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1.0
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Email: Brian.Argrow@colorado.edu
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Ryan Bell
Ryan.bell@colorado.edu
303-917-680

Fabrication Engineer

Benjamin Brown
BrownBt@colorado.edu
410-903-4892

Test Engineer

Will DuBois
duboisw@gmail.com
970-618-7753

Safety Engineer

Heather Gass
Heather.Gass@colorado.edu
303-229-6079

Webmaster

Kurt Papathakis
Kurt.Papathakis@colorado.edu
970-531-1096

Asst. Project Manager

Jaclyn Poteraj
Jaclyn.Poteraj@colorado.edu
720-352-2584

CFO

Johnathan Sparks
Jonathan.Sparks@Colorado.edu
303-810-4155

Software Lead

Marcus Wilkerson
Marcus.Wilkerson@colorado.edu
303-520-9125

Systems Engineer

Tejendra Dhakal
dhakal@colorado.edu
720-318-5040
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2.0 System Architecture

2.1 Background

Global warming is an important area of study in the scientific community. In this study,
glaciers have proven to be invaluable tools for evaluating and monitoring changes in
climate and temperature. The glaciers of the arctic and Antarctic regions represent the
largest reservoir of fresh water on the planet. Entirely composed of solid, compressed ice,
these glaciers are constantly flowing across the land due to seasonal melting and refreezing.
The motion of these glaciers each season is extremely sensitive to the local climate and
temperature, making each glacier a large-scale indicator of global climate change. By
studying the motion of these glaciers during the spring and summer months, researchers
may be able to make advances in the understanding of global warming.

In order to study the motion of glaciers, scientists often
mount GPS receivers to glacier surfaces. Currently, this
process is costly and dangerous because they are forced to
trek across severe terrain to mount the sensors and collect
data. In response to these dangers, the Research and
Engineering Center for Unmanned Vehicles (RECUV) has
proposed a new technique that will provide a higher level
of safety to the glacier researchers. In addition, the
technique will save time and money. RECUV is sponsoring
the development of a system that will allow GPS receivers
to be placed and observed remotely via one or more
unmanned air vehicles (UAVS). This system would allow
scientists to remotely deploy and monitor glacier research equipment from the safety of a
nearby research station.

The purpose of the ADAMSS is to design a system for the deployment of several low-cost
sensor packages from a fixed wing UAV. The deployment package will be designed to
attach to the Velocity and the Telemaster RC aircrafts. Each sensor package will be
designed to cost less than $2,000 and will be ROHS compliant. The receiver package will
be designed to attach to the aircrafts and collect three days of pressure, temperature, and
GPS data. The system will improve over current research methods by decreasing cost and
increasing versatility in a variety of environments. With this system, scientists will be able
to remotely monitor glacier behavior and conditions, providing greater opportunity for
advances in the understanding of the impact of global warming.

2.2 Design Options

2.2.1 Dart Design Sensor Package

The design of the dart sensor package is indented to impact and
penetrate the ice after a free fall from 30-100 meters high. The
dart will stand upright with the sensor housing and solar panels
located at the top of the dart. Some benefits of this design
include: potential lightweight, lower cost to build than other
designs, and an easy method of deployment (ex: cable cutter).
There are also a number of downfalls to this design. Due to the
dart like structure, this design is extremely susceptible to
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fissures and cracks in the ice resulting in lost sensors. Another struggle will be
determining the effect of the ice impact on the sensors and proving that the dart will
sufficiently penetrate the ice.

