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ANALYTICAL MODELING AND SIMULATION OF AN AUV
WITH FIVE CONTROL SURFACES
John Tomasi, M.S.E.

Western Michigan University, 2006

This research describes the dynamic modeling and numerical simulation of an
autonomous underwater vehicle (AUV) with five hydrodynamic control surfaces,
necessary for the development of an autopilot algorithm, based solely upon analytical
methodologies. The purpose of this research was to demonstrate the ability to develop a
low order approximation of the dynamics and control characteristics of an underwater
vehicle that is complete enough to validate a specific design before physical construction
begins; therefore, allowing for a more cost effective virtual design, test, and evaluation
process. The AUV model developed in this study takes into consideration inertia,
hydrostatic forces, hydrodynamic forces, propulsion forces, control fin forces, added
mass, and damping. The model assumes that the vehicle is sufficiently far enough away
from the ocean bottom and surface so that their effects can be ignored. The necessary
stability and control derivatives were determined through the use of engineering
formulae. The mathematical model represents a general, nonlinear, six degrees of
freedom model, and it is similar to those used to carry out atmospheric flight simulations.
The non-linear model was linearized about the design (equilibrium) condition to obtain a

linear state-space vehicle model.
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CHAPTER ONE

INTRODUCTION

It has been stated numerous times that over three quarters of the Earth’s surface is
covered by water. The volume of water present on Earth has been estimated at 320 cubic
miles [16]. Within this aquatic realm lie many vast, unexplored frontiers. For centuries,
man has had an unexplainable draw to the sea. For terrestrial beings, though, glimpses
into this alien world result only from the use of technology. One such technology that is
showing great promise for aquatic exploration is the autonomous underwater vehicle, or

AUV.

AUV technology has been evolving for the past 30 years. The majority of these vehicles
were built for academic investigation, but a few vehicles have been able to successfully
carry out important commercial missions. Some of the missions that AUVs are
commonly assigned include undersea mapping, ocean sampling, surveillance, mine
detection, and installation and inspection of cables and pipelines; however, the list of
possible tasks is almost limitless. One of the driving forces behind AUV development is
the vehicle’s ability to operate independently of a support crew and surface ship for large
portions of the mission. This feature renders the AUV economically superior to other
underwater vehicles (such as towfish, remotely operated vehicles, and submersibles) for

projects that encompass large areas and/or long time spans [30].



The adage “Do not put anything into the water that you cannot afford to lose” is
especially true for AUVs. Since AUVs operate independently of surface support, there is
no physical connection between them and their operators. AUV control is of great
importance for vehicle retrieval and correlation of collected data to a specific location.
Therefore, the ability to create a controller for a specific vehicle is of great interest to a

segment of the marine industry.

The purpose of this study was to complete the preliminary work necessary for the
development of an AUV autopilot control system. The scope of this project includes the
preliminary design of a new AUV, the Deep 6, the construction of a mathematical model
of this vehicle, and the simulation of this model. The design of a new AUV was required
since a complete set of the necessary parameters for the construction of the mathematical
model was not available for any one existing AUV. A design constraint for the Deep 6
was that it be comparable to most other AUVs. This constraint allowed for a comparison
between the generated results and those published for similar vehicles. The principle

particulars for the Deep 6 have been provided in Table 1.1.

The creation of the mathematical model of the Deep 6 utilized analytical methods. This
model represents a first order approximation of the real world environment. The methods
used during the modeling included a combination of empirical formulae, design tables,
and 3D CAD (computer aided design/drafting). The simulation of the Deep 6 combined
the mathematical model with a set of coupled, non-linear, 6 degree of freedom equations

of motion to predict the vehicle’s response to various control parameter inputs (such as



control fin deflections). The simulation was performed using a program that was created
specifically for this project. The simulation results were then used to create a linearized
state-space vehicle model. The linearization of the non-linear vehicle model was

necessary so that conventional control design methodologies would be applicable.

The design of an AUV is not revolutionary, neither is any one element of the procedure
performed during this project. The novel work of this thesis project was the assimilation
of various sources to create and document a complete approach for the design an AUV
based upon analytical techniques. The documented approach provides a reliable,
approximate solution for the final design prior to the construction and testing of a
working model. The report that follows discusses, in detail, the design, modeling, and

simulation of the Deep 6.



Table 1.1: Deep 6 Principle Particulars

\\-—_ﬂ — .

Description Unit
Length, LOA in
Diameter, D in
Slenderness Ratio, L/D n.d.
Block Coefficient, Cg n.d.
Prismatic Coefficient, Cp n.d.
Displaced Volume, ¥ in®
Fin Semi-Span, SSpn in
Fin Chord, ¢ in
Fin Thickness to Chord Ratio, t/c n.d.
Wetted Surface Area, S in2
Displacement, A Ibf
Max Operating Depth, Znax in
Design Speed, U, kts
Propeller Diameter, D, in
Propeller Blade Number, z #

Note: For definitions of any unfamiliar terminology, refer the Glossary.



CHAPTER TWO

VEHICLE DESIGN AND MODELING

The modeling portion of this project began with the preliminary design of a new AUV,
the Deep 6. A new vehicle was conceptually created as a result of the great difficulty in
obtaining sufficient published data on any one speciﬁé vehicle. If assumptions were used
to fill in these information “gaps” any comparison between the calculated performance
results and the published ones would have been tainted. Therefore, a new vehicle was
required so that unrestricted access to all of the necessary inputs for the intended analysis
would be available. A design constraint imposed for the new AUV was that it should be
comparable to most other AUVs currently available so that results generated would
contain the same general trends as those published for other similar vehicles. This use of
experimental data provided a reality check later-on for the theoretical calculations

performed during this study.

The design of marine vehicles is more often evolutionary than it is revolutionary. The
designs of marine vehicles are generally only used to produce a small fleet, at best.
Therefore, it is acceptable naval architecture practice to gather as much data for a new
vehicle as possible from those previously built. The comparisons between vehicles may
include any combination of trend data, non-dimensional regression curves, and visual
inspections [33]. The preliminary design of the Deep 6 follows standard naval
architecture guidelines. The goal of this work was not to create an optimized hull form;

therefore, it was assumed that the Deep 6 was comparatively efficient since the design is



comparable to other successful AUVs. A qualitative comparison between the Deep 6 and

other AUVs has been provided in Appendix B.

2.1 Hull Design

The design of the Deep 6 AUV began with the selection of a suitable hull form. As with
all vehicles, it is desirable to create a hull that generates only a small amount of drag so
that the vehicle can have sufficient power and endurance to be useful. For a submerged
body, the two greatest contributors to the total drag are the skin friction drag and the form
drag (a.k.a. pressure drag) [13]. It follows from general fluid mechanics that the skin
friction drag is dependent upon the exposed surface area and the relative velocity
between the surface and the fluid [20], [33]. The skin friction is typically estimated using
formulas that were developed from studies of flat plates (such as the ITTC 1957 line
equation). Once the exposed surface area, fluid, and relative velocity are known, it is
fairly easy to determine this quantity. The skin friction can be minimized by reducing the
amount of exposed surface area [20], [28], [33]. The form drag also depends upon the
relative velocity between the fluid and the body. In addition to the relative velocity, form
drag is also dependent upon the shape of the body. Determining an estimate for the form
drag for a radically new shape is no simple task, requiring model testing and/or complex
fluid calculations. Determining an estimate for the form drag for a shape that has been
previously studied is also difficult, but can be accomplished through the use of similarity
rules and regression analysis [33]. The form drag can be minimized by providing a
longer, more slender shape with gradual transitions [28]. These two sources of drag, are

generally divergent; the skin friction drag is of greater importance at lower speeds and the



form drag is of greater importance at higher speeds. Therefore, the process of optimizing
a hull for total drag requires a balance between these two components [13], [20], [33].
Finding the minimum drag is a time consuming process — requiring consideration of both
speed and shape. The Carmichael hull form, developed by Dr. Bruce Carmichael, is one
example of a hull form that has been optimized for total drag reduction [28]. Hulls that
have been optimized for drag reduction, such as the Carmichael hull, also have complex
geometries, which result in an increased amount of wasted internal volume [28]. An
alternative to the complex shape of a low drag hull form is the more classical torpedo
shape shown in Figure 2.1.1. This form is characterized by a longer maximum diameter
midsection. The drag of this form may be slightly higher than that of a comparable low
drag hull, but it also provides a greater amount of usable volume for the payload [28],
[29]. For this reason, the majority of underwater vehicle have hull forms that resemble
the torpedo. Therefore, the hull form for the Deep 6 was designed to also resemble the

torpedo shape.



Figure 2.1.1: Example of a Typical Torpedo Hull Form

The above image depicts a typical World War II era torpedo. The cylindrical center section provides a
greater amount of usable internal payload volume than a low drag hull form. The form does, however,
produce more drag.

Three general hull forms commonly used as a basis for AUV hull profiles are the Myring
profile, the profile presented by Capt. Harry A. Jackson, and the Series 58 hull form used
by Gertler. The profiles are based upon various combinations of ellipses, parabolas, and
polynomials of revolution [22], [29], [36]. The equations for each profile are provided
below. It is worth noting that while the equations for the various profiles differ, each is

capable of representing the same profile with only minor variances.

Equation 2.1.1a: Myring Hull Profile, Nose (modified elliptical distribution)
e W
r=tafi-(2F)
Equation 2.1.1b: Myring Hull Profile, Tail (cubic distribution)

FER Y tan(6) }{x—a—b}2+L d___ lan(G))z}{x_a_b}B

R(100-a-6)F  (100-a-8) (100-a=6)  (100-a-b

r=

1
2



Equation 2.1.1c: Myring Hull Profile, Profile Description Code

alb/n//td

Where r is the hull radius at a specific longitudinal position, x, ¢ is the maximum hull diameter, a is the
length of the nose section, & is the length of the center section, # is a nose shape coefficient, and 26 is the
included angle of the tail section (in radians). The terms of the equations are defined pictorially in Figures
2.1.3a,b,andc.

Note: The Myring hull form is based upon a length of 100 units. The calculation of the hull radii for
lengths other than 100 units can be performed by multiplying all longitudinal positions, x, by the coefficient
(100/LOA), where LOA is the overall length of the hull. The maximum hull diameter is also based upon a
hull of length 100. To obtain the maximum diameter, d, for the above equations for lengths other than 100
units the coefficient (LOA/100) needs to be used on the full scale vehicle diameter.

Equation 2.1.2a: Jackson Profile, Entrance (parabolic distribution)

-G 1

= L| 1|2

Y= I

Equation 2.1.2b: Jackson Profile, Run (elliptical distribution)

Ya :?[1—(2—2)”

Where yr and y, are the hull radii at longitudinal positions x¢ and x,, respectively, Ls and L, are the lengths of
the hull entrance and run, respectively, and »¢ and n, are entrance and run shape coefficients, respectively.
The terms in the above equations are defined pictorially in Figure 2.1.4.

Equation 2.1.3a: Series 58 Profile (6™ degree polynomial distribution)

2 _ 2 3 4 5 6
Y =ax+a,x" +a;x" +a,x +a;x” +ax

Where y is the non-dimensional ordinate at the non-dimensional abscissa x, the ordinate, y, is non-
dimensionalized by the maximum hull diameter, the abscissa, x, is non-dimensionalized by the hull overall
length, a, are arbitrary constants selected to provide the desired form.

Equation 2.1.3b: Series S8 Profile, Profile Description Code
mrnC, —%

Where m is the longitudinal position of the maximum (largest) section (in percentage), r, is the non-
dimensional nose radius, r, is the non-dimensional tail radius, C; is the hull prismatic coefficient (in
percentage), and L/D is 10 times the hull length-to-diameter ratio — all numbers rounded to the nearest
integer. The nose and tail radii are non-dimensionalized using the following formula: » = RL/D*.



Figure 2.1.2a: Pictorial Definition of Myring Hull Profile Terms

. L =100

Figure 2.1.2b: General Effect of Nose Shape Coefficient, n

4



Figure 2.1.2¢: General Effect of Tail Shape Coefficient, 0

Figure 2.1.3: Pictorial Definition of Jackson Hull Profile Terms

X¢ X,

The Deep 6’s hull profile was developed using the Myring profile as the primary
influence. The main reason for basing the hull on this form was the accessibility of the
information published by Myring [36]. The initial values for the Myring profile code that
were used when developing the Deep 6 hull profile were those presented by Myring as
hull “B”, and by Prestero for the Wood’s Hole Oceanographic Institute (WHOI) /
Massachusetts Institute of Technology (MIT) joint AUV, REMUS [36], [39]. From this

start, the values were modified based on published information for various vehicles and
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the intensions of the current study. It was decided to utilize a parallel midsection to
increase the volume of the vehicle. The final hull form has 33 in. of parallel middle body
(PMB), which represents 55% of the total hull length. The comparatively large amount
of PMB was used to increase the amount of the precious “maximum diameter area”
available within the hull for payload. As mentioned previously, the reason that this area
is of such great value is that its large, constant size eases the trouble of designing internal
components and leads to less “dead” space. The entrance for the Deep 6’s hull was made
blunt to reduce the amount of exposed surface area. Since most other underwater
vehicles can be considered slow movers, reducing the skin friction was of greater
importance than reducing the form drag. This conclusion follows from the previous
discussion regarding hull drag. The bow of the Deep 6 is comparable in bluntness to the
bows of many other AUVs. The final bow section is 9 in. in length, or 15% of the total
hull. The stern section of the Deep 6 was allowed to taper smoothly over a long distance.
This was done to produce a smooth transition from the maximum diameter down to the
aft tip of the hull, thus preventing flow separation. Prevention of flow separation is
important because separation increases the size of the vehicle’s wake and the amount of
drag. The final stern section is 18 in. in length, or 30% of the total hull, and has an
included angle of approximately 30°. The Myring hull profile code for the final Deep 6 is
15/55/1.81/0.5236/6.25. The profile that was developed can also be accurately
described by the Jackson profile using 1.9 and 2.75 for the shape coefficients, »¢ and #,,
respectively, and 1.2 and 2.4 for the respective entrance and run length-to-diameter ratios.
The Series 58 profile code for the final Deep 6 hull profile is 33050163-36. A table of

offsets for the developed hull is provided in Appendix A.
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The investigation into the characteristics of an efficient hull revealed a strong connection
between the length-to-diameter ratio (a.k.a. slenderness ratio) and the hull’s drag. Small
length-to-diameter ratios result in a hull that is very wide. Such a hull form would have
plenty of internal volume, but would also generate large amounts of form drag (rendering
the vehicle unsuitable for high speed travel). Large length-to-diameter ratios produce
long, slender hulls (i.e. an arrow or a speed boat) that are ideal for high speed travel, but
have a limited internal volume. Most studies agree that an optimal hull form for
underwater vehicles will have a length-to-diameter ratio of 6, with some sources
suggesting ratios as low as 4 and as high a 7 [3], [13], [20], [29]. Available sources also
show that modern military submarines typically have length-to-diameter ratios in the
range of 9 to 10 [13]. An investigation of what ratios are actually being used for AUVs
was performed. A plot of the slenderness ratios is provided in Figure 2.1.4. The average
of the length-to-diameter ratios calculated for the vehicles used in Figure 2.1.4 was 7.733.
In order to simplify the calculations for the Deep 6 and to increase the payload capacity,
this average was rounded to 8. Although the selected value for the slenderness ratio is
outside the suggested range, it was chosen because it was comparable to other AUVs.
Again, it should be emphasized that the main focus of the current study was not to

optimize the hull form.
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Figure 2.1.4: AUV Length-to-Diameter Ratios
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The above figure displays the available length-to-diameter ratios of the AUVs used for comparison during
this project. The solid red line in the figure represents the length-to-diameter ratio that was used for the
Deep 6. The red dashed line represents the Deep 6’s slenderness ratio if the PMB is neglected. Also
provided for comparison in the above figure is the length-to-diameter ratio of a Los Angeles Class
Submarine and of a mako shark (without its tail). The shark, arguably one of the most efficient shapes in
the ocean, represents an optimized “hull” form with no parallel mid body. It is worth noting, out of
academic interest, the close proximity of the shark’s L/D ratio to the theoretically determined ideal of 6.
The Los Angeles Class submarine and the Mako shark were not included in the calculation of the average
L/D ratio.

