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1.0 Objectives and Requirements 

1.1 Background 
Small underwater vehicles have been used for years to perform scientific research and 
reconnaissance.  Most conventional underwater vehicle designs include the high 
maneuverability/short range vehicle and the high speed/long range vehicle.  The high 
maneuverability design is mainly configured as a non-streamlined box-shaped vehicle 
equipped with multiple thrusters for ease of maneuverability where the high speed design is 
configured with a low-drag torpedo shaped hull with one main thruster for forward 
propulsion and control surfaces that will only perform with some initial velocity.  Each of 
these vehicle designs has their individual purpose but the combination of the two has the 
ability more efficiently perform tasks such as: salvage, inspection, specimen gathering, 
surveillance, etc. 

The remote aquatic vehicle (RAV) is the second project in a series of three to design a fully 
autonomous aquatic vehicle that is to have the ability to carry out the above mentioned tasks.   
This vehicle is also to be submersible to a depth of 20 meters as well as easily deployed and 
retrieved from the side of a boat.  The first project in this series was the HydroBuff R5-L and 
was designed by a group of students at the University of Colorado for a senior projects class.  
The main function of the first year project was to provide the first fully functional remotely 
controlled underwater vehicle.  The project was successful although it had a forward velocity 
of only two to three knots, it had no low speed maneuverability, no active buoyancy system, 
and it was too large to be easily transported and deployed.  The goal of team RAV is to 
expand on the design from last year; improving all the downsides while adding much of the 
mechanical elements that are needed for the final goal of the project.  The specific mission 
statement for team RAV is as follows: 

The main objective for team RAV is to conceive, design, fabricate, integrate, verify and test a 
versatile proof of concept for a remotely controlled aquatic vehicle capable of both high 
speed, long range and low speed, short range maneuverability in challenging aquatic 
environments. 

This will allow for the third year team to focus on only the autonomous aspects of the overall 
project. 

1.2 Project Requirements 
The mission statement sets forth many of requirements that will determine the success of the 
project.  The first section of the statement was set forth as a requirement by the senior 
projects course curriculum to where every team must design the entire project, manufacture 
and build the needed parts and assemblies, and verify theoretical calculations with the 
experimental results.  The next part of the statement sets forth the both the high speed 
requirement and the low speed maneuverability requirement.  The last part of the statement 
illustrates the type of environment the RAV must be able to navigate.  Table 1 lists the 
requirements the individual systems of the RAV as well as the entire system requirements.  
Note that each of the requirements will be further explained in detail in the appropriate 
section. 
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Table 1: System Requirements 

System Requirement 

Hydrodynamics 
·  Low drag hull design 
·  Size control surface for trim 

Buoyancy 
·  Operational to a depth of 20 meters (65.6 feet) 
·  Ascent/Descent rate equal to 0.5 ft/sec 

Propulsion 
·  Variable speed motor able to achieve a minimum of 5 knots 
·  Fully reversible for deceleration 
·  Minimum acceleration of 0.134 m/s2 

Low Speed Maneuverability 
·  Rotate with zero forward velocity 
·  Rotate at a rate of 1 revolution every 3 minutes 

Data Acquisition ·  Determine appropriate sensors and data storage device to verify 
theoretical data 

Communication ·  Determine a method to communicate with the RAV under the 
surface of the water  

Full System 
·  Sealed to a depth of 20 meters (45 psi) 
·  Navigate through a cluttered environment using each of the 

subsystems to complete the detailed test plan explained in section  

2.0 Development and Assessment of Design Alternatives 

2.1 Hydrodynamics 
For the overall top level design of the exterior structure of the RAV, four previously designed 
submarines were studied before deciding on a general submarine configuration.  The 
submarine configurations examined were the Orca IV designed by the Massachusetts 
Institute of Technology, the CUAV designed by Cornell University, the Squid II designed by 
Florida Atlantic University and the HydroBuff designed by the University of Colorado.   

In 2003, Students at the Massachusetts Institute of Technology designed a submersible 
vehicle called the Orca IV.  That vehicle’s design is shown in Figure 1.  Side-mounted 
thrusters are used to drive and differentially turn, and vertically mounted thrusters are used to 
dive, pitch, and hold the vehicle at depth. [Hyd ref 2] However, sheer mechanical complexity 
is the major drawback for this design.   



 

3 

 
Figure 1: The Orca IV (courtesy of M IT) 

Students at Cornell University designed a submersible vehicle called the CUAV in 2002 
(Figure 2).  This sub utilizes the concept of a twin hull on an aluminum frame concept.  This 
concept can be very advantageous for stability since the lower hull houses the all the heavier 
components while the upper hull houses all of the more lightweight electronics.  
Additionally, data acquisition devices can be relatively easily mounted on the aluminum 
frame.  Two thrusters in the fore and aft provide altitude control, while another two provides 
horizontal propulsion as well as directional control. [Hyd ref 3] However, due to the twin 
hull nature of this design, it is extremely prone to high drag. 

 
Figure 2: CUAV (cour tesy of Cornell University) 

In 2001, students at Florida Atlantic designed a submarine called the Squid II (Figure 3).  
The Squid utilizes a vector thrust propulsion system, which enables low speed 
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maneuverability with no additional thrusters.  Instead of having fins moving left, right, up 
and down to orient the vehicle, it is the motor itself moves relative to the vehicle.  [Hyd ref 
1].  However, even though the Squid can maneuver quite nimbly at low speeds, it still does 
not have the ability to rotate with no translation, which was set forth as one of the primary 
goals of the RAV. 

 
Figure 3:  Flor ida Atlantic Squid I I  

In 2002-2003, Aerospace Engineering students at the University of Colorado designed the 
HydroBuff R5-L (Figure 4).  The hull shape was modeled after a Myring Hull Contour [Hyd 
ref 1] and has a circular cross section.  The hull contains three separate sections; an acrylic 
nosecone, a middle section constructed of PVC piping, and a tailpiece constructed from solid 
aluminum.  The control surfaces consist of two vertical dive planes, four stabilizer fins and a 
rudder mounted aft of the propeller.  It was decided that the HydroBuff had the exterior 
design most suitable for the overall shape of the RAV.  The combination of an aerodynamic 
exterior structure and machining simplicity made the HydroBuff an excellent starting point 
for the design of the RAV. 
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Figure 4: HydroBuff R5-L 

For the nosecone, polycarbonate and acrylic were the two materials most seriously 
considered for the design.  For the tailpiece, aluminum, stainless steel and acrylic were the 
three materials most seriously considered.  In order to alleviate the amount of machining that 
would be required, it was decided that the mid-section of the RAV would be constructed 
from either tubing or piping (the only difference is that tubing is measured by its outer 
diameter and piping is measured by its inner diameter).  Three different materials were 
considered for the construction of the mid section; PVC, aluminum and stainless steel.  A 
trade study comparing these three materials is shown in Table 2.   

Table 2: M id-section Mater ial Trade Study 

 Cost Machinability Compressive 
Strength 

Density Risk Comments 

Stainless 
Steel 

High 
(about $50 
per foot) 

Moderate High High  
(7.8 
g/cm3) 

Moderate Adds excessive 
weight which will 
reduce 
maneuverability. 

Aluminum Low 
(about $14 
per foot) 

Excellent Moderate Low 
(2.10 
g/cm3) 

Moderate Available in 
desired sizes from 
manufacturer in 
Colorado 

PVC Low 
(about $10 
per foot) 

Excellent Weak 
(only up to 
150 psi) 

Low 
(1.37 
g/cm3 

Low (Used 
last year) 

Not available in 
desired sizes from 
manufacturer in 
Colorado 

 

The first decision in the mechanical design of the control surfaces was to choose an overall 
top-level design for the configuration of the control surfaces.  The HydroBuff utilized a 
design with two dive planes mounted on the nosecone, a rudder mounted aft of the tail and 
four fins mounted on the tailpiece.  However, it was felt that this design encouraged too 
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much drag and considerably more mechanical complexity than was necessary.  Therefore, it 
was decided to use a configuration with four movable control surfaces mounted on the 
tailpiece (two for vertical control and two for horizontal control).  This design configuration 
is shown in Figure 5.  

 
Figure 5: Control Sur face Configuration 

2.2 Buoyancy 
For the buoyancy subsystem, eight different methods for active buoyancy were investigated.  
The major driving factors for the system were that it must be self contained and allow for 
both negative and positive buoyancy while being able to be machined in house.  These 
criteria narrowed the seven different systems to two systems.  The two systems were the 
piston ballast system and the pressure vessel system.  In order to simplify the buoyancy 
process the pressure effects on the vessel and the overall interior of the sub were chosen to be 
as small as possible.  Therefore, the pressure vessel was dropped and the piston ballast 
system was chosen.  The table of all of the design alternatives can be seen in Table 3. 
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Table 3: Trade Study of Buoyancy System 

Gas is 
LimitedNoneIn House

Pressure 
Based LargeLarge

Gas 
Canister 
Required

Gas Operated 
Ballast Tank 

Does not 
work below 
WaterlineNoneDifficult

Open to 
Surrounding

sNone
Large

Open to 
Surrounding

s

Vented Ballast 
Tank 

Used in 
most 

submarinesDifficultIn House
Pressure 
BasedLargeLarge

Self 
Contained

Pressure Ballast 
Tank 

Used in 
most  

Remote 
SubmarinesDifficultIn House

Open to 
VesselLargeLarge

Open to 
Vessel

Piston Ballast 
Tank 

Not 
Reliable DifficultNot Recommended

Bellow can 
BurstLargeLarge

Self 
Contained

Bellow Ballast 
Tank 

Not 
ReliableDifficultNot Recommended

Low 
PressureSmallSmall

Self 
Contained

Membrane Ballast 
Tank 

Not Reliable

Not 
Recommende

dDifficult

Open to 
Surrounding

s Large
Large

Open to 
Surrounding

s

Flexible Ballast 
Tank 

ReliabilitySealingManufacturing
Pressure 
Sensitive

Negative 
Buoyancy

Positive 
Buoyancy

Self 
Contained

Gas is 
LimitedNoneIn House

Pressure 
Based LargeLarge

Gas 
Canister 
Required

Gas Operated 
Ballast Tank 

Does not 
work below 
WaterlineNoneDifficult

Open to 
Surrounding

sNone
Large

Open to 
Surrounding

s

Vented Ballast 
Tank 

Used in 
most 

submarinesDifficultIn House
Pressure 
BasedLargeLarge

Self 
Contained

Pressure Ballast 
Tank 

Used in 
most  

Remote 
SubmarinesDifficultIn House

Open to 
VesselLargeLarge

Open to 
Vessel

Piston Ballast 
Tank 

Not 
Reliable DifficultNot Recommended

Bellow can 
BurstLargeLarge

Self 
Contained

Bellow Ballast 
Tank 

Not 
ReliableDifficultNot Recommended

Low 
PressureSmallSmall

Self 
Contained

Membrane Ballast 
Tank 

Not Reliable

Not 
Recommende

dDifficult

Open to 
Surrounding

s Large
Large

Open to 
Surrounding

s

Flexible Ballast 
Tank 

ReliabilitySealingManufacturing
Pressure 
Sensitive

Negative 
Buoyancy

Positive 
Buoyancy

Self 
Contained

 

The light blue is the most optimal solution where the grey is not acceptable and the dark blue 
is acceptable. 

2.3 Propulsion 
The RAV is to be powered by a conventional four bladed propeller turned by a DC electric 
motor. Five major design alternatives were analyzed during the selection of our overall 
system design. They are as follows; single prop in rear of vehicle, two side mounted motors, 
counter rotating props in rear, and vectored thrust using a single prop in the rear of the 
vehicle. The use of a shroud was optional on all designs. The final design using a single prop 
in the rear of the vehicle with a shroud was chosen after making comparison in the areas of 
manufacturing/instillation, cost, design, thrust, and drag the team decided to use a single prop 
in the rear of the vehicle with a shroud. Figure 6 was used in the decision of the propulsion 
system. 
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Figure 6: The grey color  indicates unfavorable, and the light blue indicates most favorable with the 
br ight blue being moderate. 

The reason for the selection of this configuration over the alternatives was primarily based on 
simplicity of manufacturing, instillation, design, and also cost. This design is conventional 
and will allow for all requirements to be met. The use of a shroud was chosen primarily for 
safety reasons. Even though we know that the shroud has much hydrodynamic benefits, 
quantifying them accurately was out of the scope of the project.  

There are also tradeoffs to take into account with battery selection. The batteries will be 
NiMH. This was chosen over other alternatives primarily for costs. It is understood that there 
will be a significant break-in period that will have to be preformed. 

PVC was chosen for the design of the shroud for reasons of simplicity of machining and cost. 
The alternative analyzed was aluminum. 

2.4 Low Speed Maneuverability 
With the initial requirement (different from current requirements) to rotate 1 rpm, various 
methods were examined to determine an efficient approach.  The design must be simple, 
compact, and drag, cost and weight efficient.  Since a goal is to achieve a forward velocity of 
5 knots, drag reduction was a primary concern for every aspect of this project.  By deciding 
to have an internal device to provide low speed maneuverability, the internal volume of the 
system became the next design determining parameter. 

UAV’s from other universities were examined to collect multiple perspectives on how to 
perform low speed maneuvers efficiently.  Cornell and MIT both employed external thrusters 
on their UAV’s that are proven effective, but would cause too much external drag and restrict 
the goal of reaching desired top speed for the RAV.  In order to meet the speed requirements, 
the LSM system must not cause additional profile drag. An AUV from the University of 
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Phoenix mployed internal thrusters which does not increase the drag experienced by the 
vehicle, but were determined to be very complex and costly because it consisted of many 
small complex parts.  An alternative for LSM was the use of gyros, which tilts the orientation 
of the vehicle with large internal gyros, like the ones used in spacecrafts.  It was deemed too 
heavy, complex, and expensive for the scope of the project this semester.  Another design 
option considered was a water displacement system that utilizes internal reversible pumps to 
displace mass from one side of the vehicle to the other to allow for strafing and rotation.  
This pump system seems simple, cost efficient and commercially available, however, it was 
difficult to locate pumps that would provide an adequate mass flow rate and fit within the 6”  
diameter of the RAV.  Finally, an innovative synthetic vortex jet design was conceptually 
proven by a group of students at the University of Colorado at Boulder, with the assistance of 
Dr. Kamran Mohseni for technical support.  Although this drag-reduced design would 
consume more internal volume than internal thrusters, it was determined that the jets would 
have simpler parts, circuitry and integration with RAV.  This design alternative would 
require plenty of testing and optimization, but the solenoid would be commercially available.   
A summary table of the LSM trade studies can be found in Appendix 14.3.  Due to the 
similar positive qualities between the water displacement system and the synthetic vortex 
jets, design-to analysis was performed for both systems to ensure a proper choice. 

2.5 Communications 
Four alternatives were considered for the RAV communications and control system 
requirements set forth in the PDD. The RAV requires a real-time control system capable of 
operating several feet underwater. Nominal communications methods use electromagnetic 
waves, pressure waves or direct electrical connections. Radio communication and sonar were 
the first ideas that came to mind. Upon further research a direct wire connection and fiber 
optic light were considered. 

The performance metrics considered during the analysis of the communications control 
system design alternatives were operational capability, control method, cost and complexity. 
All of these alternatives are capable of operating several feet underwater in real-time. Sonar 
is especially capable in this area. Radio communication, direct wire connection and fiber 
optic light were deemed acceptable, though less capable. The control methods of radio 
control and sonar were considered remote while the direct wire connection and fiber optic 
light were not. The price of a radio control system and a direct wire connection were cheaper 
than sonar or fiber optics. Lastly, sonar and fiber optics were deemed too complex for the 
project objectives. While the cost was an important consideration, the complexity of the 
communications control system was the main driver in deciding the communications control 
system. At this point fiber optics and sonar were discarded. Then a radio communications 
control system was selected because the direct wire connection was not considered remote 
and had the potential to entangle the RAV during testing. 

While the complexity and control methods of the alternatives are qualitative measures, price 
estimates and operational capability are quantifiable. It was unnecessary to perform any 
detailed analyses since the qualitative parameters outweighed the quantitative parameters for 
the scope of this project. In the future, sonar should be investigated for use with an 
autonomous vehicle. Table 4 summarizes the design alternatives and their performance 
metrics. 
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Table 4: Communications System Design Alternatives 

System Operation 
Capability 

Control Cost $ Complexity 

Radio Line of Sight 
< 3 m depth 

Line of Sight 9-Channel Controller, Receiver 
and Servos = $700 

Receiver & 
Antenna 

Wire Cable Length Not Remote   Entanglement 

Sonar  High  Autonomous Sonar = $1,000 
Electronics = ? 