2.2.1.1 Dart Functional Diagram

ADAMSS |
Sensor Package Deployment Package Receiver Package
(Dart) {Many Simple Options- Cable Cutters) (Program Maturity)
Drag Device Sensor Housing ioati Solar Panel
£ e i Communications
ny aymmetrica
{None) “Box"] (Antennaon one end) (None)

2.2.2  Whirlybird Sensor Package

3 The premise of the whirlybird is to land the sensor package on
@ the surface of the glacier with minimal impact force exerted on
the electronics. This method utilizes near flat-plate
cﬁ/ aerodynamics to generate a small amount of lift due to the
\ rotation of the whole device. The wings act as a drag device
\a that create propeller like lift and increase air resistance. Some
advantages of this sensor package include easy deployment
mechanism loading (the wings can be folded), potential sensor retrieval (because the
device can be made to float), ease of solar panel placement on the wings, small
chance of lost sensors because size will most likely span fissures and crevices, and
momentum stabilization. Some downfalls of this design include a potential large
wing size needed to counteract a 1kg falling mass, landing outside of target area due
to extended descent time, and a possible upside down landing. An evaluation of the
speed and impact force that will be experienced by the whirlybird is shown in
Appendices 11.1.

2.2.2.1 Whirlybird Functional Diagram

ADAMSS |

Sensor Package Deployment Package Receiver Package
(Whirlybird) (Fold Wings) (Program Maturity)

Drag Device

Sensor Housing Communications Solar Panel
(Puck) (Antennaon both ends) {On wings)

{Flat Plate
Aerodynamics)
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2.2.3 Spider Antenna Sensor Package

N

N

A

The fundamental principle of the spider antenna is to make

the entire system consist of many antennas that can be

utilized for several functions. Each antenna can be used as

an antenna, the legs of a tripod, or springs that will cushion

the fall. When stored in the aircraft the sensor package will

have all of its legs tied together so the system can be stored
as compactly as possible. Each “antenna” may be made of a
highly flexible material or may have a spring at the base. Upon deployment the
“antennas” will spring out and the sensor package will land on several of these
antennas. When the system has come to rest an accelerometer will choose the
antenna with the best orientation. Each antenna will have salt or some chemical
heater mounted to its tip, this will allow the antenna on the base to sink into the
ice and refreeze. Downfalls of this project include lack of space for solar panels,
storage space in the aircraft, and mechanical complexity.

2.2.3.1 Spider Antenna Functional Diagram

ADAMSS

Deployment Package
Sensor Package
(Spider Antenna) (Must contract antennas until post

release)

Receiver Package
{Program Maturity)

|

Drag Device

(Mone)

Sensor Housing

(Sphere)

Communications
{all “legs" are flexible
antennas)

Solar Panel

(None)

2.2.4 Detaching Bullet Sensor Package

The detaching bullet design is intended to ensure
proper glacier mount as well as minimal sensor impact.
Following the sensor package release from the aircratft,
the “bullet” detaches from the sensor housing and the
. housing parachute is deployed and the bullet freefalls
to the glacier. The sensor housing will then be “reeled”

-
+

towards the bullet locations using a motor or a torsion

spring. The two most substantial benefits of this design

Y

are the minimal impact on the sensors and the ensured
glacial mount. Another benefit is the unlimited number

of sensor housing designs. Due to the line that will be connecting the bullet and the
sensor housing there will be a maximum TBD release altitude. Other downfalls of
this design include additional weight due to the torsion spring or motor required to

reel in the sensor, parachute covering and therefore potentially blocking the antenna,

and potential tangling of the line.
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2.2.4.1 Detaching Bullet Functional Diagram

ADAMSS |

Sensor Package Deployment Package Receiver Package
(Detaching Bullet) {Many Simple Options- Cable Cutters) (Program Maturity)

Drag Device Sensor Housing l Communicatians Solar Panel

{Antennaon one end) (Capable)

(Parachute) (Unlimited Possibilities)

