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ABSTRACT

Advances by all nations in ship silencing, passive sonar
detection and active sonar target strength reduction have made
significant improvements in the acoustic performance of conven-
tional submarine designs excessively difficult and expensive. An
unconventional propulsion system located ocutside of the pressure
hull offers potential acoustic improvements, improved arrangement
flexibility, and possible increases in hydrodynamic performance,
among other improvements. Outside The Hull Electric Propulsion
(OTHEP) uses an inverted geometry, squirrel-cage induction motor
to drive a large hub-to-diameter ratio propeller. A quantitative
means to predict radiated sound power levels is needed to assess
the relative acoustic merit of OTHEP.

To determine the feasibility of OTHEP, a single iteration
submarine design is performed. The propulsion induction motor
configuration from the design is usec to develop a relationship
which describes the forces of electromagnetic origin which act on
the induction motor core. An estimate of the structureborne
noise source levels,; in Transfer Function Analysis (TFA) form, is
made based upon the description of the forces of electromagnetic
origin. A TFA acoustic model, which is used for shipboard air-—-
borne noise prediction, is adapted to describe the noise which is
radiated into the sea. With the estimated induction motor source
level and the TFA model, the OTHEP radiated sound power level is
compared with radiated sound power levels fraom an electric drive
variant and a geared, turbine drive variant.

The CTHEP submarine design is a feasible submarine design.
The inverted geometry, squirrel-cage induction motor appears to
be adaptable to the marine environment and can provide the
required power to the propeller. Further, the OTHEP submarine
design offers several naval architectural benefits. The esti-
mated structureborne noise source level of the inverted geometry,
induction motaor is plausible given the simplifying assumptions
that are made. The results of the radiated socund power level
comparison indicate a lack of accurate structureborne noise
zsource level information for electric machines with ratings in
the tens of megaWatts.

Thesis Supervisor: James L. Kirtley Jr.
Title: Associate Professor of Electrical Enginesring
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1 Introduction
1.1 Objectives

The oraincipal gocal of this research is to develop a method
to assess the relative merit of acoustic emissions from Outside
the Hull Electric Propulsion, OTHEP. Two secondary goals sup-
port this principal goal. First, this research will endeavor
to provide a description of the forces of electromagnetic
origin, within the propulsion motor that is a component of
OTHEP, which excite vsibrations in the propulsion motor core.
Such a description of the forces of -:lectromagnetic crigin
could be used in a sophisticated structural acoustic analysis
of an OTHEP submarine. Second, an approximate comparison of
OTHEP with other submarine propulsior systems will be attempted
using an acoustic transfer function analysis.
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OTHEP

Figure 1 - QOutboard Profile of OTHEP Submarine
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Figure 2 - Side View of OTHEP Motor

OTHEP uses a large hub-to-diameter ratio propeller. This
propeller is located on the after-body parabaloid of the subma-
rine’s hull, forward of the control surfaces. This is shown in
Figure 1. The propeller hub is rigidly connected to the rotor
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of an inverted—geometry induction motor. The propulsigon
motor’s stator 1s rigidly affixed to the pressure hull of the
submarine. The propulsion motor’s rotor i1s a squirrel-cage
rotor.

1.2 Advantages of Outside the Hull Electric Propulsion

The motivation behind this research arises from the advan-
tages which OTHEP presents to submarine designers, submarine
repair activities and submarine operators. OTHEP offers
several penefits which couvlid greatly improve the effectiveness
of submarine designs as a whole. The advantages of OTHEP rela-

tive to other submarine propulsion systems are shown below.
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Advantage
Mo Rotating Shaft

£-rangement Flexi-
bility

Propulsive Effi-
ciency

Acocustic Advantages

Simplified Towing

Remark

The shaft can excite low frequency null
modes. The shaft seal is a low iapedance
acoustic path to the sea as well a< a
maintenance concern. Reduction gzars, a
significant acoustic source, are elimi-
nated.

The traditional stack length of the pro-
pulsion system can be reduced as well as
providing more efficient arrangements.
OTHEP alsc praovides a large payload space
aft, on the submarine’s axis.

The location along the hull of the large
hub-to-diameter ratio propeller used in
OTHEP may increase the propulsive coeffi-
cient of the submarine, indicating
improved efficiency.

