setup for the drop tests will be as shown in Figure 1.
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Figure 1: Experimental Setup

Drop tests will be performed at the parachute drop facility at the US Army Natick Soldier
Systems Center in Natick, MA. Thisfacility isan enclosed building smilar in structure

to awarehouse, alowing the parachute actuators to be tested without being affected by
wind conditions. The release mechaniam is built into the facility a Natick, and conssts

of aclamp that holds onto the top of the parachute. Using arope, the release mechanism
can be lowered to the ground, whereupon the parachute will be attached. The parachute
will then be raised to the celling of the facility. Once the parachuteisin place, it can be
released by remotely controlling the release mechanism from the ground. The height of
the ceiling dlows the parachute to be dropped from dtitudes of up to 35 ft.

Three different ways of changing the signd sent to the actuators will betested. Thefirst
method involves varying the voltage level of the sgnd, the second varies the width of the
pulses of the Ssgnd, and the third varies the total time for which the Sgnd is sent to the
actuators. All of these independent variables dter the amount of current supplied to the
actuators and hence the amount of heet. They will be explained in more detail later.

The data that will be recorded will consst of three orthogona linear accelerations and
one angular acceration. From these values, the velocity and displacement of the
parachute system will be calculated, and used to evauate the parachute under the defined
controllability requirements.



Experiment Design

As noted in the previous section, a scaled-down parachute will be dropped in a series of
trialsin order to determine the effects of our independent variables. The canopy of the
parachute will be circular in shape and made of rip-stop nylon. The canopy will have a
diameter of approximately 2.74 m, and therefore an effective area of 5.9 n. A parachute
with a canopy area of 5.9 n? will fall at avertical velocity of approximately 2.7 2 when
its orientation is completely vertical. The following calculations show the origin of the

number for vertical velocity.

First, the expression for drag is equated with the gravitational force:

1rv,’SC, cosq =mg, (Eq. 1)

wherer istheair density, v, isthe vertical velocity, Sisthe surface area of the canopy,
Cp isthe drag coefficient, q isthe tilt angle of the parachute from the vertical, misthe

mass of the parachute, and g is the gravitational force. For a dome-shaped parachute, Cp

is approximately equal to 1.5.% The standard sealevel air density isl.225% . The mass

estimate for the payload is approximately 4 kg. Setting the variablesin equation 1 to the

following values:
r :1.225% S=59n? Cp=15 q=0° m=4kg 9=981%,

and solving, v, =2.77, areasonable rate of descent for the purposes of the experiment.

The parachute will have 18 rigging lines mad of para-cord. Each line will be 100 in or
2.54 mlong. Therigging lines are aready connected to the canopy of the parachute, but
Nitinol wires will need to be woven into the rigging lines of the parachute by hand. The
Nitinol wires are strained in the low temperature martensitic phase by the weight of the
payload. Heating the material above its transition temperature causes it to undergo a
phase change to a more ordered austentic crystal structure. This has the effect of



decreasing the length of each wire by about 3%. Thethick linein Figure 2 illugtrates the
path taken by the wires during the transition between the hot and cool states. Note that in
redlity, the path from the high temperature phase to the low temperature phase and the
path from the low temperature phase to the high temperature phase should be dightly
different due to hysteresis effects, however thisis not shown in Figure 2.
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Figure2: Transition between Martensitic and Austentic States

A therma model developed at Midé Technology Corp was used to determine the type of
Nitinol wireto use. Thistherma model predicts the power required to resstively heet
Nitinol wires. A set of redigtic parameters for the Nitinol wire was determined by trid
and error using thismodel. Based on the lengths of the rigging lines and the amount of
current that the batteries could redigticaly supply, the Nitinol wire for the actuators
needs to have a diameter of 1.2 mm, and martensitic and austentic final temperatures of
25 °C and 35 °C respectively. Actuators made from this type of wire should be able to
undergo a heating and cooling cyclein about half asecond. A copy of aMATLAB
implementation of the therma mode showing the chosen parametersisincluded in
Appendix C.