2.2.5 Shuttle Cock

Antenna

Flex Solar
Panel

Sensor Housing
Spikes -

——————

The Shuttlecock sensor package is designed to control the descent of the sensor
package and land it safely on the glacier surface. A cylindrical puck will be used as
sensor housing. The package will use flexible solar panels with external supports to
hold them in the shuttlecock form. Three to Four flexible solar panels will be used
depending on the size of the sensor housing. Electrically or chemically heated spikes
will be used to anchor the package to the icy surface. The antennae for a radio can be
mounted on the top of the sensor housing to provide clear line-of-sight transmission.
On landing, the solar panel will deploy and lie horizontal, facing the sun. The
deployment will be spring loaded which utilizes the impact momentum to open the
solar panels. In this design, the solar panels serve dual purpose as a drag device and
power source. Multiple solar panels can be used to meet the power requirement,
which reduces the number of batteries required hence reducing the weight of the
package. The shuttlecock design would allow stacking multiple sensors on top of
each other. There are a number of downsides to this design. The design involves
complicated shuttlecock structure which requires extensive testing to estimate the
drag produced. Mounting of solar panels on the puck and holding the flexible solar
panels is very difficult and will require significant manufacturing effort. The shape
and size of the sensor package will require a complex deployment mechanism. An
evaluation of the shuttlecock terminal velocity is shown in appendices 11.2.
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2.2.5.1 Shuttlecock Functional Diagram

[ Daploymaent Package

Receiver Package
lex (Progrem Maturity)

[ Sensor Package
{Shuttle Cock

Solar Panel

T e Sensor Housing Communications
gouble purpose flea o Antenrs on op of
solar panels )| Ldbade sensor housing

(Flex sofar panels)

J

3.0 Requirements

Table 1: Top-Level Project Requirements

Req. Description Plgzgnt Verify Method
7.1.1 The system shall be interfaced with and delivered by a fixed-wing aircraft. All Deploy mechanism
Customers | attached to plane,
Req. full system test.

7.1.3 The total mass of the sensors and the deployment package shall be no more Inspection
than 5 Kkg.

7.2.3 Data communication shall be 100% efficient at an upper limit of 1km range Line-of-sight
between the aircraft-mounted receiver and ground-based sensor. Range is testing on the
defined as the magnitude of the distance between the sensor and the ground starting at
aircraft-based receiver. 2km away (SF:2)

7.3.1 Sensor package shall collect data at a rate of no less than 1 minute of every Static GPS receiver
10 minutes for no less than 5 days. test

7.3.2 After surviving a drop of 30 meters, the sensor package shall collect and Drop, then allow to
store position data, and be able to transmit to the aircraft receiver. collect data.

7.3.3 The deployment package shall have the capacity to carry 3 sensors. Demonstration

7.35 If the sensor package sinks, it shall still collect data and be able to transmit Test in a tub of
data to the fly-over aircraft if the depth is no more than 10cm. If the sensor water, allow to
package floats, then it shall maintain the antenna pointing at the sky. collect data.

Table 2: Top-Level System Requirements
Req. Description Pszznt Verify Method
8.3.2 | Error of GPS measurements shall be no more than 2 meters. 7.3.1 Static GPS
measurement,
determine std
deviation
8.3.4 | The sensor package shall not consume more than TBD watts over the 7.3.1 Total Power
course of the sensor package’s mission duration (5 days, as specified in TBD, test power
7.3.1). consumption
8.4.1 | The airborne transceiver shall communicate with ground-based sensor 7.2.3 Test

package at a frequency that is TBD.
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3.1 Whirlybird System Option (#1)

In the following table, the Whirlybird pros and cons are matched with their applicable requirement.

Pros Req. Cons Req.
The device’s wings act as a drag device. Not 7.3.1 | Size —the wings might need to be somewhat 7.3.2
only do they create a propeller-like lift, but they | 7.3.2 [ large in order to generate sufficient lift to help 7.3.3
also increase the air resistance as it falls. counteract a falling 1kg mass (not including

drag force, however)
No parachute or drag device above the 7.3.1 | Floating — if it gets in a water current, it will 7.35
vehicle is needed, and will not obscure the 7.3.2 | float away.
antennas. 8.3.2
Wings can be folded in half for storage 7.1.1 | Loading into the deployment package mightbe | 7.3.3
7.3.3 | difficult for 3 sensors.
Wings can have solar panels on them for 8.3.4 | Landing —not totally guaranteed to land facing | 7.2.3
collecting power, thereby reducing the up. 7.3.1
battery size
If terminal velocity can be attained for 30m, | 7.1.1
it should be able to work for any altitude 7.3.2
greater than that.
3.2 Spider Antenna System Option (#2)
In the following table, the Spider Antenna pros and cons are matched with their applicable
requirement.