The large hub-to-diameter propeller cffers
the possibility of reduced propeller
noise. (See section 1.4.) The locaticn of
the propeller is forward of the control
surfaces, which mearis that incident flow
at the propeller is more uniform, thus
reducing components of blade passage
noise.

The aft end of the submarine is clear of
the propeller and rotating shaft. This
permits much easier and quicker deployment
and retrieval of towed sensor arrays.

OTHEP has disadvantages as well. Some cof these are

discussed below.
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Disadvanrtage Remark

Sea-Water Flooded The propulsion motor is flooded in sea-

Motor water which can be considered a hostile
environment. The motor requires close
clearances and relative movement between
some components,; making corrosion pre-
vention difficult.

External Motor The propulsion motor is outside of the
pressure hull. Hence, inspection of the
motor by the operators themselves during
operation is not pessible.

Tight Clearances The motor requires close clearances, par-
ticularly at the ‘air’—gap, and relative
movement between some components, béth of
which tend to decrease the ability of the
structure to withstand shock.

1.3 Selection of Motor Type

In the brief description of OTHEP in section 1.1, the type
of motor that will be used for the OTHEP propulsion motor is
given as an induction motor. Induction motors possess charac-
teristics which make the i1nduction motors the prime candidates
when considering several important requirements for submarine
pr .pulsior motors. These requirements and the corresponding
induction motor characteristics are discussed below.

Electric motors will be grouped into three broad groups for
the purposes of this discussion. The three groups are DC
motors, synchronous motors, and induction motors. These are
the only types of motors that will be considered.

Essential te OTHEP is the fact that the propulsion motor is
outside of the pressure hull. The implication of this require-
ment is that the propulsion motor must be either free-flooded
or protected by rotating seals. Given the size of OTHEP for a
modern attack submarine, a rotating shaft seal that could keep
all water ocut of the motor area would be extremely difficult to
construct. An alternative would be to design a seal, which
operates with a low pressure differential, to keep the motor
flooded with fresh water or oil or some other benign liquid.

In view of the requirement for the liquid to cool the propul-
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sion motor and the necessity for circulating and filtering the
flooding liquid, such a scheme would be very complex. Hence,
the OTHEP motor must be free-flooded.

A consequence of the requiremen*t that the motor be free-—
flooded arises when considering possible electrical connections
to the rotor. Such connections are usually implemented using
slip rings and brushes. Use of slip rings and brushes would
require that the slip rings and brushes be isclated from the
sea-water. This would impose a requirement for rotating seals.
Consequently, the propulsion motor must not require any elec-
trical connections to the rotor. This regquirement leaves two
alternatives. The first is a permanent magnet synchroncus
motor. The second is an induction motor.

It is vital that the OTHEP propulsion motor be a continu-
ously variable speed motor. This requirement is readily ful-
fiiled by DC motors, synchronous motors, and now, thanks to
power electronics, induction motors. Speed control of
induction motors is discussed in detail in section 3.3.

These two requirements leave two altermatives for the pro-—-
pulsion motor, a permanent magnet synchronous motor and an
induction motor. In view of past experience in construction of
permanent magnet motors, the induction motor provides a better
choice with regards to manufacturability. From the two alter-
natives, the type of motor that is used is the induction motor.

Several types of induction motor need to be considered
prior to proceeding. Two basic types of induction motor are
wound rotor and squirrel—-cage motors. Once again, one type
must be selected. In view of the hostile environment in which
this motor will operate, the squirrel-cage motor appears to be
the more rugged, more easily protected alternative. After con-
sidering the possibility of using pole-changing for acoustic
deception, see section 3.3, the use of a wound rotor would
preclude the possibility of pole-changing. Hence, in light of
the two preceding considerations, the squirrel-cage motor is
the motor that will be designed.
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Whereas submarines put a premium on space and weight, the
electrical power that is used to supply the propulsion induc-
ti1on motor sheould be capable of supplying other shipboard loads
as well. Hence, three-phase, 60Hz, 4000V,_, power 1s the input
power to the propulsion motor system.