The payload, which congigts of the control and sensing circuits as well as the power
source, will be housed inside a payload container. This payload container will be



congtructed using plywood and screws. Holes will be drilled near the top of its Sdes so
that the risers of the parachute can be attached smply by tying knots. The dimensions of
the container will be approximately 0.23 m x 0.23 m x 0.23 m. All the componentsin the
payload will be fixed to the container and balanced as well as possble to diminate
changes in mass didtribution due to shifting components. To soften the landing, foam
padding will be attached to the bottom of the payload container.

The payload will congst of two 12 V motorcycle batteries that will act as a power source
for the Nitinol wire actuators and, passed through a voltage regulator, the electronic
components in the two main circuits. The motorcycle batteries do not power the cell-
phone-sized Data Acquisition Unit, which runs on a separate 9 V Ni-Cd battery. Figure 3
isablock diagram representation of the major components of the payload circuits.

Control Circuit Sensing Circuit

Actuators Battery Accelerometers

Regulated
TestSi Voltage
gnal Unregulated Unregulated Voltage Accelerometer Data
Voltage
Function Generator Regulated Voltage Regulator Data Acquisition Unit
| Voltage ~ |

Figure 3: Payload Block Diagram

The Test Function Generator (Figure 4) will be a custom implementation on a Complex
Programmable Logic Device (CPLD) chip programmed using Very High Speed
Integrated Circuit (VHSIC) Hardware Description Language (VHDL), the Department of
Defense standard for hardware description.  The function generator will aso make use of
a potentiometer and relays to switch power among the four different actuators, one for
each group of rigging lines. Although smilar function generators exist as laboratory
equipment, those devices are heavy, bulky and cannot be powered easily using a battery.



Since the experiment only requires square waveforms and alimited number of different
voltage and pulse widths, a custom implementation using a CPLD dlows the function
generator to be scaled down to asimpler and smaller device. Customization aso dlows
the timing delay and choice of length of perturbation to be preset in the source code of
the function generator. Two sets of switches will alow the selection of which preset
levelsto usefor aparticular trid. The potentiometer in thiscircuit is used to set the
amount of voltage that the actuatorsreceive. Therelaysindicated in Figure 4 will
actualy befidd effect tranastors (FETS).

+12% (motorcyele battery)

“oltage control

Fotentiometer Relays
1
1 —
+5% (regulated voltage)— Q || 5
Pulse width control 2 = = 2 L To parachute
: - |E CPLD & actuators
Length of perturbation control-54 & a — 3
Clock Pulse— — 7
- — 1

Figure4: Schematic of Test Function Gener ator

The senaing circuit is necessary for collecting data. 1dedlly, asingle three-axis
accelerometer chip would detect three degrees of linear acceleration, and an angular rate
sensor would detect one degree of angular acceleration. However, because of availability
and cog,, three single-axis linear accelerometers will be used in conjunction with one
angular rate sensor. To be compatible with the Data Acquisition Unit described below,
the accelerometers must output values between -5V and +5V to represent accelerations.
All the integrated circuits in the design are commercidly available, and hence are much
easer and chegper to purchase than to congtruct. In determining whether a certain
component should be purchased or constructed, cost and smplicity werethe main

criteria.
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Four channels of an eight-channel Data Acquisition Unit (DAQ) will collect the linear

and angular acceleration data, and sore it to aflash memory card. The DAQ will be able
to store raw data from severd trids before reaching full cgpacity, eiminating the need to
transfer data between tridls. However, using alaptop computer with aflash memory card
reeder, data can be andyzed in the field to ensure that the experiment is functioning as
planned. The DAQ is approximately the size of acdl phone.

