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Project Description
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Problem Statement

12/1/15 University of Colorado Boulder Aerospace Engineering Sciences 4

Design, build, and test a small-scale prototype of a 

de-icing system for the Orion UAV.

High Endurance

Low Power Consumption

Orion UAV1
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Levels of Success
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Level 3

Carbon fiber DAE11 test 
section + de-icing 

mechanism + cast ice
+ wind speed

+ Airfoil Curvature

Level 1

Carbon fiber flat plate
test section + de-icing 
mechanism + cast ice 

Baseline

Level 2

Carbon fiber flat plate 
test section + de-icing 
mechanism + cast ice 

+ wind speed

+ Wind
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Concept of Operations
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SCENARIO:
UAV FLYING 

INTO KNOWN 
ICING AND 
ACCRETION

ICE DETECTION SYSTEM
ACTIVATES             

DE-ICING MECHANISM 

POWER:ON

ICE DETECTION 
SYSTEM ENSURES 
ICE IS REMOVED

POWER:OFF

UAV CONTINUES 
FLIGHT ICE-FREE

Actuated 

Electromagnetic De-Icing 

Mechanism
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Design Solution
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Theory of Design
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Solenoid

Metal 

Target 

Disk

1st Magnetic Field

2nd Magnetic Field

Eddy Currents

Current 

(Discharging Capacitor)

Repulsive Force
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Solenoid & Target Disk Design
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Copper Target Disk

Gap Distance (d) 0.08 in.

Thickness (t) 0.08 in.

d

N I

F

Do

Di

F
Ribbon 

Wire 

Solenoid

Ribbon Wire Solenoid

Outer Diameter (Do) 3.0 in.

Inner Diameter (Di) 0.50 in.

Height 0.19 in.

Number of Loops (N) 50

t

Copper 

Target 

Disk
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Target Disk
• Diameter = 4 in  33% greater diameter than solenoid

• Thickness = 0.08 in + 0.01 in

• Location 

• Allows for average gap distance = 0.08 in 

• Tangency close to leading edge. 

• Smaller gap = greater efficiency
• Position  higher mount on spar for stability

Slit in Wood Spar + Epoxy

Top Plate & Base Plate

• High Density Polyethylene

• Thickness: 0.04 in + 0.01 in

• Allow for 22% growth in solenoid diameter

Solenoid 

• Outer Diameter = 3 in

• Inner Diameter = 0.5 in

2 Dragon Plate Support Structures per Solenoid

• Carbon Fiber Sandwich with Foam Core

• Each Carbon Fiber Plate Thickness = 0.03 in

• Foam Core Thickness = 0.5 in

Final Integrated Design
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Electrical System

Charging Circuit

Functional Block Diagram
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Computer
(Data logging)

Power 
Supply 28 V

Operator 
(person)

Thermocouples (T-type)
Temp data

Laser Detector
(Thorlabs S302C)

Laser
(Coherent DPSS 532)

Deflection 

data

USB

DB9

Power 
Converter

Temp DAQ 
(NI USB 9213)

Deicing Mechanism

Solenoid 1

Solenoid 2

Disk 1

Discharging Circuit

Capacitor

Switch

Disk 2High Speed Camera

Resistors Thyristor

Legend

Mechanism

Electrical

Testing

Operation

Test Data

Electrical 

Connection

Control

Power 

Supply
2.6 V
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Critical Project Elements
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Testing with 

Wind

Test Setup

Wind Speed

Electrical & 

Software

Software

Circuitry 

& Power

Solenoid Design

Target Disk

Solenoid

Structural & 

Force Models

Ice Rupture

Test Section 

& Housing 

Unit



Project Description Verification & Validation Planning

12/1/15 University of Colorado Boulder Aerospace Engineering Sciences 13

Design Requirements & Satisfaction
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CPE 1 – Structural Integrity
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FR.1 The full-scale system shall be integrable with the Orion UAV. 

DR.1.1 
The installation of the system shall not damage or degrade the structural integrity of the 

wing.

DR.1.2
The operation of the system shall not damage or degrade the structural integrity of the 

wing.

FR.2 The prototype shall remove ice on wing section.

DR.2.1 The prototype shall be capable of removing ice built-up to 3/8 in thick on test section.