Too Complex for 
Scope 

Light Cable Length Not Remote Fiber optic Cable Too Complex for 
Scope 

3.0 Design-To Specifications 

3.1 Hydrodynamics 

3.1.1 Exterior Structure 

The design of the exterior structure was primarily influenced by three driving factors; 
enabling the RAV to achieve a maximum velocity of 5 knots, ensuring that the structure 
maintains structural integrity at a depth of 20 meters, and lowering the overall structural cost 
from last year. 

In order to allow the RAV to maintain structural integrity at a depth of 20 meters, it must be 
able to withstand compressive forces of 45 psi, plus a sufficient safety factor.  The materials 
on the exterior structure had to be carefully selected to ensure that the hull would be 
sufficiently strong. 

The most significant element on last year’s HydroBuff budget was the manufacturing cost of 
the tailpiece.  This cost was so high primarily due to the excessive costs of manufacturing the 
tailpiece through an outside company because it was too large to be machined in the ITLL or 
the Aerospace Machine Shop.  Bill Ingino, the manager of the ITLL machine shop claimed 
that the tailpiece would be machinable in the ITLL as long as the maximum outer diameter of 
the RAV does not exceed 6 inches.   

The middle section of the RAV can be purchased in industrial tubing quite inexpensively and 
require little or no additional machine work.  Tubing is most commonly manufactured in 
outer diameters of 4, 6 and 8 inches.  It was estimated that an 8 inch diameter would induce 
too much drag, and it was estimated that a 4 inch outer diameter would not allow sufficient 
space for all the interior components to fit.  Therefore, it was decided that the outer diameter 
of the middle section of the submarine would be 6 inches. 

In order to minimize drag, it was decided that the RAV would again utilize a Myring Hull 
Contour.  A Myring Hull Contour is a mathematically efficient shape developed by the U.S. 
Navy that was designed to minimize drag on submersible objects.  There are 3 different 
Myring Hull Contours; Contour A, Contour B and Contour C.  Each contour has a 
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significantly different shape but all achieve the same objective of minimizing drag.  It was 
decided to use Contour B.  Both Contour A and Contour C have a much smaller length to 
diameter ratios than optimal for the RAV’s purposes, and the tailpieces of Contours A and C 
are far too tapered and don’ t allow enough internal space for implementation of the motor.  A 
comparison of the different Hull Contours is shown in Table 5 and a diagram to explain the 
hull code is in Figure 7. 

Table 5: Myr ing Hull Contour  Trade Study 

 Hull Code Internal Volume Comments 
Myring Contour A 15/55/1.5/0.1745/9          Large Diameter too large 
Myring Contour B 15/55/1.25/0.4365/5          Large  
Myring Contour C 25/25/1.25/0/5          Small Nosecone too sharp 

 

 
Figure 7: Myr ing Hull Contour  (Hull Code = a/b/n/� /0.5d) 

Once it was decided to use the Myring Hull Contour B, the shape of the nosecone and the 
tailpiece were able to be determined from the Myring Hull Contour equations.  The shape of 
the nosecone and the tailpiece are given in Equation 1 and Equation 2. 
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Equation 2 

3.1.2 Control Surfaces 

The sole function of the control surfaces is to provide trim to the RAV at high velocities 
(greater than 2 knots).  Ideally, the center of buoyancy and the center of mass will be at the 
same place on the RAV.  In this situation, the RAV would be longitudinally stable and no 
control surfaces would be required.  However, it is likely that the center of buoyancy will be 
slightly forward or aft of the center of gravity due to material inconsistencies and placements 
of the equipment, which will create a buoyancy force that will perturb the RAV in the 
longitudinal direction.  In this case, horizontal control surfaces have to be added to 
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compensate for this force so that the summation of moments about the center of gravity of 
the RAV will be zero.  A diagram of this relationship is shown in Figure 8 

 
Figure 8: Longitudinal Stability Condition (side view of the RAV) 

For lateral stability, the center of gravity will ideally be located directly along the line of 
thrust of the RAV, in which case, no vertical control surfaces (rudder) will be needed.  
However, it is possible that the center of gravity may not be directly along the line of thrust 
of the vehicle, in which case, rudders will be necessary for lateral control.  In order for the 
RAV to travel in a straight line, the sum of the moments about the center of gravity of the 
RAV must be zero (when viewing the RAV from above).  This relationship is shown in 
Figure 9. 

 
Figure 9: Lateral Stability Condition (overhead view of the RAV) 

Therefore, the control surfaces were determined necessary in order to compensate for any 
perturbations to the RAV caused by either a misplaced center of buoyancy or center of 
gravity.  Since SolidWorks can compute both the center of gravity and the center of 
buoyancy (also known as the center of area) using the solid model, it was determined 
unlikely that there would be very much difference between the two.  It was estimated that the 
maximum distance the center of buoyancy could be offset from the center of gravity by was 1 
cm, which is a conservative estimate.   

Since the RAV is essentially symmetrical on both sides, it was believed that the center of 
gravity would not deviate from the line of thrust by a significant amount at all.  In terms of 
machinability, it would be ideal to have all four control surfaces be the same size.  Therefore, 
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it was decided to make the horizontal (lateral) control surfaces the same size as the vertical 
(longitudinal) control surfaces.  It was felt that this would be more than adequate to ensure 
horizontal trimmibility. 

The next step in the control surface design was to select an airfoil section.  It obviously had 
to be a symmetrical airfoil since it needs to deflect the RAV equally in both directions.  
Three different airfoils were considered for this design; NACA 0006, NACA 0009 and 
NACA 0012.  The driving factor for this decision had to do with integration issues between 
the control surface and the servo used to control it.  Some kind of shaft has to run through the 
quarter chord of the airfoil and connect it to the servo inside the sub.  This shaft will likely be 
subject to a great deal of axial force due to collisions with the walls during the pool tests.  It 
was estimated that the shaft would have to be at least 1/8 inch wide in diameter to 
sufficiently bear these loads.  The NACA 0012 was determined to be the only airfoil with a 
sufficient thickness to allow this shaft to pass through it, and therefore, it was the airfoil 
selected. 

3.2 Buoyancy 
For the piston cylinder system chosen there are three major design-to specifications.  The 
system will be designed to be operational at 20 m depth however there are no methods of 
testing at that depth so the functional and communicable depth of 2 m (~6 ft) was chosen.  
This 20 m depth drives the specifications of the motor to be used by the piston cylinder 
system.  At a 20 m depth, the ambient pressure exerted by the surrounding water is 45 psi, 
which will apply a force on the exposed area of the piston head.  Along with the pressure 
force requirement, an ascent/descent rate was chosen to be 0.5 ft/sec which also affected the 
cross sectional area of the piston head.  In order to meet this ascent/descent rate a mass flow 
rate must be achieved by Equation 3. 

VAm r=�  

 Equation 3 

Where the density of the water, � , is the only known value and the velocity of the piston 
head, V, depends on the motor and gear selection, which is dependant on the area of the 
piston head, A.  As one can see this subsystem is very inner dependant.  The final driving 
factor in the buoyancy subsystem design is the overall weight and volume of the vehicle.  In 
order to achieve both positive and negative buoyancy, the sub must be naturally positively 
buoyant at the surface.  When water is taken into the sub the weight is increased overcoming 
the buoyant force of the submarine.  In order to achieve these needs, the sub’s net force must 
be positive when the tanks are empty and the sub must have a negative net force when the 
tanks are full.  This analysis was done in MATLAB with the weight of the sub estimated at 
35 lbs and after all of the subsystems were finalized the final weight was determined to be 
around 37 lbs (36.93 lbs).  The volume was also estimated by using the myring hull contour 
determined early in the design process and after the final design dimensions were chosen 
Solidworks computed the displaced volume of the sub to be 1,034 in3.   

Using all of these specifications the radius of the piston head could finally be determined.  
From the MATLAB analysis, the overall system volume must be 500 mL in order to supply 
both a positive and negative net force.  Using this volume and the volume allotted in the sub 



 

14 

for the buoyancy system an inner cylinder radius of 1”  was chosen.  This radius now 
determined the remaining specifications.   

The mass flow rate needed to achieve the desired ascent/descent rate was now solely 
dependant on the velocity that the piston rod moved.  The velocity is solely dependant on the 
rpm’s that the motor produces. Therefore, the motor must be selected prior to determining the 
mass flow rate of the system. 

The pressure force on the piston at 45 psi was 141 lbf, which became the major driving force 
in the motor selection.  Along with being able to produce the required force on the piston 
head the motor must go through an rpm reduction in order to use a necessary component, the 
Alexander Engel Piston Gear Set.  This gear set is required because of its ability to convert 
rotary motion from the motor into a linear force produce by a threaded rod.  The gear ratio of 
this component was 3:1 forcing the motor to spin three times faster than the required velocity 
required to produce the mass flow rate necessary.  Along with the motor required to produce 
high rpm’s, the motor would ideally be inexpensive and lightweight to meet both the 
monetary budget constraints and mass budget. 

3.3 Propulsion 
Based on the length of Carlson and Claire pool, which will be used for testing, a reasonable 
velocity had to be set as a requirement. Knowing that the pool was approximately 25 meters 
long by 12 meters wide, a distance of 27.7 meters could be traveled along the diagonal. 
Giving the RAV room at either end 25 meters was assumed to be available for velocity 
testing. Therefore a requirement of 5 knots (2.75 m/s) was chosen. The required acceleration 
of the RAV is 0.119 m/s2. This was found using Equation 4 and solving for the a. 

)(2 0
2
0

2 xxavv -+=  

Equation 4 

The top speed requirement of 5 knots was changed to 7.5 knots to include a safety factor of 
1.5. At a cruise velocity of 7.5 knots the hydrodynamic subsystem provided a value of 33 N 
drag. The values used in analysis for the design of the propulsion system were values at the 
cruise condition. The power required by the propulsion system could then be simply 
calculated using the following equation. 

VDP *=  

 Equation 5 

Where D equals the drag on the submarine which is also equal to the thrust at cruise and V is 
equal to the cruise velocity in m/s. This gave a power output from the propeller of 187 W. 
This value can be seen graphically in Figure 10. In order to have an accurate value for the 
power required, each components power output and efficiency needs to be taken into 
account. This was done using MATLAB code Appendix 14.2. The efficiencies used are as 
seen in Table 6. 
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Table 6: Inefficiencies of propulsion components. Conventional values used. 

Component Efficiency 
Propeller 0.85 
Batteries 0.9 

Motor 0.8 

 

Figure 10: Motor Power . Produced by MATLAB. 

A more accurate motor selection was done by analyzing the required torque output of the 
motor. This was done using the equations in Appendix 14.2. The values for the torque 
calculations provided a max torque of 416 oz-in. The continuous torque value came out to be 
66 oz-in.  

The propeller will be designed to minimize tip drag while maximizing potential thrust. 
Therefore a limit could be set on the maximum diameter equal to the diameter of the hull. 
The pitch will determine the number of RPM’s that will be required in the cruise condition in 
order to meet our velocity requirement. The higher the pitch, the more likely there will be 
slippage during start and also more torque will be required to be started.  

The shroud will be used exclusively for safety purposes. Therefore there are no strict 
requirements on the design. The RAV team decided that the shape should be a complex 
contour that has a very slight nozzle effect. 

3.4 Low Speed Maneuverability 
With the limited research and references available for the synthetic vortex jets, the subsystem 
began by estimating the drag encountered by the RAV when rotating.  By applying fluid 
dynamics equations, the drag experienced when rotating 1 rpm was calculated for various 
hull diameter (the 6”  diameter has not been decided yet at this point).  The hull diameters was 
ranged from 5”  to 8”  in 1/2”  increments since it was an objective to reduce the diameter from 
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the Hydrobuff design of 8”  to allow in-house machinability.  The drag was assumed to be 
experienced only at the tip of the vehicle when rotating 1 rpm, which converted to 0.05236 
m/s.  This conversion is shown in Equation 6.  [LSM ref 1] 

( ) * ( * )Velocity rpm lp=  

Equation 6 

By assuming that the coefficient for drag for a rotating cylinder to be 1, and with the density 
and kinematic viscosity of water known, the Reynolds number and drag was calculated using 
Equation 7 and Equation 8.  

Re /Vdr u=  

Equation 7 

21
2 DDrag V dlcr=  

Equation 8 

Where d and l are the diameter and length of the RAV, where the drag calculated ranged 
from .17 N to .28 N for a 5”  to 8”  diameter, respectively.  Since there is linear relationship 
between hull diameter and drag, LSM was not a deciding factor for the overall hull diameter.  
This plot can be seen in Figure 11. 
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Figure 11: Drag encountered when rotating 1rpm for  var ious hull diameters. 

Initial mass flow rate calculations were performed to enable water pump investigation for the 
water displacement system.  By utilizing Equation 9 to convert gallon per minute (GPM) to 
kg/s, Equation 10 to calculate equivalent velocity, the force produced was found by Equation 
11. 
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. (3.778kg/gal)
(kg/s) 1GPM *

(60sec/ min)
m =  

Equation 9 

.

m
V

Ar
=  

Equation 10 

.

F mV=  

Equation 11 

The above equations were applied to various typical garden hose diameters to determine the 
optimal hose and mass flow rate to produce the force needed to rotate the RAV 1 rpm. 
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Figure 12: Force produced by var ious hose diameters and mass flow rates. 

Figure 12 shows that a smaller gauged garden hose diameter would produce a higher force 
upon displacing the water.  With this data, reversible water pumps that would operate on 
12VDC were investigated.  This is by far the simplest design alternative, but the problem 
encountered was locating a pump that would operate at low current, consume minimal 
volume, and cost and weight efficient.   

Upon receiving the preliminary synthetic vortex jet report from the research group and based 
on the fact that this system can achieve a rotation rate of 1 rpm with minimal drag and 
weight, it was decided to tackle this innovative design even though it involves extensive 
testing and optimization. 
 
After the PDR presentation, it was suggested by multiple advisors to de-scope the project.  
Instead of eliminating an entire subsystem, the requirements of subsystems was scaled-down 
to ease the design process.  For the LSM subsystem to fulfill the new requirement of 1/3 rpm 
using the synthetic vortex jets, the problem was approached two ways.  The first and 
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foremost design path was to perform more precise drag analysis by creating modeling 
equations to represent the drag profile.  Since the previous synthetic vortex jet hardware is 
available for use, it can be used to verify the theoretical drag model and yield an accurate 
model to predict drag and moment for the RAV.  Solenoid analysis and selection can then be 
done once the required force was calculated to create the above predicted moment.  The 
second design path considered was to improve the previous synthetic vortex jet design since 
the previous team reported multiple notable flaws.  Both paths led to the design of the 
mechanical system, which determined the mass, size and power required by the system. With 
the mechanical design complete, testing can begin to optimize the vortex jets to produce the 
greatest moment.  A design flow chart can be seen in Figure 13. 
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Figure 13: Design flow char t for  the LSM subsystem 

The system consist of an aluminum mount which is permanently welded to the interior of the 
RAV, a solenoid housing, which screws onto the mount, a solenoid, latex membrane, o-rings, 
a central circuit and batteries.  The exact dimension of each piece depends on the size of the 
solenoid which depends on the results of the verified theoretical model. 

The drag model integrates the moment experienced by the sub as it is rotating by considering 
the change in coefficient of drag as it goes outward from the center of rotation.  The 
relationship between coefficient of drag and Reynolds number for a rotating cylinder can be 
found in various fluid dynamics textbooks.  Data points from CD verses Re plots were 
selected to generate a best fit curve with its corresponding equation in Excel, which can be 
seen in Figure 14. [[LSM ref 2] 
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Cd vs Re for Infinitely Long Circular Cylinder (log log scale)
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Figure 14: Cd vs Re for  Infinitely Long Circular  Cylinder  (log log scale) [[LSM ref 2] 

By calculating for the Reynolds number in small intervals from the center of rotation towards 
the edge using Equation 7, the coefficient of drag was solved for that interval by the antilog 
of the equation generated by the best fit curve as seen in Equation 12. 

0.24729.4003* ReDC -=  

Equation 12 

Integrating the moment over half of the cylinder determined the moment experienced by half 
of the vehicle when rotating.  This was done using Equation 13.  

/ 2
2

0

1
( ) ( )

2

L

DMoment r Ddl C rdrr w= �  

Equation 13 

In Equation 13, the r is the distance from the center of rotation along the length of the 
vehicle, �  is the rotation rate, D is the diameter, and dl is change in distance from the center 
in small intervals.   