The final element necessary to complete the preliminary design of the Deep 6’s hull was
the overall length. The final length was chosen to be 60 in. (5 ft.). This dimension was
selected due to the close proximity of Western Michigan University to Lake Michigan.
To provide local significance to this project, Deep 6 was designed for operation within
the Great Lakes. The length of 5 ft. was chosen because this would create a vehicle of
sufficient size to provide ample payload capacity while remaining manageable by two or

three people on a small boat (20 to 50 ft. in length). The boat size and crew number were
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factored into the vehicle length decision because they are an essential components to the
vehicle’s launch and retrieval process. With the hull length determined, it was then
possible to generate a plot of the Deep 6’s profile. Figure 2.1.5 shows (in red) the profile
plot that was created. The blue curve in Figure 2.1.5 is an ellipse of equal length and
diameter to the Deep 6. This has been included in the plot of the Deep 6 hull profile to
provide a visual comparison between the two. A comparison between the Deep 6 profile
and the ellipse is of importance because many of the formulas used to estimate the Deep
6’s hydrodynamic characteristics (such as added mass and hydrodynamic damping) are
based upon an ellipsoid of revolution [19], [38]. Therefore, it is important for the two

curves to resemble each other, as it directly affects the quality of the estimates.

Figure 2.1.5: Profile Plot of the Deep 6’s Hull
15

Elevation (from axis of revolution, in)

Logitudinal Position (from FP, in)

The red curve represents the Deep 6 hull profile. The blue curve represents the profile of an ellipsoid of
revolution of equal length and diameter.



2.2 Control Fin Design

There are two distinct categories for controlling an underwater vehicle. The first
category utilizes multiple thrusters, which are typically fixed and arranged at various
angles to one another. Directional control is achieved through the management of which
thrusters are activated. An alternate application of this method allows the thrusters to
rotate about a fixed axis, thus reducing the total number of thrusters required. This
control method does permit excellent “close quarters” maneuvering but at the expense of
generating considerable drag (from the external thruster housings and/or from the defects
in the streamlined hull shape caused by the thruster duct openings) [5], [33]. As a result,
this configuration is typically limited to and best suited for tethered vehicles and other
slow moving vehicles (note: the word “slow” is used in a relative sense — most objects
move slowly underwater compared to terrestrial standards) [28]. The second method
utilizes fins to generate the forces necessary for directional control. This method does
require flow over the control fins to generate a force. As a result, this method is
ineffective for hovering and low speed maneuvers [1], [5], [20], [28]. The large distance
required for maneuvering (on the order of several body lengths for turns) is another
drawback of this method [S]. The benefits of the control fin method are that the fins
produce only a marginal increase in the drag when the fins are aligned with the hull and
the fins tend to act as rotational stabilizers [1], [41]. For vehicles that typically cover
great distances moving along a straight path at a constant speed, this method of control is
ideal. For this reason, fins are the most common method of control for AUVs. This
precedent was followed when designing the control system for the Deep 6. The

similarity that exists between an AUV using control fins and an airplane also influenced
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this decision. This resemblance served as justification for the use of airplane formulae
and methodologies during subsequent portions of this investigation. The decision of
which method of control would be used was significant as it influenced the structure of

the vehicle equations of motion.

After it was decided that fins would be used to control the Deep 6, it was necessary to
determine the arrangement of the fins. There exists an infinite number of possible
arrangements, but some common documented aft fin arrangements include the
conventional vertical rudder and horizontal stern plane (“T”’) arrangement, the “X”
arrangement, the inverted “Y” arrangement, and the underbody arrangement common to
World War II era submarines (and similar to surface ships). Figures2.2.1 displays the
aforementioned aft fin configurations. In addition to the aft fins, a vehicle may or may
not have fins located towards the bow. By far the most common arrangement used for
AUV control is the “T” arrangement without bow fins. Despite the popularity of the “T”
arrangement, an inverted “Y” arrangement, with the fins equally spaced around the hull,
and with two horizontal bow fins was selected for the Deep 6. This decision was
influenced by the maneuverability capabilities claimed by International Submarine
Engineering, Ltd. of their Explorer AUV which also uses this arrangement. To
summarize, this configuration allows the vehicle to move obliquely in the vertical (X-Z)
plane while maintaining a horizontal attitude, in addition to the typical yaw and pitch
maneuverability. The benefit of this additional capability is that transmissions emitting
from the vehicle (such as SONAR pulses) will remain normal to a flat bottom while the

vehicle changes altitude (such as to avoid a potential obstacle) [28]. For these reasons an
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inverted Y™ arrangement with bow fins was adopted for the Deep 6. This decision
proved to be beneficial because some of the modeling software used later in the design
process required that canard wing arrangements (two sets of wings/fins longitudinally

spaced along the same vertical plane) be avoided [2].

Figures 2.2.1: Common Aft Fin Configurations

/\

(a) =T Arrangement (b) "X Arrangement

(c) Inverted =Y™
Arrangement

The final decisions to be made to complete the control fin design were the shape and
dimensions. For simplicity, all of the fins have the same general shape. The

controllability section of the Principles of Naval Architecture, vol. IIl, recommend the
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use of NACA foils 0018 — 0025 for use as control fins on marine vehicles. The stated
advantages of these sections are the increased stall angles and lift coefficients, the
relatively stationary center of pressure, and ability to install adequately sized drive shafts
[34]. The availability of published research on the recommended foil sections led the
selection of the NACA 0025 section for the Deep 6’s control fins. Figure 2.2.2 shows the
profile of the selected foil shape. Equations 2.2.1 provide the general equations used to
describe a 4-digit NACA foil section [1], [34]. The decision for the foil chord length and
the fin span was made to minimize the amount of fin surface area present (thus reducing
the additional drag imposed by the fins) while still providing sufficient force generating
capability to allow the vehicle to maneuver within a reasonable area. An estimate for a
suitable chord length of 3.00 in. and for a “wing” span of 11.25 in. was made. To allow
these low aspect ratio fins to be effective controllers they required large moment arms.
Therefore, the fins needed to be placed as far away from the vehicle center of mass as
possible. The aft fins were placed so that their quarter chord point is 52.75 in. from the
bow (24.40 in. aft of the mass center). This location was selected as the furthest distance
aft possible that still allowed sufficient space for the propulsor. The bow fins were
placed so that their quarter chord point was 14.00 in. aft of the bow (14.35 in. forward of
the mass center). This location was chosen so that the bow fins were far enough behind
the hull entrance as to not disturb the flow over the bow, yet far enough forward to
produce sufficient pitching moment. The quality of these estimates was evaluated during

the simulation portion of this project.
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Figure 2.2.2: NACA 0025 Profile Curve
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Equation 2.2.1a: 4-Digit NACA Foil Profile Equation, General Form
ty= ﬁ(o.29690\/§ —-0.12600x — 0.35160x> + 0.28430x> —0.10150x* )

Where y is the vertical distance away from the chord line at a specific longitudinal position, x, and ¢ is the
maximum section thickness (expressed as a fraction of the chord length).

Note: The above equation describes a foil with a chord length of 1 unit. To the coefficients in the equation
must be scaled to produce results for differing chord lengths.

Equation 2.2.1b: 4-Digit NACA Foil Profile Leading Edge Radius
r=1.1019"

Where r is the leading edge radius of the foil profile and ¢ is the maximum section thickness (expressed as a
fraction of the chord length).

2.3 Propulsion System Design

To satisfy the requirements of the planned vehicle simulation, the only necessary
propulsion system parameters are the vehicle design speed and propulsor rate of
revolution. These values, as with most of the other design values discussed thus far, were

selected so that they would be comparable to other AUVs. For completeness of the
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preliminary design of the Deep 6, the groundwork for a propulsions system design was
laid. The discussion that follows describes the preliminary design of the Deep 6°s

propulsion system.

By far the most common method of propulsion for marine vehicles is the screw propeller.
While the screw propeller possesses the fundamental flaw that its use increases the
vehicle’s drag (thus requiring an even larger force necessary for motion)', its simplicity
over other forms of propulsion has allowed it to maintain its dominance [3], [32], [33].
For almost all marine vehicles the propeller is symmetrically located at the stern. The
long and slender submarine forms are also prone to another of the screw propeller’s
characteristic problems, the unbalanced torque. This problem is also experienced by
single propeller airplanes and helicopters without a tail rotor. For this problem, however,
there exist a number of solutions. The best known method of balancing the propeller
torque is through the use of two propellers rotating in opposite directions. This solution
can be implemented by either transversely offsetting the propellers to form a counter-
rotating pair (such as those found on twin screw surface ships and some Russian Naval
Submarines) or to longitudinally offset the pair to form a (coaxial) contra-rotating pair.
The counter-rotating propeller solution, simply put, is an application of two individual
conventional propellers and works by using the second propeller to produce an equal but
opposite torque. Similar to the single propeller, the flow behind each propeller in the

counter-rotating solution contains a wasted rotational component. The contra-rotating

" A more in-depth explanation of the fundamental inefficiency of the screw propeller has been provided in
Appendix C
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propeller solution works by using the second propeller to produce an equal but opposite
torque (as with the counter-rotating propellers), but also to remove the rotational
momentum of the fluid imparted by the first propeller. This second effect produces a
more efficient propeller thrust that is almost completely aligned with the body
longitudinal axis/direction of travel [3], [13], [33], [48]. A diagram explaining the
concept of the contra-rotating propeller is provided in Figure 2.3.1. Contra-rotating
propellers provided additional gains in efficiency by allowing smaller blade areas and
lessened blade loading compared with an equivalent single screw [3]. Either of the fore
mentioned solutions presents a challenging set of design requirements. The narrow hulls
of most underwater vehicles make the counter-rotating method difficult to install,
especially in smaller vehicles. The contra-rotating propeller solution requires a
complicated drive system, shown in Figure 2.3.2 [3], [13]. Experiments on surface ships
with contra-rotating propellers show an energy savings with this propulsion scheme
ranging from a few percent to as much as 16% [10], [14], [27], [48]. Unfortunately,
designers typically feel that the additional complexity and weight required for contra-

rotating propeller installation negate the small efficiency gains [10].
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Figure 2.3.1: Operating Principle of the Contra-Rotating Propeller
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The above diagram displays the operating principle of the contra-rotating propeller. The top diagram
shows the two thrust components generated by a conventional single screw propeller, the axial and the

rotational. The bottom diagram shows that the second propeller in a contra-rotating propeller pair removes

the rotational component imparted by the first propeller, thus creating, in theory, an all axial thrust
component. The contra-rotating pair therefore has a higher efficiency because it generates less wasted
energy.

Figure 2.3.2: Contra-Rotating Propeller Drive Mechanism

The above figure is a SolidWorks rendering of a simplified contra-rotating propeller drive system. The red
“inner” shaft rotates the same direction as the magenta gear and the 4-bladed propeller. The yellow and
green gears drive the blue gear (thus the blue “outer” shaft and the 7-bladed propeller) in the opposite
direction of the magenta gear. Power to the system is usually input through the inner shaft, forward of the
magenta gear, or through the yellow and green gears.
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Another approach for countering the propeller torque is through the use of a Grim wheel.
The Grim wheel is similar in appearance to the contra-rotating propeller design, but
engine power is not provided to the after set of blades. The “free spinning” stator blades
serve to remove the rotation of the flow emerging from the propeller. The Grim wheel
may also be designed to produce additional thrust. Installation of the Grim wheel is
difficult in practice [13]. A simpler approach than the Grim wheel is to use stationary
stators mounted before the propeller. When operating at the design speed, these
stationary stator blades produce a counter “pre-swirl” that cancels out the propeller torque
[13]. The final solution for overcoming the unbalanced propeller torque problem is to
design the vehicle such that the center of gravity (CG) is vertically much lower than the
center of buoyancy (CB) (usually requiring heavy ballasting). The vertical offset of the
CG and the CB will produce a righting moment when the vehicle rolls due to the
unbalanced torque. When the righting moment becomes large enough, the propeller
torque will become balanced and the vehicle will cease to roll. While the vehicle CG can
theoretically be positioned such that a static righting moment is created that perfectly
offsets the propeller torque (through the use of a transverse offset), typically some

amount of roll during operation must be accepted with this option.

A contra-rotating propeller arrangement was selected to counteract the unbalanced torque
effects of a single propeller. This decision was made despite the fact that all of the
vehicles taken into consideration for comparison utilized a single propeller configuration
with no Grim wheel or stationary stator blades. The contra-rotating propeller

arrangement was chosen because of its ability to produce no net propulsion torque. This
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had the added benefit of simplifying the equations of motion. Although the contra-
rotating propeller drive system is complex, it has been successfully used on torpedoes to
increase their directional stability since the invention of the Whitehead torpedo in 1864
[10]. Since there is no clear agreement on the potential efficiency gains offered by the
use of contra-rotating propellers, this effect has been ignored [10], [27], [48]. This

procedure provided an additional margin of safety for the design calculations.

For the purposes of preliminary design, the two propellers of the Deep 6 are of equal size
and blade number, each producing one half of the required thrust. Although having two
propellers of equal size and blade number may appear to vary from accepted naval
architecture theory for contra-rotating propeller installation, a visual inspection of several
photos of the propellers for torpedoes revealed a similar approach [46]. By using a
matched pair of propellers (identical except in rotational orientation) the design process

was simplified since only the design of a single propeller was required.

Selection of an optimal propeller was performed with the assistance of the Propeller
Optimization Program (POP) internet Java applet developed by Dr. Michael Parsons and
Dr. Jun Li at the University of Michigan. POP performs a Nelder and Mead Simplex
search with external penalty function to select the most efficient Wageningen B series
propeller for the given input constraints [33], [35]. Before POP can be run, the following
inputs must be determined: blade number, required thrust, vehicle speed, wake fraction,
depth of propeller shaft center line, water properties, and the maximum and minimum

diameters acceptable. Knowledge of the depth of the propeller shaft centerline is
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necessary for cavitation prevention calculations. For this application, the propeller
should be sufficiently deep to prevent cavitation during normal operation, but to ensure a
safety factor the depth was set at 5.625 in. This dimension represents the depth of the
propeller shaft centerline on the Deep 6 when the highest point on the vehicle (the upper
aft fin) begins to break the surface. This depth represents the operating condition at
which cavitation is most likely to occur. The vehicle speed was set at 4 knots as it was
believed that this value was comparable to other AUV service speeds (see the comparison
table provided in Appendix B). A blade number of 4 was selected because it reduced the
potential for problematic vibrations form occurring as the propeller blades aligned and
misaligned with the aft fins [25]. The blade number selected is also similar to that used
for the Mark 14 torpedo [46]. In light of the previous discussion on the effects of a stern
mounted screw propeller on a vessel’s resistance, the required thrust must be increased
beyond the measured “bare hull” resistance. The increase factor is known in the naval
architecture community as thrust deduction, . The calculation of the required thrust
follows from Equation 2.3.1 [3], [25], [33]. The thrust deduction and its counterpart, the
wake fraction, were determined with the assistance of the design charts provided in
Allmendinger and in Burcher [3], [13]. To utilize the design charts, the ratio of the
propeller diameter to the maximum hull diameter had to be known. Scaled measurements
taken from pictures of AUVs with similar body form to the Deep 6 revealed a common
ratio of about 0.4. Using a propeller to hull diameter ratio of 0.4, the wake fraction read
from both of the charts was approximately 0.40 [3], [13]. The thrust deduction value
used for the design was taken from the Burcher chart, which yielded a value of +0.11

[13]. This value was used because it produced the larger and more conservative required
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thrust. Only model tests can provide the actual values of thrust deduction and wake
fraction, but the wake fraction value determined from the design charts corresponded
closely with the value estimated from the Cosmos FloWorks computational fluid
dynamics (CFD) simulation that was performed. The calculated required thrust for one
of the Deep 6’s propellers was 1.28 Ibf. The water properties that were used for the POP
analysis were the default fresh water values. The final input quantities to be determined
were the maximum and minimum acceptable propeller diameters. Actuator disk theory
predicts that a larger, slower turning propeller will be more efficient than a smaller, faster
turning one [33]. Therefore, the target propeller diameter of 3.00 in. (40% of the
maximum hull diameter) was input into POP for the maximum allowable diameter. The
minimum value was unimportant in this application and was selected to be 2 in. to reduce
the amount of searching POP had to perform. The characteristics of the optimal propeller
that POP selected for the Deep 6 are presented in Table 2.3.1. Figure 2.3.3 displays the
thrust coefficient, torque coefficient, and open water efficiency curves for the selected

propeller. Figure 2.3.4 displays a picture of what the optimized propeller looks like.