Pros Req. Cons Req.
Multiple Antennae Selection because all legs | 7.2.3 | Having multiple antennas will increase package | 7.1.3
act as an antenna. 8.3.2 | weight.
Package is compact for deployment. 7.3.3
Antenna will maintain height above 10 cm. 7.3.5

3.3 Shuttlecock System Option (#3)

In the following table, the Shuttlecock pros and cons are matched with their applicable requirement.

Pros Req. Cons Req.
Dual Purpose solar panels can also act as a 7.3.1 | Will fall fast and will require extreme testingto | 7.3.2
drag device. Can have 3-4 solar panels if 8.3.2 | ensure the electronics will survive the impact.
needed.
Packages can be mounted on top of each 7.3.3 | May cause weight issue depending on the size 7.13

other (just like shuttlecocks) inside the
deployment mechanism

of the size and number of solar panels.

Certain to land upright with no obstruction 7.2.3
to the antenna.

Compact Packaging and Solar Panels will 7.35
help it float on 10cm of water
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4.0 Feasibility

The following table shows the feasibility summary of the 5 sensor packages completed by
the ADAMSS team. The rating system is as follows: 1=not feasible, 2=somewhat feasible
or not enough information, 3=extremely feasible.

Table 3. Feasibility Study

Mass 2 2 2 3 2

Cost 3 1 2 2 2

Complexity 3 1 3 3 2

Communications 1 1 3 2 2

Reliability 2 1 3 3 2
4.1 Dart

4.2

4.3

4.4

The feasibility for the dart demonstrates that it has a relatively low cost and
complexity compared to the pre-concept design. The tall-pole for the dart mechanism
is communications, because insuring that the dart impacts the ice and remains vertical
requires experimental data collection. The relative weight of the dart depends on the
mass required to successfully penetrate the ice. Reliability of the dart relies on the
ability to point skyward.

Detachable Bullet

The detaching bullet utilizes the idea of an external anchoring mechanism. In order
for this sensor package to be successful, the bullet device must penetrate the ice, the
sensor must be supported by a drag device to reduce the force of impact on the
sensors, and a reel must retrieve the sensor to the anchoring location. The cost,
complexity, communications, and reliability are all dependent on the success of the
full system. The feasibility for each of these cases is assumed to be relatively low.
The weight (like the dart) is reliant on the necessary mass to penetrate the ice.

Spider Mechanism

The spider mechanism introduces a tri-pod idea to insure the vertical antenna
formation. The system would utilize spring-loaded legs to be packaged in the
deployment device. If the system was successfully dropped to the ice, heat
generating chemical reactions would anchor the system. The feasibility for the
complexity, communications, and reliability would be relatively good. However,
relative cost and weight would not be favorable.

Whirlybird
The whirlybird mechanism uses angular momentum to create lift to counter some of

the weight. This reduces the force on the sensor mechanism when landing. The tall-
pole for this concept would be regulating the spin, lift and accuracy on deployment.
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5.0

4.5

The relative weight, complexity, and overall reliability are feasible. The short-
comings would be the communications, as the system would probably need a uni-
directional GPS antenna. Cost would be dependent on the type of material chosen.

Shuttlecock

The shuttlecock idea uses a directional drag mechanism to ensure the correct
orientation and decrease the force of impact. The shuttlecock casing could also be
used as a solar array. The relative weight would be good if the addition of the solar
cells did not increase the weight significantly. The cost, complexity, and reliability
would depend on the success of the directional drag mechanism. The
communications would tie into the solar cells.