Flat Plate Analysis Curved Section Analysis Housing Unit Analysis

PUT PICTURE HERE PUT PICTURE HERE
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Flat Plate Analysis – Setup
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ANSYS Model Setup

Goal – Confirm model with test data to prove level 3 design can meet requirements

Flat Plate Setup

7 in

12 in



Project Description Verification & Validation Planning

Flat Plate Analysis – Ice Rupture 
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ANSYS Model

Analysis Method Freq for Ice Rupture Tensile Strength of Ice

ANSYS – from researched 

material properties
34 lb 203 psi

Testing Data 57 lb Not measured

ANSYS – corrected model 57 lb 347 psi 

 Required volume of ice on test section can break with determined force 

Used to correct 

material 

properties for 

future curved 

models  
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Flat Plate Analysis – Carbon Fiber 
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ANSYS Model 

Analysis

Method
Force 𝜏𝑐𝑎𝑙𝑐 𝜏𝑎𝑙𝑙𝑜𝑤 𝜎𝑐𝑎𝑙𝑐 𝜎𝑎𝑙𝑙𝑜𝑤

ANSYS 

Model
57 lb 58.2 psi < 125 psi 15.7 ksi < 72.5 ksi

 Force required to break ice will not damage flat plate test section
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Curved Test Section Model
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Goal – Knowing model is verified with test data from flat plate model, show that level 
3 test section can withstand force required using ANSYS

DAE11 ANSYS Model

Ice Layer (3/8 in)

Carbon Fiber Skin (0.09 in)

Honeycomb Core (3/8 in)
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Curved Test Section Model Analysis
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Analysis

Method
Force 𝜏𝑐𝑎𝑙𝑐 𝜏𝑎𝑙𝑙𝑜𝑤 𝜎𝑐𝑎𝑙𝑐 𝜎𝑎𝑙𝑙𝑜𝑤

ANSYS 

Model
40.5 lb 58.2 psi < 125 psi 15.7 ksi < 72.5 ksi

 Force required to break ice will not damage DAE11 wing section
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Housing Unit Model
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Goal – Show that reaction force does not damage internal support structure

ANSYS Housing Unit Model

40.5 lb Distributed Load
Note: dimensions in [in]
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Housing Unit Model Analysis
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ANSYS Housing Unit Model

 Force required to break ice will not damage flat plate test section

High Density 
Polyethylene

Analysis

Method
Force 𝜏𝑐𝑎𝑙𝑐 𝜏𝑎𝑙𝑙𝑜𝑤 𝜎𝑐𝑎𝑙𝑐 𝜎𝑎𝑙𝑙𝑜𝑤

Carbon Fiber 

Analysis
41 lb 1.4 * 10-3 psi < 3.0 ksi 0.27 *10-3 psi < 4.6 ksi
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Structural Integrity Conclusions
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FR.1 The full-scale system shall be integrable with the Orion UAV. 

DR.1.1 The installation of the system shall not damage or degrade the structural integrity of the wing.

DR.1.2 The operation of the system shall not damage or degrade the structural integrity of the wing.

 Wing structure can withstand required force

 Internal support can withstand reaction forces and moments

FR.2 The prototype shall remove ice on wing section.

DR.2.1 The prototype shall be capable of removing ice built-up to 3/8 in thick on test section.

 Force required to remove ice modeled for flat plate and test section

 Force required to remove ice tested for flat plate
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CPE 2 – Solenoid Design
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FR.1 The full-scale system shall be integrable with the Orion UAV. 

DR.1.2 The de-icing mechanism shall be integrable with the DAE11 airfoil.

FR.2 The prototype shall remove ice.

DR.2.1 The prototype shall be capable of removing 3/8 in thick ice on test section.

Solenoid Size Test Solenoid COMSOL Model

• Methods
• Model limitations

Design and Validation

• Model Adjustments
• Empirical testing• Volume constraints
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Solenoid Size Test
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Ribbon Wire Solenoid

Outer Diameter (Do) 3.0 in.

Inner Diameter (Di ) 0.50 in.

Height 0.19 in

Number of Loops (N) 50

Do

N I

DiH
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System of Equations

σ
𝜕A

𝜕t
+ 𝛻 × μ0

−1μr
−1𝛻 × A = Je

B = 𝛻 × A

F =  
𝜕Ω

T  n dS

Goal

• 𝐵 − Magnetic field density

• 𝐹 − Force ≥ 40.5 𝑙𝑏𝑠

Simplifies to 4 parameters

• 𝐽𝑒 − External current density

• 𝐴 − Magnetic potential

• σ − Electric conductivity

• μ − Magnetic permeability 

Input Parameters

• 𝐼 − Current  

• 𝑁 − Number of wire loops

• 𝐻 − Height

• 𝐷 − Diameters

• 𝑑 − Gap distance

• σ − Electric conductivity

• μ − Magnetic permeability 

Solenoid COMSOL Model
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COMSOL Model - Best Case

12/1/15 University of Colorado Boulder Aerospace Engineering Sciences 26

Solenoid Parameter Value

Outer diameter 3.0 in.