Equation 2.3.1: Required Thrust

Ry
T'=1

Where T is the required thrust, Ry is the “bare hull” total resistance, and ¢ is the thrust deduction factor.
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Table 2.3.1: Optimal Propeller Characteristics

Parameter Abbreviation  Unit Value
Diameter D, inch 3.00
Pitch p inch 2.33
Pitch-Diameter Ratio P/D, n.d. 0.778
Expanded Area Ratio AA, n.d. 0.471
Rate of Revolution Nprop rpm 1,912.2
Open Water Efficiency Mo % 58.8
Thrust T 1bf 1.22
Figure 2.3.3: Optimal Propeller Characteristic Curves
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Figure 2.3.4: Diagram of Optimal Propeller
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Determining the specifications of the propeller drive motor was not within the scope of
this research project. The standard naval architecture formulas used for engine sizing can
be found in Allmendinger and in Lewis [3], [33]. For completeness of the preliminary
design, epicyclical reduction gears would be used to mate the motor to the propeller shaft.

This type of gear was selected for its compactness, allotting more room for payload.

2.4 Vehicle Mathematical Model

The previous three sections detined the overall vehicle design information for the Deep 6.
After a suitable vehicle had been designed, it was possible to use the vehicle’s
dimensions to create a mathematical model of the vehicle. The parameters of the
mathematical model were determined using analytical techniques. The subsequent model

represents a first order approximation of the real world. Whenever possible, the



analytical estimates were compared against results generated using more advanced

calculation techniques.

The mathematical model of the Deep 6 accounts for the interactions between the vehicle
and its aquatic environment from the perspective of a body fixed reference frame. The
reason for this is that the interactions between the two depend upon the vehicle’s
orientation, shape, relative velocity, and relative acceleration. Figure 2.4.1 defines the
body fixed coordinate system that is used throughout the remainder of this study. Figure
2.4.1 also provides the definition for positive forces, moments, and displacements that
will be used for the subsequent simulation. Exceptions to the interaction forces and
moments previously mentioned include gravity, water currents, and wave forcing. For
the purpose of simplifying the mathematical model, the vehicle will operate at a depth
sufficiently deep to allow the influence of surface disturbances to be ignored. The effects
of surface disturbances decay exponentially with depth and therefore diminish to a
negligible value within a short distance [15]. Other simplifying assumptions included are
that the vehicle will operate far enough above the lake bottom that ground effects can be
ignored, and that the fluid in which the vehicle operates is stationary [11]. These
simplifying assumptions follow standard naval architecture practices for first order

approximations [3], [34].

30



Figure 2.4.1: Definition of the Vehicle Fixed Reference Frame
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Figure 2.4.1 - Continued

Front End View
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The above diagram displays the orientation and placement of the vehicle fixed coordinate system used
throughout this project. Also shown in the above figure are the definitions for positive control fin
deflections, forces, and moments.

Note: To simplify the above figures only the top aft fin was deflected for the rudder deflection. In reality a
positive rudder deflection would also require a positive deflection of the starboard aft fin and a negative
deflection of the port aft fin. To produce no net rolling moment, all fins should have the same deflection

magnitude.

The next step towards the completion of the mathematical model was to determine the
properties of the fluid in which the vehicle was to operate. The decision to design the
Deep 6 for operation within the Great Lakes mandated that the submerging fluid be fresh
water. To provide the largest safety margin possible in the calculations, the water
properties were selected for when water is at its densest. Fresh water’s unique properties
produce a maximum density at approximately 4°C [24], [31]. The high latitude of the
Great Lakes renders the concept of the Deep 6 operating in water at its densest
completely plausible. The data for water at various temperatures was gathered from
Newman [38]. To provide the most accurate values for the density and the kinematic
viscosity for water at 4°C, the data presented by Newman was plotted and fit with

regression curves [38]. The density data was reasonably fit with a line. The slope of the
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presented for 5°C. The kinematic viscosity data was then fit with a 3" order polynomial
equation. Figure 2.4.2 displays the plot of the published data and the regression curve fit
to it. The kinematic viscosity at 4°C estimated from the regression curve equation was
1.58x10° m%/s. This value differs enough from the published value for 5°C (1.52x10°
m?/s) that the regression work was clearly justified. This information is necessary for the
calculation of the vehicle’s Reynolds Number (which is necessary for drag calculations)

and displacement.

Figure 2.4.2: Regression Fit of Fresh Water Kinematic Viscosity Data
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The first model parameters to be determined were those that could be calculated through
integration of the hull profile. Since the profile could be described using a piecewise
continuous equation, all of the integrations were able to be determined exactly [45]. Had

this not been the case, the integrations could have been approximated by using Simpon’s

(O3]
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Rule or other finite summation processes [S0]. The most obvious of the profile
integration quantities was the displaced volume. The total displaced volume was
calculated as the sum of the hull volume and the five control fin volumes. The
displacement and its associated buoyant force were calculated as the product of the
vehicle displacement and the water density [24], [SO]. The CB is the location in space
through which the resultant buoyant force vector can be assumed to act. The location of
the center of buoyancy coincides with the centroid of the displaced volume [S0]. The
vehicle was made to be neutrally buoyant (vehicle weight is equal in magnitude with the
buoyant force). This assumption is standard practice for the preliminary design of
underwater vehicles since the actual vehicle weight will not be known until completion of
the component level design [3], [13]. Neutral buoyancy simplified the EOM and allowed
the vehicle to move laterally without deflecting the bow and/or stern planes. After an
estimate for the vehicle’s weight had been determined, the associated mass could be
determined by dividing by the acceleration due to gravity. The CG is the location in
space through which the resultant weight vector can be assumed to act [24], [5S0]. To
maintain the intended static vehicle posture, the CG and the CB must lie along the same
vertical line. To obtain dynamic stability, the CG must also be located below the CB on
that vertical line. The further the CG is located below the CB the larger the righting
moment produced when the vehicle rolls [S0]. During this study, the rolling motions
were not desired; therefore, the center of gravity was located 1.25 in. (approximately 33%
of the maximum hull radius) below the CB. The inertia matrix for the Deep 6 was
determined once the mass and profile curve were known. Equations 2.4.1 —2.4.6 show

the equations used to calculate the elements of the inertia matrix [9]. Since the
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component level design has not been completed, the mass distribution within the Deep 6
is unknown. For the purposes of preliminary design, the mass distribution has been
estimated to be uniformly distributed based upon volume. The Deep 6’s wetted surface
area was analytically determined as the sum of the exposed surface area of its individual
components. The surface area of the Deep 6’s hull was approximated both by integration
of the profile curve and empirical formula presented by Jackson [29], [45]. The equation
presented by Jackson that was used to estimate the hull wetted surface area has been
provided in Equation 2.4.7 [29]. Both of these values were in reasonable agreement with
each other, however, the value determine through integration was determined specifically
for the Deep 6. For this reason, the integration area value was selected to be used for the

mathematical model.

Equation 2.4.1: Mass Moment of Inertia About the Longitudinal Axis

Ig = J.(y2 +22)dm

B

Equation 2.4.2: Mass Moment of Inertia About the Transverse Axis

1) = _[(x2 +zz)dm

B

Equations 2.4.3: Mass Moment of Inertia About the Vertical Axis

IS = J‘(x2 +y2)dm

B
Equation 2.4.4: Product of Inertia for X-Y Plane Symmetry

15 = [(xy)dm

B
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Equation 2.4.5: Product of Inertia for X-Z Plane Symmetry

IS = f(xz)dm

Equation 2.4.6: Product of Inertia for Y-Z Plane Symmetry

! sz = I(yz)dm

Where [ g is the mass moment of inertia or product of inertia with respect to the body’s center of gravity,
X, Y, and z are measured from the particular axis under consideration, and the inertia matrix is:
G G G
]x.x - Ixy - ]xz
= G G G
[](}]_ _Ixylyy —Iyz

G G 7G
_]xz _]yz]zz

Equation 2.4.7: Empirical Hull Surface Area Formula

S = zD*[y}, - K2]

Where S is the hull wetted surface area, D is the hull maximum diameter, % is the hull’s slenderness ratio,
and K2 is a parameter that can either be read off of the design chart presented by Jackson or calculated by

K2=6-n,C,, —-n,C,
f a

should estimates for the forward and after wetted surface area coefficients, C,, be known. n¢and n, are the
nose and tail shape coefficients, respectively, used to describe a hull Jackson hull profile [29].

To validate the aforementioned analytically determined parameters, measurements were
taken using a 3D model of the Deep 6 that was created using SolidWorks. The hull of the
Deep 6 was made by revolving the profile curve around a stationary axis. The profile
curve was discretized in Microsoft Excel into a series of “X-Y” points with a longitudinal
spacing of 0.15 in. and then imported into SolidWorks (which automatically fit the points
with a spline). A similar procedure was performed for the NACA 0025 profile curve that
was used for the control fins. Figure 2.4.3 provides some renderings of the 3D model

that was created. It was possible to quickly determine the vehicle’s displaced volume,
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centroid of volume, exposed (“wetted”) surface area, total mass, and inertia matrix using
the measure mass properties command. The values provided by SolidWorks were in
good agreement with the analytical values previously calculated. However, the values
determined by SolidWorks were determined much quicker and to a much higher level of

precision.

Figure 2.4.3: 3D Renderings of the Deep 6

The implementation of the 3D modeling software package allowed for clear visualization
of the vehicle geometry. By constraining the control fins to their drive shafts with an
angular dimension, it was possible to quickly and easily view the fins at various
orientations. This capability allowed for the determination of the proper spacing and
taper angle for the rear fins. The proper spacing was determined to be between 0.06 in.
and 0.09 in. with a taper angle of 15°. These dimensions would allow the rear fins to

rotate about their quarter chord point from +90° to -90° without intersecting the hull.



The mathematical model of the Deep 6 also included information regarding the hull drag.
To provide a complete description of the drag, estimates for the longitudinal, transverse,
and vertical drag coefficients were required. Drag coefficients are commonly non-
dimensionalized by using the equation shown in Equation 2.4.8 [20]. To avoid the
possibility of comparing drag coefficients that were non-dimensionalized using differing
characteristic dimensions, all drag calculations were carried out using dimensionalized
quantities until the final results were obtained. The longitudinal drag was calculated first,
and was performed using the standard naval architecture equations shown in Equations
2.4.9 and the design chart presented by Burcher and Rydill [13], [25], [33]. The drag
calculation required that the Reynolds Number (using the hull LOA as the characteristic
length) be determined. The formula used to calculate the Reynolds Number is shown in
Equation 2.4.10. Equations 2.4.9 in conjunction with the design chart predicted an axial
drag for the Deep 6 hull of approximately 2.11 1bf., 1.68 1bf. of that being due to
frictional resistance. The results from the hull drag calculation provided support for the
assumption that most marine vehicles and all underwater vehicle’s drag is dominated by
frictional drag [3], [13], [33]. The predicted drag for the control fins was added to the
hull drag to produce a total axial drag of 2.12 Ibf. The data used for the control fin drag
prediction was gathered from the experimental test results for the NACA 0025 foil
section published by Abbot and VonDoenhoff, Bullivant, and Lewis [1], [13], [33]. The
primary source for data for the control fins, though, was that presented by Lewis because
it presented data for straight, low aspect ratio sections that were attached to a flat body on
one end (as apposed the to “infinitely” long section data presented elsewhere) [33]. The

data published by Lewis was most representative of the situation present on the Deep 6.
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Equation 2.4.8: Drag Coefficient Definition
—_D
CD -

1 2
EpAV

Where Cp is the non-dimensionalized drag coefficient, D is the dimensional drag, p is the mass density of
the fluid, A is the characteristic area, and v is the relative velocity between the fluid and the body.

Note: Typically, in naval architecture the characteristic area is the wetted surface area. However, this may
not always be the case, especially if when using design tables generated by different industry sectors. The
characteristic area may also be the body volume raised to the two thirds power, the square of the body
length, the projected area normal to the flow, or any other combination of parameters that results in an area.
Care must be taken to always dimensionalize and non-dimensionalize drag values as defined by the
reference in use to provide a just comparison [1], [20], [33].

Equations 2.4.9: Longitudinal Drag Coefficient Equations

Equation 2.4.9a:
Cp =Cp +Cr+C,

Where Crs is the total resistance of the full scale vehicle, Cgs is the frictional resistance of the full scale
vehicle, Cy is the residuary resistance, and C, is the correlation allowance between residuary measurements
taken at the model scale and their full scale counterparts.

Note: Since there is little to no wave making resistance for the Deep 6 under normal operating conditions,
the residuary resistance is comprised primarily of the form/viscous pressure drag. The correlation
allowance has been included in the calculations to correct for any discrepancies accumulated through the
use of model scale residuary resistance measurements.

Equation 2.4.9b:

C. = 0.075
F (logyq Re—2)2

Where Ck is the frictional resistance (either model or full scale) and Re is the Reynolds Number associated
with the vehicle.

Note: Equation 2.4.1b represents the equation for the ITTC 1957 flat plate friction line.
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Equation 2.4.10: Definition of the Reynolds Number

Re =L

1]

Where Re is the Reynolds Number, v is the relative velocity between the fluid and the body, L is the
characteristic length, and v is the kinematic viscosity of the fluid.

Note: The characteristic length in naval architecture is typically the LOA. However, this may not always
be the case, especially when using design charts generated by different industry sectors. The characteristic
length may also be defined as the cube root of the body volume, the square root of the wetted surface area,

or the width of the body. Care must be taken to calculate the Reynolds Number as it is defined by the
provided data [20], [33].

The transverse and vertical drag could have been estimated in a similar fashion to the
longitudinal drag, but a source of data for the residuary resistance that applied to these
two conditions could not be located. However, published data for the total drag
coefficient around a circular profile and against a flat plate (representative of the control
fins) was available from Fox and McDonald [20]. As with the longitudinal case, the total
drag in the transverse and the vertical directions was calculated as the sum of the hull
drag and the control fin drag. The design charts presented by Fox and McDonald non-
dimensionalized the drag by the projected area normal to the flow [20]. The projected
area for the hull was determined both by integration of the hull profile and by the
measures section properties command in SolidWorks. The drag coefficients presented by
Fox and McDonald are for laminar flows only, requiring that the values be adjusted to
accommodate the existence of a turbulent transition somewhere along the hull. Fox and
McDonald stated that drag measurements over a circular cylinder with turbulent
boundary layer flow could be as much as 4 times smaller than their laminar counterpart
(due to a lower separation point) [20]. A reduction factor of 2.5 was used to account for

turbulent boundary layer flow over only a portion of the hull. The reduction factor was

40



determined using the ratio of areas estimated to experience laminar and turbulent flows.
The transition between laminar and turbulent flow was assumed to occur completely once
a local Reynolds Number of 500,000 (characteristic length being the flow path, or hull
circumference) was achieved [21]. The final drag measurements for the transverse and
vertical directions were 67.9 1bf. and 72.0 Ibf., respectively. It should be noted that for
the transverse direction calculations, the second of the two lower control fins was not
counted as a complete fin. The second fin’s close proximity to the first led to the use of a
scaling factor of 0.5 to account for the fact that the second fin should be almost
completely contained within the first fin’s wake, thus not exposed to the full brunt of the

flow [33].