Testing and Verification

The testing and verification analysis has only been evaluated for the three most feasible
design options, the Whirlybird, Spider Antenna, and Shuttlecock.

5.1

5.2

5.3

5.4

5.5

Operating Platform (7.1.1)

Whirlybird - Demonstration of working design which attaches to aircraft and does
not significantly decrease flight capabilities.

Spider Antenna- Testing will be similar to that of Whirlybird.

Shuttlecock - Testing will be similar to that of Whirlybird.

Weight Limitation (7.1.3)

Whirlybird - Entire system will be weighed and must not exceed a total of 5 kg.
Spider Antenna - Testing will be similar to that of Whirlybird.
Shuttlecock - Testing will be similar to that of Whirlybird.

Data Retrieval Interface Distance (7.2.3)

Whirlybird - Sensor package communications will be tested in open spaces as
far away as 1 km. The efficiency of the uplink will be measured by
a testing of the link budget, data transfer rate, and software
processing speed in a variety of temperatures and locations.

Spider Antenna - Testing will be similar to that of Whirlybird.

Shuttlecock - Testing will be similar to that of Whirlybird.
Sensor Package Collection Rate (7.3.1)
Whirlybird - Electronics of the sensor package shall be tested for their ability to

collect and store GPS, temperature, and pressure data at a rate of
no less than once every ten minutes. Batteries and solar arrays shall
provide enough power to the electronics for at least five days of
operation.

Spider Antenna - Testing will be similar to that of Whirlybird, batteries will be the
sole source of power.

Shuttlecock - Testing will be similar to that of Whirlybird.
Drop Distance (7.3.2)
Whirlybird - The whirlybird will be tested for acquisition of terminal velocity in

a fall as short as ten meters from a moving deployment device. The

10
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5.6

5.7

5.8

5.9

5.10

terminal velocity will be modeled and demonstrated to be at most
TBD meters per second in order to provide for a manageable
impact velocity. The whirlybird will be tested for spin up in falls as
short as five meters.

Spider Antenna - The spider antenna will be tested for its ability to cushion impacts
at velocities slightly exceeding its modeled and measured velocity
after a fall of at least 30 meters.

Shuttlecock - The shuttlecock will be tested for acquisition of terminal velocity
in a fall as short as twenty meters from a moving deployment
device. The terminal velocity will be modeled and demonstrated to
be at most TBD meters per second in order to provide for a
negligible impact velocity. The shuttlecock may incorporate a spin
stabilization technique, in which case it will be tested for spin up in
falls as short as ten meters.

Deployment Package (7.3.3)

Whirlybird - Deployment package designed for the whirlybird will be tested by
demonstration for its ability to hold and effectively release three
sensor packages.

Spider Antenna - Testing will be similar to that of Whirlybird.

Shuttlecock - Testing will be similar to that of Whirlybird.
Waterproofing (7.3.5)
Whirlybird - The waterproofing of the sensor package will be tested with the

use of humidity paper. The sensor package will be tested for
floating/sinking by demonstration.
Spider Antenna - Testing will be similar to that of Whirlybird.

Shuttlecock - Testing will be similar to that of Whirlybird.

GPS Data Accuracy (8.3.2)

Whirlybird - GPS receivers in the sensor package will be tested at a variety of
temperatures and the data will be analyzed for reliability and
accuracy.

Spider Antenna - Testing will be similar to that of Whirlybird.

Shuttlecock - Testing will be similar to that of Whirlybird.

Power Budget (8.3.4)

Whirlybird - The sensor package will be tested under conditions similar to

operation for its power demands. The testing will be done with
electronic equipment.

Spider Antenna - Testing will be similar to that of Whirlybird.

Shuttlecock - Testing will be similar to that of Whirlybird.

Communications (8.4.1)

Whirlybird - The transceiver attached to the aircraft will be tested for its
communication frequency, sample data will be uploaded and
inspected after uplink and landing of the plane.