Inner diameter 0.04 in.

Height 0.19 in.

Wire thickness 0.03 in.

Number of turns 36

Voltage 1000 V

Target Disk Parameter Value

Gap between solenoid and disk 0.08 in.

Disk thickness 0.08 in.
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Solenoid COMSOL Model
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𝜎
𝜕𝐴

𝜕𝑡
+ 𝛻 × 𝜇0

−1𝜇𝑟
−1𝐵 =

𝜎𝑉𝑐𝑜𝑖𝑙

2𝜋𝑟

Magnetic Field Line
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Solenoid COMSOL Model
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𝐹 =  
𝜕Ω

𝑇  𝑛 𝑑𝑆

Analysis
Method

Force 
Required 

Force 
Analyzed

Margin

COMSOL 41 lb < 72 lb 76%

Force Calculation

E
le

c
tr

o
m

a
g

n
e

ti
c

 F
o

rc
e

 (
N

)

Time (s)

Max F = 320 N (72 lb)
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Model Limitations
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Using 3 in. outer diameter:

• Gap between wire loops > 0.007 in

• Resolution too high to process

Wire 

thickness

Gap between 

wire loops

Geometric Constraints
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Design and Validation

12/1/15 University of Colorado Boulder Aerospace Engineering Sciences 30

Parameter Model Value Manufacturable Value

Outer diameter 3.0 in. 3.00 in.

Inner diameter 0.04 in. 0.10 in.

Height 0.19 in. 0.19 in.

Wire thickness 0.03 in. 0.03 in.

Number of turns 36 > 50

Average gap

between wire loops
0.01 in. ~0 in.

-Empirical Validation of Model

- Test force produced by design

- Test at capacitor discharge voltage 400-1000V to 

verify model at multiple points

= Refinements to model
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Solenoid Design Conclusions
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FR.1 The full-scale system shall be integrable with the Orion UAV. 

DR.1.2 The de-icing mechanism shall be integrable with the DAE11 airfoil.

FR.2 The prototype shall remove ice.

DR.2.

1 
The prototype shall be capable of removing 3/8 in thick ice on test section.

 Design fits geometric constraints

 Design provides enough force to remove ice
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CPE 3 – Electrical & Software
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FR.2 The prototype shall remove ice on wing section.

DR.2.1 The prototype shall be capable of removing ice built-up to 0.36 in thick on test section.

DR.2.3
The maximum allowable thickness of ice remaining at any point along the surface of the 

test section after activating the prototype shall be 0.1 in.

FR.3 The full-scale system shall use less than 4 kW-hr to de-ice the wing section

DR.3.1 The prototype shall operate on an incoming 28 V DC voltage line

DR.3.2 The full-scale system instantaneous power draw shall be at most 2 kW

Testing Circuit Software Power 
Consumption

Safety
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Testing Circuit Schematic
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Safety Precautions
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1. Personal Protective Equipment

2. Protective Circuitry

3. Personal Protective Standards

• 3 personnel on job at all 

times

• Double check that 

capacitors are discharged

• Never work on system 

while power supply is on
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Full Scale Electrical System
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F
u

se
la

g
e

Voltage Converter

Controlled 

Power

High Voltage Line

Discharge Line

Solenoids:

Thyristors:

For AFS full scale implementation:

Orion Wing

F
u

se
la

g
e
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Circuit Schematic – Full Scale
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Power Consumption
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𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 = # 𝑜𝑓 𝑆𝑜𝑙𝑒𝑛𝑜𝑖𝑑𝑠 ∗ # 𝑜𝑓 𝐼𝑚𝑝𝑢𝑙𝑠𝑒𝑠 ∗
𝐸𝑛𝑒𝑟𝑔𝑦

𝐼𝑚𝑝𝑢𝑙𝑠𝑒

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 = 76 𝑆𝑜𝑙𝑒𝑛𝑜𝑖𝑑𝑠 ∗ 3 𝐼𝑚𝑝𝑢𝑙𝑠𝑒𝑠 ∗ 500
𝐽𝑜𝑢𝑙𝑒𝑠

𝐼𝑚𝑝𝑢𝑙𝑠𝑒

Total Energy = 114,000 Joules 

Power = 2 kW for 1 min or 100 W for 17 min

 Power required to run mechanism will not exceed 2kW
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Software
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LabView

• Thermocouple measurements

• Frequency detection 
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EPS Conclusions
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FR.2 The prototype shall remove ice on wing section.