I ndependent and Dependent Variables

As dated, the god of this project isto determine if shape memory dloy actuators can be
used to control unmanned parachutes. The dependent variables are:

1. The horizonta velocity per 10 of vertical drop velocity
2. Thechangein pathper 102 of vertica drop velocity

Ve ocities and displacements computed from measured accelerations will be used to
determine the two dependent variables, which will be compared with the controllgbility
requirements to determine how much of an effect the actuators have on the parachute.

The independent variables are each different methods of gpplying varying amounts of
current to the SVMIAs to cause them to change shape. In order to achieve control the
parachute, varying amounts of current are applied to SMAs in the form of wiresto cause
them to change shape. They arel

1. Voltage, the potentid difference gpplied to the actuators
2. Pulse width, the length of pulses of current applied to the actuators
3. Length of perturbation, the tota length of time that a perturbation is applied

Figure 5 isasketch of asgnd that shows the interrelation of these three independent
variables.

11
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Figure5: Independent Variables
Test Matrix

In order to test each of these independent variables separately and together, the following
test matrix was developed (Figure 6):
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250 {_,-K J55h
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4
100%: 5% 5000 2%

Voltage (Percentage of Mazimum

oltage )
Figure6: Graphical Representation of Test Matrix

Tegting dong the axes of the matrix alows the contribution of each independent variable
to be evaluated done. Testing dong diagonds will provide insght into the correation
between different independent variables. Note that 25% is used as a minimum vaue
ingtead of 0%, since, if any one of the three independent variables were set to 0%, the
other two would be 0% aswell. This can be best visuaized usng Figure 5.
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Data Analysis

The raw accelerometer data will be uploaded onto a personal computer. Then, using
Excd, the data relevant to each drop test will be extracted from each data set. Each data
set will then be shifted to correct for the bias error of the accelerometers and then
rescaed to fit conventiona measurement units. Finaly data sets from different trias will
be compared ether graphicdly, or usng anumerica analyss package such asMATLAB
to determine trends in the data. If the data shows that the controllability requirements
have been met, then the hypothesis of the project will be proven.

Experimental Errors

A number of potentia error sources in the experiment have been identified. These are

summarized in Table 1 dong with a brief description of the problem and how to decrease

or diminate the error.

Tablel: Sourcesof Error

Source of Error Description Method of Mitigation

Hysteresis Shape memory dloys have a In order to decrease the effects of
hysteresis effect that could hysteresis, ample cooling time will be
potentially cause the actuators to given between consecutive test runs
get “stuck” in a particular state

Cydlic Loading Depending upon the frequency and | A low frequency of perturbations, and
duration of the perturbations, the periodic checks of a baseline
actuators could experience several | condition will be used to ensure that
thousand cycles of heating and the actuators have not deformed over
cooling throughout the run of the time.
experiment

Sensors Commercidly available These errors will be corrected during
accelerometers will have acertain | dataanaysis by shifting and rescaling
offset, and will drift with time raw data

| ncons stent If the actuators start functioning In order to ensure that the parachute

Release before the parachute isreleased or | has completely inflated before a test

fully inflated, errors resulting from
initial conditions could occur.

function is sent to the actuators, a
time delay will be built into the
function generator based on the initia
trid run of the experiment.

13



Sourceof Error Description Method of Mitigation

Ambient Air Different ambient temperatures An dloy with ardatively high

Temperature would affect how quickly the transition temperature will be used so
actuators cool and return to their that changes in ambient temperature
low temperature state. will be negligible. Ambient

temperature will aso be manualy
recorded by the experimenter and
used during analysisto verify that
these errors are negligible.