Spider Antenna - Testing will be similar to that of Whirlybird.

Shuttlecock - Testing will be similar to that of Whirlybird.

11
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6.0 Risks
Table 4: Risk Analysis

Risk

Description

Mitigation

0.RSK.1

Risk of low temperature operations (range of -
10° to -30° C) affecting the performance of
electrical components and mechanical
mechanisms.

All electronics and mechanics will be composed of
equipment designed to withstand these temperatures.
Tests will be done at -10° in a freezer on components

to ensure performance.

0.RSK.2

Risk of electronic damage resulting from
impact of sensor package on the ground when
dropped from a height of 30m.

Sensor package will be designed to minimize the force
of the package impact. Tests will be done on the
package to ensure impact force does not exceed the
maximum allowable force.

0.RSK.3

Risk of inaccurate GPS data due to the
movement of the sensor package over data
collecting period.

An anchor system will be implemented for the sensor
package system that may include a heat system on the
anchor mechanism which melts the ice temporarily,
creating an ice anchor once it solidifies again.

0.RSK.4

Risk of moisture saturation to electronic
equipment if the sensor package was
submerged in water up to 10cm deep. This
saturation would damage the electronic
equipment

A waterproof shell will be used with the electronic
equipment that will be designed to withstand the force
of the deployment impact and still be waterproof
fewer than 10cm of water.

0.RSK.5

Proper alignment of antenna in order to attain
proper uplink connectivity to fly-over aircraft.

Using omni-directional antennas to make sure that all
directions are covered. Antenna would still need to be
above the surface of snow/icepack.

7.0 Team Qualifications

Table 5: Team Qualifications

Technical Area Description Expertise
Electronics Development of an electronic foundation capable of collecting Tejendra, Ben, Ashleigh,
and storing GPS data. Heather
Communication | Development of the hardware and processes necessary to collect Marcus, Tejendra, Ben
the GPS data and transmit to the aircraft at a later time
Software Automation of necessary processes. Could include but is not Jonathan, Marcus, Ben,
limited to deployment of sensor package, drag device deployment Tejendra
and completion of processes subsequent to landing
Power Development of a power system capable of fueling sensors so Tejendra, Ashleigh, Kurt,
that GPS data may be collected stored and transmitted Jaclyn, Heather
Structure Development of a sensor package capable holding, protecting and Ryan, Ben, Jonathan,
ensuring maximum operating conditions for sensors. Also Ashleigh, Will, Jaclyn,
responsible for development of deployment package to be Heather
interfaced with aircraft
Aero Scrutinize the descent of the sensor package and the interface of Ryan, Ben, Jonathan,
the deployment package to the plane. (The plane should fly and Kurt, Will
the sensors shouldn’t “crash’)
Controls Automate release mechanism so that it can release sensors at Marcus, Tejendra, Will

designated times

8.0 Response to PDD feedback from PAB
Table 6: Response to PDD Feedback

PAB Comment

Response

Explain project idea better
in background

We added a part in the background that described our project idea better.

12
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Goals are vague

We re-wrote the goal of our project to be more specific.

We went back through that section and responded to each individual comment. For
Objectives section is example, in our first PDD it sounded like we were saying the sensors were being
unclear and not specific programmed after deployment. In the new PDD it was specified that the sensors

were programmed before takeoff.

Great detail in the system
operational timeline

Thanks!

Need more diagrams

We added more diagrams in the requirements section.

Specifications

Requirements Each individual comment was addressed and modified to help clarify the section.

9.0 Resources and References

Table 7: Facilities

Facility

Comment

Aerospace Machine shop

Matt Rhode — make appointment to use equipment.

ITLL Machine Shop

Good for woodwork. May be busy

Table Mountain Radio quiet
zone

This will be limited access with the approval of the site director

Composite Manufacturing
Facility

Shared with Mechanical Engineering

Electronics Manufacturing
Facility

Boulder Aero Modeling
Society

Marcus Wilkerson is in contact with Ken Jochim.