DR.2.1 The prototype shall be capable of removing ice built-up to 3/8 in thick on test section.

DR.2.3
The maximum allowable thickness of ice remaining at any point along the surface of the 

test section after activating the prototype shall be 0.1 in.

FR.3 The full-scale system shall use less than 4 kW-hr to de-ice the wing section

DR.3.1 The prototype shall operate on an incoming 28 V DC voltage line

DR.3.2 The full-scale system instantaneous power draw shall be at most 2 kW

 Circuitry can support voltage necessary to remove ice

 Power draw does not exceed 2 kW 
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Weight Budget
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Item Weight (lb)

Solenoids + Target Plates (76) 38.3

Housings (76) 69.3

Capacitors (10) 27.2

Wire 30.7

Voltage Converter (1) 25.0

Total 191 lb

• Target: 100 lbs

• Areas to decrease weight: housing unit
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Risk
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Risk Matrix
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Likelihood

Near 

Certainty

Highly Likely

Likely 4

Low 

Likelihood

Extremely 

Unlikely

Minimal Minor Major Serious Catastrophic

Severity

6. Poor functionality of deflection measuring device

7. Misallocation of time

8. Cannot get trigger mechanism circuitry to work

9. Solenoid positioning does not fully remove ice

10. Manufacturing wing section incorrectly first time

1. Circuitry failure

2. Manufacturing ice casting structure

3. Unable to produce modeled solenoid force

4. Approval of safety plan taking too long

5. Ice casting too inconsistent for valid test results
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Risk Mitigation
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Level Risk Mitigation

1 Buy extra circuitry to replace failed component

2 Keep Matt Rhode in the loop during the manufacturing to help ensure that the 
tolerances of the mold are correctly met

3 Redesign solenoid shape and circuitry

4 Have safety plan ready for approval before start of next semester 

5 Replace or redesign problem component of ice casting trough

6 Switch to off-ramp deflection measurement design

7 SE and PM stay in close contact to ensure efficient use of teams time.

8 Go to Trudy or Bobby for help, or use off ramp trigger design

9 Adjust solenoid positioning

10 Have enough extra materials in stock to make a second wing section
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Risk Matrix
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Likelihood

Near 

Certainty

Highly Likely

Likely 3

Low 

Likelihood

Extremely 

Unlikely

Minimal Minor Major Serious Catastrophic

Severity

6. Poor functionality of deflection measuring device

7. Misallocation of time

8. Cannot get trigger mechanism circuitry to work

9. Solenoid positioning does not fully remove ice

10. Manufacturing wing section incorrectly first time

1. Circuitry failure

2. Manufacturing ice casting structure

3. Unable to produce modeled solenoid force

4. Approval of safety plan taking too long

5. Ice casting too inconsistent for valid test results
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Verification & Validation
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V&V Approach
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Ice Casting Dynamic 
Testing

Sensors
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Ice Casting
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Manufacturing 
Trough 

• Laser cut acrylic sheets in shape of DAE-11 
to use as supports for trough. 

• Use high density polyethylene material to 
create the smooth surface of the trough. 

• End Caps

Ice Casting 

• Coat the smooth material with wax

• Use end caps to hold the test

• section in place

• Assemble the trough and test section

• Pour water

• Wait for water to freeze 

Removing Test 
Section from 

Trough 

• Remove end caps 
to pull out the test 
section
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Ice Casting Trough
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High Wind Speed Test - Set-Up
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• Create converging nozzle 

• Trash bag + flow 

straighteners (straws) 

• Rectangular area exit = 10” 

by 24”

• Fan: 13,200 CFM

• Use converging nozzle 

to reach testing     

speed = 75 mph at 

Leading Edge

• Testing outside of ITLL

Electronics Box

F
A

N

Wind Direction

Testing Outside

Test Cage

Test Section + 

De-Icing 

Mechanism

Straw

Trash bags
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Flow Simulation
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• Flow simulation created in 

Solid Works. 

• For testing we need to be 

at 75 mph. 

• Flow simulation showed 

flow around leading edge is 

about 75 mph (± 4 mph).
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High Wind Speed Test - Sensors
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T-Type Thermocouples 

•Range: -200˚C to 200˚C

•Measure temperature inside of the wing test section 
and room temperature. 