To validate the analytical drag calculations two preliminary and independent
computational fluid dynamics (CFD) analyses were performed. The first CFD analysis
that was performed utilized the SolidWorks CFD add-in, Cosmos FloWorks. The total
longitudinal drag predicted by FloWorks was 2.29 Ibf., 1.80 Ibf. resulting from skin
friction. The vertical drag predicted by FloWorks was 72.1 1bf. The second CFD
analysis that was performed utilized FLUENT. The longitudinal drag that was predicted
using FLUENT was 1.91 Ibf. The purpose of this investigation was not to obtain a
perfect hydrodynamics model of the flow around the Deep 6, but rather to validate the
analytical drag predictions that were calculated. No claims of correctness are made for
the drag value determined by any one of the three methods. However, the good
agreement between the values determined by the three methods implies that the actual

drag values are most likely close to those predicted. Appendix E contains some sample
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results generated from the preliminary CFD analyses. The slight discrepancy between
the drag results was acceptable for the purposes of the first order mathematic model and
the preliminary design since the differences will be adequately absorbed into the design

margin for the powering calculation [33].

The next set of parameters to be determined for the mathematical model of the Deep 6
was added mass and hydrodynamic damping. “Added mass” is an engineering construct
used to describe the effects of the entrained fluid moving around a body. Added mass is
typically adopted so that the complex hydrodynamics associated with the body
accelerating can be removed from the system. To include the additional force required to
accelerate the entrained fluid when the body accelerates, the mass of the body is
arbitrarily increased by the quotient of the extra force and the acceleration (which results
in a mass term). The “heavier” body therefore requires a larger force for it to accelerate —
the force being the sum of the force to accelerate the body’s mass and the force required
to accelerate the entrained fluid [34]. The added mass and hydrodynamic damping terms
are heavily based upon the geometry of the vehicle [19], [38]. These terms are probably
the most difficult of all of the required model parameters to approximate. The difficulty
associated with achieving analytical computation of these parameters is commonly
overcome by performing physical testing to determine either all or most of the
parameters. Recall that for this project it was desired to fully determine reasonable
approximations for a complete vehicle model through analytical methods. The research
presented by Humphrey and Watkinson provided empirical formulas for the added mass

of a submarine that were determined from trend lines fit to experimental data collected
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during systematic testing of submarine models [26]. The formulas presented by
Humphrey and Watkinson were especially useful because they considered the additional
effects of hull appendages and asymmetrical hull shapes, which were not considered in
the analytical methods presented by Fossen and Newman [19], [38]. Another benefit of
the data presented by Humphrey and Watkinson were the discussions of how well the
formulas predicted reality. The high density of water renders the inclusion of the added
mass and hydrodynamic damping parameters essential for the construction of an accurate
underwater vehicle model. This requirement constitutes the key difference between an
aircraft and an underwater vehicle mathematical model [41]. The added mass and
damping parameters describe the resistive forces that will be exerted upon the vehicle as
it attempts to perform various maneuvers (such as turning, pitching, and control fin
deflections). These parameters are partially responsible for the coupling that may exist
between vehicle motions [26], [41]. Verification of the added mass and damping
parameters was sought. HYCOEF is the only program known that is able to determine
these quantities. This program was developed by the United States Navy and is not
available to the public [37]. Therefore, no independent verification of the added mass

and damping parameters was obtained.

The final parameters required to complete the mathematical model of the Deep 6 were the
influence effects of the control parameters. The only parameters available for control on
the Deep 6 are the deflection angles of the control fins and the rate of revolution for the
propellers. The five fins on the Deep 6 exert control over the vehicle by deflecting,

which produces an angle of attack (AOA) relative to the inflow to the vehicle, which
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results in the generation of a lift force and additional drag [1], [3], [34]. The forces
generated by the fins create moments about the vehicle CG, which result in the
appropriate vehicle rotations. The rate of revolution of the propellers exerts control over
the vehicle’s speed by altering the amount of thrust generated. Nothing special had to be
determined for the modeling of the propeller rpm control parameter due the manner in
which it was handled within the equations of motion (this will be discussed further within
Section 3.1 of this report). The controlling effects of the fin deflections were determined
through the use of regression plots for the measured drag and lift for the NACA 0025
section at various angles of attack [1], [12], [34]. The regression plots that were created
for the lift and drag of the control fins are shown in Figures 2.4.4 and 2.4.5. Again, the
data presented by Lewis served as the primary source of information for the plots because
it best represented the configuration present on the Deep 6 [34]. To achieve a linear drag
relationship for use within the vehicle equations of motion, the drag data was plotted
against the square of the attack angle (the usual relationship between drag and angle of
attack is parabolic). The slope of the regression lines fitted to the plotted data served as
the input value for the control effect of each fin per degree of deflection. It was assumed
that the lift and drag measurements would exhibit the behavior of an odd function. This
behavior should occur since the chord line for the fin profile is also a line of symmetry.
Once the additional lift and drag forces per degree of deflection were determined, the
additional moments per deflection were calculated by multiplying the distance between a
particular control fin and the vehicle CG by the appropriate force generated. The foil

data presented by Lewis predicts a stall angle of 45° for a low aspect fin using a NACA
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0025 profile [34]. To retain conservatism in the calculations, the maximum fin deflection

for all of the control fins was set to +22.5°.

Figure 2.4.4: Regression Plot of Control Fin Lift vs. Angle of Attack
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Note: The crossing the regression lines at the origin reveal the already known fact that at zero angle of
attack the fins produce no lift. The zero crossing is one indication that the lines have proper form.
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Figure 2.4.5: Regression Plot of Control Fin Drag vs. Angle of Attack Squared
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Note: The “y-intercept” at zero angle of attack that exists for the drag regression lines reveal that the fins

do, in fact, have parasite drag. The existence of the parasite drag confirms the already known fact that the

control fins produce a drag force at all angles of attack. The magnitude of the parasite drag predicted by
the regression lines closely matches the experimentally measured values.

At this point, the preliminary design and mathematical modeling of the Deep 6 was

completed. Table 2.4.1 presents a summary of the parameters that were determined for

the vehicle in the previous sections.
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Table 2.4.1: Deep 6 Mathematical Modeling Parameters

Variable Description Units* Value
pm mass density of fluid medium (fresh water) Ibf*s"2/in"4  9.357E-05
g acceleration due to gravity in/s"2 3.861E+02
1 (hull/characteristic) length in 6.000E+01
D hull maximum diameter in 7.500E+00
L/D slenderness ratio n.d. 8.000E+00
S wetted surface area in"2 1.349E+03
Cb block coefficient n.d. 6.540E-01
vl displaced volume in"3 2.226E+03
B buyant force Ibf 8.044E+01
Wor A weight/displacement Ibf 8.044E+01
m mass Ibf*s”2/in 2.083E-01
| XG longitudinal position of CG in 2.835E+01
yG transverse position of CG in 0.000E+00
2G vertical position of CG in 1.250E+00
XB longitudinal position of CB in 2.835E+01
yB transverse position of CB in 0.000E+00
ZB vertical position of CB in 8.300E-04
Ixx mass moment of inertia about lon. axis in*lbf¥s"2  5.376E+02
Iyy mass moment of intertia about trans. axis in*|bf*s"2 1.786E+04
| B> mass moment of inertia about vert. axis in*lbf*s"2  1.786E+04
Ixy cross product of intertia in*lbf*s"2  -3.440E-03
Ixz cross product of intertia in*1bf*s"2 1.072E+00
Iyz cross product of intertia in*lbf¥s"2  -5.300E-04
Re Reynolds Number (using LOA) n.d. 1.988E+06
Xudot added mass Yapln3 -8.304E-04
Xvdot added mass Yapln3 0.000E+00
Xwdot added mass apln3 0.000E+00
Xpdot added mass YVaplng 0.000E+00
Xaqdot added mass Vapl™4 0.000E+00
Xrdot added mass Vaplng 0.000E+00
Xuu coupled added mass cross term YapIn3 0.000E+00
Xuv coupled added mass cross term 72pl"3 0.000E+00
Xuw coupled added mass cross term 72pl"3 0.000E+00
Xup coupled added mass cross term 72pIn3 0.000E+00
Xugq coupled added mass cross term 72plIn3 0.000E+00
Xur coupled added mass cross term 72pI"3 0.000E+00
Xwv coupled added mass cross term 72pln3 0.000E+00
Xvw coupled added mass cross term Vapl"3 0.000E+00 |
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Table 2.4.1 - Continued

Xvp coupled added mass cross term Y2pI™3 0.000E+00
Xvq coupled added mass cross term Y2pI™3 0.000E+00
Xvr coupled added mass cross term YaplI™3 1.960E-02
Xww coupled added mass cross term YapI™3 0.000E+00
Xwp coupled added mass cross term Yapl™3 0.000E+00
Xwq coupled added mass cross term 72pI"3 -2.009E-02
Xwr coupled added mass cross term Y2plI™3 0.000E+00
Xpp coupled added mass cross term Veplhd 0.000E-+00
Xpq coupled added mass cross term V2p1™3 0.000E+00
Xpr coupled added mass cross term Yapl™a 4.145E-04
Xaq coupled added mass cross term Vepl™d -3.932E-03
Xar coupled added mass cross term Yapl™a 0.000E+00
Xrr coupled added mass cross term Yapl™a -7.939E-05
Xugab coupled added mass due to fin movement Zp1"3*8  0.000E+00
Xugss coupled added mass due to fin movement 72pln3*8 0.000E+00
Xurér coupled added mass due to fin movement 72pln3*8 0.000E+00
Kuvér coupled added mass due to fin movement /2p1"3*% 0.000E+00
Kuwsb coupled added mass due to fin movement 7pl"3*8 0.000E+00
Kuwss coupled added mass due to fin movement “pl"3*8  0.000E+00
Xuju[sbsb additional Xdrag due to BP deflection ut2*3"2 1.507E-08
Xululasss additional Xdrag due to SP deflection ut2*8"2 2 769E-08
Xuju[srér additional Xdrag due to rudder deflection ut2*5"2 4.154E-08
Cdx lon. drag coefficient u”2 3.482E-04
Y udot added mass Yapln3 0.000E+00
Y vdot added mass VapIn3 -1.960E-02
Y wdot added mass YapI™3 0.000E+00
Y pdot added mass Yapl™a -4.145E-04
Y qdot added mass Vaplhd 0.000E+00
Y rdot added mass 72pl™4 7.939E-05
Yuu coupled added mass cross term YaplI™3 0.000E+00
Yuv coupled added mass cross term Yapl™3 0.000E+00
Yuw coupled added mass cross term YaplI™3 0.000E+00
Yup coupled added mass cross term Yepl”3 0.000E+00
Yuq coupled added mass cross term YaplI™3 0.000E+00
Your coupled added mass cross term 72pl"3 -8.304E-04
Yw coupled added mass cross term YaplI™3 0.000E+00
Yvw coupled added mass cross term YaplI™3 0.000E+00
Yvp coupled added mass cross term YaplI™3 0.000E+00
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Table 2.4.1 - Continued

Yvq coupled added mass cross term Yapl™3 0.000E+00
Y coupled added mass cross term Yapl™3 0.000E+00
Yww coupled added mass cross term Yapl™3 0.000E+00
Ywp coupled added mass cross term YapI™3 2.009E-02
Ywq coupled added mass cross term Yapl™3 0.000E+00
Y wr coupled added mass cross term Ypl™3 0.000E+00
Yopp coupled added mass cross term Vapl™4 0.000E+00
Yoq coupled added mass cross term 7apln3 3.932E-03
Yor coupled added mass cross term Vaplhd 0.000E+00
Yaq coupled added mass cross term Vapl™4 0.000E+00
Yar coupled added mass cross term Vaplnd 0.000E+00
Y coupled added mass cross term Yapl™4 0.000E+00
Yuuar Y fin litt torce due to bow rudder u 2%o 0.000E+00
Y waiés Y tin it force due to stern planes u 2% 0.000E+00
Y uluidrs Y fin lift force due to (stern) rudder u"2*8 3.604E-06
Cdy trans. drag coefficient u"2 1.035E-02
Zudot added mass Yapln3 0.000E+00
Zvdot added mass YapIn3 0.000E+00
Zwdot added mass 72pIn3 -2.009E-02
Zpdot added mass Yapl™4 0.000E+00
Zqdot added mass YVaplnd -3.932E-03
Zrdot added mass V2pl™4 0.000E+00
Zuu coupled added mass cross term YapI™3 0.000E+00
Zuv coupled added mass cross term Yapl™3 0.000E+00
Zuw coupled added mass cross term Yapl™3 0.000E+00
Zup coupled added mass cross term YpIn3 0.000E-+00
Zuq coupled added mass cross term Yapln3 8.304E-04
Zur coupled added mass cross term Ypl™3 0.000E+00
Zwv coupled added mass cross term Yapl™3 0.000E+00
Lvw coupled added mass cross term Yapl™3 0.000E+00
Zvp coupled added mass cross term Vpl™3 -1.960E-02
Zvq coupled added mass cross term YaplIn3 0.000E+00
A% coupled added mass cross term Yapln3 0.000E+00
Zww coupled added mass cross term Yapl”3 0.000E+00
Zwp coupled added mass cross term YaplI™3 0.000E+00
Zwq coupled added mass cross term Yapl™3 0.000E+00
Zowr coupled added mass cross term Yapl™3 0.000E+00
Zpp coupled added mass cross term e -4.145E-04
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Table 2.4.1 - Continued

Zpq coupled added mass cross term 72pIn3 0.000E+00
ZLpr coupled added mass cross term Yapl™4 7.939E-05
Zqq coupled added mass cross term Yapl™4 0.000E+00
Zqr coupled added mass cross term 72pl™4 0.000E+00
L coupled added mass cross term Vapl™4 0.000E+00
Zujujsb Z fin lift force due to bow planes un2*§ 1.759E-06
ZLujuiss Z fin lift force due to stern planes u"2*s 3.121E-06
Cd: vert. drag coefficient u™2 1.098E-02
Kludot added mass YVaplhd 0.000E+00
Kvdot added mass Yaplh4 -4.145E-04
Kwdot added mass Yaplhd 0.000E+00
Kpdot added mass YapIns -6.715E-04
Kgdot added mass YapInS 0.000E+00
Krdot added mass YoplhS -2.547E-06
Kuu coupled added mass cross term YapI"3 0.000E+00
Kuv coupled added mass cross term 72pI"3 0.000E+00
Kuw coupled added mass cross term 72pl"3 0.000E+00
Kup coupled added mass cross term Vapl™4 0.000E+00
Kugq coupled added mass cross term Yapl™a 0.000E+00
Kur coupled added mass cross term Vapl™4 0.000E+00
Kwv coupled added mass cross term Yapl"3 0.000E+00
Kvw coupled added mass cross term 72pI"3 -4.884E-04
Kvp coupled added mass cross term Yapln4 0.000E+00
Kvq coupled added mass cross term Vopl™4 -3.852E-03
Kvr coupled added mass cross term 72pl™4 0.000E+00
Kww coupled added mass cross term Yapl”3 0.000E+00
Kwp coupled added mass cross term Vapl™4 4.145E-04
Kwg coupled added mass cross term YVaplng 0.000E+00
Kwr coupled added mass cross term Yapl™4 3.852E-03
Kopp coupled added mass cross term Yaplna 0.000E+00
Kpq coupled added mass cross term Vapl™4 -2.547E-06
Kopr coupled added mass cross term 72pl™4 0.000E+00
Kqq coupled added mass cross term Yaplhd 0.000E+00
Kar coupled added mass cross term Yaplha -4.643E-05
Ko coupled added mass cross term 72pl™4 0.000E+00
Kuluor fin lift-rolling moment u 2% 0.000E+00
Kuues fin litt-rolling moment u2%o 0.000E+00
Kuuob fin litt-rolling moment u2%o 0.000E+00