Measuring The power output of the battery is | The actud voltage being sent to the
Current not exact since the amount of actuators will be recorded by the
current drawn depends on the DAQ aswsdll. If theraw data
resistance of the actuators. The indicates that there is a significant
resistance of the actuators will change in voltage, then the effect will
change as they change shape. be included in the data analysis.
Safety Concerns

A number of safety concerns were raised during the design of this experiment. Sincethe
experiment dedls with high temperatures and high current, care must be taken to ensure
that no one and nothing is burned or shocked by the experimenta gpparatus. To thisend,
aufficient time will be given between test runsto adlow the apparatus to cool down, and
al personnd who are handling the equipment will wear protective gloves. The inherent
danger of faling objectsis dso aconcern. The safety procedures of the test facility at
Natick will be followed. Thus, before each drop test, an auditory warning will be issued
to ensure that al personnel and equipment have been evacuated from the immediate
testing area. At the start of each drop, al personnd must have their backs againgt an
exterior wal of the facility to ensure that no one will be unexpectedly hit from above.
Personnel will aso be required to wear hard hats for added protection.

Proposed Budget

Table 2 shows the proposed budget for this project. Since the US Army Natick Soldier
Systems Center o0 has an interest in this research, the Test Facility Rentad and
Parachute expenses will be covered by Natick. The Data Acquisition Unit and the
electronic components for the Function Generator will be borrowed from Mide
Technology Corp., in Medford, MA.

14



Table2: Proposed Budget

Item Real World Cost 16.62X Cost

Test Facility Rentd (8hrs) $800 $0
Parachute $100 $0
Materids

Nitinol Wire $240 $240

Payload Container $50 $50
Data Acguisition Unit $650 $0
Function Generator $150 $0
Other Electronic Components $100 $100
Batteries $80 $80
Total Cost $2170 $470

Detailed Schedulefor 16.622

The project scheduleis displayed in Table 3. A four-week period was reserved for drop
tests and data collection since the exact availability of the drop tower at Natick is
currently unknown. During the bench-testing period, data anays's procedures will also
be developed. Data reduction and analysis will be an ongoing process that occurs as new
databecomes available. The month of February isleft to ingall the Nitinol actuators and

to construct the payload.
Table 3: Proposed Schedule
Feb2003 | Mar 2003 | Apr 2003 | May 2003
D 622 Schedule Start End
2/2| 29 |2l16 |2/23| 32 | 3/9 |3/16| 3/23 |3/30| 4/6 |4/13 |4/20| 427 | 5/4 }5/11
Install NiTinol Actuators into
1 2/5/2003 2/10/2003
Parachute -
2 | Build and Integrate Payload 2/5/2003 2/26/2003 |
3 | Perform Bench Tests 2/27/2003 3/12/2003 .
[P (B TESs e 3/13/2003 | 4/10/2003 .
Collect Data
5 | Reduce Data and Analyse 3/20/2003 4/29/2003 ]
6 | Progress Report Meeting 2/11/2003 2/11/2003 3
7 | Oral Progress Report 3/4/2003 3/4/2003 <
8 | Progress Report Meeting 4/1/2003 4/1/2003 <
9 | Last Day to Take Data 4/18/2003 4/18/2003 3
10 | Final Oral Presentation 4/29/2003 4/29/2003 L 3
11 | Final Written Report 5/13/2003 5/13/2003 LY

15



Facilities, staff support and space needed

Workspace will be needed to assemble and congtruct the various components of the
payload. Construction of the payload container and ingtalation of the Nitinol actuators
should not require any specid equipment. Thus, agenerd laboratory facility such asthe
Gelb Laboratory should suffice as aworkspace. Drop tests will be performed at the US
Army Natick Soldier Systems Center, and support staff will be provided by Natick
facility to assgt in running the trids. The testing facility at Natick was described earlier

in the Technicd Approach section. Additiona equipment that has not been previoudy

mentioned includes a camera to record the progress of the project.

Conclusion

Guided parachute systems are an exciting new application for existing technology thet is
currently being developed through major research efforts. This proposa outlines an
experiment to test anew type of actuator usng Nitinol, a shape memory dloy. If it can
be shown that shape memory alloys can be effective as actuators for unmanned
parachutes, a new generation of lighter and cheaper actuators will become aredlity.