9.1 Additional Advisors

Additional advisors will be added as the project matures and their expertise is needed.
To date, the project advisory board and the customers are the only additional advisors

involved.

9.2 Funds

The project shall have the $4000 provided by the Aerospace Engineering Department
for the senior design project seminar. An additional $500 will be provided by the
customer. Depending on project options chosen, the customer may be able to supply
one R/C type aircraft for project use. Proposals are currently being written for
Undergraduate Research Opportunities Fund (UROP) and Engineering Excellence

Fund (EEF) grants.

10.0 Acknowledgements

10.1 Customer contacts

Dr. Jim Maslanik has provided the group with the customer requirements as well as
two aircrafts that will be used for the project.

10.2 Faculty members

Dr Dennis Akos
Dr. Jim Maslanik
Dr. Jean Koster

Dr. Lakshmi Kantha

13
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Dr. Donna Gerren
Dr. Hanspeter Schaub
Dr. Ryan Starkey

10.3 Graduate Students
Matt Edwards

Bill Pisano

10.4 Undergraduate Students

Undergraduate students will be utilized in the event that they are interested and the
appropriate work has arisen.

10.5 Others
There are no additional recourses until project matures.

14
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11.0 Appendices

11.1 Whirlybird Force Evaluation

How long it takes a rock to fall 30m at 9.81 m/s®.
-30m = -g/2 * t* => t = 2.47s

How fast a rock hits the surface from 30m up.
V = Vo—g*t => v = -9.81m/s? * 2.47s => 24.34 m/s = 54 mph.

Assuming it stops within 1/2000™ of a second (hitting ice), and assuming a point of contact, not a
broad surface area:
Favg = mAV/At = (1kg)*(24 m/s — 0 m/s)/(1/1000 s) = 24 kN = 5300 Ibs

To decrease this, either the speed must be decreased, or the time of impact must be increased.
2F = Fyrag + Fprop lift — Fgrav = (2)
Fprop lif= AAp, Farag = (1/2)pv°ACp

This is what we would like to attain — a sum of zero forces such that the sensor is not
accelerating. Preferably moving <5 m/s (11mph) when it hits the ground. (Still approximates to
1400 Ibs of force by above calculations (still way too much), but if it hits snow, this will be
dramatically smaller). Decreasing the mass of the overall sensor package will increase
performance, as lift will be more effective in countering gravitational force.

15
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11.2 Shuttlecock Terminal Velocity Calculations

Sensitivity of Terminal Velocity to Coefficient of Drag

85 g

80

]
a1

]
o

[e2)
o
T

Terminal Velocity, ft/s

[e2]
(@)
T

h=3in,d=5in,m=

55

50 -
0.5 1

coefficient of Drag, Cd

Sensitivity of Terminal Velocity to base diameter

15

100

90

80

70

60

Terminal Velocity, ft/s

50

40 - h=3in, Cd=0.95, m=750g9

-

30 r r r r r
4 5 6 7 8

base diameter, in

9

10

Terminal Velocity, ft/s

Terminal Velocity, ft/s

Sensitivity of Terminal Velocity to height of Shuttlecock

70

68

66

64

62

60

58

56

54

80

75

70

65

60

55

50

45

40
2

T T T T

T
'

r Cd=0.95,d=5in,m=750¢g 1

I I I I

2 3 4 5 6 7
length of the shuttlecock, in

Sensitivity of Terminal Velocity to base diameter

T

h=3in,d=5in, Cd=0.9

7

e I3 e

00 400 600 800 1000
mass, g

Unless we can magically increase the diameter/height of the cone or decrease the mass, it looks
like it’s impossible to land without breaking it.