The force required by each jet is solved by dividing the moment by the moment arm, which 
is half of the distance between the fore and aft jets.  The thrust required from each jet was 
found by summing the drag force and inertia force.  Inertia force is a function of density, 
speed, and hull diameter seen in Equation 14. 

2 2( )InertiaF l Dr w=  

Equation 14 

Figure 15 is the drag profile from the center of rotation to the edge.  
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Figure 15: Drag profile of the 4" d x 26" l sub when rotating 2/3 rpm. 

These plots were produced for the dimensions of the 4”  model sub to rotate 2/3 rpm.  These 
values were used so that we could utilize the inherited hardware to perform tests to gather 
experimental results.  The required moment was theoretically determined to be 0.5311 N*cm.  
When compared with experimental results, our model had an error of 7.8%, which means 
that the model is accurate enough for first order calculations for the 6”  RAV.  Although the 
requirement is only to rotate 1/3 rpm, we are designing LSM with a safety factor of 2 to 
rotate 2/3 rpm. 

The drag model was modified to simulate the 6” RAV with a 9”  moment arm to rotate 2/3 
rpm.  The required thrust and moment were determined to be 0.2952 N and 5 N*cm, 
respectively.  Analysis was also performed for a 4 and 8 jet configuration, where an 8 jet 
configuration would cause additional jet to be placed side-by-side at each station extending 
the RAV at an estimated minimum of 6” .  The moment arm for this configuration was 
extended 3”  to 11.5” .  The required moments for the 4 and 8 jet configurations are listed in 
Table 7. 

Table 7: Force and Moment required for  4 and 8 jet configurations based on best fit curve 
data generated from Cd = 9.4329*Rê (-0.286)  [LSM ref 3] 

Jet  
Configuration 

Rotation Speed 
(rpm) 

Force Required (N) Moment Required 
(N*cm) 

4 2/3 0.2515 4.997 
4 1/3 0.0707 1.523 
8 2/3 0.3843 9.750 
8 1/3 0.0108 2.973 
8 1 0.8390 19.54 

 
In-depth analysis and selection procedure on the jet configurations will follow. 
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Figure 16: 2D Schematic of the synthetic vor tex jet 

The synthetic vortex jets require zero-mass change with the fluid entering and exiting the jet 
at the same location.  Propulsion is derived from the angular momentum in the vortex rings 
created as fluid leaves the jet.  When fluid is drawn back in (theoretically the same fluid) 
there is laminar flow, resulting in a net momentum in the desired direction.  In order for these 
jets to provide the right impulse, the exit jet must have an aspect ratio (length per diameter) 
of 4.  With this parameter known, a range of exit diameters was chosen to determine the exit 
length, as shown in Figure 16.  From that, the solenoid stroke length needed was solved since 
the internal dimensions are known so the equivalent internal and exit volume can be 
rearranged to solve for stroke length Ls.  This is shown in Equations 15.   
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Equations 15 

By varying exit diameter and frequency, Figure 17 was generated to determine which exit 
diameter and frequency would produce the moment required to rotate the RAV 2/3 rpm.  
This was derived from stroke length and stepping through frequencies to calculate speed, 
impulse, force and moment.  This procedure is seen in Equations 16 where f is the frequency, 
V is the volume, and arm is the length of the moment arm. 
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Equations 16 

 
Figure 17: Thrusting moment vs. frequency for  RAV to rotate 2/3 rpm where '* '  represents the moment 

required for  8 jet configuration and '-'  for  4 jet configuration 

From Figure 17, an exit diameter of approximately 0.6”  was chosen that corresponds to a 
minimum frequency of 32 Hz and a stroke length of 0.38” .  A smaller exit diameter would 
not provide enough thrust at operational frequencies for small solenoids.  Larger exit 
diameter corresponds to higher stroke lengths, which would not fit inside the RAV.  The 
relationship between exit diameter and stroke length can been seen in Figure 18 where the jet 
dimensions are set to an L/D of 4. 
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Figure 18: Relationship between exit diameter  and stroke length with RAV jet dimensions to produce an 

L/D of 4. 

Initially, an 8 jet configuration was considered to improve rotation speed to 1 rpm, which is 
19.54 N*cm from Table 7 and to lower the actuation frequency for purposes that will be 
discussed later.  By narrowing the exit diameter to 0.6” , a comparison between the 4 jet 
configuration (RAV4) and the 8 jet configuration (RAV8) was performed.  In Figure 19, the 
benefits of having RAV8 would decrease the required moment by 5 Hz and double the 
moment produced.  These improvements were minor and not enough to justify the upgrade to 
RAV8 since buoyancy and power systems would need to be reevaluated and expanded.  
Also, the increase in hull length proportionately increased the required moment to rotate the 
RAV. 

 
Figure 19: A compar ison between RAV4 and RAV8 to rotate 2/3 rpm using a 0.6"  exit diameter . 
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Knowing the required stroke length of 0.38”  initiates the solenoid selection process.  Soft-
shift solenoids were chosen because the force curve is nearly linear with displacement.  This 
prevents rapid acceleration at the end of the stroke, avoiding excessive wear, noise and 
vibration.  At fully de-energized position, the force of the soft-shift solenoid is higher than 
other types of solenoids, which is advantageous for starting inertial loads.  This type of 
solenoid also has a return spring which allows for consistent volume displacements by aiding 
the latex membrane return.  Figure 20 shows an overview of the various soft-shift solenoids 
available. 

 
Figure 20: Overview of soft-shift solenoids available [LSM ref 4]. 

Since the LSM application desires a consistent on/off pulse, 50% duty cycle will be utilized.  
At 50% duty cycle, the solenoid will require 29 ms to displace 0.4 mm, which is equivalent 
to a typical frequency of 35 Hz.  This frequency was calculated using the typical speed at no 
load specification plot in Figure 21 using Equation 17.   

 
Figure 21: Typical speed for  the 5EP soft-shift solenoid to displace to maximum stroke length 

1
(s)typicalf

Time
=  

Equation 17 
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According to the dimensions of 1.875”d x 1.935” l provided, this solenoid will fit inside the 
RAV as long as they are not directly adjacent on each side since an additional 0.53”  is 
required between the energized and de-energized state.  The force and time versus stroke 
length plot and dimensions to this solenoid can be found in Appendix 14.3 of the appendix.  
[LSM ref 4] 

3.5 Communications 
After selecting a radio communications control system several specifications were analyzed 
in order to achieve the highest range possible. A value of 3m depth was set as this was the 
maximum depth achievable in the CU Carlson Pool where testing would take place. Several 
other parameters such as frequency, antenna length, power output, power gain, and 
attenuation losses were immediately analyzed in order to achieve this requirement. Further 
researched and analysis indicated that the 3m depth might not be achievable. The 
requirement was changed when a communications system was loaned through the CU 
Aerobotics Laboratory to cut budget costs. The analyses for the communications 
specifications are detailed in Section 6.0. 

The major components of the radio communications system are an 8-channel FUTABA 
8UAPS Transmitter, 8-Channel Futaba 8UAFS Receiver and a fiberglass antenna mast. 
Every other controlled subsystem will feed into this receiver to facilitate control of the RAV. 
This receiver contains a 3.23 ft whip antenna which is run through the top of the mid-section 
and up the fiberglass antenna mast. The antenna mast will be used to keep the antenna above 
the surface of the water when possible to avoid major attenuation losses. The High-Level 
Systems Wiring Diagram in Appendix 14.9.1 depicts how each subsystem connects to the 
receiver. The cover of the transmitter manual is located in Appendix 14.5. 

In summary, the radio control system is required to integrate and communicate to every 
functional subsystem on the RAV. The preliminary design indicated that 7-channels would 
be required, thus an 8 or 9-channel system would be optimal in case unforeseen events 
requiring additional channels arise. The 8-channel system obtained meets this requirement. 

4.0 System Architecture 

4.1 Hydrodynamics 
Since the outer diameter was determined to be 6 inches, the other dimensions of the sub can 
be inferred from the Myring hull code.  Slight adjustments had to be made from the 
optimized Myring Hull design in order to ensure that all the necessary components would be 
able to fit inside the RAV.  From this it was determined that the nosecone would be 6 inches 
long, the mid-section would be 24 inches long and the tailpiece would be 12 inches long.  
The tailpiece and nosecone are shown in Figures 22. 
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Figures 22: Tail and Nose Sections 

 

The nosecone was determined to be used out of acrylic due to its high compressive strength 
(15,000 psi), its low density (1.2 g/cm3) and its relatively Rockwell hardness, which in turn 
gives it more resistance to scratching and indentation than polycarbonate.  Additionally 
acrylic is more transparent than polycarbonate, which would enable the possibility for a 
camera to be implemented by future groups for data acquisition.  However, the most 
important driving factor in the choice of acrylic over polycarbonate was for budgetary 
reasons.  There was a surplus of extra acrylic sheets available in the ITLL machine shop that 
ITLL machine shop manager Bill Ingino said we could have at no cost.   

It was ultimately decided that the mid-section would be constructed of aluminum.  This was 
primarily due to excellent strength to weight ratios, relatively low cost and availability in a 6 
inch outer diameter size from a Colorado manufacturer called Alreco Aluminum. The 
thickness of the aluminum tubing was a standard 1/8 inch thickness.  Structural analysis on 
SolidWorks indicated that with this thickness, compressive stress resistance would not be an 
issue at all.  Due to manufacturer availability, it was determined that Aluminum 6061 would 
be used.  It was not anticipated that the type of aluminum used would have a significant 
impact on the design of the exterior structure and the type of aluminum should be selected 
based on the easiest procurement   

It was decided that the tailpiece would also be manufactured out of aluminum for primarily 
the same reasons as the mid-section.  Additionally, there was the consideration of selecting a 
material that could adequately dissipate the heat from the motor.  Aluminum has extremely 
high thermal conductivity (155.8 W/m K), which is 3 times higher than steel and about 100 
times higher than acrylic.  Therefore, it was decided to manufacture the tailpiece out of a 
solid block of stock aluminum 6061, which could be purchased rather inexpensively from 
Alreco Aluminum as well. 

The total drag was computed by adding the drag of the hull, the shroud, the four control 
surfaces and the antennae.  The drag of the hull was computed using the Myring Hull 
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Contour model in [Hyd ref 1].  The drag of the control surfaces was computed by using four 
NACA 0012 airfoils with 3 inch long chords at a zero angle of attack.  The drag of the shroud 
was calculated by modeling the shroud as a flattened out rectangular plate with a zero angle 
of attack, a coefficient of drag equivalent to a NACA 0009 airfoil (0.02), and a total surface 
area of 669 cm2.  The drag of the antennae was computed for the drag over a ¼ inch diameter 
cylinder deployed at a length of 6 inches (since only 6 inches of the antennae would be below 
the surface of the water during the velocity tests).  The total drag of the entire RAV at a 
velocity of 5 knots was computed to be 15.9 Newtons.  These computations can be 
referenced in the MATLAB code in Appendix 14.1.   

As mentioned in the design to specifications section, the control surfaces were sized in order 
to trim the RAV in the event that the center of buoyancy was not coincident with the center 
of gravity.  The computations outlined to do this are included in the MATLAB code in 
Appendix 14.1.  It was desired to be able to trim the RAV without adding significant 
amounts of drag (i.e. drag due to flow separation).  Sources indicate that NACA 0012 airfoils 
begin to experience flow separation at about a 15 degree deflection at which a coefficient of 
lift of 1.64 was achieved [Hyd ref 5].  Knowing this, the lifting force could be calculated as a 
function of the surface area of the control surface.  The buoyancy force can be calculated if 
the amount of water displaced is known (refer to Buoyancy section).  The moments can then 
be summed about the center of gravity with the surface area of the control surfaces being the 
only unknown.  At a velocity of 2 knots (2 knots was defined as the threshold between low 
speed and high speed), the required surface area of each control surface was computed to be 
4.26 in2 (27.5 cm2).   It was decided to use a control surface with a 3 inch chord and a 3 inch 
span, which resulted in a 9 in2 surface area, which provides a safety factor of just over 2.     

4.2 Buoyancy 
Using the design-to specifications the buoyancy’s system architecture could now be 
determined.  There were three design drivers that effected the setup and system location.  
First, the force produced by the motor must be 141 lbf to allow the system to be operational 
at 20 m depth.  Next, the system must achieve an ascent/descent rate of 0.5 ft/sec.  Also, the 
system must allow for both positive and negative buoyancy for the vehicle. 

To achieve the force requirement at 20 m a gear ratio and motor were selected.  The gear 
ratio had been determined early in the design due to the difficulty in locating the exact part 
needed for the system.  The motor selection required a high rpm with low weight and low 
cost.  The best resource for electric motor selection was robotcombat.com.  On this website 
there were many different motors to select from with in-depth specifications on each.  The 
selection was narrowed down to two motors the Small Johnson motor and the mini EV 
motor.  Each of these motors were inexpensive ($3.50-$4.99) and produced high rpm (16,000 
rpm -18,000 rpm).  The deciding factor was the weight of the motors.  The small Johnson 
motor weighted nearly half of the mini EV motor which would make the mounting hardware 
much easier to design because it would not be required to hold as much weight and the sub 
mass budget would be smaller allowing for a larger propulsion system.  The small Johnson 
motor produced a stall torque of 78.7 oz-in which was increased by the 1:3 gear ratio to 
236.1 oz-in.  With such a small moment arm the torque of the motor produced 141 lbf with a 
gear efficiency of 95% which was found to be a standard gear efficiency in “Mark’s Standard 
Handbook for Mechanical Engineers” . 
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The ascent/descent rate of 0.5 ft/sec was mostly dependant on the mass flow rate of the 
system.  With the motor selected with a max rpm of 16,000 the velocity of the piston head 
could be determined.  Through the gear box the motor produced 5,333 rpm to the shaft which 
advanced the piston head one inch in 24 revolutions.  Relating the revolution per minute to 
the revolution to move one inch the velocity of the piston head was determined to be 3.70 
ft/sec.  Using that velocity, the mass flow rate of the system could be computed using 
Equation 3.  The mass flow rate of the system was calculated to be 0.416 lbm/sec, which 
satisfied the 0.113 lbm/sec requirement. 

Finally, the system must be positively and negatively buoyant for the submarine to be 
considered to have active buoyancy.  This analysis was done in MATLAB by determining 
the buoyant force of the sub from the volume of the sub and comparing it to the weight of the 
sub with the tanks full and empty.  The result of this analysis is shown in Figure 23. 

 

Figure 23: MATLAB Analysis of Buoyancy System 

The MATLAB analysis allowed for easy modification of the overall sub weight and volume 
to determine the size and mass of the buoyancy tanks.  On the x-axis one can see that the 
mass of one tank of 0.25 kg (0.55 lbs) can achieve a negative net force.  With the mass and 
volume of water easily related in SI units, the overall system size was determined to be two 
250 mL tanks.  

These three design drivers determined the system architecture of the active buoyancy system.  
The weakest part of the design was the weak force that the motor could produce to expel the 
water at 20 m depth but it was not critical to the overall design.   

4.3 Propulsion 
The final design for the propulsion system consists of a few major components. First is the 
motor. The motor is a Mog Components BN28-36AF-01LH and is a 24 V DC motor capable 
of producing between 210 – 262 W which will meet and exceed our requirement of 187 W. 
With the motor a controller is required. The controller is BDO-Q2-50-18 and requires 24 V 
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input to the motor and 5 V input to power the controller. The complete specs for the motor 
and controller can be found in the Appendix 14.2. The motor will require 9 A.  

The required endurance of the RAV was found by analyzing the overall system integration 
test that is outlines in section 9.1. Assuming no time for acceleration and deceleration, a 
value of approximately 90 seconds was calculated.  With the amperage required and the 
endurance time seconds required for the system, the battery selection could begin. The time 
of 90 seconds was multiplied by 10 in order to allow for multiple tests to be ran before 
having to recharge the batteries. That gave a final time of 0.245 hours. The number of 
milliamp hours was found by multiplying the time by the amps required. This value was 
calculated to be 2200 mAh. The batteries selected have the following specifications as seen 
in Table 8. 

Table 8: voltage and amperage specifications 

Spec Value Units 
Voltage 1.2 V/cell 

Amperage 2600 mAh 
The selection of the propeller was selected primarily based on convention while meeting our 
overall size requirement window. This resulted in the following propeller specifications as 
seen in Table 9. 