Table 2.4.1 - Continued

Mudot added mass VapInd 0.000E+00
Muvdot added mass 72pl™4 0.000E+00
Muwdot added mass Yoplng -3.932E-03
Mpdot added mass 7pInS5 0.000E+00
Madot added mass /plnS -3.949E-01
Mrdot added mass 72plnS5 0.000E+00
Muu coupled added mass cross term V2pIn3 0.000E+00
Muv coupled added mass cross term V2pl™3 0.000E+00
Muw coupled added mass cross term Ypl"3 1.926E-02
Mup coupled added mass cross term Vplh4 0.000E+00
Mugq coupled added mass cross term Vapl™4 3/939E-03
Mur coupled added mass cross term Yaplng 0.000E+00
Mw coupled added mass cross term 7p1"3 0.000E+00
Mvw coupled added mass cross term Y2pI™3 0.000E+00
Muvp coupled added mass cross term Yepln4 -7.939E-05
Myq coupled added mass cross term pZ 0.000E+00
M coupled added mass cross term Vplnd -4.145E-04
Mww coupled added mass cross term 7pl"3 0.000E+00
Muwp coupled added mass cross term 72plh4 0.000E+00
Muwq coupled added mass cross term Yaplnd 0.000E+00
Muwr coupled added mass cross term Vepln4 0.000E+00
Mpp coupled added mass cross term Vapl™4 2.547E-06
Mpq coupled added mass cross term 72pln4 0.000E+00
Mpr coupled added mass cross term Vplnd 3.943E-01
Maqq coupled added mass cross term 72pl™4 0.000E+00
Mar coupled added mass cross term Yaplhd 0.000E+00
Mrr coupled added mass cross term Vapl™4 -2.547E-06
Mujujss - L fin lift-pitch moment ut2*8 -7.616E-05
Mujujss - D fin drag-pitch moment u"2*8"2 -6.701E-08
Mujuisb fin lift-pitch moment u"2*8 2.525E-05
Nudot added mass el 0.000E+00
Nvdot added mass el 7.939E-05
Nwdot added mass apln4 0.000E+00
Npdot added mass Vaplns 22.547E-06
Ngdot added mass /plnS 0.000E+00
Nrdot added mass 72pInS -3.950E-01
Nuu coupled added mass cross term Vpl"3 0.000E+00
Nuv coupled added mass cross term Y2pl"3 -1.877E-02




Table 2.4.1 - Continued

Nuw coupled added mass cross term Yepln3 0.000E-+00
Nup coupled added mass cross term Yaplhd -4.145E-04
Nuq coupled added mass cross term Yapl™a 0.000E+00
Nur coupled added mass cross term Yaplha -7.939E-05
Nw coupled added mass cross term Yepln3 0.000E-+00
Nww coupled added mass cross term Yapln3 0.000E+00
Nvp coupled added mass cross term Veplhd 0.000E+00
Nvq coupled added mass cross term Veplhd 4.145E-04
Nvr coupled added mass cross term Veplhd 0.000E+00
Nww coupled added mass cross term YplIn3 0.000E+00
Nwp coupled added mass cross term Vapl™h4 -3.932E-03
Nwq coupled added mass cross term Vepl™4 0.000E+00
Nuwr coupled added mass cross term Voplnd 0.000E+00
Nopp coupled added mass cross term Vapl™d 0.000E+00
Npq coupled added mass cross term Veplnd -3.943E-01
Nopr coupled added mass cross term Veplnd 0.000E-+00
Nqq coupled added mass cross term Yaplnd 0.000E+00
Ngr coupled added mass cross term Yaplhd 2.547E-06
Nrr coupled added mass cross term Vpln4 0.000E+00
Nuuarh fin lift-vaw monment ufZ*g 0.000E+00
Nululsrs fin lift-yaw moment u"2*5 8.794E-05
U design free stream/inflow/surge speed in/s 8. 101E+01
Nprop propeller rotation rate at design speed rpm 1.912E+03
Zmax maximum operating depth in 1.800E+04
Zmin minimum operating depth in 5.625E+00
IOtmax maximum control fin rotation deg 2.250E+01

Key:

e  The terms with values in black were determined outright for themselves.

The terms with values in blue were calculated using terms in black for inputs.

The terms with values in purple are zero due to the existence of port-starboard symmetry [27].
The terms with values in teal are always zero regardless of the body configuration [27].
The terms with values in orange are zero by assumption based on observation of other similar

terms and the relative scaling between the size of control fins and the size of the hull.

The terms with values in grey do not apply to the current configuration of the Deep 6.

e  The terms with values that have a light blue back fill are represented in degrees (this remains
consistent throughout the simulation).

Note: The “units” for the added mass and control fin terms are the quantity that was used for non-
dimensionalization.
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CHAPTER THREE

VEHICLE EQUATIONS OF MOTION AND SIMULATIONS

The numerical simulation of the Deep 6 incorporated the vehicle parameters that were
discussed in Chapter 2 into a system of coupled, non-linear, 6 degrees of freedom
equations of motion. These equations approximate the vehicle’s behavior under the
influence of the control parameters (control fin deflections and propeller rate of
revolution). In order to describe the vehicle motions in inertial space, the inertial (Earth
fixed) reference frame was orientated such that the positive x-axis pointed to the North,
the positive y-axis pointed to the East, and the positive z-axis pointed down. Using the
set of 12 first order, non-linear differential equations representing the vehicle motion,
numerical simulations were performed based upon the Euler integration method. A
numerical linearization was performed to find the linear state-space model about an

equilibrium condition.

3.1 Equations of Motion

The simulation of the Deep 6 began with the writing of an appropriate set of vehicle
equations of motion (EOM). The EOM for the underwater vehicles consist of three
equations for translation, three equations for rotation, three equations for inertial
orientation, and three equations for inertial position. These EOM may differ based upon
the mathematical representation or model of the external forces and moments. Fossen
presents the most commonly used form of these equations [19]. The generality of these

equations is beneficial because it allows for the inclusion of a wide variety of geometric
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configurations and external parameters (such as waves, currents, and sea floor/ground
effects) [19]. The drawback of using these equations is that their derivation provides
little insight into how the inputs are to be determined. Gertler and Hagen present a
different form of the EOM. The form presented by Gertler and Hagen are referred to as
the standard equations of motion for submarine simulation and were originally developed
for use by the United States Navy [23]. The standard submarine equations differ from the
ones developed by Fossen in that the equation inputs for the EOM are based upon
physically measurable quantities, whereas Fossen’s equations are more of a statement of
the physics involved with vehicle motion [19], [23]. The key drawback of Gerlter and
Hagen’s approach is that they are less general. The loss of generality affects the
equations’ ability to incorporate various environmental forces. If the inclusion of
environmental forces (such as wave forcing) were necessary, the required methodology
would have to be developed and the equations amended. It shouldn’t be too surprising
that the standard submarine equations were developed and are ideally suited for vehicle
configurations consistent with current naval submarine designs [18], [23]. The Deep 6
was designed with a long, slender hull, aft mounted propellers, and uses control fins for
maneuvering; just like naval submarines. Both sets of equations are coupled and non-
linear, and attempt to describe the same set of events; however, the inputs for the
standard submarine EOM were more intuitive and easier to obtain approximations for.
For this reason, the standard submarine EOM were the basis for the simulation of the
Deep 6. It is worth noting that the standard submarine equations have been revised over
time to incorporate new, more accurate modeling approaches [11], [18]. The most

current revision of the EOM was used for the basis of the simulation equations [11].
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The Deep 6’s motions through its aquatic environment are completely unconstrained;
thus, the vehicle is free to translate and rotate about each of the three coordinate axes (3
translations + 3 rotations = 6 total degrees of freedom). Each degree of freedom (DOF)
requires its own unique equation. These six equations-are based on the ones originally
developed by Gertler and Hagen [11], [18], [23]. These EOM are an extension of
Newton’s Second Law, F'= ma (or T = la for the 3 rotational cases). The six individual
equations were grouped together to form the system of equations shown in Equation

3.1.1a. The “unknown” quantities that are solved for from Equation 3.1.1a are the
acceleration terms, {X | } To obtain the acceleration terms, both sides of Equation 3.1.1a

were pre-multiplied by [A;]". The rearranged form of Equation 3.1.1a that was
incorporated into the simulation program to solve for the acceleration terms is shown in
Equation 3.1.1b. Equations 3.1.2 — 3.1.7 are the six individual EOM that collectively

form Equation 3.1.1a.
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Equation 3.1.1a: General Form of 6 Degree of Freedom Equations of Motion

[Al ]{X1}= [Bl]

Where:
[A1 ] = (mass, inertia, and added mass terms),

&=l vow pag.r]

and [B,]= r({x}.{U})
X =[uv,w, p.g.r]
{U} = [53’5Sa5/eszmp]T

Note: The above equation represents a system of equations taking the form of Newton’s Second Law,
where the force terms are represented by [B1], the mass terms are represented by [A], and the

acceleration terms are represented by §.X, (. A definition of the individual elements of the above vectors
and matrices has been provided after Equation 3.1.7.

Equation 3.1.1b: Rearranged Form of 6 Degree of Freedom Equations of Motion
{Xl }'_‘ [Al ]_] [Bl]

Equation 3.1.2: Surge Equation of Motion
(m -4L'X, )" +mzgq —mygr
= vr—wq+xG(q2 +r2)-—prq—szr]
+21 [prp2 +X,.4q° +X r’ +XprprJ
+§L3 [quwq + X, vp+ Xv,vr]

+ uq(Xuqsb o, + Xuqé's 0, )+ ur(Xun;r 5,)
+§L2 [vaz + wawz]

1 X s 8, )+ WX 5,8 + X 5, 5,)

+ uluI(quJb 6172 * Xu“lsx 652 + qu&’ ,-2 )
—(w - B)sin()
+§L°C, [Cvan prop| N prop| = u[u”
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Equation 3.1.3: Sway Equation of Motion

=421, g 227, Jp— g - 227,
= m{— ur+wp—prq+yc(P 2)—‘2qu]
+§L4 [qupq + Y;’qr]

+ §L3 [Yupup +Y,ur+Y, vg+Y, wp+ Yw,wr]
+21 [V, uv+Y, v
(Yius, 57)

uud, ~r

+ufu

——f [C h(x)Xv+xr) +C, b(x)(w xq) ](””')d
+ (W — B)cos(8)sin(p)

Equation 3.1.4: Heave Equation of Motion
(m -2z, )vi/+ my;p + (—me —§L4Zq)c}

= m{uq—vp—xcpr—ycqr+za(p2 +q° )]
+21 [prp2 +Zprpr+err2J
+2 [Zuquq +Z, vp+ Zwvr]
+2] [Z uw+2, v2]

(2.6,6% +2.5,62)

——Jj [C h(x)v +xr)’ +C, b(xfw- xq) ](w+fi’5) dx

+ (W — B)cos(8)sin(p)

+ulu
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Equation 3.1.5: Roll Equation of Motion

(sz_—L4K )V+myGw+( LSK )p Ixyq+(_1xz_§L5Kr'};
=t -1, Jar-1,pr+1,0q" =)+ g
_"bc (~ug+vp) -z, (ur- wp)]
+2L[K, g+ K, qr+K ppp\p\]
+4 L'k,
+§L3[K u+K VW]
- ulu‘(Kuua 5 + Kuu5 53)

+ (yGW yBB)COS(g)COS(¢)
- (zGW — z,B)cos(0)sin(g)

]

Equation 3.1.6: Pitch Equation of Motion
. _ 4 p 7S
szu+( mx; —2L'M, )w Ixyp+(1 -5D0M, )q L
—[—1 -1, pr+1 gr—1,.pq—1 (p +r)
+mx (- uq+vp) zg(~vr+wq)
pLS[M p’ +M, pr+M, r|r‘+quq|q|J
’2’L4[M ug+M, vp+M, vr]
+’2’L3[M uw+M v]
+ufl(M o, 8, + M5, 8, + M5 52)
——f [C h(x)v+xr) +C, b(x)(w xq)’ ](‘”fﬁ%xdx

—(x 7 -x ;B)cos(6)cos(¢)
—(z W - z,B)sin(6)
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Equation 3.1.7: Yaw Equation of Motion

mygti+(mxg LN+ (-1, —4 LN, Jp—1,.4+(1, -4 LN,
—[ (I I)pq I (p ) I, pr- ]zqr]
~ g ur—wp) —yG(—vr+wq)]
ﬂLS[N P4t N, qr+N,r
"L4[N up+ N, ur+ N, vq+N wp+N wr]
+£L3[N uv+vavw]
_u‘u|(Nuu5 )
__.[‘m::e [C h(x)Yv+xr) +C, b(x)(w xq) ]Ffi}xdx
+ (xG’;V —x,B)cos(6)sin(¢)
+(y6 ~ y;B)sin(6)

U, (x) = \/ (v S xr)2 + (W - Xq )2 is the cross body flow,

C =«e

vn N pmp* is the propeller control parameter,

u is the longitudinal velocity in the body fixed coordinate system,

v is the transverse velocity in the body fixed coordinate system,

w is the vertical velocity in the body fixed coordinate system,

p is the roll rate in the body fixed coordinate system,

q is the pitch rate in the body fixed coordinate system,

r is the yaw rate in the body fixed coordinate system,

x is the x-axis displacement in the Earth fixed coordinate system,

y is the y-axis displacement in the Earth fixed coordinate system,

z is the z-axis displacement in the Earth fixed coordinate system,

Xg is the longitudinal location of the vehicle’s center of gravity in the body fixed coordinate
system (measured from the vehicle’s nose),

yg is the transverse location of the vehicle’s center of gravity in the body fixed coordinate system
(measured from the vehicle’s centerline/axis of revolution),

zG is the vertical location of the vehicle’s center of gravity in the body fixed coordinate system
(measured from the vehicle’s centerline/axis of revolution),

xp is the longitudinal location of the vehicle’s center of buoyancy in the body fixed coordinate
system (measured from the vehicle’s nose),

yg is the transverse location of the vehicle’s center of buoyancy in the body fixed coordinate
system (measured from the vehicle’s centerline/axis of revolution),

zg is the vertical location of the vehicle’s center of buoyancy in the body fixed coordinate system
(measured from the vehicle’s centerline/axis of revolution),

® is the Euler roll angle in the Earth fixed coordinate system,

® is the Euler pitch angle in the Earth fixed coordinate system,

W is the Euler yaw angle in the Earth fixed coordinate system,
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Equation 3.1.7 - Continued

b(x) is the total height of the vehicle (hull diameter for bodies of revolution) along the vehicle’s
centerline at a specific longitudinal position, x,

h(x) is the total width of the vehicle (hull diameter for bodies of revolution) along the
vehicle’s centerline at a specific longitudinal position, x.