High Speed Camera + Deflection Test

•Record testing use frames to verify the deflection of 
the carbon fiber. 

•Deflection Test using laser measurements

High Voltage Multimeter

•Measure amperage in the circuit 

Pitot Tube Probe + Manometer

•Pitot Tube: Dwyer 160-18 Stainless Steel 

•Manometer: PVM 100 Micromanometer

•Used to measure wind speed near the leading edge.  

Temperature Range 

Deflection

Amperage 

Testing Speed

Testing Needs: Selected Sensors:
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Planning
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Organizational Chart
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Tech Leads

Project 

Leads

Resources
Advisor Customer

Joe Tanner Ellis Langford, Ed Wen

Project Manager Systems Engineer

Libby Thomas Drew Moorman

Solenoid Lead

Andre Litinksy

Electrical Lead

Nicole Ela

Manufacturing Lead

Jon Eble

SO/Software Lead

Runnan Lou

Mission Assurance Lead

Kelly Allred

Structural Lead

Colin Zohoori

FO/Testing Lead

Jacquie Godina
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Work Breakdown Structure
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AESIR

Test Section

Surface ANSYS Model

Housing Unit ANSYS 
Model

Manufacture DAE11 
Molds

Manufacture DAE11 
Wing Section

Manufacture Housing 
Unit 

Test Section Integration

Solenoid & Circuit

Solenoid & Target Disk 
Force Model

Circuit Schematic, 
Component Specs, 

Power Model, Assembly

Software (LabVIEW)

Safety Checklist & 
Equipment

Full Scale Model & 
Analysis for AFS

Testing

Solenoid & Circuit Tests

Flat Plate Actuation Tests 
(Static)

Flat Plate Actuation Tests 
(Dynamic)

Fully Integrated Actuation 
Tests (Static)

Fully Integrated Actuation 
Tests (with Wind)

Testing Apparatus

Model Ice Casting 
Apparatus

Manufacture Ice Casting 
Apparatus 

Manufacture Wind Tunnel 
Test Cage & Table Mount

Acquire, Program, Set-Up 
Sensors

To Be CompletedComplete
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Critical Path

Work Plan
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Week 5 Week 10 Week 15

= Testing Equipment = Test Section = Circuit/Solenoid = Testing = Class Deliverable

Phase 1

Manufacture Wind Tunnel Cage

Manufacture Wing Molds & Section

Full Circuit/Sensor Assembly

Flat Plate Testing

Phase 1

25% Margin

Phase 2

Manufacture Ice Casting Assembly

Manufacture Housing Unit

Solenoid & Housing Check

Housing Unit Integration

Phase 2

34% Margin

Phase 3

Full Assembly Testing

• With Ice, Without Ice

• With Wind, Without Wind

• Cold Env., Ambient Env.

Phase 3

25% Margin

Phase 4

Final Class Deliverables & Project 

Completion

Phase 4

20% Margin
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Test Plan
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Flat Plate Test

Jan 21 – Jan 30

Description

• Verify circuitry works
• Bend flat plate to 

check force 
produced with single 
solenoid

• With and without wind

Phase 1

Dynamic Test

March 5 – March 18

Description

• Cycle de-icing 
mechanism with 

cast ice
• Simulated wind from 

a fan.

Phase 3 

Full Assembly Test

March 5 – March 18

Description

• Cycle de-icing 
mechanism to 

check functionality
• With and without ice 

to check deflection

Phase 3
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Cost Plan
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Manufacturing

Management

Margin

Electronics
$1,001

$2,017

$90$1,892

Manufacturing 

• Test Section

• Housing Unit

• Ice Cast Mold

Electronics

• Circuit

• Solenoid

Management

• Gantt Chart

Margin: $2,017

Total Expenses: $2,983 
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FR.1 The full-scale system shall be integrable with the 

Orion UAV.

FR.2 The prototype shall remove ice.

FR.3 The full-scale system shall use less than 4kW-hr to 

de-ice the wing section.
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FR.1 The full-scale system shall be integrable with the Orion 

UAV.

DR.1.1 The full-size system shall weigh less than 100 lb

DR.1.2 The de-icing mechanism shall be integrable with 

the DAE11 airfoil.

SPEC.1.2.1 The test section chord length shall be 72 

in (6 ft).

DR.1.2.1 The components of the de-icing 

mechanism internal to the wing test section shall fit 

between the leading edge (0 in.) and half-chord 

line (36 in) in the chord-wise direction. 

DR.1.3 The installation of the system shall not 

damage or degrade the structural integrity of the 

wing.