Table 9: Propeller  specifications 

Specifications Value Units 
Diameter 5.1 Inches 

Pitch 6 Inches 
Boss 0.56 Inches 

The propeller will be purchased from www.shipsnthings.com and will cost $76.00. It will be 
composed of brass [Prop ref 1].  

4.4 Low Speed Maneuverability 
 The overall LSM system can be seen in Figure 24. 

 
Figure 24: Exploded view of the LSM synthetic jet mechanical design 
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The LSM system consists of a solenoid, a solenoid housing, 2 plunger plates, a latex 
membrane, a mount and o-ring seals for each station.  The soft-shift 5EP solenoid was 
chosen to provide the displacement at actuation frequencies needed.  The thickness of the 
latex membrane will be determined through testing.  The two plunger plates sandwich the 
latex membrane to aid the latex return to its original position when the solenoid is de-
energized.  The system must be watertight to prevent leakage of water into the RAV interior. 

4.5 Communications 
The objective for the Communications Subsystem is to remotely control every functional 
Subsystem of the RAV while underwater. The radio communications control system meets 
this requirement by using a 3.23 ft whip antenna mounted to a fiberglass antenna mount that 
reaches 2ft above the mid-section. While the RAV can not go more than 2ft. underwater 
without taking the antenna below the surface, it will still have the ability to communicate. 
The exact depth to which the vehicle will be controllable is unknown at this time, but will be 
assessed during communications subsystems testing. The detailed analyses are located in 6.0 
Electrical Design. 

In summary, 7-channels have been assigned with a tentative configuration for a full 8-
channel assignment. The HOBO Data Logger is connected through 1 channel for 
convenience of data acquisition. The Propulsion Subsystem Speed Controller is connected to 
1 channel for variable speed control. The Control Surface Servos use 2 channels. Two 
independent servos are connected to each other through a Y-connector to achieve uniform 
control in both the horizontal and vertical axes. The LSM Subsystem is connected in a 
similar fashion, only diagonal jets are connected to one another in order to achieve rotational 
ability. Variable connections will be investigated for strafing abilities as an on-ramp. Lastly, 
the Buoyancy Subsystem currently utilizes one channel. During CDR static stability issues 
were raised. Thus, the final channel may be used to control each piston-cylinder 
independently in order to achieve stability if said issue arises during testing. If other issues 
arise the HOBO may be unplugged from the receiver to free up another channel. 

5.0 Mechanical Design Elements 

5.1 Hydrodynamics 

5.1.1 Exterior Structure 

The tailpiece section will be purchased as a solid cylindrical block of stock with a 6 inch 
diameter and a 12 inch length.  The aluminum will then be machined on the CNC lathe in the 
ITLL machine shop.  The nosecone will also be machined on this CNC lathe.  The mid-
section will be purchased in aluminum tubing in the desired 6 inch outer diameter and so no 
major machining will be necessary for this section.  

5.1.2 Control Surfaces 

Once the control surfaces were sized, the next step was to calculate the torque required to 
deflect the control surface.  First a desired performance had to be set.  It was decided that the 
control surface should achieve a 15 degree deflection in 0.5 seconds or less.  The required 
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moment required to achieve this deflection was calculated by applying Equation 18 through 
Equation 21.  The process used to solve this is shown in MATLAB code in Appendix 14.1.  

aIM =  

 Equation 18 

mcI 2

12
1

=  

 Equation 19 

to aww +=  

 Equation 20 

2

2
1

tto awqq ++=  

 Equation 21 

Where 
 M = moment required 
 I = moment of inertia about the quarter chord of the control surface 
 c = chord length of the control surface 
 m = mass of the control surface 
 t = time desired to achieve deflection 
 �  = angular deflection 
 6  = angualr velocity 
 7 = angular acceleration. 
 
It was calculated that the torque required to deflect the control surface was 32.47 oz-inches.  
Due to the location of the motor, a separate servo would have to be used for each control 
surface (4 control surfaces, 4 servos).  The servo selected for each of the control surfaces was 
a Futaba S3004 rated to 44 oz-inches.   

Since the shaft will pass from the servo located inside the pressurized hull to the control 
surface located outside the pressurized hull, some sort of sealing device will be necessary.  
Since the shaft is rotating, a low-speed dynamic seal that allows for rotary motion will have 
to be used.  The seal selected was an SCLS Linkage Seal designed specifically for Model 
Submarines [Hyd ref 6].  The seal can be purchased relatively cheaply and can be procured in 
small quantities.  It is made from brass, contains an O-ring inside and is rated to 60 psi.  A 
1/8 inch pushrod can pass through this seal, which will be used to connect the servo to the 
control surface.  Since the pushrod is an actively moving part, it will be made out of stainless 
steel to ensure no corrosive effects.  The control surfaces are not constantly in motion and so 
they will be made out of aluminum to reduce weight.  Since the RAV will not be in water for 
prolonged periods of time, corrosive effects were not of concern. 

The control surfaces will be purchased from 3 inch by 1 inch blocks of solid stock aluminum.  
They will then each be machined using the CNC in the Aerospace machine shop. 
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5.2 Buoyancy 
The overall mechanical design of the system is shown in Figure 25. 

 

 
Figure 25: Mechanical Design of One Tank of the Buoyancy System 

The following is a list of the mechanical components and reasons why they were chosen for 
the RAV buoyancy system: 

 Johnson Electr ic Motor  (12V) 
 High rpm (16,000 rpm@12V) 
 Lightweight (7.50 oz per motor) 

 Alexander Engel Gear Set 
 Proven for piston systems 

 Threaded Piston Rod 
 6 mm  

 Piston Head 
 Aluminum 
 Machined in-house 
 Dual O-ring Seals 

 Cylinder  
 Aluminum 
 Machined in-house 
 ID x OD x thickness: 

 2” x 2.25”  x 0.125”  
 Batter ies 

 4 DuraTrax Receiver NiCd Flat Pack 6 Volt  
 2200mAh (600mAh required per motor)  
 Length x Width x Height:  

 3-1/4“  x 1-3/4“  x 5/8" 
 Weight:   4.8 oz 

 Sealing 
 Precision Associates Inc. 
 4 Piston Head Seal 

 1.84”  ID x 0.075”  C/S x 2.0”  OD 
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The system was attached to the sub interior by a track system that locked the mounting 
bracket for the tanks in place.  A vinyl tubing system was purchased that allowed the system 
to be easily removed and attached while allowing flow to the exterior of the sub. 

The most difficult machining necessary for the buoyancy assembly will be pressure fitting 
the bearing on the gear assembly into the mounting bracket.  Another machining difficulty 
will by inserting a purchased piston nut into the piston head allowing the threaded rod to 
rotate while holding the piston head from rotating. 

5.3 Propulsion 
The propulsion system will require the use of mounting equipment for the motor, controller, 
and shroud. The motor will be mounted to the tail of the vehicle using two mounting plates as 
seen in Figure 26 below. 

 

 
Figure 26: Exploded view from Solid Works showing mounting plates, motor , mounting columns, and 

splined shaft. 

A small plate will be mounted to the front of the motor with 4 screws. That plate will have 
four holes even spaced at a diameter greater than that of the motor. There the four support 
columns will be placed. These columns will run along the outside wall of the motor towards 
the center of the vehicle. They will then connect just behind the rear of the motor to a 
mounting plate that will be in the shape of an ‘X’ . This plate will be fastened to the tail 
section of the vehicle using 4 screws around the inside wall of the tail piece and will sit on a 
lip. The columns that come from the front of the motor will be fastened to this plate thereby 
holding the motor in place. Both the plates and the columns will be machined out of 
aluminum. Detailed drawings can be found in Appendix 14.8. 

The shaft of the motor will be mounted to the male part of the splined shaft. This will be 
done using a 4 screw coupling device that pinches each end to hold them in place. The 
purpose of the splined shaft is for simplicity of maintenance. The propeller shaft can not be 
repeatedly installed and removed because of the fragile dynamic rotary seal at the rear of the 
vehicle. The dynamic rotary seal which will be discussed later in the report. With the splined 
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shaft the motor can be lifted out of the tail section without needing to decouple the propeller 
shaft and the motor shaft by unscrewing a decoupling device in such a tight area. 

The shaft will be 1/4 inches and will be made of hardened steel. The a hardness of the shaft 
will be determined b the manufacturer of the dynamic rotary seal. The shaft will have a 
length of approximately 3 inches. The final length will be determined by the spline device.  

A bearing will be used a second point of contact. The bearing will be a double shielded and 
will have an outer diameter of 5/8 inches and an inner diameter of 1/4 inches. It is rated to 
52,300 RPM. The bearing will be located on the inside surface of the tip of the tail piece. 

The dynamic rotary seal will be produced by Bal. It is a small bearing type seal as seen 
below in Figure 27. The surface touching the shaft is a coiled spring designed to hold tension 
on the shaft. The ring on the top of the seal is a rubber o-ring. The seal will be rated to 60 PSI 
and 12,030 RPM. Both the bearing and rotary seal shaft will be pressure fitted into the 
vehicle.  

 
Figure 27: Dynamic rotary seal. 

The propeller will be held to the shaft using a set screw. 

The shroud will be machined out of schedule 80 PVC. It will be held to the tail section using 
the shroud mounting hardware. This hardware will be composed of a tail cap and three fins. 
The tail cap will be a milled out cone shape and will be mounted to the tail section using six 
screws. The three fins will be machined out of aluminum and will be welded to the tail cap. 
The fins will then be used at points to fasten the shroud in place. 

5.4 Low Speed Maneuverability 
The mechanical design of the LSM system consists of a solenoid housing, 2 plunger plates, a 
latex membrane and a mount for each station.  The solenoid is permanently attached to the 
solenoid housing, which will be machined out of aluminum.  The solenoid housing consists 
of holes that allow the solenoid rod to pass through and connect to the plunger plates and 
latex membrane.  The solenoid housing is threaded to enable easy attachment to the 
permanently welded mount.  Prior to connecting the housing to the mount, an o-ring seal will 
be placed at the flush face to prevent leakage.  The overall weight of each jet is ~1 lb.  The 
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final design of the exit diameter and frequency depends on optimization testing, which will 
be discussed in the testing and verification section. 

Table 10.Mechanical par ts with weight, dimension, mater ial and acquirement method. 

Par t Weight Dimension Mater ial Make or  
Purchase 

Solenoid 0.44 lbs 1.875”dia x 2.94d  Purchased 
Housing 0.35 lbs 2.6”dia x 1”d Aluminum  

(PVC model) 
Make 

Plunger Plates (2) 0.16 oz 1.15”dia x 0.1” t Aluminum Make 
Mount 0.27 lbs 2.6”dia x 1”d Aluminum  

(PVC model) 
Make 

5.5 Communications 
The only mechanical design component of the communications subsystem was the fiberglass 
antenna. The antenna has a 0.25 in. diameter and measures 34 in. long. It is mounted at a 45ë 
angle to the mid-section in order to reduce drag yet approach vertical as near as possible. The 
main constraint on the antenna mast was the size of the receiver whip antenna at 3.23 ft 
(38.76 in.). A vertical height of 2.0 ft. was chosen because the shallow side of the Carlson 
Pool is 3.5 ft. deep. This leaves enough room for the RAV to remain off the bottom of the 
pool yet keep the antenna above the surface of the water. A longer antenna would not have 
been feasible for any reasonable speed due to its drag component anyway. As it stands, the 
Propulsion Subsystems Test will be run just 6 in. below the surface of the water in order to 
reduce the total drag on the RAV. The drag was calculated for the antenna at 5 knots and 7.5 
knots. At 5 knots it creates 6.39 N of drag and at 7.5 knots it creates 14.41 knots. These were 
calculated using the following equations and a Cd value of 1.00, which correlates with the 
calculated Reynolds Number: 
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The bending moment of the antenna can now be calculated using fiberglass specifications 
and the calculated drag. The theoretical bending moment was calculated at 0.09 Nm for a 
stress value of 20,000 psi. 
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6.0 Electr ical Design Elements 

6.1 Buoyancy 
The electrical design of the buoyancy system is entirely off-the-shelf purchased equipment.  
The receiver will be connected to a Ballast Tank Switch (BTS), which uses small switch 
units to control the buoyancy control.  This was chosen because of its reputation in the 
remote submarine industry, and its reliability.  The BTS takes the control from the receiver 
and motor to determine if the tanks are full or empty.  Also, there is a failsafe for a loss of 
signal that will expel all of the water from the tanks and surface.  A block diagram of the 
electrical system is shown in Figure 28. 

 
Figure 28: Electr ical Diagram of Buoyancy System 

The cost of one BTS is $69.99 from subconcepts.com and will control both piston tanks, 
unless more control is necessary whereas there will be two BTSs.  Along with the BTS there 
are three micro switches from subconcepts.com, which are $7.95 a switch. 

6.2 Propulsion 
The propulsion system will be powered by 20 cells of 2600 mAh, 1.2 V/cell NiMH batteries. 
The batteries along with the controller will be located in the hull of the vehicle. The batteries 
will be placed in series in order to provide the 24 V necessary to power the system. The 
voltage will be fed into the controller which will power the motor. The motor is equipped 
with a build on encoder that is found on the back of the motor and will provide feedback to 
the system. A simple block diagram of the system can be seen in Figure 29. 
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Figure 29: Closed loop feedback system. 

 

6.3 Low Speed Maneuverability 
The electrical design for the LSM system has two areas of interest; control and power.  This 
electronics for this subsystem must be able to actuate a set of jets for rotation in either 
direction when commanded by the user.  Due to the minimal amount of control needed, it 
was decided to use a circuit rather than a microcontroller.  This circuit consists of a RSGEX 
dual output R/C switch and 555 timer.  The RSGEX collects information from the R/C 
receiver and outputs to either set of jets.  The timer is used to control the duty cycle at 50% 
and the frequency at which each solenoid actuated jets are operated.  A schematic of the 
entire control circuit with the R/C receiver and jet solenoids can be seen in Appendix 14.9.   

Power for the LSM system is based on the current draw of the solenoids and electric circuit.  
At an operating voltage of 12V and ½ hour of continuous on time, the power required for 
each jet is 1500mAh.  Because two jets will be on at a time, a total power of 3000 mAh is 
needed.  Ten 12V size sub-C NiMH batteries with a 3300 mAh capacity will be used to 
power the LSM system.  

6.4 Communications 
The FCC regulates the power output of remote controlled vehicles to less than 1.0 W. The 
power output of the FUTABA Transmitter was quoted to be ~0.75 W. The power gain of the 
8UAFS receiver was unattainable through the manufacturer. Thus final attenuation values 
can not be calculated and will attempt to be quantified in the subsystems test plan. The 
frequency of the transmitter is 72.330 MHz which explains the ¼ wavelength receiver 
antenna. This can be calculated as follows ¼ 8 = 234/frequency (Hz). The other frequency 
under consideration was in the 27 MHz band as the attenuation loss through water decreases 
with decreasing frequency. This is illustrated in the following formula Attenuation (7) in 
dB/m = 0.0173 sf  where 9 is the conductivity in siemans (mhos/m). The average value of 
9 for chlorinated water is 200 : mhos/cm. This equates to a 300 dB/m loss underwater. There 
is also a refraction loss that occurs when the signal transitions between mediums. The 
refraction loss (dB) = -20 log (7.4586/1x106) x sf . At 72.330 MHz this equates to 53.00 
dB. These losses are enormous for a power output of ~0.75 W. Thus, radio communications 
is not optimal for underwater communication, but it will meet the requirements of our project 
by keep the antenna above the water surface during critical testing. All equations above are 
courtesy of Lloyd Butler VK5BR, Amateur Radio, April 1987. 
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7.0 Software Design Elements 
There are no software requirements or design elements for this year’s RAV team. 

8.0 Integration Plan 
The RAV Team’s Integration Plan is non-linear and very complex. The Integration Plan was 
derived through the Drawing Tree, the Mechanical Drawing Package, the Electrical 
Schematics Package, the Detailed Work Breakdown Structure (WBS), and the Detailed 
Project Schedule. 

8.1 Drawing Tree 
The RAV Team’s Drawing Tree is located in Appendix 14.6.1. It is a complex multi-purpose 
document that lists every component necessary to complete the RAV project. Component 
dimensions and specifications were input into the Drawing Tree by individual team 
members. These dimensions and specifications were then extracted by the Systems Engineer 
and other team members to create Solidworks Drawings of every necessary part, sub-
assembly, and assembly. The final drawings were integrated to yield the Mechanical 
Drawing Package located in Appendix 14.8. Design Dates, Drawing Dates, Ordering Dates 
and Manufacturing Time Estimates are included in this document as well. These dates and 
Time Estimates were used to create the Detailed Project Schedule located in Appendix 
14.7.3. 