L is the vehicle’s length (LOA),

p is the mass density of the fluid medium,

m is the mass of the vehicle,

W is the weight of the vehicle (m times the acceleration due to gravity),

B is the buoyant force that results from the vehicle displacing fluid,

I+ is the mass moment of inertia for the vehicle about the axis *,

L. is the product of inertia for axes * and #,

Cd. is the drag coefficient for the vehicle for flow along the * axis,

Npxop is the rate of revolution for the propeller (in rpm),

Npmp‘ is the rate of revolution for the propeller at the design speed (in rpm),

U, is the vehicle’s design speed,

and “dotted” terms are the time derivative of the “undotted” quantity,

Note: Under most circumstances,
p#p
0+q
wET

The six differential equations shown in Equations 3.1.2 — 3.1.7 mathematically describe
the interactions between the forces acting upon the vehicle and its motions. These
equations take into consideration the vehicle’s mass, its rotational inertia, and the added
mass and hydrodynamic damping (all about their appropriate axes). The right hand sides
of the six equations represent the mass and acceleration (or mass moment of inertia and
rotational acceleration for the 3 rotational cases) terms in Newtons’s Second Law. The
left hand side of these equations represent the forcing (or torque) term of Newton’s
Second Law. The left hand side of the equations is primarily composed of added mass
terms. The inclusion of the added mass terms is the most significant difference between
the EOM used for submarine and aircraft simulations [41]. Since water is approximately

800 times denser than air, the submarine EOM must include the added mass terms to
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provide reasonable predictions [11], [24]. The added mass arises from the viscous drag
entraining fluid, which exerts a resistive force upon the vehicle when attempting to
accelerate during a maneuver [34]. Other force terms that are represented on the left
hand sides of the equations are drag forces, propulsion forces, and control fin forces and
moments. All of the equations except the pitch moment equation (Equation 3.1.6) have
only one force or moment associated with each fin deflection. This condition exists as a
result of the upper aft fin and the bow planes having been located along the vehicle’s axis
of revolution. The pitch equation has an additional control fin moment term to account
for the longitudinal and the vertical offset of the two lower aft fins. Similar to the aircraft
EOM, the submarine EOM expression for the physics contained within the equations is
greatly simplified through the use of “stability and control derivatives” [41]. The
derivative quantities are all of the Xy, Ys, Zs, Py, Qu, and Ry terms, where # is
representative of any number of possible variables. These derivative quantities represent
the non-dimensional force/moment along/about the appropriate axis due to the
subscripted variable. For example, X, is the non-dimensional force in the x-direction
that results from an acceleration in the x-direction (# ). The derivatives are all
dimensionalized by the product of one-half of the mass density and the vehicle length
raised to differing powers (§ pL"). The formulas that were used to determine these

derivative quantities assume that their values remain constant. It is conceivable that the
derivatives, or even other parameters such as mass and volume, could change during
operation. However, for simplicity it was assumed that during the simulation all input

quantities would remain constant. Under this calculation regime a change of a “constant”
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parameter would require two separate calculations (or an alteration to the program code).
The only parameters that do change during the calculation of Equations 3.1.2 — 3.1.7 are
the values of the elements of {X 1} and {X,}. This characteristic allows the matrix [A]
of Equation 3.1.1 to be calculated only once for the entire analysis interval. The matrix

[B1], though, must be reevaluated each iteration since it is a function of {X,}.

Each iteration of the simulation program determines the six acceleration quantities from
Equations 3.1.2 — 3.1.7, in addition to six inertial frame velocities. Equation 3.1.8
displays the equations incorporated into the simulation program to determine the second
set of 6 unknown quantities, the inertial frame velocities. Equation 3.1.8 transforms the
known velocities from the body fixed coordinate system to the Earth fixed coordinate
system. The sub-matrix [R;] is responsible for transforming the linear velocities, while
the sub-matrix [R;] transforms the rotational velocities. Since the orientation angles of

the vehicle (the last three elements of {X,}) could change with each iteration, the

transformation matrix, [T], is updated every iteration.
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Equation 3.1.8: Body to Inertial Frame Velocity Transformation

{Xz}: [T]{Xz}
Where:
(o)=les.26.04]
Kot=kyze.00]

- Hgf[R][f ]ﬂ

[Rl ] =
cos (6)-cos(w) cos (6)-sin(\y) —sin(e)
sin((b)-sin(e)-cos(w) - cos(¢)-sin(\y) sin(q))-sin(G)-sin(\y) + cos(¢)-cos(\u) sin(¢)-cos (6)
cos(¢)-sin(6)-cos () + sin(¢)-sin(y) cos(¢)-sin(6)-sin(y) - sin(¢)-cos(w) cos(4)-cos(8)

[Rz]:
1 0 —sin(e)
0 cos(¢) sin(¢)-cos(9)
0 —sin(¢) cos(¢)-cos(9)

To start the solution process, the simulation program must be provided with the initial

conditions, which represent the combination of the {X,} and {X,} vectors at the starting
time of the analysis. These initial conditions are used to determine the value of the {X 1}
and {X 2} vectors. Once {X } (which represents the combination of {X 1} and {X 2 }) has
been determined, the initial set of known values, {X'} are updated in time through

integration. Equations 3.1.9 and 3.1.10 define the complete {X } and {X }, respectively.

An Euler integration routine has been incorporated into the simulation program to
perform this operation. The Euler integration routine was selected in order to remain
consistent with other AUV simulation programs [11], [19]. The Euler integration routine

may lead to numerical instabilities over long time intervals, but does offer the unique
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ability of providing “real time” solutions if used in conjunction with carefully designed

numerical filters.

Equation 3.1.9: Definition of X_dot Vector
()= [vi g 5 9,2.6.6.5 ]
Equation 3.1.10: Definition of X Vector

{X} = [u,v, W, D,q,F,X, Y, Z, P, 951//]7‘

Equations 3.1.2 — 3.1.7 represent the EOM in simplified form. The simplifications that
were performed were those allowed by the configuration of the Deep 6. A review of the
original EOM revealed that equations could be simplified if the effects of the control fin
rotations were properly grouped. The ability to produce a rolling moment was not a
desirable capability for the control fins, thus the ability for the two forward fins to rotate
in opposite directions would not be required. Since the foreword fins would always
move as a coordinated pair, the additional forces and moments produced by their
deflection could be grouped. For the remainder of the project the pair of forward fins
would be collectively referred to as the bow planes. Similarly, to avoid producing a
rolling moment when turning, it was deduced, via a free body diagram, that all three aft
fins would need to be deflected. The free body diagram for the rotation of the aft fins
revealed that the lower two fins were required to rotate the same amount as the upper fin
to produce a yaw moment without producing a pitching moment. To achieve this
condition, the two lower aft fins are required to rotate in opposite directions from one

another. Figure 3.1.1 provides an example of the required aft fin rotations necessary to
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produce a positive yaw angle. The effects of all three aft fins rotating in this manner
were grouped and hence forth referred to as the rudder deflection. The same free body
diagram also revealed that by rotating the two lower fins together, in a similar fashion to
the bow planes, a pitching moment would be produced with no net yawing moment. The
stern planes became the combined action of the two lower aft planes. Both the bow
planes and the stern planes are individually capable of producing pitching moments, but
used together they are capable of producing a net vertical force with no net pitching
moment. The combined action of the bow and the stern planes allows for the desirable
level posture altitude climbing described in Section 2.2. The grouping action of the
individual fin components allowed the equations to consider the effects of a deflection for

the three groups of fins instead of all of the fins individually.

Figure 3.1.1: Aft Fin Configuration for Rudder Deflection

|}

1
1
\

As mentioned in Chapter 2, the selected EOM required no additional calculations to
determine the control effect that the propellers’ rate of revolution exerts upon the

vehicle’s performance. The reason for this is that the propeller control parameter can be
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determined as a simple ratio of the design speed for the vessel and the required rpm
necessary to achieve this speed [11]. Since both the design speed (4.0 kts.) and the
propeller rate of revolution (1,912 rpm) required for the design speed were already
known, the control parameter C,, could be easily calculated within the simulation
program. The EOM model the propellers’ ability to generate thrust at various rates of
revolution based upon the Propeller Law, which states that thrust is proportional to the
square of the rate of revolution [25]. A noteworthy caveat of the expression for the
propulsion thrust generated used by the equations of motion is that the effective thrust
decreases with the square of the vehicle speed (due to an increase in resistance, which
increases with the square of the speed). This result is in agreement with both naval
architecture propeller-engine matching and idealized pump characteristics [11], [25]. The
benefit of using this idealized model is that the propulsive thrust is simple to calculate
during the simulation and a very limited amount of data is required to be known prior to

the simulation.

3.2 Simulation

Once a suitable set of equations of motion had been selected and all of the necessary
inputs acquired, the simulation program, Underwater Vehicle Simulator, was created.
The new simulation program was created because it was simpler to write a new program
specific for this study than it was to modify a publicly available one. The simulation that
Underwater Vehicle Simulator performs is a direct numerical solution of the coupled,
non-linear, 6 DOF vehicle EOM. This program consists of one main function

(UWV_Sim.m) and 15 sub-routines that are called by the main function to perform the
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various tasks associated with the simulation. Underwater Vehicle Simulator was made
modular so that it can easily accommodate different operational procedures (such as a
different set of EOM or integration routines). Some of the most important sub-routines
of the program are the vehicle data gathering routines. These routines import the design
characteristics of the vehicle under investigation directly from the Excel Workbook that
was used for the preliminary design and saves them to a MATLAB data file (.mat format)
for future use. The linking of these two programs not only eliminates the potential for
errors during data entry, but also allows for the effects of design changes to be discovered
almost as soon as they are made. Another benefit of the Excel import routines is that it
relieves the user from having to enter all of the vehicle characteristic data, which is in
excess of 200 different values (in addition to the geometry data). Another feature of
Underwater Vehicle Simulator is that after performing the non-linear simulation it
provides the user with the option of linearizing the EOM. Figure 3.2.1 displays a

simplified flow diagram for the operation of Underwater Vehicle Simulator.
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Figure 3.2.1:
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Figure 3.2.1 - Continued
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The non-linear system of equations that were chosen to simulate the Deep 6 describes the
vehicle posture in space using three Euler angles, utilizing a 3-2-1 rotation sequence.
There are 12 possible Euler angle rotation sequences. The 3-2-1 sequence was selected
for the use in Underwater Vehicle Simulator to remain consistent with accepted
aerospace and naval architecture practice [9], [11], [34]. Euler angles are a rational and
systematic method of precisely describing a body’s orientation in space, which could

potentially be described through an almost infinite combination of different angles [9],
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[39]. The use of Euler angles does require some restrictions on the orientations possible,
though. The second of the rotations in the 3-2-1 sequence (rotation about the y’ axis)
produces a singularity when its angle, 0, is equal to = /2. Techniques have been
developed to avoid the singularity problem of the Euler angles, such as Euler parameters
(a.k.a. quaternions) [9], [11]. Use of the Euler parameters requires the calculation of one
additional differential equation each iteration to perform the conversion between
parameters and angles. The final solution is converted back into Euler angles because the
angle values are much easier to interpret [9]. The use of Euler parameters was not
incorporated into the calculation routine of Underwater Vehicle Simulator due to the fact
that “most underwater vehicles must be prevented from inverting horizontally or pointing
vertically, in order to prevent internal vehicle damage and uncontrollable maneuvering
instabilities” [11]. Therefore, to simplify the simulation code Euler angles were used
throughout. To address the singularity issue, a check routine was created within the
program that will stop the simulation when the vehicle approaches horizontal inversion or
“up-ending”. If the vehicle does attempt a maneuver that creates an undesirable
orientation angle an error message will be output prior to the termination of the

simulation.

During the calculation of the simulation solution, Underwater Vehicle Simulator saves
the {X } and {X'} from each iteration. Once the required number of iterations had been

performed the program generated plots of the stored acceleration, velocity, and position
data. Also plotted is the “time history” for the four control parameters (three control fin

rotations and the propeller rate of revolution) and a 3D plot of the vehicle’s displacement
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with respect to the inertial (Earth fixed) reference frame. Figures 3.2.2 —3.2.7 display
example results generated by Underwater Vehicle Simulator. The simulations displayed
in Figures 3.2.2 — 3.2.7 all use an integration time step of 0.01 sec. The initial depth for
the vehicle was set at 3,600 in. (300 ft.) for all of the analyses. The value of 3,600 in.
was selected to provide the vehicle with sufficient room to maneuver vertically without
exceeding the low and high value limits (the water’s surface and the maximum depth of
the Great Lakes, respectively). For the simulations that involved control fin deflections,
the respective control fin rotation rate was set at 1°/s, which more accurately simulated
reality than did a step change. The actual rate of fin rotation can easily be incorporated
into the simulation program once the capabilities of the control fin servomotors are

known.
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Figures 3.2.2: Simulation Results — Case 1, Steady State Condition

Figure 3.2.2a

Bow Plane Deflection vs Time

Stern Plane Deflection vs Time

Displacement (in}

1
05 05
=) =)
2 2
8 of 8 0
3 S
a a
a o
= | wn
05+ 05
KR M L R L L i
p. | 40 €0 80 100 0 2 40 60 80 100
Analysis Time (s) Analysis Time (s)
Rudder Deflection vs Time Propeller RPM vs. Time
1 19307 : ; 3
1925 ¢ -
= o5 T 1920+ 1
2 £
g = 1915+
2 0 g
& é 1910+ g
2 & 1905} 4
05 £ |
1900 + 1
7 1895i— 4
"o ] ) 60 80 100 0 0 40 €0 80 100
Analysis Time (s) Analysis Time (s)
0 “
Figure 3.2.2b
Axial Acceleration vs. Time
1 T T T T T T T T T
%
2 05) R
=
E BT
i
()
3 05) -
<
K L L I L 1 L 1 I\ i
0 10 20 0 40 50 60 70 80 90 100
Analysis Time (s)
Axial Velocity vs Time
83 T L] 1 1 1 v 3
w
c 82F 1
L
>
80 I I I ] 1 ] L L ]
0 10 20 30 40 50 60 70 80 90 100
Analysis Time (s)
Nartherly Displacemnant vs Time
10000 1 T L) T T 1 T
5000 - —~
0 ] 1 L I} i l i ! !
0 10 20 30 40 50 60 70 80 90 100

Analysis Time (s)



Figure 3.

{8
(]

C

Transverse Acceleration vs. Time

1r 1 TR = T T T T T
N
2 05¢ <
<
2 O —
)
@
: 0sf )
Q
<
1 . . \ . . N |
0 10 20 30 40 50 60 70 80 90 100
Analysis Time (s)
Transverse Velocity vs Time
r T ! | i i 1 i 1 B
@ 05F -
2
0 —
5]
=]
S 0s5f B
R e ’e 1 ) L A A J. e
0 10 20 30 40 50 60 70 80 90 100
Analysis Time (s)
Easterly Displacement vs. Time
" ] 1 1 T v T 1] L ]
g 05) «
z
@
§ or —
g
®
; ashk -
a
; I ] ] ) I ] I L 1
‘0 10 20 30 4 0 50 60 70 80 20 100
Anatysis Time (s)
0 ~
Figure 3.2.2d
Vertical Acceleration vs. Time
1@ T T T 1 T T T N
%
= 051 D
<
S B
)
@
S 05) -
o
<
N e I L L 1
0 10 20 30 40 50 60 70 80 90 100
Analysis Time (s)
Vertical Velocity vs Time
4 T 1 T T 3 T T
@ 05) B
=
2 0p—
o
2
S os5) 4
R 1 | A 1 i J ! e
0 10 20 30 40 50 60 70 80 90 100
Analysis Time (s)
Vertical Displacement vs Time
—368+ T T T T Y T Y Y Y
E 305} 4
k=
@
€ 3600
I
o
& 35995 B
a
3595 L L " | L A A " A
0 10 20 30 40 50 60 70 80 90 100

Anaiysis Time (s)




Ven Disp! fram MFE (in)

-10000

-12000 -

-14000 - |

-16000 -_|

Figure 3.2.2¢

Euler Roll Angle vs Time

f T T T T T T T T ]
100 - -
)
3
= 0
°©
@
100 - -
A L IS L L L A L I
0 10 20 30 40 50 60 70 80 90 100
Time (s)
Euler Pitch Angle vs Time
T T T T T T T T
50 -1
=
@
=
= 0
=
z
50 - =
1 il 1 1 1 L L L d
0 10 20 30 40 50 B0 70 80 30 100
Time (s)
Euler Yaw Angle vs Time
T T T T T T T ¥ 7
308
=l
S 200
i
> 100
’ 1 ' I ' ] ' 1 ' ]
1] 10 20 30 40 S0 60 70 80 90 100
Time (s)

-2000 -
-4000 |
46000 -

5800

E-W Displ (in)

Vehicle Displacemert (Fixed Coords)

74

{u1) [dsiq SN



Figures 3.2.3: Simulation Results — Case 2, No Initial Velocity
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Figures 3.2.4: Simulation Results — Case 3, Positive Bow Plane Deflection
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Transverse Acceleration vs. Time
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Figures 3.2.5: Simulation Results — Case 4, Constant Positive Pitch Angle
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Figure 3.2.
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Figures 3.2.6: Simulation Results — Case 5, Negative Rudder Deflection
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Figure 3.2.6¢

Transverse Acceleration vs. Time
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Figures 3.2.7: Simulation Results — Case 6, Level Oblique Rise
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Figure 3.2.7¢

Transverse Acceleration vs. Time
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Case 1, shown in Figures 3.2.2, simulated the Deep 6 operating at its design condition.
The Deep 6°s design condition consisted of a level posture with all of the control fins
aligned with the hull (0° deflection) and moving at the service speed of 4 kts. Figure
3.2.2a shows the time history of the control parameters, which reflect their appropriate
position for the design condition. The simulation for Case 1 lasted 100 sec. All of the
initial conditions for this case were set to zero, except the propeller rate of revolution,
forward velocity, and the depth. The response predicted by Underwater Vehicle
Simulator was as expected — straight ahead travel with no body rotations (visible in
Figures 3.2.2e and 3.2.2f). The lack of transverse and vertical accelerations, velocities,
and displacements, as well as body rotations is visible in Figures 3.2.2b — 3.2.2e. The
steady-state design condition served as the equilibrium condition about which the non-

linear EOM were later linearized.