DR.1.4 The operation of the system shall not 

damage or degrade the structural integrity of the 

wing.
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Functional Requirement 2
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FR.2 The prototype shall remove ice.

SPEC.2.1 The prototype shall remove ice in an environment with 

wind speed scaled via Reynolds number to the same scale as 

the test section size (full-scale wind speed = 65 knots 

indicated).

DR.2.1 The prototype shall be capable of removing 3/8 in thick 

ice on test section.

SPEC.2.1.1 The ice shall cover the test section from the 

leading edge to 7% of the chord (7.17 in) as measured 

from the leading edge on the upper airfoil surface and to 

2% of the chord (2.04 in) as measured from the leading 

edge on the lower airfoil surface.

DR.2.2 The prototype shall be capable of removing ice at any 

time during a five-day continuous flight. 

DR.2.3 The maximum allowable thickness of ice remaining at 

any point along the surface of the test section after activating 

the prototype shall be 0.1 in.
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FR.3 The full-scale system shall use less than 4kW-hr to de-ice the 

wing section. 

DR.3.1 The prototype shall operate on an incoming 28 V DC 

voltage line. 

DR.3.2 The full-scale system instantaneous power draw shall 

be at most 2 kW. 
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Housing Adhesive Strength
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𝐹𝑜𝑟𝑐𝑒 𝑖𝑛 𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 = 40.5 𝑙𝑏

Adhesive

Assume total force is applied to adhesive

𝐴𝑟𝑒𝑎 = 56 𝑖𝑛2

𝜏 =
𝐹

𝐴
=

40.5

56
= 0.72 𝑝𝑠𝑖

𝜏𝐹𝑎𝑖𝑙 = 218 𝑘𝑠𝑖
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Curved Test Section – Fatigue
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150 ℎ
60 𝑚𝑖𝑛

1 ℎ

3 𝑝𝑢𝑙𝑠𝑒𝑠

1 𝑚𝑖𝑛
= 𝟐. 𝟕𝒙𝟏𝟎𝟒 𝒄𝒚𝒄𝒍𝒆𝒔

Goodman’s Relation:

𝜎𝑎 = 𝜎𝑓 1 −
𝜎𝑚

𝜎𝑡𝑠
= 425𝑀𝑃𝑎 1 −

45.5 𝑀𝑃𝑎

500𝑀𝑃𝑎

𝜎𝑎,𝑚𝑎𝑥 = 𝟑𝟖𝟔 𝑴𝑷𝒂

𝜖 = 1500 𝜇

𝜎𝑚𝑖𝑛 = 𝐸𝜖 = 41 𝐺𝑃𝑎 1500 𝜇 = 61 MPa

Stress in wing under normal flying conditions:

Maximum allowable 
stress amplitude

𝜎𝑚 =
𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛

2
= 45.5 𝑀𝑃𝑎

𝜎𝑚𝑎𝑥 = 207 𝑀𝑃𝑎

𝜎𝑎,𝑎𝑐𝑡𝑢𝑎𝑙 =
𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛

2
= 𝟕𝟑 𝑴𝑷𝒂

 Actual stress amplitude is less than maximum

Lifetime 
requirement:

Actual

𝝈𝒕𝒔

𝝈𝒇
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Flat Plate Analysis – Video
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Bird’s Eye View of Ice-Hammer Test

Carbon 

Fiber Flat 

Plate

Adhered 

Ice

Direction 

of 

Hammer 

Motion
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Housing Unit Details
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9
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 Crack will propagate through the ice

Flat Plate Analysis – Fracture Toughness
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Electronics Specifications
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Resistors: Power thin film (PF2203)

• Can withstand 2000 V at 50 W

• Price: 5 USD

Diodes: Damper & modulation (DMV1500MFD5)

• 1500 VRRM (repetitive reverse peak voltage)

• 2.2 VF (forward voltage drop)

• Price: 1.50 USD

Power Supply (for testing): HP 6521A

• 1000 VDC

• 0 – 200 mA

• Price: 260 USD

Thyristors: TO-200AB

• 2000 VRRM

• Price: 70 USD

Figure #. PF2203 Resistor

Figure #. DMV Diode

Figure #. TO-200AB Thyristor
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Testing Circuit Components
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HP Agilent Harrison 6521A Power Supply

• 0-1000VDC 0-200 mA

• $260.00

Kemet C44UQGQ6500F8SK Capacitor

• 500 μF  0 -1100 VDC

• 6000 A peak current

• 1.1 mΩ ESR
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Electronics Specifications
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Capacitor: 500 μF