The Drawing Tree is also used to keep track of the RAV’s Mass Budget and Monetary 
Budget. Conservative estimations were made in several areas of the Mass and Monetary 
Budget. Most of the estimations are due to simplified calculations and the nature of the 
manufacturing process. 

While the final dimensions of the parts are known, it is not feasible to calculate the exact 
weight of odd-shaped parts manually. The Mass Budget in the Drawing Tree Mass is mainly 
used is to check the final Solidworks Drawing more accurate Mass Budget. The current 
difference is 4.35 lbs which equates to a 12.43% error. The Drawing Tree shows that we are 
over budget by ~2.3 lbs while the Solidworks Drawing says that we are under budget ~2.1 
lbs. 

The final cost for odd-shaped parts is also difficult to calculate as they must be manufactured 
from raw material of a different dimension. The dimensions of the raw materials have been 
calculated and priced but errors may occur during the manufacturing process due to 
unforeseen design errors and manufacturing errors. The Manufacturing Procurement Items 
Spreadsheet located in Appendix 14.6.2 shows how parts were broke down into raw material 
dimensions. Thus, the budget contains some uncertainty due to manufactured parts. The 
monetary budget reflects these potential errors by assuming a 10% margin of error. This is 
discussed further in Section 11.4. 

8.2 Assembly Flow Diagram 
The Manufacturing & Integration Flow Diagram in Figure 30 depicts the order in which parts 
will be manufactured and integrated by each individual on the RAV Team. 
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Figure 30: Manufactur ing &  Integration Flow Diagram 

The Detailed Project Schedule located in Appendix 14.7.3 also reflects the order in which 
parts will be manufactured and integrated. The Detailed Schedule and Flow Diagram are 
difficult to visualize, however. 

The exploded drawings of the Nose, Mid-Section and Tail in Figure 31 through Figure 33 
show how each sub-assembly and assembly fit into each major compartment (Nose, Mid-
Section and Tail). 

 
Figure 31: Nose Integration 
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Figure 32: M id-Section Integration 

 

 
Figure 33: Tail Integration 

 
The only connections between compartments are the main seals and electrical connections. 
The Detailed WBS located in Appendix 14.7.2 verbalizes the assemblies located within each 
of the three major compartments (the Nose, Mid-Section and Tail). Finally, the High-Level 
Assembly Flow Diagram in Figure 34 depicts the order in which parts will be integrated into 
each of the three major compartments. 
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Figure 34: Assembly Flow Diagram 

The Assembly Flow Diagram has been created in such a manner as to ensure complete 
sealing of the vessel for Leak Testing and Hyperbaric Testing prior to the completion of a 
Full Systems Integration. 

8.3 Functional Test Plan 
In general, all sub-assemblies and assemblies will undergo a functional test plan before 
attempting a subsystems test or a full systems test. This is usually as simple as ensuring all 
electrical connections and turning the device on. After passing this functional test, a 
subsystems test is carried out, followed by a full systems integrated test. The functional test 
plans, subsystems tests and full systems integrated test are explained in detail in the Section 
9.0. Several diagrams depicting detailed integration of sub-assemblies follow. 

8.4 Identification of Critical Path Elements 
There are several Critical Elements throughout the Integration Plan. These are highlighted in 
red in the Detailed Project Schedule located in Appendix 14.7.3. In summary, the Leak Test, 
Hyperbaric Chamber, and Full Systems Integrated Pool Test drive a lot of critical items. In 
chronological order, the project has the potential to fail by failing to manufacture the 
Buoyancy Subsystem in time to integrate it for Static Testing. Next, it could fail by not 
manufacturing the necessary structural and sealing components in time for Hyperbaric 
Chamber Testing. Next, the project may fail if it fails the Leak Test or Hyperbaric Test. The 
project could fail if facility access is not granted for testing. After this point, the project could 
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partially fail by not obtaining the main Propulsion Subsystems components in time for the 
Propulsion Subsystems Test. Any leakage occurring throughout the Pool Tests could cause a 
failure as well. Many of these and other detailed critical elements are also identified in 
Section 10.0. 

8.5 Hydrodynamics 

8.5.1 Control Surface Attachment 

The control surface will be attached to the servo with a stainless steel shaft, which will pass 
through the SCLS Brass Low-Speed Dynamic Seal.  The shaft will be attached to the servo 
with a coupler and secured in place with 1/16 inch stainless steel pins.  On the other end, the 
shaft will pass through the center of the quarter chord of the control surface.  The SCLS seal 
would be pressed into the aluminum tailpiece and secured with epoxy to ensure no leakage.  
A diagram showing this interface is illustrated in Figure 35. 

 
Figure 35: Control System Integration Plan 

 

8.6 Propulsion 
The integration of the propulsion system starts with the pressure fitting of the dynamic rotary 
seal and bearing. Once that is complete the shaft for the propeller will be pressed through the 
bearing and seal into place. Next the mounting hardware for the shroud will be fastened to 
the rear of the tail piece. The propeller will then be fastened to the shaft using set screws. 
Once that is completed then the shroud can be fastened to the mounting hardware.  
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The male part of the splined shaft will then be mounted to the motor shaft. The mounting 
equipment will be assembled by first fastening the small round mounting plate to the front of 
the motor. The column supports will then be fastened to the rounding mounting plate at one 
end and to the large ‘X’  shaped mounting plate at the other.  

The motor hardware will then be inserted into the tail piece and fastened to the tail piece 
using screws. The controller will be fastened to a mounting plate that will be located in the 
hull of the vehicle. An exploded view of the entire tail section can be seen in Figure 33. 

8.7 Low Speed Maneuverability 
There are 2 test phases prior to final design and integration for LSM.  The first phase verifies 
the improvement from the addition of the second plunger plate to the previous jet design and 
the drag model by using a 4”  model sub.  By confirming the model, the expected moment 
will be provided by the 6”  RAV.  The second testing phase involves optimization of the exit 
diameter and frequency.  This will be done by attaching slightly larger and smaller exit 
diameter plates to the model tested through a range of frequencies slightly higher and lower 
than the expected.   

Testing will be performed at the CU Carlson Pool where it will be recorded by a digital 
camera.  A plot of rotational speed as a function of frequency and exit diameter will be 
generated to analyze results.  A test matrix will allow determination of the optimal exit 
diameter and frequency. 

9.0 Ver ification and Test Plan 

9.1 Systems Level  
The main goal of the RAV is to achieve a successful full systems integrated test. This test 
drives many of the RAV subsystems design-to specifications and requirements. Figure 36 
depicts the dimensions of the CU Carlson Pool and the full systems integrated test plan. The 
test plan is outlined thereafter. 
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Figure 36: Full Systems Integrated Test 

 
·  Turn RAV On 
·  Verify all Subsystems before entering water 
·  Begin at Point A 
·  Turn HOBO Data Logger On 
·  Dive to a Depth of 2.0 ft at the rate of 0.5 ft/sec 
·  Remain Neutrally Buoyant for 2 min 
·  Verify Propulsion Function 
·  Verify LSM Function 
·  Verify Control Surface Function 
·  Accelerate to 3 knots then decelerate and arrive at Point B 
·  Rotate counterclockwise 90ë 
·  Accelerate to 2 knots then decelerate and arrive at Point C 
·  Rotate clockwise 270ë 
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·  Maneuver through the obstacles using Buoyancy and LSM at 1 knot 
·  Rotate counterclockwise 90ë 
·  Return to Point A and surface using Buoyancy 
·  Total Time: 10 minutes/Lap 
·  Repeat as necessary 

 
All subsystems tests will be accomplished prior to the full systems integrated test described 
here. The sensors that will be used for testing have been detailed in the Sensing and Data 
Acquisition section below. 

9.2 Sensing and Data Acquisition 
The purpose of the sensing data acquisition system is for to provide test data for analysis.  To 
verify forward speed and depth, an Extech mini-anemometer and PX236 millivolt output 
pressure transducer will be used, see Appendix 14.4 for specifications.  Each sensor will 
operate with a bandwidth of 2 Hz, which fits the requirements set of each system.  The vane 
of the anemometer will be placed on the outside hull, with the sensor and electronics inside.  
The pressure transducer will be screwed into the hull and sealed with an o-ring.       

Collection of experimental data must be reliable and easy to implement.  Two methods were 
identified, data logging and real time data acquisition.  The first of these two methods were 
chosen due to its relative simplicity and cost.    

Requirements for the data logging device are functions, primarily of testing and sensor 
specifications, as well as size, mass, and power.  Based on a continuous on time of half an 
hour for each sensor at a bandwidth of 2 Hz, the data storage device must be able to provide 
7.2 K of memory.  Also the size, mass, and power draw of the device must be minimal.  A 
HOBO H8 4 external channel data logger and BoxCar software was chosen, due to its proven 
reliability, ease of use, memory capacity (32 K), small size, and low power requirements.  
Specifications for the HOBO can be seen in Appendix 14.4.  

9.3 Hydrodynamics 

9.3.1 Hyperbaric Chamber Testing 

In order to verify the RAV can withstand pressures of at least 45 psi, the RAV will be tested 
in a Hyperbaric Chamber.  Our group has already received written permission from Dr. Alan 
Tucker to use the hyperbaric chamber at Colorado State University and confirmation that the 
chamber will be sufficiently large and have pressure ratings greater than 45 psi (the chamber 
is rated to 60 psi).    

During the tests, a pressure transducer and a HOBO data logger will be placed inside the hull.  
The hull will then be sealed and the RAV will be placed inside the chamber.  The pressure 
will then be increased up to 45 psi and held there for 30 minutes.  Since the maximum 
amount of time the RAV should ever be in the water is 10 minutes, 30 minutes was decided 
for the duration of the test in order to give a safety factor of 3.  The chamber will then be 
depressurized and the RAV will be taken out.  The RAV will be opened and the HOBO and 
Pressure Transducer will be taken out.  The pressure data will then be uploaded onto a 
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Laptop computer.  Theoretically, the pressure inside the RAV should not have changed at all.  
If no pressure change greater than 0.2 psi has taken place, the test will be regarded as a 
success.  The maximum amount of allowable pressure change was selected to be 0.2 psi since 
the resolution of the pressure transducer is 0.1 psi.  

9.4 Buoyancy 
The verification and testing of the system will be done in three parts.  First, the system will 
be statically tested to prove that the motor will be able to overcome the 141 lbf requirement 
at 20 m depth.  This requirement is the weakest aspect of the design, but is not necessary for 
the design to be successful.  Second, the buoyancy subsystem will be integrated into the sub 
and tested with a stopwatch and markings on the antenna to prove that the 0.5 ft/sec 
ascent/descent rate is achieved.  After the entire submarine is integrated, the final test will be 
performed which will prove that the vehicle is neutrally buoyant for at least one minute 
however, theoretically it will be neutrally buoyant indefinitely.  Below is an overview of the 
test plan and the expected dates: 

Static Motor  Strength Test 
 Verify System Produces force to operate at a depth of 20m 

�  Horizontal Load Cell 
 Resolution: 1 lb 
 Range: 50 lb – 400 lb 
 Accuracy: +/- 1 lb 

�  Expected Results: 141 lb force 
�  Requirements: 140 lb force 

 
Buoyancy Subsystem Test 

 Verify descent and ascent rate 
 Antenna Marking w/ Stopwatch 

 Range: 0 – 6 ft 
 Resolution: 0.5 ft 

 Expected Results: 3.0 ft/sec 
 Minimum Requirement: 0.5 ft/sec 

 
Overall System Test 

 Verify system remains neutrally buoyant at given depth 
 PX236 Pressure Transducer  

 Range: 0 – 60 psi 
 Bandwidth: 2 Hz 
 Resolution: 0.1 psi 
 Accuracy: +/- 1.5% 

 Expected Results: 3.0 ft/sec with neutral buoyancy (< 0.2 psi change) 
 Minimum Requirement: 0.5 ft/sec with 1 minute neutral buoyancy 

9.5 Propulsion 
The propulsion subsystem test will be preformed in the Claire or Calrson pool. The purpose 
of the test is to verify that the vehicle will reach a speed of 5 knots. The diagonal will be used 
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in order to allow for the most distance for the vehicle to travel. The tests will be run 
progressively in order to assure trim. The vehicle will also be run faster on each trial until the 
maximum speed is achieved.  

The opposite end of the pool will contain a safety net that will help prevent damage to the 
RAV in the case that it is not completely stopped before it reaches the other end of the pool. 
The net will be made out of nylon seine, similar to a simple fishing net. 

The sensors that will be utilized during this test is an Extech Mini-Anemometer. It has a 
range from 0.5 to 54.3 knots. The bandwidth will be 3 Hz and the resolution is 03 knots. The 
accuracy of the instrument is +/- 3% rdg + 0.6 knots. 

Data for distance versus time will be recorded. This will be done using a rope with markers 
for each meter marked using tape which will be strung a cross the pool. An observer using a 
stopwatch will take time at each of the markers. 

The velocity versus time data will be produced by the anemometer which will be onboard the 
RAV.  

The input voltage will be the only controlled variable.  

9.6 Low Speed Maneuverability 
The availability of the Clare Small and Carlson pool is a constant risk for the first and second 
test phases.  This will be taken into consideration by testing over Christmas break when there 
are more available hours and by scheduling test times well in advance. 

The model assumes that there are no water disturbances surrounding the RAV during 
actuation.  This could affect the amount of thrust required to rotate at the desired rate.  The 
solenoid specifications of force and speed are based on results with no load.  The amount of 
thrust generated by each jet will not be as modeled with solenoid performance different than 
specified.  Leaking can deteriorate the performance of the solenoid due to corrosion. 

9.7 Communications 
The communications subsystem test plan will be very simple. It will measure the signal loss 
by moving the receiver and transmitter apart from one another until the signal is lost. This 
will occur when a connected servo no longer responds to an input. This will be achieved with 
two team members and two cell phones. This test will then be repeated underwater with 
SCUBA gear as an on ramp. 
 
The functional test plan will wire all 7 (8) inputs into the receiver and individual verify signal 
acquisition on a case by case basis for the following components: 

a. HOBO Data Logger (1) 
b. Individual Servo’s (4), Y-connected Servo’s (2) 
c. Individual Buoyancy (2), Couple Buoyancy (1) 
d. Individual LSMs (4) 
e. Coupled LSMs (2) 
f. Propulsion (1) 
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10.0 Risk Assessment 
There are several high-level risks that are outlined in the Detailed Project Schedule. These 
are indicated with the color Red. Significant High-Level Risks include the inability to 
integrate the RAV for Leak Testing or Hyperbaric Testing. Other high-level risks include 
signal loss of the sub, buoyancy control loss, and pilot control loss. 

10.1 Propulsion 
The main risk associated with the propulsion system is injury. The propeller is capable of 
being spun at very high RPM. The use of the shroud for safety purposes will help to 
minimize risk.  

10.2 Low Speed Maneuverability 
The availability of the Clare Small and Carlson pool is a constant risk for the first and second 
test phases.  This will be taken into consideration by testing over Christmas break when there 
are more available hours and by scheduling test times well in advance. 

The model assumes that there are no water disturbances surrounding the RAV during 
actuation.  This could affect the amount of thrust required to rotate at the desired rate.  The 
solenoid specifications of force and speed are based on results with no load.  The amount of 
thrust generated by each jet will not be as modeled with solenoid performance different than 
specified.  Leaking can deteriorate the performance of the solenoid due to corrosion. 

10.3 Sensing and Data Acquisition 
Risks associated with the sensing and data acquisition system include sensor and data logger 
failure, as well as improper integration.  To ensure hardware failure does not hinder the 
success of the project, the sensors and data logger will be purchased from domestic suppliers, 
with a readily available supply.  Each sensor will be integrated and tested in the fully 
integrated state prior to overall system testing.  

11.0 Project Management Plan 
The RAV Team Project Management Plan began with the assessment of the necessary tasks 
required for project completion. The high-level tasks were then organized and divided 
amongst the team using an Organizational Chart. The overall flow process for the project was 
then outlined using a Work Breakdown Structure (WBS). The WBS was then used to create a 
Schedule for the project. 

At this stage a management loop process began in parallel with the design loop process. As 
more detailed tasks were extrapolated from high-level tasks they were assigned to individuals 
via a dynamic Task List. These detailed tasks could then be used to create a detailed WBS 
and detailed Schedule. 