The Case 2 simulation predicted the behavior of the Deep 6 as if it were initially at rest
and at the start of the analysis time power was provided to the propulsion motor. The
initial conditions for this analysis were all zero except for the propeller rate of revolution
and the initial depth. The initial rate of revolution was set to be the service rate of 1,912
rpm, while the depth was set at 3,600 in. The analysis time for this simulation was 100
sec. Figures 3.2.2c — 3.2.2f show that the vehicle moved along a straight line. Figure
3.2.2b shows that the initial vehicle forward speed is zero and increases to the service
speed of 4 kts. The response of the vehicle to the diminishing excess propulsion thrust

was as expected.
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The Case 3 simulation predicted the behavior of the Deep 6 when its bow planes
provided a positive deflection of 5° after 10 sec. The initial conditions for this case were
identical to those for Case 1. The definition of positive fin deflection, moments, and
rotations shown in Figure 2.4.1 reveals that a positive bow plane deflection will produce
a positive (nose up) pitching moment. Figures 3.2.4e and 3.2.4f show that Underwater
Vehicle Simulator did predict the expected response for the Deep 6. These figures also
imply the sluggishness of the Deep 6’s responses. At least a portion of the slow response
time is due to the high density of the fluid in which the Deep 6 operates. The pitch angle,
shown in Figure 3.2.4e, continues to increase for the Deep 6 because the constantly
deflected bow planes continuously produce a pitching moment. The constant pitching
moment leads to an ever increasing pitch angle. For this reason, the simulation for Case
3 had to be performed over the short time interval of 50 sec. to prevent the vehicle’s near

vertical posture from initiating Underwater Vehicle Simulator’s error routine.

The Case 4 simulation predicted the vehicle behavior when an initial pitch angle had been
given. The initial pitch angle used for this simulation was +22.5°. All of the initial
conditions, save the pitch angle, were identical to those for Case 1. Figure 3.2.5f shows
that Underwater Vehicle Simulator predicted that the Deep 6 would traverse along an
oblique line, as was expected. Figure 3.2.4e predicts that the pitch angel for the Deep 6
will decrease shortly after the analysis begins. This behavior is due to the righting
moment that is created by the offset between the CG and the CB when the vehicle

pitches. This response, as well as the changes in the forward velocity, was expected and
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is also similar to the response experienced by pitching (stable) airplanes operating with

open-loop controls [41].

The Case 5 simulation predicted the vehicle’s response to a -5° rudder deflection. The
initial conditions for Case 5 were identical to those used for Case 1. The analysis time
for this case was set at 100 sec. and the rudder was set to begin deflecting after 50 sec.
The response shown in Figure 3.2.6f reveals many expected characteristics. The first
characteristic that was expected was the initial eastward translation of the Deep 6
immediately before the tum towards the port began. In controls this behavior is
attributed to a non-minimum phase zero [21]. Physically, this behavior is attributed to
the fact that the vehicle responds faster to the force generated by the control fin than it
does the moment. This response has been well documented for both marine vehicles and
aircraft [34], [41]. The second expected response characteristic is the vehicle’s large
turning radius [5]. The plots shown in Figure 3.2.6d appear to show substantial vertical
instabilities for the Deep 6. The responses appear to be drastic due the fact that the scale
for these plots is much smaller than the scale used for the rest of the plots displayed.
Longer time intervals for Case 5 were attempted so that the steady state turning radius
could be displayed. It was discovered that during longer analyses the predicted responses
for the Deep 6 began to diverge from what was expected. This behavior may be, in part,
due to numerical instabilities associated with use of the Euler integration routine over

long time intervals.
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The final simulation presented, Case 6, predicted the response of the Deep 6 to a
coordinated deflection of both the bow and the stern planes. The purpose of this
simulation was to verify that the “oblique level rising” capability desired for the vehicle
was possible. A free body diagram was used to determine the ratio of bow plane to stern
plane deflection ratio. It was determined that the stern planes need to deflect
approximately 3 times more than the bow planes to produce no net pitching moment.
This condition can be seen in Figure 3.2.7a. The initial conditions for Case 6 were
identical to those used for Case 1 expect that the bow and stern planes were given an
initial deflection. Figure 3.2.7f shows that Underwater Vehicle Simulator predicts that
the Deep 6 is capable of performing the intended maneuver. However, the Euler pitch
angle time history, shown in Figure 3.2.7e, reveals that the Deep 6 may not be able to
perform this maneuver without the assistance of a feedback controller for extended
periods of time. This behavior was as expected. The unbalanced fore and aft horizontal
fin area results in a positive pitching moment when a vertical flow component exists.
Therefore, in order for the Deep 6 to perform this maneuver over long time periods,
either the deflection angle ratio needs to be modified or a feedback controller must be

used to continuously alter the deflection angle of the fins.

While performing test runs during the creation of Underwater Vehicle Simulator it was
discovered that the results generated tended to diverge from the expected behavior
towards the end of the analysis interval. An investigation into the source of these
unexpected responses revealed that the solutions contained slight discrepancies as a result

of computer induced numerical rounding errors. The discrepancies that were produced
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were typically on the order of 102 to 10%®, While an error of such a magnitude might
not be noticeable for a single solution, the errors were propagated from one iteration to
the next. After many iterations, say 100,000, the accumulated errors would become
significant enough to significantly influence the vehicle’s be;havior in unexpected ways.
To prevent numerical errors from deteriorating the quality of the simulation a “small
value filter” was created and applied to the solution after each iteration. The filter was
set to restore any value smaller than 10” back to a value of 0. Subsequent simulations no

longer contained the aforementioned peculiarities for higher number iterations.

3.3 Linearization

After the non-linear simulations were performed, the non-linear vehicle model was
linearized to create a linear state-space vehicle model about and equilibrium condition.
The equilibrium condition that was used for the linearization process was the level,
steady-state, or “design”, condition. Case 1 of the simulation results that were presented
in the previous section depicts the design condition for the Deep 6. The simulation
results generated for Case 1 served as inputs to the linearization routine. The
linearization that was performed is a critical step necessary for the design of a vehicle

control system [41], [39].

The linearization process was performed using small perturbation theory [41], [42].
Small perturbation theory assumes that, while the overall vehicle behavior may be non-
linear, the vehicle behavior can be approximated as linear over a small region

immediately surrounding the equilibrium condition. This method required a set of non-

94



linear differential equations arranged in a form similar to the one presented in Equation
3.1.1b. Once a set of differential equations were obtained, a two variable Taylor series
expansion was performed on the equations. The general equation that resulted for the

Taylor series expansion has been shown in Equation 3.3.1.

Equation 3.3.1: Taylor Series Expansion, General Form
{Xe (t)}+ {AX(Z)} - {f({Xe }7 {Ue })} + {AX}%)L()I‘ {x)={x.} e {AU 5\5 v)={v,) +H.OT.

Where the subscript “e” is used to signify the equilibrium condition and “H.O.T.” represent the higher
order terms that have not been considered in this first order approximation.

The {X g (t)} term on the left hand side of Equation 3.3.1 and the {f({X,},{U,})} term on

the right hand side of the same equation represent Equation 3.1.1b. Since these two terms
must be equal as a result of the statement of Equation 3.1.1b, they can be removed from
Equation 3.3.1 without affecting the equality presented. The analyses performed during
this investigation were only first order; therefore, the higher order terms from Equation
3.3.1 can be removed without adversely affecting the desired results. Equation 3.3.2

displays Equation 3.3.1 after these simplifications had been applied [42].

Equation 3.3.2: Linearized Equations of Motion
X ()= [4,ax}+[B,Jau}

Where [A;,] and [B,] represent %%}f (-t} and %{7}; W) respectively. The coefficient matricies,

[A;] and [B,], are referred to as the Jacobian matrices [42].
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The linearization routine incorporated into Underwater Vehicle Simulator was an
adaptation of the routine presented by Stevens and Lewis [42]. The Jacobian matrices
determined by the linearization routine for the Deep 6 operating under Case 1 conditions

are shown in Figures 3.3.1 and 3.3.2.

Figure 3.3.1: Linearized [A;] Coefficient Matrix

[A2] columns 1-6

-2.6E-01 0 0 0 2.3E-01 0
0 0 0 9.1E-03 0 -8.0E+02
1.8E-05 0 0 9.8E-11  7.9E+02 0
0 0 0 0 0 1.4E+00
2.1E-06 0 0 0 -1.9E-01 0
0 0 0 -6.3E-04 0 -1.4E-01
1.0E+00 0 0 0 0 0
0 1.0E+00 0 0 0 0
0 0 1.0E+00 0 0 0
0 0 0 1.0E+00 0 0
0 0 0 0 1.0E+00 0
0 0 0 0 0 1.0E+00
[A2] columns 7-12
0 0 0 0 3.7E-03 0
0 0 0 -3.9E-03 0 0
0 0 0 0 -2.7E-02 0
0 0 0 -1.8E-01 0 0
0 0 0 0 -3.1E-03 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 8.1E+01
0 0 0 0 -8.1E+01 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
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Figure 3.3.2: Linearized [B;] Coefficient Matrix

0 0 -6.6E-12 1.1E-02

0 0 5.8E-02 0
2.8E-02 5.0E-02 0 -7.6E-07

0 0 -56.3E-05 0

0 0 0 -8.9E-08

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

To verify that the linearization routine was performed correctly and that the assumptions
accepted by the small perturbation theory were valid, a comparison between the results
generated by the non-linear and the linear vehicle models was conducted. In order for the
linearized model to be acceptable, there should be no significant difference between the
two sets of results for “conservative” maneuvers. Figure 3.3.3 displays the 3D
displacement comparison plot that was generated during the investigation. The
comparison shown in Figure 3.3.3 was performed for the design condition. As can be
seen in Figure 3.3.3, there is no significant difference between the two results. While
Figure 3.3.3 alone cannot confirm the validity of the Jacobian matrices that were
determined, it does show that the linearization routine is capable of producing reasonable

results.
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Figure 3.3.3: Non-Linear vs. Linear EOM Comparison Plot
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CHAPTER FOUR

CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

The scope of this research involved the preliminary design of a new AUV, the Deep 6,
and laid the foundation necessary for the creation of an autopilot control system. The
Deep 6 was created to provide unrestricted access to the parameters necessary for the
construction of a mathematical model of the vehicle. The mathematical model was a first
order approximation that was developed using analytical techniques. The subsequent
simulation combined the mathematical model with a system of coupled, non-linear, 6
degree of freedom equations of motion to predict the Deep 6’s responses to various
control inputs (such as control fin deflections). Over short time periods, the maneuvers
predicted by the non-linear simulation program were as expected and are comparable to
those published for other vehicles. As a final step, the non-linear simulation equations of
motion were linearized about an equilibrium condition. The linearization was done to
complete the preliminary work necessary for the development of an autopilot control

system.

4.2 Future Work

The scope of this project laid all of the ground work necessary for the design of a control
system. The next step in the development of the Deep 6 would be to create an autopilot
control system. The controller design would utilize the linearized state-space model that

was developed to determine the vehicle transfer functions, which are necessary for the
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controller design. The design of the control system would include a stability analysis of
the vehicle’s motions. This investigation would reveal any instabilities and unfavorable
cross-couplings between the vehicles motions. Should any unfavorable vehicle
performance characteristics or cross-couplings be discovered during the investigation, the

vehicle design would need to be revisited.

Completion of the control system would move the design of the Deep 6 one more step
towards the eventual construction of a working prototype. Prior to the construction of the
prototype, completion of the component level design and an investigation into the effects
of the simplifying assumptions made during the preliminary design would need to be
preformed. Testing of the working prototype would allow for confirmation of the work
contained within this study. The results gathered from prototype testing would allow for
further refinement of the simulation program. This refinement would, in turn, lead to a

more accurate design of future vehicles.

Finally, additional research should be done to investigate current methodology for the
design of contra-rotating propellers. This information would allow a more accurate
propulsion system model to be generated, which would in turn lead to more accurate

simulations and controllers.
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GLOSSARY

AOA, angle of attack: the angle between an objects longitudinal axis and the inflow
velocity vector.

AUV, autonomous underwater vehicle (can also stand for advanced underwater
vehicle) — this term is synonymous with UUV, unmanned underwater vehicle or
untethered underwater vehicle.

Beam: transverse dimension (width) of marine vessels. The beam may vary with
longitudinal and vertical position along a hull. Therefore, the beam typically refers to
the widest point for a hull at a specific longitudinal position.

Bow: the front/forward end of a vessel.

¢, chord: the longitudinal length of a non-cambered foil section, or the shortest
distance between the leading and trailing edges of a cambered section.

CAD: computer aided design/drafting.

CB, center of buoyancy: the centroid of volume for the object under consideration.
Cg, block coefficient: the ratio between a body’s displaced volume and the volume
encompassed by a block with dimensions equaling the vehicle’s maximum length
(LOA), maximum width (beam), and maximum height (depth). The block coefficient
provides a measure of the “fullness” of a hull form.

CFD, computational fluid dynamics: the method of utilizing a computer to
numerically approximate the solution to fluid dynamics equations for those situations

that are too complex for analytical solutions.
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CG, center of gravity: the centroid of mass for the object or objects under
consideration.

Cp, prismatic coefficient: the ratio between a body’s displaced volume and the
volume encompassed by a solid with a constant cross section equal to the maximum
cross section of the body and length equal to the body’s LOA. The prismatic
coefficient provides a measure of the amount of taper at the ends of a hull.

A, displacement: the weight (or mass) of the vehicle. For marine vehicles, the
displacement is equal to the weight (or mass) of a volume of water equal to the
vehicle’s submerged volume. Mass displacement (commonly used when using the SI
system of units) typically attaches a subscript “m” to the delta symbol.

Depth: the distance between the bottom (keel) of a marine vessel and the waterline
(on a submerge body, this dimension equals the total height of the vehicle).

DOF, degrees of freedom: the number of unconstrained motions a body is allowed.
The maximum number is six; three translations and three rotations (each along or
about one of the three coordinate axes).

Entrance: the forward section of a submarine, synonymous with bow and nose. The
entrance is characterized as the forward section of the hull spanning from the very
front (zero height) to the point of maximum height/diameter.

EOM, equation(s) of motion: the mathematical description of how external forces and
moments affect a body’s position and orientation.

FP, forward perpendicular: the point at which the bow intersects the waterline (for a
submarine in the submerged state, this is the tip of the nose).

Heave: translation along the vertical axis.
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H.O.T., higher order terms: elements of an equation, such as in a Taylor series
expansion, that result in producing effects beyond the scope of the intended analysis.
ITTC, International Towing Tank Conference: governing body for procedures
relating to towing tanks (model basins).