16
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3-5 1997, Collection of Technical Papers, American Institute of Aeronautics and Astronautics, 1997, pp.
158-168; also AIAA Paper 97-1468.

® Thomas, J., “Aerodynamic Model Identification and GNC Design for the Parafoil-L oad System ALEX,”
16th AIAA Aerodynamic Decelerator Systems Technol ogy Conference, Boston, MA, May 21-24 2001,
Collection of Technical Papers, American Institute of Aeronautics and Astronautics, 2001; also AIAA
Paper 2001-2015.

" “The History of Nitinol,” Images Sl Inc., Staten Island, NY .
[http://www.imagesco.com/articles/nitinol/02.html. Accessed 10/3/02.]

8 Anderson, J., “Descent Rate,” Washington High Power Rocketry, 2000.
[ http://www.washingtonhighpower.com/algorithm.htm. Accessed 11/13/02.]
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Appendix A: Detailed PartsList
Power Supply and Regulation

2 12-Volt Panasonic LC-R123R4P Motorcycle Batteries
9-Volt Ni-Cd Battery (for Data Acquisition Unit)
LM 7805 5V Postive Voltage Regulator

Electronic Components and Sensors

AlteraMAX 7000S Complex Programmable Logic Device (CPLD)
1.843 MHz Crystal Oscillator

3 Andog Devices ADXL105AQC Single Axis Acceerometers
Anaog Devices ADXRS300ABG Angular Rate Sensor

Capacitors, Potentiometers, Resistors, Transstors

Solderless Breadboard

Data Storage Equipment

Eight- Channd Data Acquidtion Unit (DAQ)
Hash Memory Card for DAQ

Camera

Data Analysis Equipment

Persona Computer
Laptop Computer with flash memory card reader for quick andyssin thefield

Materials

Parachute (Canopy and Rigging Lines: see specificationsin Appendix B)
Nitinol Wire

Plywood for payload container

Fasteners and other hardware for payload container
Foam Padding

Manufacturing Facilities

Gelb Laboratory

Development Software

AlteraMAX+PLUS® Il BASELINE design software
Analysis Softwar e

Microsoft Excel Spreadsheet package
MATLAB Numericad Andyss package
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Appendix B: Parachute Specifications
Canopy

Canopy shape: circular

Canopy diameter: 9ft =2.74m

Spill holediameter: 15in=0.38 m
Canopy materid: rip-stop nylon

Rigging Lines

Number of rigging or sugpension lines: 18

Length of each line 100in=2.54 m
Suspension line materid: para-cord

Referencesfor Parachute Specifications

Arnott, B., “Rocketry: Useful Stuff: Mil Spec 9 Chutes,” www.bobarnott.com: Rocketry
- The UK's Premier High Power Rocketry Homepage, 2002.

[ http:/Avww . bobarnott.com/rocketry/stuff/chutes/index.shtml.  Accessed 12/10/02.]

“Parachutes,” Federd Army and Navy Surplus, Inc., Seattle, WA, 2002.
[http://www.gr8gear.com/?cat=62. Accessed 12/10/02.]
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Appendix C: Thermal Modé

The following MATLAB file contains the source code for the thermd mode from Midé
Technology Corp. that was used to determine the power required to resistively heet the
Nitinol wires, as well asthe number and type of wires.

% ACSMART Ther mal Model
clear all

Vel ocity_fl uid=1;
freq=0.5;

Npt s=100;

T_flui d=20+273;
Number _of _wi r es=36;

Tmartensi te=25+273; % Martensite final tenperature
Taust eni t e=35+273; % Austenite final tenperature
Tdi ff =(Taustenite - Tmartensite)/2;

% Wre Diameter = 1.5, 2.0, 3.0 and 5 (3.81E-05, 5.08E-05, 7.62E-05, 12.7E-05)
Di aneter _W re=12. 0E- 04;