A Budget was created once general components and other miscellaneous costs were 
established and estimated after the completion of subsystems Design Alternatives. 
Specialized Facilities and Resources were also researched during this loop. The Project 
Management Plan was finalized upon finalizing the design loop and the Design-To 
Specifications. 
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11.1 Organizational Responsibilities 
Organizational responsibilities were outlined according to the objectives set forth in the 
PDD. An Organizational Chart was then created to divide and assign these responsibilities 
among team members. This was subtly rearranged between CDR and the Final Report. Team 
RAV’s Organization Chart is depicted in Figure 37. 

 
Figure 37: Organization Char t 

More detailed on-going responsibilities are assigned through the use of a Dynamic Task List. 
Some headings were removed from the Task List headings between CDR and the Final 
Report. The RAV Team’s detailed Task List may be found in Appendix 14.7.1. 

11.2 Work Breakdown Structure 
The WBS is the main component of the Project Management Plan. A high-level WBS was 
created after completing the Organization Chart. The WBS shows the overall flow process of 
the project from beginning to end. The RAV Team’s High-Level WBS is depicted in Figure 
38. 
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Figure 38: High-Level Work Breakdown Structure 

After completing the High-Level WBS a Detailed WBS was created by breaking down each 
category into more detailed tasks. The Detailed WBS is located in Appendix 14.7.2. 

11.3 Schedule 
A Project Schedule was created in parallel with the Detailed WBS and Drawing Tree. First, a 
High-Level Schedule was created using the High-Level WBS and Major Milestones as a 
guideline. Starting from the end of each semester, a schedule was created in reverse 
chronological order starting with the Final Report, then Verification and Testing, Integration, 
and ending with Fabrication for the spring. The fall schedule began in reverse with the Final 
Report, CDR, Integration, CAD Drawings & Electrical Schematics, Subsystems Design 
Elements, Verification and Test Plans, PDR, Design-To Specifications, Design Alternatives 
and Systems Engineering. A more detailed Schedule was created as detailed knowledge was 
gathered about each subsection. Detailed tasks were then scheduled by taking into account 
what team member would accomplish the task and how long it would take. The RAV Team’s 
High-Level Schedule is depicted in Figure 39. 
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ID Task Name

1 Project Goals

2 Test Plan

3 PDD

4 Trade Studies

5 Design Iss ues & Risks

6 Design to Specs

7 PDR

8 Design Loop

9 Design & Analysis

10 Mechanical Drawings

11 Electrical Schematics

12 CDR

13 Technical Report

14

15

16 Order 90% Parts & Materials

17 Receive 90% Parts & Materials

18 UROP Proposal

19 Fabrication

20 Nose

21 Mid-Section

22 Electronics Box

23 Tail

24 External Integration (Leak Test)

25 Data Ac q & Sensor  Integration & Removal

26 Inter nal Integration

27 Nose

28 Mid-Section

29 Electronics Box

30 Tail

31 Testing

32 Dry-Ice Leakage Test

33 Hyperbaric Chamber Test

34 Full-Sys tems Integrated Testing

35 Final Pr esentation

36 Final Report

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

15%

0%

1/16

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S
Jul 20, '03 Aug 10, '03 Aug 31, '03 Sep 21, '03 Oct 12, '03 Nov 2, '03 Nov 23, '03 Dec 14, '03 Jan 4, '04 Jan 25, '04 Feb 15, '04 Mar 7, '04 Mar 28, '04 Apr 18, '04 May 9, '04 May 30, '04

 
Figure 39: High-Level Schedule 

The Detailed Project Schedule may be found in Appendix 14.7.3. However, it is not readable 
so reference the RAV Team Final Report CD-ROM for details. MS Project has the ability to 
track tasks through a percentage completion function. This function and the Dynamic Task 
List are used to keep track of what has been accomplished. The RAV Team also utilizes the 
group e-mail list to summarize weekly progress at the end of each week. Further detailed 
information is gathered during group meetings every Sunday. 

Time estimates for Mechanical and Electrical Manufacturing were obtained by reviewing our 
Drawing Package with Matt Rhode in the AES Machine Shop, Bill Ingino in the ITLL 
Machine Shop and Walter Lund in the AES Electronics Shop. Integration & testing time 
estimates were assessed by the team. These time estimates are incorporated into the Drawing 
Tree located in Appendix 14.6.1. They are summarized and depicted in Table 11. 

Table 11: Manufactur ing time estimate 

Section Time (Hours) 
Nose 33 
Mid-Section 15 
Tail 93 
Control Surfaces 44 
Buoyancy 56 
LSM 25 
Electronics 10 
Integration 25 
TOTAL 301 
    
Weeks 10 
Students 7 
Hours/Student/Week 10 
Total Hours Available 700 
    
Margin -399 
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These estimates were multiplied by a Safety Factor of 2 to ensure the team’s success. They 
are reflected in the Detailed Schedule as such. The total number of manufacturing hours will 
be recorded by team members in their notebooks for each individual part throughout the 
spring semester. The estimates and actual times will be compared for analysis in the spring. 

11.4 Budget 
The Budget was created after completing the Design Alternatives for each subsystem. When 
the Design-To Specifications were established for each subsystem a Drawing Tree was 
created. Materials and components specifications were then inserted into the Drawing Tree to 
create a High-Level Budget Estimate. Costs were estimated conservatively for all materials 
and each component until a final design was established. Miscellaneous costs such as 
Specialized Facility costs, support equipment and shipping were included as well. 

The initial High-Level Budget indicated that the RAV Team would need additional funding 
outside of the $4,000 provided by the Aerospace Engineering Department. The RAV Team 
then submitted a proposal to the Engineering Excellence Fund (EEF) for the fall semester. 
The EEF granted the RAV Team $950. The RAV Team determined that it could complete 
the project at this point, but that an optimal design could be achieved by applying for more 
money. Thus, the RAV Team is currently applying for an Undergraduate Research 
Opportunities Program (UROP) Faculty Research Team Grant in conjunction with our 
Advisor, Dr. Kamran Mohseni. The RAV Team has the potential to secure $2,800 from 
UROP ($400 per student). The team will know the results of our application 3 weeks after 
submission. We intend to submit the UROP by December 19, 2003. We intend to here from 
UROP before our final procurement date of January 16th, 2004. This has been set in order to 
secure our ability to purchase all components in time to manufacture and integrate them. 

The RAV Team’s Detailed Budget broken down by subsystem is depicted in Table 12. This 
Budget assumes a 10% margin of error for any unforeseen design errors, manufacturing 
errors or other miscellaneous oversights. It assumes that we will obtain at least $1,200 from 
UROP. A Detailed Budget assuming the team receives no money from UROP is depicted in 
Table 13. The major differences between the budgets are procurement of a higher quality 
Propulsion Motor, Propulsion Amplifier, Servos and two Solenoids instead of four. The 
project can be completed with these lower quality items, however. The Detailed Budget is 
imbedded in the Drawing Tree, which is located in Appendix 14.6.1. It lists all itemized 
components, materials costs and miscellaneous costs. This Budget assumes a fully funded 
UROP Grant of $2,800. Uncertainties are identified in the legend. 
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Table 12: Budget with UROP Funding 

Budget Summary 
Raw Materials $815.00 
Control Surfaces $520.00 
Buoyancy $463.90 
Communication $55.00 
Data Acquisition $295.00 
Propulsion $1,475.42 
LSM $890.00 
Miscellaneous $460.00 
Testing Facilities $250.00 
Parts Total $5,224.32 
Shipping (5% Parts) $261.22 
Grand Total $5,485.54 
    
Available $6,150.00 
Goal 90% $5,535.00 
Margin (Grant Total - 90% Goal) $49.58 

 

Table 13: Budget without UROP 

Budget Summary 
Raw Materials $815.00 
Control Surfaces $240.00 
Buoyancy $463.90 
Communication $55.00 
Data Acquisition $295.00 
Propulsion $1,075.00 
LSM $445.00 
Miscellaneous $460.00 
Testing Facilities $250.00 
Parts Total $4,543.90 
Shipping (5% Parts) $227.20 
Grand Total $4,326.10 
    
Available $4,950.00 
Goal 90% $4,455.00 
Margin (Grant Total - 90% Goal) $128.90 
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11.5 Specialized Facilities & Resources 
There are several specialized facilities and resources necessary to complete this project. 
These were identified and researched throughout the Design Alternatives stage of the design 
loop process. 

The first facility that the RAV Team will be using is the CU Carlson Pool and the CU Claire 
Small Pool. These pools will be used for Verification and Testing in the spring. John Meyer 
is the Assistant Programs Director at the CU Recreation Center. He is in charge of the pool 
schedules and has given us permission (in writing) to use the pool throughout the year. He 
provided the Project Manager with a tentative schedule of both pools for the first two weeks 
in April. The LSM Team has also worked with Mr. Meyer during preliminary LSM testing. 
The Carlson Pool and Claire Small Pool have the same dimensions approximately. They 
measure 25m x 12m x 1m (82ft x 6 lanes x 3.5ft).  

The next facility that the RAV Team will use is a Hyperbaric Chamber located at Colorado 
State University. Dr. Alan Tucker is Director and has granted the team access in writing for 
testing sometime in March or April. 

The ITLL at CU has a machine shop that the RAV Team will utilize to manufacture the tail 
structure. Bill Ingino is the Director of the ITLL Machine Shop. He has granted us 
permission to use the CNC 3 axis milling machine. The ITLL is also providing the team with 
Static Load cell to test the Buoyancy Subsystem with. Lastly, a Pressure Transducer will also 
be used. 

Lastly, the Aerospace Engineering Department at CU has providing the team with a lot of 
mechanical and electrical materials. Walter Lund and Trudy Schwartz in the Electronics 
Shop have provided the team with several electrical components and expertise, while Matt 
Rhode has provided the team with some materials and manufacturing expertise. 



 

55 

12.0 References 

12.1 Hydrodynamics 

[Hyd ref 1] - Myr ing, D F.  A Theoretical Study of Body Drag in Subcr itical Axisymmetr ic Flow. 1976. 

[Hyd ref 2] - http://web.mit.edu/orca/www/ 

[Hyd ref 3] - http://www.brainteam.org/2002/redrum.htm 

[Hyd ref 4] - http://www.oe.fau.edu/~auvcomp/ 

[Hyd ref 5] - Roskam, J.  Airplane Design:Par t 1, Preliminary Sizing of Airplanes.  Roskam Aviation and 
Engineer ing Corporation, Lawrence, KS.  1989. 

[Hyd ref 6] - http://www.subconcepts.com 

12.2 Buoyancy 

[Buo Ref 1] - Alexander Engel 

http://engel-modellbau.de/ 
http://perso.club-internet.fr/pyerok/Ballast_EV.htm 
http://www.gatosubs.com/hullsys.htm 

[Buo Ref 2] - Ballast Tank Switch Manual 

http://modelluboot.de/Anleitungen/AnleitungBTS_E.PDF 

[Buo Ref 3] - German Submarine Shop 

http://modelluboot.de/ 

[Buo Ref 4] - Subconcepts.com 

http://www.subconcepts.com/index.html 

[Buo Ref 5] - Mark’s Standard Handbook for Mechanical Engineers 

 

12.3 Propulsion 

[Prop ref 1] - http://www.shipsnthings.com 

[Prop ref 2] - http://www.polysci.com 

[Prop ref 3] - http://www.adcmotors.com 

[Prop ref 4] - http://www.subconcepts.com 

[Prop ref 5] - http://www.heiszwolf.com/subs/tech/tech01.html 

12.4 Low Speed Maneuverability 

[LSM ref 1] – http://www.madsci.org/posts/archives/Aug2002/1021510040.Eg.r.html 

[LSM ref 2] - Massey, Mechanics of Fluids 7th Edition, p.344 

[LSM ref 3] - Murdock, Fluid Mechanics and its Applications, p.250 

[LSM ref 4] – www.ledex.com 



 

56 

12.5 Sensing and Data Acquisition 

[SDA ref 1] - www.omega.com 

[SDA ref 2] - www.davis.com 

[SDA ref 3] - www.onsetcomp.com 

[SDA ref 4] - Walt Lund and Trudy Schwar tz 

12.6 Project Management 

[PM ref 1] - Dr . Lee Peterson’s Project Management Handouts Fall 2003 

[PM ref 2] - Engineer ing Excellence Fund (EEF) http://www.colorado.edu/engineer ing/EEF/ Stephen 
Russell, EEF Chair  stephen.russell@colorado.edu 

[PM ref 3] - Undergraduate Research Oppor tunities Program (UROP) 
http://www.colorado.edu/Research/UROP/Upages/facpage.html Lar ry Boehm, Program 
Coordinator  lawrence.boehm@colorado.edu 

[PM ref 4] - CU Recreation Center  http://www.colorado.edu/rec-center /facilities/pool.html John Meyer, 
Associate Director  of Programs john.meyer@colorado.edu 

[PM ref 5] - CSU Hyperbar ic Chamber  website 

 



 

57 

13.0 Acknowledgements 
Dr. Alan Tucker alan.tucker@colostate.edu 
 
Aerospace Engineering Department Personnel 
Dr. Lee Peterson 
Dr. Kamran Mohseni 
Dr. Scott Palo 
Matt Rhode, Aerospace Machine Shop 
Walter Lund, Aerospace Electronics Shop 
Trudy Schwartz, Aerospace Electronics Shop 
 
ITLL Personnel 
Bill Ingino 
 



 

58 

14.0 Appendices 

14.1 Hydrodynamics 
%Drag of Submarine  
%Last Modified 12/11/2003 4:42 pm MKA 
%This is a program which will calculate the drag on the RAV 
 
clc 
clear all 
close all 
 
%Dimensions of the RAV 
L_hull = 1.06; %m (Length of the Hull) 
d = 0.15244; %m  (6 inches) (Diameter of the Hull) 
Ap_hull = L_hull*d; %m^2  (Length x Diameter) 
Af_hull = pi*(d/2)^2; %m^2 (frontal area of the hull) 
rho = 1000;%kg/m^3 
 
%Calculate the Reynolds Number 
mu = 0.00098; %kg/(m*s) 
V_knots = 5; %knots 
V = V_knots*0.5144; %m/s 
Reynolds = rho * L_hull*V/mu; 
 
%Coefficient of Drag of the Hull 
C_ss = 3.397E-3;   
Cd_hull = (C_ss*pi*Ap_hull/Af_hull)*(1+60*(d/L_hull)^3 + 0.0025*(L_hull/d)); 
 
%Total Drag of the Hull 
Drag_hull = 0.5 * rho * V^2 *  Af_hull *Cd_hull; 
 
%Control surfaces drag 
% using NACA 0009 for four contral surfaces  At 0 deg angle of attack 
Cd_cs = 0.025; 
S_cs = 0.005806;  % m^2  
D_cs = (0.5*rho*V^2*S_cs*Cd_cs)*4; 
     
%Shroud Drag 
%assuming rectangular flat plate 
S_shroud = 0.0669;% m^2 
D_shroud = (0.5*rho*V^2*S_shroud*Cd_cs);  
 
%Antennae Drag 
D_antenna = 1.6 %N at 6 inch deployment 
 
%Total Drag 
Drag = Drag_hull + D_cs + D_shroud  + D_antenna
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%TEAM RAV 
%Control Surface Sizing 
%Last Modified: 11/13/2003 1322 MKA 
 
%This Program will size the control surfaces based on the center 
%of buoyancy and the center of gravity 
 
clc 
clear all 
close all 
deg_rad = pi/180; 
rad_deg = 180/pi; 
 
%Input physical parameters 
cg_cs = 0.35; %Distance from control surface to cg 
cb_cs = 0.01;  %Distance from center of buoyancy to cg 
 
%Input flight conditions 
V_knots = 2; 
V = V_knots *  0.5144; %m/s 
rho = 1000; %kg/m^3 
alpha = 15;  %angle of attack of the control surface 
 
%Calcualte the lift produced by the airfoil over the wing area 
CLalpha = 0.109; %per degree 
CL = CLalpha * alpha 
L_S= 0.5*rho*V^2*CL; %Lift divided by wing area 
 
%Calculate the buoyancy force produced by the sub 
vol = 0.0169473; 
g = 9.81; %m/ŝ 2 
B = vol * g * rho; %buoyancy force produced by the sub 
 
%Calculate the required wing area 
S = (B * cb_cs)/(L_S * cg_cs) 
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14.2 Propulsion [Prop ref 2] 
Motor Specs 
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Controller Specs 
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Torque Calculation 
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14.3 Low Speed Maneuverability 

LSM 1: Trade studies of design alternatives. 