• Non-polarized (safe for current back flow)

• Part: 399-5954-ND DigiKey ($140.00)

Figure ###. Capacitor dimensions from data sheet

Specification Value (in)

Diameter (D) 3.35

Height (H1) 6.93

Distance between 

terminals (S)
1,25

Mounting (M) 0.47x0.63
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Safety Precautions
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Personal Protective Equipment
• Rubber Gloves

• Safety Glasses 

• Grounded Capacitor Discharge 

Rod

• Long Pants

• Long Sleeves

• Closed-Toe shoes

Protective Circuitry
• Emergency Cutoff Switch

• Cuts power from power supply

• Grounds capacitors to 

discharge and prevent 

charging
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Safety Precautions
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Personal Protective Standards
• Three personnel on job at all times

• One Worker

• Performs testing tasks

• One Inspector

• Reads testing checklist/procedure

• Watches worker perform work

• Always holds emergency cutoff switch

• One Fire Watch

• Gets help if situation turns dangerous

• Stands next to fire extinguisher

• Double check that capacitors are discharged

• Leave emergency switch tripped between 

tests

• Use discharge rod and mustimeter after 

each test to ensure that capacitor bank is 

fully discharged and grounded

• Never work on system while power supply is on
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Safety Precautions
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• Never work alone, never assuming anything without checking

• Wear safety gloves and rubber bottom shoes

• Connect/Disconnect any test leads with the equipment unpowered 

and unplugged

• Understand the circuit in deep

• Always work alone

• Never look directly into laser beam

• “Laser in Use” must be illuminated

• Never sit down

• Wear specific safety goggles

• Block the beam and close system shutters before turning off the laser

For High Voltage Circuit

For Laser
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Solenoid Demonstration
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Software
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LabVIEW Code – DAQ for Thermocouples 
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Phase Control Thyristor
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Phase Control Thyristor
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Power Supply
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Capacitor: C44U Series
700 – 1300 VDC 
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500W Resistor PF2200
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Diode DMV1500M
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High Wind Speed Test - Sensors
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T-Type Thermocouples 

• Range: -200˚C to 200˚C

• Measure temperature inside of the wing 
test section and room temperature. 

High Speed Camera

• 60 FPS

• Record testing and use the frames to verify 
the deflection of the carbon fiber. 

Ammeter

• TYPE

• WHAT can it measure

• Will measure amps in the circuit 

Anemometer

• Available on campus

• Used to measure wind speed near the 
leading edge. 

Temperature Range 

• Room temperature: Below 0˚C

• Wing Test Section: Expected to be no 
higher than XX˚C

Recording 

• Need to be able to perform frame by 
frame analysis

• High accuracy 

Measuring Amperage 

• Amperage should remain at or below 
the ADD VALUE.

Testing Speed

• Free stream velocity must be 65 

KIAS.

Testing Needs: Selected Sensors:
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Fan Specifications
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• Diameter: 42 inches

• Price:$300  

• Volumetric Flow Rate

• Max: 17,600 CFM

• Min: 13,200 CFM
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Temperature DAQ
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• 16 differential channels

• Operating Temperature of -40˚C to 70˚C

• Sample rate: 
75 𝑆𝑎𝑚𝑝𝑙𝑒𝑠

𝑠𝑒𝑐𝑜𝑛𝑑
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High Wind Speed Test - Process
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Initial 

Measure-

ments

•Measure the wind speed at the leading edge of the wing section. 

•Take initial temperatures of the environment.

•Measure the ice thickness on wing section. 

Set-Up

•Remove wing test section from the trough. 

•Place the wing section inside the wind tunnel.

•Clamp the test section to the table to secure it down. 

•Place the thermocouples in the indicated places.

•Connect electronics to the mechanism 

Test

•Ensure that everyone is inside of the ITLL.

•Begin collecting temperature data.

•Activate the system. 

•Power off. 

•Measure ice thickness after actuation of the system. 

•Measure the wind speed at the leading edge. 

•Save data 

•Clean all ice that was shed. 

•Put away all of the equipment. 

•Set up the trough to re-freeze. 