% Assune conservatively 100 MPa as the maxi num al | owabl e stress
Force = Number _of _wires*(pi/4)*Di aneter_Wre*Di aneter_W re*100ES6;
fprintf('\n\n Nunber of Wres = %, Force produced = %.2f N \n', Nunber_of _wires, Force)

T_Init_Wre=Tmartensite+10; % Start with wire at martensite tenperature

T filme(T_fluid+T_Init_Wre)/2;

Lengt h_Wre=2. 54;

k_wi re=1. 80E+01;

cp_wire=837;

rho_wi re=6450;

rho_air=1.2256;

Area_Wre=(0.25*pi *Di ameter _Wre"2);

Vol _W re=Nunber _of _wires*(Area_Wre*Length_Wre);
Surface_Area_ W re=Nunmber _of _wires*pi*Di aneter_Wre*Length_Wre;

k_ai r=0.024;
cp_air=1007;
T_l ookup=[290. 00 328. 65 363. 15] ;

% Lookup Tabl es

Dens_air_| ookup=[ 1.1887 1.0661 0.9624];

Dyn_Vi s_air_l ookup=[ 1. 817E-05 1.981E-05 2. 140E- 05];
Spec_Heat _air_| ookup=[1006.9 1008.1 1010. 3];

Ther m_Conduct _air _| ookup=[ 2. 583E-02 2. 842E-02 3. 100E-02];
Therm Di f _air_| ookup=[ 2. 173E-05 2. 674E-05 3. 211E-05];

rho_air=interpl(T_l ookup, Dens_air_| ookup, T_fl uid);

mhu_ai r=i nterpl(T_l ookup, Dyn_Vis_air_Il ookup, T_fluid);
mhu_air_filmeinterpl(T_l ookup, Dyn_Vis_air_|l ookup, T_film;
k_air=interpl(T_l ookup, Therm Conduct _air _I ookup, T_fluid);
k_air_filnrinterpl(T_l ookup, Therm Conduct _air_| ookup, T_film;
cp_air=interpl(T_l ookup, Spec_Heat _air_I| ookup, T_fluid);
cp_air_filmrinterpl(T_I ookup, Spec_Heat _air_| ookup, T_film;
a_air_filmeinterpl(T_l ookup, Therm Di f_air_I| ookup, T_film;

Rey | ookup=[0.0001 40 41 1000 1001 2E5 (2.E5+1)  1E8];
C_I ookup=[ 0.75 0.75 0.51 0.51 0.26 0.26 0.076 0.076];
m_| ookup=[ 0.4 0.4 0.5 0.5 0.6 0.6 0.7 0.7];

Re=rho_air*Vel ocity_flui d*Di ameter _Wre/mhu_air;
Pr=cp_air*mhu_air/k_air;
Prs=cp_air_filmmhu_air_filmk_air_film
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n=0. 37;
i f(Pr>=10); n=0. 36; end

C
m

| NTERP1( Rey_| ookup, C_| ookup, Re);
| NTERP1( Rey_| ookup, m_| ookup, Re) ;

NuD=C* (Re”m) *(Pr~n) *(Pr/ Prs)"0. 25;

% Convection heat transfer coefficient
h_air_filnrk_air_fil m*NuD/ Di aneter_Wre;

% Thermal diffusivity
al pha_air_filnek_air/(rho_air*cp_air);

% The Bi ot nunber
Bi _air_filneh_air_filnm(Diameter_Wre/2)/k_wire;

% Now assune that the tenperature nust be sinusoidally cycled
delt=1/(freq*Npts);

Tmax=10/fr eq;

Ti me=[ 0: del t: Tmax] ;

[ mMm nn] =si ze(Ti ne) ;

Tcomand(1l) = T_Ilnit_Wre;
T wire(l)=T_Init_Wre;
Power (1) =0. 0;

for i=2:nn
Tcommand(i)=T_Init_Wre + Tdiff*sin(freq*2*pi *Tine(i));
Tfilm= (T_fluid+T_wire(i-1))/2;