 
 
 
 

 
LSM 2.Force and time per  stroke length for  the 5EP soft-shift solenoid [LSM ref 4] 
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LSM 3.Dimension of teh 5EP soft-shift solenoid. 
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MARLAB code 
% This will model the Required Moment to rotate a cylinder based on Cd(Re) and the placement 
% of the jet actuators.  Then by inserting experimental data, the model can be confirmed 
% with a percent error. 
 
clear all, close all, clc 
 
% CONSTANTS 
mu = 1.002E-2;              % kinematic viscosity in g/cm*s 
rho = 1.00;                 % density of water in g/cm^3 
 
% INPUT PARAMETERS 
d = 6*2.54;                 % ?in-->cm 
Length = 100+(6*2.54);%26*2.54;           % Length of sub in inches 
omega  = 1;                 % spin rate in rpm 
W = omega*(2*pi/60);        % spin rate (rad/s) 
 
dx = 0.01;                   % slice of cylinder (for integration) 
i = 1; 
for L = dx:dx:(Length/2);     % 1/2 length of sub in cm 
    V(i) =  W*L;            % velocity in cm/s 
    Re(i) = V(i)*d*rho/mu;  % Reynolds number 
    Cd(i) = 9.4329*Re(i)^(-0.286);     % Coef of drag 
    r(i) = L;               % distance from center to ends of cylinder 
    i = i+1; 
end 
 
syms x C_d                  % x = distance from center 
Mdx = int(0.5*rho*(x*W)^2*(d*dx)*C_d*x);    % drag & moment integration over 1/2 of cylinder 
Mdr = subs(Mdx,{x,C_d},{r,Cd})/1e5;         % substitute actual values into syms 
Md = sum(Mdr);              % Total Moment (N*cm) 
 
syms vel 
InerEqn = int(rho * vel^2 * d^2);       % Inertia integration over 1/2 of cylinder 
Iner = subs(InerEqn,vel,V) / 1e5;       % substitute actual values into syms 
Fi = Iner(length(Iner));                % last value of inertia (inertia at edge of cylinder) 
 
% subplot(2,1,1) 
% plot(Re,Cd), Title('Best Fit Curve of Cd vs. Re for a Rotating Cylinder') 
% xlabel('Reynolds Number'),ylabel('Coef of Drag') 
% subplot(2,1,2) 
% plot(r/2.54,Cd), Title('Cd and Velocity from Center (0) to Edge of Cylinder') 
% hold on 
% plot(r/2.54,V,'r') 
% xlabel('Length(inches)'), ylabel('Coef. of Drag'), legend('Cd','Velocity') 
%  
% figure 
% plot(r/2.54,Mdr), Title('Moment from Center (0) to Edge of Cylinder') 
% xlabel('Length(inches)'),ylabel('Moment (N*cm)') 
 
% The location of the jets are 4.3" and 13.8" from the center (on the RAV) 
arm = 12*2.54;         % Moment arm (based on sub dimensions (9" for RAV) (7.5" for summer)) 
F_req = Md/arm + Fi    % Thrust required from jet 
M_req = Md             % Moment required for 1/2 cylinder 
 
% INPUT EXPERIMENTAL PARAMETERS 
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freq = 15;          % input('input frequency used (in Hertz): ') 
E_D = .55 *2.54;    % Exit diameter [cm] 
L_s = 0.3 *2.54;    % stroke length [cm] 
H = 1*2.54;         % the effects of this needs to be investigated!!! 
Dh = 1.5*2.54;      % diameter of the housing 
r_p = .625*2.54;    % radius of the plunger disk 
 
speed = arm * W; 
 
Vcyl = pi*r_p^2*L_s;                % volume of cylinder 
Vring = (pi*(Dh/2)^2*L_s- Vcyl)/2;  % volume of ring / 2 
Vol = Vcyl  + Vring;                % total displaced volume 
 
U = 2*L_s*freq;     % speed [cm/s] 
I = U*rho*Vol/1e5;  % Impulse [(g*cm)/s] 
F_exp = I*freq;     % experimental force 
M_exp = F_exp*arm   % experimental moment 
 
% If Fe = F_req, the above code is verified! 
% error analysis 
Percent_Error = ((M_req-M_exp) / M_req) * 100 
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% This program will relate moment as a func of exit diamter(ED) and frequency 
clear all, close all, clc 
 
rho = 1;                            % density of water [g/cm^3] 
mu = 1.002E-2;                      % kinematic viscosity in g/cm*s 
d = 6*2.54; 
arm1 = 9*2.54;                      % moment arm of jet   
arm2 = 12*2.54;                     % moment arm of jet   
 
H = 1*2.54;                         % this needs to be investigated!!! 
r_h = (1.6/2)*2.54;                 % radius of housing 
r_p = 0.7*2.54;                     % radius of the plunger disk 
 
for i  = 1 
    E_D(i) = 0.6*2.54; %%(.45+(.05*i))*2.54; 
    EL(i) = E_D(i) * 4; 
    V1(i) = EL(i) * pi*(E_D(i)/2)^2; 
    L_s(i) = (2*V1(i)) / (pi*(r_p^2 + r_h^2)); 
    for j = 1:55                           % frequency [Hz] 
        freq(j) = 1*j;  
        U(i,j) = 2*L_s(i)*freq(j);       % speed [cm/s] 
        I(i,j) = U(i,j)*rho*V1(i)/1e5;  % Impulse [(g*cm)/s] 
        F(i,j) = I(i,j)*freq(j); 
        M1(i,j) = F(i,j)*arm1; 
        M2(i,j) = 2*F(i,j)*arm2 
    end 
end 
 
plot(freq,M1,freq,M2), title('Thrusting Moment vs. Frequency, to Rotate 2/3 rpm for ED = 0.6"') 
hold on, plot(freq,20,'-') 
hold on, plot(freq,10,'-r') 
xlabel('Frequency (Hz)'), ylabel('Moment (N*cm)') 
legend('4 jet moment','8 jets moment') 
 
% figure(2) 
% plot(L_s/2.54,E_D/2.54), title('Exit diameter vs. Stroke Length') 
% xlabel('Stroke Length (in)'), ylabel('Exit Diameter (in)') 
 
% tab = [freq' M']; 
%   disp('Frequency(Hz) Spin Rate(rpm)') 
%  disp(tab) 
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14.4 Sensing and Data Acquisition 
PX236 Pressure Transducer  (Omega) 
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Extech Mini-Anemometer  
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HOBO H8 Data Logger  
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14.5 Communications 
FUTABA 8UAPS/8UAFS Transmitter  and Receiver  Manual 
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14.6 Integration Plan 

14.6.1 RAV Team Drawing Tree 
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14.6.2 Manufacturing Procurement Items Spreadsheet 

              
    Primary Secondary   

  
Material 

Breakdown 
Length 

(in) 
Width 

(in) 
Length 

(in) 
Width 

(in)   
  ?" 6061 Tube   na na na   
  6" 6061 Tube 30 na na na   
  1/4" 6061 Rod 22.52 na na na   
  1/2" 6061 Rod 2 na na na   
  6" 6061 Rod 12 na 19 na   
  1/8" 6061 Plate 33.1 20.83 na na   
  1/4" 6061 Plate 15.9 18.88 na na   
  3/8" 6061 Plate 17.8 16.2 na na   
  1/2" 6061 Plate 10.96 5.6 na na   
  1" 6061 Plate 44.3 44.3 20.8 20.8   

  
1/8" Stainless 

Steel 16 na na na   
  1/4" hard Steel 3.5 na na na   
  1/4" Plastic Tube 2 na na na   
  Sch 80 PVC 3.25 5" NOM na na   
  3" Acrilic 12 12 na na   
  1/4" Plastic Plate 7.9 10.88 na na   
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14.7 Project Management Plan 

14.7.1 Dynamic Task List 

          
  Task Subsys Man Priority 
          
  Organization Chart   PM Low 
  Work Breakdown Structure ALL PM Low 
  Task List ALL PM Med 
  Detailed Schedule ALL PM Low 
       Testing Dates ALL PM Low 
       Integration Dates ALL PM Med 
       Fabrication Dates ALL PM Med 
       Procurement Dates ALL PM Med 
       Drawing Dates ALL PM Med 
       Design Dates ALL PM Med 
  Schedule Group Meeting Times ALL PM Low 
  Schedule Group Update Time ALL PM Low 
  Schedule Systems Engineer Meeting   SysEng/PM High 
  CSU Hyperbaric Chamber Access   PM Med 
  Hyperbaric Chamber Test Procedure     Med 
  Dry Ice Leak Test & Procedure     Med 
  StorageTek Hyperbaric Chamber   SysEng/PM Low 
  CU Carlson Pool Access   PM Med 
  Golden Community Center Pool Access   PM Low 
  PDR RFA Replies   PM Low 
  CDR RFA Replies   PM High 
  Discuss Control Surfaces w/ Advisors ALL PM Low 
  Discuss Quan vs. Qual Analysis of Shroud w/ Advisors ALL PM Low 
  Discuss LSM Final Dimenions w/ Advisors ALL PM Low 
  Discuss Thermal Analysis w/ Advisors ALL PM High 
  CDR - Subsystems Design Analyses Flowchart ALL PM Low 
  CDR - Integrated Design Analyses ALL PM Low 
  CDR - Outline   PM Low 
  CDR - Mission Statement   PM Low 
  CDR - Mission Goals   PM Low 
  Create Final Test Plan ALL PM Low 
  Testing - Time Required for Final Test Plan ALL PM Low 
  Final Report Binding   PM   
          
  Safety Factors on Subsystem Designs   Safety Eng Low 
  Lifeguard certification - JP Lifeguard   Low 
          
  Project Budget   CFO/PM Med 
  Subsystems Budget(s) ALL CFO/PM Med 
  EEF Proposal Comm CFO/PM Low 
  UROP Proposal LSM, Prop CFO/PM High 
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  Sr. Proj. Locker Key Copies (6)   CFO/PM Low 
  Obtain A-Card   CFO Low 
          
  Convert Documents to .PDF Format   WPM Low 
  Post Mission Statement   WPM High 
  Take Group Picture   WPM High 
  Group Picture w/ Advisors   WPM High 
          
  Acquire Solid Model Drawings from Peterson Sys Eng   Low 
  Take SolidWorks Tutorial Sys Eng   Low 
  Concept Solid Model Drawing Sys Eng   Low 
       Fuselage Sys Eng   Low 
       Nose Sys Eng   Low 
       Tail Sys Eng   Low 
       Control Surfaces Sys Eng   Low 
  Schedule SysEng - SubSystems Lead Meeting Time ALL SysEng Low 
  Control Surface Configuration     High 
  Internal Structure Configuration     Med 
  Draw Systems Test (Pool Picture)       
  Sealing*** ??   High 
  Servo vs. Motor Fit Check Prop/Sys SysEng Low 
  LSM Fit Check LSM/Sys SysEng Med 
  Drawings       
       Full Systems Assembly Sys Eng   High 
       Draw Components (Fluid) Sys Eng   High 
       Draw Componenets (Buoy) Buoyancy SysEng High 
       Draw Components (Comm) Sys Eng   High 
       Draw Componenets (Elec) Elec SysEng High 
       Draw Componenets (LSM) LSM SysEng High 
       Draw Componenets (Prop) Sys Eng   High 
  Assembly Instructions SysEng   High 
          
  Plot Drag vs. Diameter (d = 100 to 150 mm) Fluid   Low 
  Plot Drag vs. Length (l = 500 to 1000 mm) Fluid   Low 
  Calculate Reynolds # for each iteration Fluid   Low 
  Investigate interchangeable Nose Cone Design Fluid/Buoy   Low 
  Investigate Nose Cone Interface for future UW Camera Fluid   Low 
  Control Surface Configuration Fluid     
  Quantify & Justify all Trade Studies & Final Selection Fluid SysEng   
  Subsystems Cost Fluid CFO   
  PDR Slides Fluiid   Low 
  Fluid Mech Schedule Fluid SysEng   
  Final Dimensions (Length & Diameter)       
  Final Drag Calculations Fluid     
  Antenna Drag Component Fluid/Comm     
  Control Surface Drag Component Fluid     
  Shroud Drag Component Fluid/Prop     
  Nose = Alum vs. Acrlyic? = Mass Budget       
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  Pressure Vessel Calculation       
  Airfoil Selection (NACA #)       
      Material (Alum vs. Other?)       
       What Torque do we Want?       
       Torque Calculations       
       Servo Selection Fluid/Comm     
  Hyperbaric Testing Procedure       
  External/Internal Mounting & Sealing       
       LSM Attachment       
       Motor & Shroud       
       Control Surfaces       
       Buoyancy       
  Materials Procurement       
  Machining       
       Nose Cone       
       Tail       
       Control Surfaces       
       Holes for LSMs       
       Holes for Buoyancy       
  Integration       
       Nose to Hull       
       Hull to Tail       
       Control Surfaces to Tail       
          
  Plot Mass of Tank vs. Volume (when sub weight = 23 kg) Buoyancy     
  Mass Flow Rate for Ascent/Descent Rates w/ range of Dia Buoyancy     
  Pressure Calculation for XXX Material (PVC, Aluminum) Buoy/Fluid     
  Quantify & Justify all Trade Studies & Final Selection Buoyancy SysEng   
  Subsystems Cost Buoyancy CFO   
  Buoyancy Schedule Buoyancy SysEng   
  Gear Ratio (SubConcepts)       
  Motor Function @ Depth (SubConcepts)       
  Dimensions Cylinder (270 x 50 x 50 mm)       
  LSM vs. Buoy Conflict Buoy/LSM SysEng   
  Solidworks Drawing (Pistons)       
  Batteries       
  Static Load Cell Testing       
       Select Static Test Stand Components       
       Design Static Test Stand       
       SolidWorks Static Test Stand Drawing       
       Fabricate Static Test Stand       
       Test Motors       
  Water Buoyancy Testing       
          
  Investigate Shroud Effects Propulsion   Med 
  Plot Motor Diameter vs. ?? Propulsion     
  Calculate Thrust Propulsion     
  Main Battery Selection Prop/Elec     
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  Quantify & Justify all Trade Studies & Final Selection Propulsion SysEng   
  Subsystems Cost Propulsion CFO   
  Propulsion Schedule Propulsion SysEng High 
  Design Parameters       
  Final Motor Selection Prop   High 
  Final Prop Selection Prop   High 
  Final Shroud Selection       
  Voltage Parameters*** Prop/Elec     
  Batteries Prop/Elec     
          
  Piezo vs. Solenoid LSM     
  General Knowledge of Jets from Mohseni       
  Wave Interference if Side by Side = NO!       
  Calc Drag for Circular Cross Section w/ Dia = 100 to 250 mm LSM     
  Quantify & Justify all Trade Studies & Final Selection LSM SysEng   
  Talk to Walt or Trudy - Testing Equipment & Facilities LSM     
  Final Drag Calculation for 6in Diameter       
  Choose Solenoid        
  Dimensions LSM     
    Power       
    Mass       
    Battery       
  Talk to Matt Rhodes - integration, machining, curved plate LSM     
  Drawing/Cost Tree - fill in LSM     
  Design housing LSM     
  Design mount to RAV LSM     
  Decide on sealing LSM   High 
  Sealing Analysis     High 
  Spring Return Analysis LSM   High 
  Test & Optimize LSM     
    Calc Prelim Thrust given Actuator Data from Report       
    Purchase 6"  sub & make it the RAV dimension CFO/LSM   High 
    Check to see if solenoid works for 4"  sub to verify code     High 
    Attach latex to return stroke and record data       
  Decide on 4 or 8 jet configuration LSM   High 
  Write UROP Proposal CFO   High 
  Write paper to Mohseni - WDS drag/mdot calcs LSM   Med 
  Write LSM final paper for semester LSM   High 
  Purchase 4 solenoids CFO/LSM   Low 
    Change cavity to RAV mount dimensions (w/ PVC)     Low 
    Find optimal freq & exit diam & verify code     Low 
    Use new solenoid housing & mount to test integration     Low 
  Order Aluminum CFO/LSM   Low 
  Build final 4 LSM   Low 
  Sealing test LSM   Low 
  Run Aluminum LSM as quick check     Low 

  Integration to RAV 
Sys 
Eng/LSM   Low 

  Test LSM   Low 
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  Subsystems Cost LSM CFO High 
  LSM Schedule LSM SysEng High 
  Develop full solid model of LSM system   SysEng Low 
          
  Components List Comm   Med 
       Servo's Comm   High 
  Component Dimensions Comm   Med 
  Drawings List Comm   Med 
  Cost ($$$) Comm   High 
  Power Gain of Receiver Comm   High 
  Mass Comm   High 
  Materials Comm   High 
  Static Seal Comm   High 
  Mounting Hardware Comm   High 
  Battery Comm   Med 
  Range (2 ft.) Comm   Med 
  Antenna Design Comm   High 
  Drag Calculation Comm   High 
  Antenna Bending Moment Calculation Comm   High 
  Select # of Channels Comm   Med 
  Test Plan Comm   Low 
  Does Fail-Safe take a Channel? Comm   Med 
  How long does it take for the Fail-Safe to activate? Comm   Med 
          
  Determine Thermal Parameters (volume)       
  Drawing Tree Inputs:       
  Cost $$$       
  Power Budget***       
       Data acquistion       
       LSM       
       Buoyancy       
       Propulsion       
  Mass       
  Dimensions       
  Circuit Diagrams       
       LSM control circuit       
  DevelopTable of Sensors       
  DevelopTable of Actuators       
  Determine Sensors Requirements       
  Sampling Rate       
  Resolution       
  Bandwidth       
       Pressure       
       Rotational Speed       
       Speed       
  Identify Sensors (catalogs or internet)       
       Pressure Transducer       
       Anemometer       
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  Determine amount of memory for DataLogger       
  Identify Data Logger (is last yrs available??)       