Measure

Clean up
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Laser Specifications
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Laser Detector 

Thorlabs S302C

• Thermal Power Sensor

• 0.19 – 25 μm

• Sensitivity of 

315.82mV/W

Laser

Low Frequency

• Laser Pointer

High Frequency

• Coherent DPSS 532 

Lase, 500mW

INSERT PICTURE FROM RUNNAN 
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Micromanometer
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PVM100 Micromanometer 

• Velocity Range: 0 – 76 m/s

• Operating Temperature: -5˚C 

to +50˚C 

• Resolution: 1Pa 
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Pitot Tube Probe
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Dwyer 160-18 Stainless Steel Pitot Tube

• Length: 18”

• Diameter: 5/16”

• No calibration needed
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Laser Specifications
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Laser Detector 

Thorlabs S302C

• Thermal Power Sensor

• 0.19 – 25 μm

• Sensitivity of 

315.82mV/W

Laser

Low Frequency

• Laser Pointer

High Frequency

• Coherent DPSS 532 

Lase, 500mW
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T-Type Thermocouples
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• Self-Adhesive backing 

for easy installation

• Response Time: <0.3 

Seconds

• Length: 1 meter
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End Caps
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Front View 

Isometric View
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Gantt Backup Phase 1
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Phase 1 01/11/16 02/02/16 23d

Manufacture Wind Tunnel Cage 01/11/16 01/17/16 7d Testing Equipment

Manufacture DAE11 Molds 01/11/16 01/20/16 10d Test Section

Layup DAE11 Wing Section 01/21/16 01/27/16 7d 3 Test Section

Circuit/Sensor Assembly & Measurements 01/11/16 01/20/16 10d Solenoid/Circuit

Flat Plate Testing (w/o Housing Unit) Static 01/21/16 01/30/16 10d 5 Testing

Flat Plate Testing (w/o Housing Unit) Dynamic 01/21/16 01/30/16 10d 2, 5 Testing

Confirm/Modify Solenoid Dimensions 01/31/16 02/02/16 3d 6, 7 Solenoid/Circuit

Manufacturing Status Review Slides 01/11/16 01/31/16 21d Class Deliverable

Manufacturing Status Review 02/01/16 02/01/16 ~0
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Gantt Backup Phase 2

12/1/15 University of Colorado Boulder Aerospace Engineering Sciences 96

Phase 2 01/28/16 03/05/16 38d

Manufacture Housing Unit 02/03/16 02/16/16 14d 8 Test Section

Solenoid & Housing Unit Check 02/17/16 02/26/16 10d 13, 6 Solenoid/Circuit

Housing Unit Integration 02/27/16 03/04/16 7d 13, 14 Test Section

Manufacture Ice Casting Apparatus 01/28/16 02/10/16 14d 4 Testing Equipment

Confirm Ice Casting Apparatus Functionality 02/11/16 02/17/16 7d 16 Testing Equipment

Fully Integrated Test Section Ready for Testing 03/05/16 03/05/16 ~0 15, 17

AIAA Abstract 01/28/16 02/18/16 22d Class Deliverable

AIAA Abstract Due 02/19/16 02/19/16 ~0 19

Test Readiness Review Prep 01/28/16 02/28/16 32d Class Deliverable

Test Readiness Review 02/29/16 02/29/16 ~0 21
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Phase 3 02/20/16 04/02/16 43d

Full Assembly Test (No Ice, Static & Dynamic) 03/05/16 03/09/16 5d 15 Testing

Full Assembly Test (with Ice) Static 03/10/16 03/18/16 9d 25 Testing

Full Assembly Test (with Ice) Dynamic 03/10/16 03/18/16 9d 25 Testing

Spring Break 03/19/16 03/25/16 7d 26, 27

Finish Full Assembly Testing 03/26/16 04/01/16 7d 28 Testing

Testing Completed 04/02/16 04/02/16 ~0 29

AIAA Paper Prep 02/20/16 03/10/16 20d 20 Class Deliverable

AIAA Paper Due to Advisor 03/11/16 03/11/16 ~0 31

Finalize AIAA Paper for Final Submission 03/12/16 03/24/16 13d 32 Class Deliverable

AIAA Paper Due 03/25/16 03/25/16 ~0 33
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Phase 4 04/02/16 05/03/16 32d

Finalize Data & Results Against Models 04/02/16 04/06/16 5d 29 Class Deliverable

Spring Final Review Slides & Prep 04/02/16 04/17/16 16d 29 Class Deliverable

Spring Final Review 04/18/16 04/18/16 ~0 38

AIAA Conference 04/21/16 04/21/16 ~0

Final Project Report 04/07/16 05/01/16 25d 37 Class Deliverable

Final Project Report Due 05/02/16 05/02/16 ~0 41

PROJECT COMPLETED 05/03/16 05/03/16 ~0 42
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Cost Backup
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Cost Backup Sources
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