Terminal Velocity Equation (Ref 1) :

V. = Terminal Velocity

m = Mass of the package

g = Acceleration due to gravity
p = Density of air

A = Surface area of the package
C; = Coefficient of drag

Matlab Code:
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$%%5%%%%5%%5%5%%%%%% Assumptions $%%%%%5%%5%5%%%%5%%5%5%%%
% the package reaches terminal velocity before it
% air density is taken at sea level, 0 C

reaches the ground

% Cd is estimated by averaging the Cd of a cone and flat plate

% perpendicular to the flow (Ref 2)

% The size of the shuttlecock is limited by the clearance available under the

% total mass of package is assumed to be 750 g

%% Cd sensitivity

g = 32.17; %ft/s"2

rho = 0.0812; %1b/ft"3

h = 3/12; %ft

d = 5/12; %ft

A = pi*d/2*sqrt(h.”2+d.72); %ft"2
Cd = [0.6:0.01:1.5];

m = 1.65; %$1b

Vt = sqgrt(2*m*g./ (rho*A.*Cd)); % (Ref 1)
figure

plot (Cd, Vt)

title('Sensitivity of Terminal Velocity to Coefficient of Drag')

xlabel ('coefficient of Drag, Cd')
ylabel ('Terminal Velocity, ft/s')

text(0.7,60,['h=3 in ,'" ' d =5 in,',"' m = 750 g'])

o

5% height sensitivity
g 32.17; %ft/s”2

rho = 0.0812; %1b/ft"3

h [2:0.01:7]1*1/12; Sft
d = 5/12; %ft
A

c

= pi*d/2*sqrt (h.”2+d."2); $ft"2
d = 0.95;
m = 1.65; %1lb
Vt = sqgrt(2*m*g./ (rho*A.*Cd)) ;
figure
plot (h*12,Vt)
title('Sensitivity of Terminal Velocity to height
xlabel ('length of the shuttlecock, in')
ylabel ('Terminal Velocity, ft/s')

text(2.5,58,['Cd=0.95 ," ' d =5 in,'," m = 750 g'

%% diameter sensitivity

g = 32.17; %ft/s"2

rho = 0.0812; %1b/ft"3

= 3/12; %ft
[3:0.01:10]*1/12; %ft

A = pi.*d./2.*sqrt(h.”2+d."2); %ft"2

cd = 0.95;

m = 1.65; %1lb

Vt = sqgrt(2*m*g./ (rho*A.*Cd)) ;

figure

plot (d*12,Vt)

Q. o

of Shuttlecock")

1)

title('Sensitivity of Terminal Velocity to base diameter')

xlabel ('base diameter, 1in')

ylabel ('Terminal Velocity, ft/s'")

text (4,40, ['h=3 in ," " Cd =5 ,"'," m = 750 g'])
%% weight sensitivity

g = 32.17; %ft/s"2

rho = 0.0812; %1b/ft"3
h 3/12; %ft

d = 5/12; %ft
A
C

= pi*d/2*sqrt (h.”2+d."2); %ft"2
d = 0.95;
m = [300:10:1000]*0.0022; %1b
Vt = sqgrt(2*m*g./ (rho*A.*Cd)) ;
figure
plot (m*453.6,Vt)

title('Sensitivity of Terminal Velocity to base diameter')

xlabel ('mass, g ')
ylabel ('Terminal Velocity, ft/s')

text (300,65, ['h=3 in ,' ' d = 5 in,',' Cd = 0.95'])

Refrences

o

S

aircraft fuselage

17



System Architecture White Paper AES-SRP-020
Aerospace Senior Projects ASEN 4018& 4028

1. G¢SNXAYLFE +St 2 O0A M Awwiyid.ngsd go@WWWKR 5 NI 3¢
12/airplane/termv.html>, September 27, 2007

2. Scottt WSTFFX a5NFX3 / 2SFFAOASYG 2F 2SR3ISa yR [/ 2ySa
<http://www.aerospaceweb.org/question/aerodynamics/q0231.shtml> , September 27, 2007

18