 

14.7.2 Detailed Work Breakdown Structure 

RAV Team - Work Breakdown Structure    

        Unknown    

      B Major Milestone/Important    

      x Input into Schedule    

        Personnel Start End 
                      
  1.0   Project Management Plan       
                      
    1.1   Organization & Division of Labor       
   1.1.1  Organization ajs   
      Organization Chart ajs   
      Division of Labor ajs   
   1.1.2  Work Breakdown Structure (WBS) ajs   
   1.1.3  Schedule  ajs   
   1.1.4  Task Management ajs   
   1.1.5  Budget  ajs/jp   
   1.1.6  Special Facilities & Resources ajs   
   1.1.7  Information Nodes ajs/kd   
    1.2   Work Breakdown Structure       
   1.2.1  High Level WBS ajs   
   1.2.2  Detailed WBS ajs   
    1.3   Schedule         
   1.3.1  MS Outlook ajs   
   1.3.2   MS Project ajs   
      Track Progress (Outlook) ajs   
      Estimate of Time per Task (Task List) ajs   
   1.3.3  Milestones ajs   
      Final Technical Report #2   7-May 
      Final Verification & Testing Date   15-Apr 
       Testing Procedures   19-Mar 
      Final Integration Date   19-Mar 
       Integration Procedures   5-Mar 
      Final Fabrication Date   5-Mar 
       Fabrication Procedures   16-Jan 
      Final Procurement Date   12-Jan 
       Final Order Date   5-Dec 
      Final Technical Report #1   15-Dec 
      Final Document   12-Dec 
      Draft Document   8-Dec 
      Misc Integration   8-Dec 
      Mechanical Design Integration   8-Dec 
      Electrical Design Integration   7-Dec 
      Verification & Testing Integration   6-Dec 
      Design & Analysis Integration   5-Dec 
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      Outline   1-Dec 
      CDR Revisions   1-Dec 
      CDR   26-Nov 
      Final CDR   26-Nov 
      CDR Draft   17-Nov 
      PM Integration   17-Nov 
      Drawings & Electronics Diagram   20-Nov 
      Drawing Tree   5-Nov 
      Mechanical Design Integration   13-Nov 
      Electrical Design Integration   12-Nov 
      Verification & Testing Integration   11-Nov 
      Design & Analysis Integration   10-Nov 
      Component List Date   4-Nov 
      Final Design & Analysis Date   3-Nov 
      Design Loop END Date   28-Oct 
      Risk Assessment END Date   23-Oct 
      Off-Ramps Date   23-Oct 
      PDR Revisions   17-Oct 
      PDR   6-Oct 
      PDR Draft   30-Sep 
      PM Plan   26-Sep 
      Preliminary Drawing Tree & Drawings   26-Sep 
      Design to Specifications   26-Sep 
      Design Issues & Risk Assessment   19-Sep 
      Trade Studies   19-Sep 
      Objectives Overview   8-Sep 
      PDD   4-Sep 
      Test Plan   3-Sep 
      Project Goals   1-Sep 
    1.4   Task Management       
   1.4.1  Task List  ALL   
   1.4.2  Weekly Time Sheets (Mon & Thurs) ALL   
   1.4.3  Weekly Meeting (Sun) ALL   
   1.4.4  Weekly Advisor Meeting (Tues) ALL   
    1.5   Budget           
   1.5.1  Budget Status ajs/sn/jp  Sunday 
      Procurement Schedule ajs  20-Nov 
      Final Ordering Date ALL  5-Dec 
      Final Procurement Date jp/ALL  12-Jan 
      Receipt Tracking jp  na 
   1.5.2  Fall EEF Proposal ajs/sn/jp  1-Nov 
   1.5.3  UROP Grant jp/dm/ajs  19-Dec 
   1.5.4   Spring EEF Proposal? ajs/sn/jp   13-Feb 
    1.6   Specialized Facilities & Resources       
   1.6.1  Testing Facilities ajs   
      CSU Hyperbaric Chamber ajs   
      CU Carlson Pool ajs   
      Olympic Sized Pool?       
   1.6.2  Testing Resources ALL   
      AES Machine Shop Matt Rhode   
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      AES Electronics Shop Walt Lund & Trudy Schwartz 
      ITLL Machine Shop Bill Ingino   
      ITLL - Static Load Cell ALL   
      ITLL - Testing Equipment ALL   
    1.7   Information Nodes       
   1.7.1  Weekly Meeting (Sun) ajs   
      Meeting Minutes ALL   
   1.7.2  Weekly Time Sheets (Mon & Thurs) ajs   
   1.7.3  Weekly Advisor Meeting (Tues) ajs   
      Agenda    
   1.7.4  Group E-mail List ajs/kd   
   1.7.5  Group Folder ajs   
   1.7.6  Group Website ajs/kd   
   1.7.7  Group Locker sn   
   1.7.8  Task List  ajs   
   1.7.9  Schedule  ajs   
                      
  2.0   Systems Engineering       
                      
    2.1   Project Objectives       
   2.1.1  Overall Project Goals    
      Success Definition    
   2.1.2  Subsystems Defnition and Goals    
      Success Definition    
    2.2   Design Trades         
   2.2.1  Prioritizing Goals    
   2.2.2  Subsystems Trade Offs    
    2.3   CAD Drawings         
   2.3.1  Components List    
    2.4   External Configuration (Ref 3.1)       
   2.4.1  Nose     
   2.4.2  Mid-Section    
   2.4.3  Tail      
    2.5   Internal Configuration (Ref 3.3)       
   2.5.1  Nose     
   2.5.2  Mid-Section    
   2.5.3  Tail      
    2.6   Mass & Power Budgets       
   2.6.1  Total Mass    
      Component Masses    
   2.6.2  Table of Actuators and Power Requirements   
   2.6.3  Battery Requirements    
                      
  3.0   Design             
                      
    3.1   External Structure       
   3.1.1  Nose     
      Male Flange    
   3.1.2  Hull      
      Female Flange (2)    
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      Main Static O-Ring Seals (2)    
      Antenna Mast    
      Antenna Seal (1) & Mounting Hardware   
      Anemometer    
      Anemometer Seal (1) & Mounting Hardware   
   3.1.3  Tail      
      Male Flange    
      Shroud & Mounting Hardware    
      Propeller    
      Drive Shaft    
      Dynamic Seals (?)    
   3.1.4  Control Surfaces (4)    
      Mounting Hardware (4)    
      Shafts (4)    
      Dynamic Seals (4)    
      Couplers (4)    
    3.2   Fluid Mechanics       
   3.2.1  Drag Calculations    
      Nose, Mid-Section & Tail    
      Control Surfaces    
      Antenna    
      Shroud (?)    
   3.2.2  Required Thrust    
    3.3   Internal Structure       
   3.3.1  Nose     
      Payload (LSM Battery)    
   3.3.2  Mid-Section    
      Buoyancy Assembly    
       Piston Cylinder Sub-Assemblies    
       Motor    
       Mounting Hardware    
       Buoyancy Battery    
      Payload Tray Assembly    
       Mounting Hardware    
       Amplifier/Speed Control    
       Propulsion Battery    
      LSM Assembly    
       Mounting Flanges (4)    
       Static Seals (4)    
       Solenoid Housing (4)    
       Solenoids (4)    
       Circuit    
       LSM Battery    
      Communications Assembly    
       Antenna    
       Receiver    
       Fail-Safe    
       Comm Battery    
      Data Acquisitions & Instrumentation Assembly   
       HOBO Data Logger    
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       Anemometer    
       Pressure Transducer    
   3.3.3  Tail      
      Propulsion Assembly    
       Main Motor & Mounting Hardware   
      Servo's & Mounting Hardware    
                      

  4.0   Fabrication (10 Weeks)   
12-
Jan 19-Mar 

                      
    4.1   External Structure       
x   4.1.1  Nose   9-Feb 27-Feb 
x      Male Flange  9-Feb 27-Feb 

x   4.1.2  Mid-Section  
16-
Feb 5-Mar 

x      Female Flange (2)  9-Feb 27-Feb 

x      Antenna Mast  
16-
Feb 27-Feb 

x      Antenna Mounting Hardware  
16-
Feb 27-Feb 

x      Anemometer Mounting Hardware  
16-
Feb 27-Feb 

x   4.1.3  Tail    
12-
Jan 6-Feb 

x      Male Flange  9-Feb 27-Feb 
x      Shroud Mounting Hardware  1-Mar 12-Mar 
x      Drive Shaft  9-Feb 20-Feb 

x      Control Surfaces (4)  
26-
Jan 20-Feb 

x       Mounting Hardware (4)  
26-
Jan 6-Feb 

x       Shafts (4)  
26-
Jan 6-Feb 

x       Couplers (4)  
26-
Jan 6-Feb 

    4.2   Internal Structure       
x   4.2.1  Nose   9-Feb 27-Feb 

x   4.2.2  Hull    
16-
Feb 5-Mar 

x      Payload Tray Assembly  9-Feb 20-Feb 
x       Mounting Hardware  9-Feb 20-Feb 

x      Buoyancy Assembly  
12-
Jan 23-Jan 

x       Piston Cylinder Sub-Assemblies  
12-
Jan 23-Jan 

x       Mounting Hardware  
12-
Jan 23-Jan 

x      LSM Assembly  
26-
Jan 27-Feb 

x       Mounting Flanges (4)  
26-
Jan 27-Feb 

x       Solenoid Housing (4)  
26-
Jan 27-Feb 

x      LSM Circuit  9-Feb 20-Feb 

x      Electronics Assembly  
16-
Feb 27-Feb 

x       HOBO Data Logger  16- 27-Feb 
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Feb 

x       Pressure Transducer  
16-
Feb 27-Feb 

x       Anemometer  
16-
Feb 27-Feb 

x   4.2.3.  Tail    
12-
Jan 6-Feb 

x      Propulsion Mounting Hardware  9-Feb 20-Feb 

x      Servo Mounting Hardware  
16-
Feb 27-Feb 

                      
x 5.0   Integration         9-Feb 19-Mar 
                      
    5.1   Full-Systems Integration       
   5.1.1  Integrate Internal Nose   19-Mar 

      Integrate Nose Payload    
       Mounting Hardware    
       Sealing  1-Mar 5-Mar 
   5.1.2  Integrate Internal Tail   19-Mar 

      Integrate Tail & Shroud  
15-
Mar 19-Mar 

       Mounting Hardware  
15-
Mar 19-Mar 

      Integrate Tail & Propulsion    
       Mounting Hardware    
       Motor    
       Drive Shaft    
       Couplers    
       Bearings    
       Sealing  1-Mar 5-Mar 
       Propeller    
      Integrate Dive Planes    
       Mounting Hardware    
       Servo  8-Mar 12-Mar 
       Shaft    
       Couplers    
       Sealing  1-Mar 5-Mar 
       Control Surface    
      Integrate Vertical Control Surfaces    
       Mounting Hardware    
       Servo  8-Mar 12-Mar 
       Shaft    
       Couplers    
       Sealing  1-Mar 5-Mar 
       Control Surface    
   5.1.3  Integrate Internal Mid-Section   19-Mar 
      Integrate Buoyancy System    
       Mountain Hardware    
       Piston Sub-Assembly    
       Cylinder Sub-Assembly    
       Motor    
       Hydraulic Lines  2-Feb 6-Feb 
       Sealing  2-Feb 6-Feb 
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      Integrate Payload Tray    
       Mounting Hardware    
       Propulsion Batteries    
       Communications Batteries    
       LSM/Buoyancy Batteries    
       Propulsion Amplifier    
       Communications Receiver    
      Integrate LSM Actuators    
       Sealing  1-Mar 5-Mar 
       Mounting Hardware    
      Integrate Antenna    
       Sealing  1-Mar 5-Mar 
       Mounting Hardware    
x   5.1.4  Integrate Mid-Section Seals  1-Mar 5-Mar 
x       Main Seals  1-Mar 5-Mar 

x   5.1.5  Integrate Nose w/ Hull  1-Mar 5-Mar 
x   5.1.6  Integrate Tail w/ Hull  1-Mar 5-Mar 
                      

  6.0   Verification & Testing (3 Full Weeks)   
29-
Mar 15-Apr 

                      
    6.1   Data Acquistion & Instrumentation Testing       

x   6.1.1  Verify Sensors  
12-
Jan 16-Jan 

x   6.1.2  Verify HOBO Function  
19-
Jan 23-Jan 

x   6.1.3  Carlson Pool Function Test (Integrated)  8-Mar 19-Mar 
    6.2   Communications Testing       

x   6.2.1  Range Test  
12-
Jan 16-Jan 

x   6.2.2  Carlson Pool Range Test (Stretch)  
19-
Jan 23-Jan 

x   6.2.3  All Subsystems Functional Test (Integrated) 8-Mar 19-Mar 
    6.3   Hyperbaric Chamber & Leak Testing       
x   6.3.1  Dry Ice Water Leakage Test  8-Mar 12-Mar 

x   6.3.2  CSU Hyperbaric Chamber  
15-
Mar 19-Mar 

    6.4   Buoyancy Testing       

x   6.4.1  Static Load Cell  
26-
Jan 30-Jan 

x   6.4.2  Carlson Pool Active Buoyancy Test  
22-
Mar 26-Mar 

    6.4.3  20 m Stretch Goal      
    6.5   Propulsion Testing       

x   6.5.1  Static Functional Test  
29-
Mar 2-Apr 

x   6.5.2  Carlson Pool Full Speed (5 knot) Test  5-Apr 9-Apr 
    6.5.3  10 knot Stretch Goal      
    6.6   LSM Testing         

x   6.6.1  Carlson Pool (Subsystems)  
12-
Jan 23-Jan 

x   6.6.2  Carlson Pool (Integrated)  5-Apr 9-Apr 
    6.7   Full Systems Integrated Test       
x   6.7.1  Carlson Pool  5-Apr 15-Apr 
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    6.7.2  Larger Area (Stretch Goal)      
                      
  7.0   Technical Reports         
                      
    7.1   PDD           
   7.1.1  Draft Document    
   7.1.2  Final Document    
    7.2   PDR         6-Oct 
   7.2.1  Individual Slides    
   7.2.2  Group Slides    
   7.2.3  Presentation    
    7.3   CDR         26-Nov 

   7.3.1  Individual Slides  
10-
Nov 17-Nov 

   7.3.2  Group Slides  
10-
Nov 17-Nov 

   7.3.3  Presentation  
17-
Nov 3-Dec 

    7.4   Final Report & Notebooks (Fall)   3-Dec 15-Dec 
   7.4.1  Outline     
   7.4.2  Subsystems Analyses    

   7.4.3  Draft Document  
12-
Dec 15-Dec 

   7.4.4  Final Document    

    7.5   Final Report & Notebooks (Spring)   
19-
Apr 7-May 

   7.5.1  Outline     
   7.5.2  Subsystems Analyses    
   7.5.3  Draft Document    
   7.5.4  Final Document    
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14.7.3 Detailed Project Schedule 
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14.8 Drawings 
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14.9 Schematics 

14.9.1 Systems Level Wiring Diagram 
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14.9.2 LSM Control  
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14.9.3 Buoyancy Control 

 

 
 