Kts, knots: nautical miles per hour (equivalent to one minute of latitude per hour)
Ibf.: pound force (includes the effects of gravity on a mass to produce a weight).
LOA, length overall: the absolute maximum longitudinal length of a vehicle.
NACA, National Advisory Committee for Aeronautics: the predecessor to NASA.
n.d.: non-dimensional, unitless.

Pitch: rotation about the transverse axis.

PMB, parallel mid body: the section of a hull where with width (beam) is constant.
This term is usually used when the constant width section comprises a notable
percentage of the total vehicle length.

Port: the left hand side when looking toward the bow.

Principle Particulars: a list of the key dimensions and parameters that define the
overall vehicle package (such as maximum length, maximum width (beam),
displacement, and service speed). The principle particulars should include the
information necessary to identify the specific vehicle amongst a group of others.
Roll: rotation about the longitudinal axis.

Run: the aft section of a submarine’s hull, synonymous with stern and tail. The run is
characterized as the afterward section of the hull spanned from the point of maximum

height/diameter to the very end (zero height).
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Spn, span: the “tip to tip” distance for a set of wings or fins (a.k.a. wing span).

SSpn, semi-span: the distance from the vehicle centerline to the outer tip of a wing or
fin (one-half of the span).

Starboard: the right hand side when looking towards the bow.

Stern: the back/aft end of a vessel.

Surge: translation along the longitudinal axis.

Sway: translation along the transverse axis.

Table of Offsets: a tabulated list of hull coordinates, usually organized in groupings
of longitudinal stations.

¥: volume (of displacement). Volume is also commonly abbreviated by an inverted

triangle symbol.

Yaw: rotation about the vertical axis.
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APPENDIX A: Table of Offsets for the Deep 6 Hull (all dimensions in inches)

X R X R X R X R
0.00 0.000 6.75 3.612 46.35 3.667 93525 2.715
0.15 0.589 6.90 3.630 46.50 3.659 53.40 2.677
0.30 0.851 7.05 3.646 46.65 3.651 53.55 2.638
0.45 1.055 7.20 3.661 46.80 3.643 53.70 2.598
0.60 1.226 7.35 3.675 46.95 3.634 53.85 2.558
0.75 1.377 7.50 3.688 47.10 3.624 54.00 2.516
0.90 1.513 7.65 3.700 4725 | 3.614 54.15 2.474
1.05 1.636 7.80 3.710 47.40 3.604 54.30 2.430
1.20 1.751 7.95 3.719 47.55 3.593 54.45 2.386
135 1.857 8.10 3.727 47.70 3.582 54.60 2.341
1.50 1.956 8.25 3.734 47.85 3.570 54.75 2.295
1.65 2.050 8.40 3.740 48.00 BESSIT 54.90 2247
1.80 2.138 8.55 3.744 48.15 3.544 55.05 2.199
1.95 2222, 8.70 3.747 48.30 358 55.20 2.150
2.10 2.301 8.85 3.749 48.45 3.517 95:35 2.100
225 2377 9.00 3.750 48.60 3.502 55.50 2.049
2.40 2.449 48.75 3.487 55.65 1.996
2.55 2.518 42.00 3.750 48.90 3.471 55.80 1.943
2.70 2.584 42.15 3.750 49.05 3.455 55.95 1.889
2.85 2.647 42.30 3.750 49.20 3.438 56.10 1.834
3.00 2.707 42.45 3.750 49.35 3.420 56.25 1.777
3.15 2.765 42.60 3.749 49.50 3.402 56.40 1.720

3.30 2.820 42.75 3.749 49.65 3.383 56.55 1.662
3.45 2.874 42.90 3.748 49.80 3.364 56.70 1.602
3.60 2:925 43.05 3.747 49.95 3.344 56.85 1.541
3.75 2.974 43.20 3.747 50.10 3.323 57.00 1.480

3.90 3.021 43.35 3.745 50.25 3.301 57.15 1.417
4.05 3.066 43.50 3.744 50.40 3.279 57.30 1.353
4.20 3.109 43.65 3.743 50.55 3.256 57.45 1.288
4.35 3.151 43.80 3.741 50.70 3.233 57.60 1.221
4.50 3.191 43.95 3.739 50.85 3.208 57.75 1.154
4.65 3.229 44.10 3.737 51.00 3.183 57.90 1.086
4.80 3.265 44.25 3.734 51.15 3.158 58.05 1.016
4.95 3.301 44.40 3.732 51.30 3.131 58.20 0.945
5.10 3.334 44.55 3.729 51.45 3.104 58.35 0.873
S 3.366 44.70 3.725 51.60 3.076 58.50 0.800
5.40 3.397 44.85 3.722 S51.75 3.047 58.65 0.725

5.55 3.426 45.00 3.718 51.90 3.017 58.80 0.650
5.70 3.454 45.15 3.714 52.05 2.987 58.95 0.573

5.85 3.480 45.30 3.709 52.20 2.956 59.10 0.495
6.00 3.506 45.45 3.704 52.35 2.924 59.25 0.415
6.15 3.530 45.60 3.699 52.50 2.891 59.40 0.335
6.30 3.552 45.75 3.693 52.65 2.858 59.55 0.253
6.45 31598 45.90 3.687 52.80 2.823 59.70 0.170
6.60 3.593 46.05 3.681 52.95 2.788 59.85 0.086
6.75 3.612 46.20 3.674 53.10 ISP 60.00 0.000

Note: The “X” dimensions start at the nose and increase moving aft.
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APPENDIX B: Tabular Comparison Between Deep 6 and Other AUVs

Vehicle LOA D L/D ¥ Umiax Source

(units) in in n.d. in’ kts
| Deep 6 60.000 7.500 8.000 | 272265 4.0
REMUS 59.055 7.874 7.500 | 2.143.3 2.9 | [39], [49]
Ocean Explorer 84.252 | 20.866 4.038 | 189174 5.0 (4]
Morpheus (min) 60.000 9.000 6.667 1,523.2 4.0 (4]
Morpheus (max) | 120.000 |  9.000 | 13.333 |  6.867.0 4.0 [4]
QUT AUV 59.055 5.984 9.868 ? ? [40]
g)iieﬁg: s 87624 | N/A® | N/AT | 11,7450 12| (1], [19]
NPS AUV III 10.000 x .
(ARIES) 120.000 | /& 00| N/A 24,192.0 ? (7]
SAMS 163.200 |  24.000 6.800 2 40  [41]
SEAHORSE 1 | 334.000 | 38.000 8.789 | 270,000.0 40| [41]
SPURV | ?2 ? 2 28,577.0 43|  [49]
Odyssey 84.645 | 23.228 3.644 | 95257 2.9 [17], [49]
ABE 78.740 2 ? 40,484.1 2.0 | [8].[49]
Theseus 420.000 | 50.000 8.400 | 512,003.9 3.9 | [44], [40]
Autosub 2 | 2 ? 101,210.3 3.0 [49]
Hugin 3000 204.000 | 39.600 5.152| 83,3493 4.0 | [43], [49]
ARCS 252.000 | 27.000 9.333 | 81,000.0 2 [6]

*Note: The Naval Postgraduate School AUVs have rectangular cross sections, and therefore do not have

diameters.

**Note: QUT, Queensland University of Technology.




APPENDIX C: Explanation of a Screw Propeller’s Inherent Inefficiency

The fundamental flaw with the modern marine screw propeller referred to in section 2.3
of this report arises from the propeller’s principle of operation. The propeller functions
by accelerating the fluid that is drawn through it. This acceleration causes a pressure
differential to exist between the two sides of the propeller. Bernouli’s equation reveals
that it is the faster moving fluid downstream of the propeller blade that has the lower
pressure. The pressure differential between the fluid surrounding the lower pressure fluid
downstream of the propeller (which is at static/ambient pressure) and the lower pressure
fluid creates a force in the direction of travel. The net force exerted on the propeller is
the difference between the resistive force exerted by the fluid on its back (upstream side)
and the force on its face (downstream side). A propeller mounted behind a vehicle is
aided by the presence of the vessel. The wake (the momentum deficit due to the friction
of the hull preventing the fluid from returning to the free stream velocity at the stern of
the body) from the vessel causes the fluid upstream of the propeller to have an elevated
inflow velocity. This higher velocity increases the pressure gradient across the propeller,
thus generating a greater propulsive force. The drawback of the aft mounted propeller is
that it increases the fore-to-aft pressure gradient along the vessel. The lower pressure at
the vehicle’s stern increases the fluid’s net resistive force exerted on the vehicle. Thus,
while the presence of the hull aids the propeller’s operation, the propeller hinders the hull
by increasing the form/pressure drag. The situation becomes a catch-22; the faster the
propeller turns, the higher the pressure gradient across the propeller, but the higher

pressure gradient increases the drag for the hull, which requires more thrust to overcome
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it. The increase in drag from the propeller is in addition to the already present R o v

relationship for the hull [20], [32], [33].
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APPENDIX D: Propeller Optimization Program Input and Output

Input Data:

Desigh Mode = Np Variable

PropellerType = Fixed-Pitched Propeller

WaterType = Fresh Water at 15C

Cavitation Constraint = 5%

Number of Blades = 4

Regquired Thrust (kN) = 0.00571165

Ship Speed =4.0

Wake Fraction = 0.4

Depth of Shaft below WaterLine (m) = 0.142875
Search Starting Value for Expanded Area Ratio =05
Search Starting Value for Pitch Diameter Ratio = 0.5
Search Starting Value for Propeller Diameter = 0.07
Minimum Diameter Constraint (m) = 0.0508
Maximum Diameter Constraint (m) = 0.0762

Optimal Design Results:

Propeller Diameter (m) = 0.07615378418439167

Propeller Pitch (m) = 0.05927861970781676

Pitch Diameter Ratio P/Dp = 0.7784067507963233

Expanded Area Ratio = 0.4712560590526303

Propeller Revolutions per Minute (rpm) = 1912.1829075191315
Advance Coefficient (J) = 0.5090801573982102

Thrust Coefficient (KT) = 0.158580492099213996

Torque Coefficient (KQ) = 0.02183681154281022

Propeller Open Water Efficiency (Eta 0) = 0.5883921046544349
Propeller Thrust (kN) = 0.005407787743484282

Reynolds Number (Rn) = 102164.095819258

Cavitation Number (Sigma) = 6.597048502467369

Optimization Search Evalution Count = 32
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APPENDIX E: Sample CFD Analysis Qutput

Figure a: Axial Flow FloWorks Analysis Control Volume

Note: The analysis control volume was rectangular in cross section. The dimensions of the control volume
were 140 in. long x 67.75 in. wide x 67.75 in. tall. The Deep 6 model was centered both horizontally and
vertically within the control volume. The nose of the Deep 6 was positioned approximately 12 in. back
from the inflow face of the control volume. The control volume’s rectangular cross sectional shape was
not desired but was a limitation imposed by Cosmos FloWorks.

Figure b: FloWorks Surface Velocity Contour Plot

Velocity [infs]




Figure c¢: Axial Flow FLUENT Analysis Control Volume

Mar 16, 2006
FLUENT 6.2 (3d, segregated, ske)

[Image generated by Anne Saad for the purpose of this study]

Note: The analysis control volume was circular in cross section. The control volume had a constant cross
section along the entire length of 240 in. The diameter of the cross section was 75 in. The Deep 6 model
was placed along the centerline of the control volume cylinder. The nose of the Deep 6 was positioned
approximately 60 in. back from the inflow face of the control volume. The circular cross section for the
control volume was desirable as a result of the shape of the Deep 6°s hull.
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Figure d: FLUENT Surface Velocity Vector Plot
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[Image generated by Anne Saad for the purpose of this study]

Figure e: FloWorks Axial Velocity Central Vertical Plane Contour Plot
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Figure f: FloWorks Axial Velocity Central Horizontal Plane Streamline Plot

Figure g: FloWorks Transverse Plane Across Aft Fins Pressure Contour Plot

The analysis performed by FloWorks utilized the inch-pound-second system of units
while the analysis performed by FLUENT utilized the SI system of units. The difference
in units renders direct comparison between Figures b and d difficult. However, a visual
inspection of these figures reveals that the flow patterns and relative velocity magnitudes

predicted by each of the CFD programs is similar. This similarity and the similarity
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between the predicted drags supports the conclusion that the actual hull drag is close in
value to the results analytically determined. Again, it was not the intention of this
investigation to develop a “perfect” hydrodynamic model of the Deep 6. The CFD

analyses were only intended to confirm the first order analytical drag calculations.

Both CFD software packages that were used during this study are capable of
incorporating fans/propellers into the flow analysis. This capability would have allowed
the hull-propeller interaction effects to be included in the flow analysis results. This
capability was not used since the flow analyses were used only to verify the analytically
determined results. Typical naval architecture practice determines the hull and propeller
characteristics independent of one another and the uses design factors to account for the
interaction effects [33]. Since the analytical drag prediction for the Deep 6 used naval
architecture formulas and design guides, it did not include the propeller interaction
effects. Adoption of this modeling scheme for the CFD analyses provided the clearest
comparison possible with the analytical result. Also for both CFD analyses, the model of
the Deep 6 had the gap between the hull and the control fins removed to simplify the
geometry. This procedure followed the recommended “best practices” guidelines for

both of the programs.
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APPENDIX F: Additional CFD Verification

If design charts had not been available for the prediction of the wake fraction and thrust
deduction, they would have typically been measured during physical testing. The CFD
modeling that was performed for this project, however, can be substituted for physical
testing during the preliminary design process [13]. Since the CFD modeling was
performed without the presence of a propeller (the testing was done using a loose
interpretation of “bare hull”), the results gathered did not allow for a prediction of the
thrust deduction. However, the flow analysis did allow for a prediction of the wake
fraction to be determined. Equation 1 displays the commonly accepted formula for
calculating the wake fraction [3], [13], [33]. To determine the speed of advance for the
first propeller, a contour plot on a plane normal to the hull’s longitudinal axis was created
at the predicted location of the first propeller (30.5 in. from the vehicle CG). Figure a
displays the contour plot that was generated. The value used to calculate the wake
fraction was determined as a visual average taken from Figure a, and was estimated to be
approximately 47 in/s. The wake fraction that was calculated using the CFD results was
0.42. This value is in close agreement with the value of 0.40 that was determined using
the design charts. Therefore, either method of determining the wake fraction would

produce a reasonable value for the purpose of preliminary design.
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Equation 1: Wake Fraction

Where w is the wake fraction, v is the vehicle speed, and v, is the local speed of the fluid entering the
propeller (speed of advance).

Note: This formula can be used for calculations of the local wake fraction or to estimate the average wake
fraction for the entire propeller disk area.

Figure a: Advance Speed Contour Plot

The above figure is a contour plot of the fluid velocity around the hull in the region of the first of the Deep
6’s propellers. The largest of the three circles represents the maximum diameter of the hull. The smallest
of the circles, with the blue center, represents the hull size where the cut plane was placed. The circle in
the center of the two aforementioned circles represents the propeller diameter. The speed of advance was
taken as an estimated area weighted average value for the colors between the two smaller circles (the fluid
actually entering the propeller).



APPENDIX G: Verification of Analytical Solutions Through Physical Testing

To receive independent validation for some of the vehicle parameters analytically
determined, work is currently in progress to obtain some experimental data specific to the
Deep 6. Two Western Michigan University undergraduate students have elected to
perform wind tunnel and water channel testing of the Deep 6 for their senior design
project. To facilitate their testing, a 1:3.75 scale model of the Deep 6, with movable
control fins, was CNC machined. Figure a shows a picture of the model that was created.

Unfortunately, at the time of writing no substantial data was available for presentation.

Figure a: 1:3.75 Scale Model of the Deep 6 Created for Physical Testing

The physical model of the Deep 6 was machined out of the DuPont acetyl plastic Delrin. The model has
0.093 in. diameter stainless steel dowel pins supporting the five control fins. There is a 0.75 in. diameter
hole in the stern for mounting the model onto the wind tunnel’s sting balance. Underneath each of the three
aft control fins is a stainless steel #6-32 set screw for locking the model into position once it is mounted.
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