% Cal cul ate convection heat transfer coefficient
k_air_filmeinterpl(T_l ookup, Therm Conduct _air_I| ookup, T_fi I m ;
cp_air_filmrinterpl(T_I ookup, Spec_Heat _air_| ookup, T_film;
mhu_air_fil meinterpl(T_l ookup, Dyn_Vis_air_I ookup, T_film;

Prs=cp_air_filmmhu_air_filmk_air_film
NuD=C* (Re”m) *(Pr~n) *(Pr/ Prs)"0. 25;

% Convection heat transfer coefficient
h_air_filmek_air_fil mNuD/ D ameter_Wre;

dTdt = (Tcommand(i) - Tcommand(i-1))/delt;
%  Power (i)=max(0,h_air_filnmSurface_Area_ Wre*(T_wire(i-1) - T_fluid) +
rho_wire*cp_wi re*Vol _Wre*dTdt);
Power (i) =max(0, h_air_filnm*Surface_Area_Wre*(Tcommand(i) - T_fluid) +
rho_wire*cp_wi re*Vol _Wre*dTdt);
i f(Tcommand(i) < T_wire(i-1));
Const = delt*h_air_filntSurface_Area_Wre/(rho_wire*cp_wire*Vol_Wre);
T wire(i) = T_wire(i-1) - Const*(T_wire(i-1) - T_fluid);
el se
i f(Power (i) == 0.0)
Const = delt*h_air_filmSurface_Area_Wre/(rho_wire*cp_wire*Vol _Wre);
T wire(i) = T _wire(i-1) - Const*(T_wire(i-1) - T_fluid);
el se
T _wire(i)=0.5*(Tcomand(i) + T_wire(i-1));
end
end
end

Power (1) =Power ( 2) ;
tit=sprintf('Flow Velocity=%.2f m's, T_a=%.2f C, N_w=%.0d, D w=%. 2f

mls',Velocity_fluid, T_fluid-273, Nunber_of _wires, Di aneter_W re*1000/.0254);
Vel ocity_fl ui d=100;
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freq=100;

Npt s=50;
T_fluid=21+273;
Nunber _of _wi res=72;

figure(l)

subpl ot (211)

plot(Time, T_wire-273, Ti me, Tcommand- 273); x|l abel (' Ti ne (seconds)');ylabel (' TW& T C(Q")
title(tit)

subpl ot (212)

pl ot (Ti me, Power); xl abel (' Time (seconds)');ylabel (‘I nput Power (W")

figure(l)

Matlab code courtesy of Dr. Marthinus Van Schoor.
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Appendix D: Nitinol Properties

Property

Physical

Electrical

Strength

Speed

Thermal/
Material

Table4: Propertiesof Nitinol

Minimum Bend Radius [mm]
Cross-Sectional Area [mm?]

Recommended Current [mA]
Recommended Power [W/m]

Max. Force @ 600 Mpa [N]
Rec. Force @ 190 Mpa [N]

Max. Contraction Speed [sec]
Relaxation Speed (Ambient Air) [sec]
Typical Cycle Rate [cycles/min]

Heat Capacity [cal/g°C]
Density[g/cc]

Maximum Deformation Ratio [%6]
Recommended Deformation [%]

Resistivity [mWcm]
Young's Modulus [Gpa]
Thermal Conductivity [W/cm°C]

Wire Diameter

250 pum

12.50 0.049

1,000
20.0

28.7
9.11

0.2
5.5
9

0.077
6.45
8

3-5

Low Temp
76

28
0.08

Source: “ Shape Memory Alloys,” Midé Technology Corp., Medford, MA, 2001.
[ http://mvww.mide.com/experti se/matsys/shamemall.html. Accessed 12/10/2002.]
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375um

18.8
0.110

2,750
8.00

61.9
19.6

0.5
10.0
5

High Temp

82
75
0.18