1.4 Comparison of Propellers

As discussed briefly in section 1.2, OTHEP pocssesses some
potential acoustic advantages over conventional hub-to-diameter
ratio propeller systems. This discussion will point out gquali-
tatively the acoustic advantages that should be realisable with
OTHEP’s large nub-to~-diameter ratio propeller. A guantitative
discussion of propeller and propeller—excited acoustics 1s well
beyond the scope of this recearch.

Propellers cause acoustic emissions through several mecha-
nisms. First, unsteady forces on the propeller blades can be
radiated directly into the water or transmitted through
structure into the null. Second,; non-uniformities in the inci-
dent flow at the propeller can cause broadband blade passage
noise. Third, the pressure field in the propeller wake can
excite hull structure vibrations. Lastly, cavitation causes
significant acoustic emissions.

The OTHEF propeller is not connected to a rotating shaft
which penetrates the pressure hull. Hence, this low-impedance
acoustic path does not exist in the OTHEP design. Propeiler
vibrations due to unsteady forces must travel via other paths
before being radiated.

Since the recent past, propellers are the dominant noise
source for deep, fast submarines (13]. One of the dominant
propeller noise sources is turbulence at the inflow to the pro-
peller. The OTHEP propeller is forward of the control sur-
faces. In fact, the sail is the only significant turbulence
stimulator forward of the propeller in the OTHEP design.
Further, it may be that the pressure field produced by the
OTHEPRP propeller will delay the inception of the turbulent
boundary layer so that it occurs further aft tharn on current
submarines. This would reduce the thickness of the .urbulent
boundary layer at the propeller’s location. Hence, it is very
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likely that the incident flow at the OTHEP propeller will be
very uniform, which will greatly improve the acoustic charac-
teristics at speed and depth.

The increased diameter of the QTHEP propeller, its rela-
tively slow rotation rate, the increased number of blades, and
uniform incident flow all conspire to reduce the disc-locading
of the propeller. This, in turn, greatly improves the cavita-
tion performance of the OTHEP propeller relative to conven-
tional propellers.

Of the four sources cf propeller noise, OTHEP’s large hub-
to-diameter ratio praopeller offers significant improvements in
the reduction of three of the noise sources relative to
conventional propellers. Regrettably, this research will not
seek to quantify this assertion. Hence, determining the true
acoustic merit of OTHEP as a whole cannot be accomplished with-
out further research into the acoustics of propellers.

1.5 Selection of Acoustic Model Type

In order to construct a means to compare propulsion plants,
an acoustic model is developed. This model offers a means to
compare the acoustic emissions of the propulsion plant, specif-
ically the propulsicon motor and its principal auxiliaries.
Given different types of accustic models, the selected model
must be appropriate.

Three methods are being used in acoustic modelling. These
thr2e methods of progressively increasing difficulty and preci-
sion are typically used during different stages in ship design.
This is understandable because more complex models require
progressively more detailed information about the particulars
of a design. These particulars typically are not established
until later stages in a design. As for its design maturity,
OTHEP can be considered to be in a very early feasibility
design stage.

The first acoustic method is a transfer function analysis,
TFA. This method is also known as "empirical analysis". A low
level of detail is required for this method. Hence, it is only
approximate. TFA is usually performed in early feasibility
design stages. TFA predictions are usually in agreement with
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actual acoustic emissions. Thisg is not surprising because TFA
is empirical rather than theoretical. Where empirical support
is scant, TFA should be viewed with a critical eye.

A second acocustic modelling methcd 1s a statistical energy
analysis, SEA. This method requires a moderate degree of
detail 1n the description of the design. Hence, SEA is typi-
cally used in post—-feasibility design stages. (This stage is
mid-way along the design timeline.) The moderate detail
reguirements makes SEA less expensive than finite element meth-
ods. The results of SEA, though, are most accurate in the
high—-frequency range.

The third acoustic modelling method is a finite element
method, FEM. This method most closely apprcaches a complete
characterisation of structural stiffness and damping. It
requires that a high level of detail be included; therefore, it
is typically used in the detail design stage. (This stage is
very far along in the design timeline.) The level of detail
necessarily makes this an expensive, time—consuming method.
FEM requires discretising the entire hull structure. The dis-
placements between the nodes of the discretised structure are
found by interpolating between the two adjacent nodes’
gisplacements. Such interpclation does not provide sufficient
resolution to accurately describe high freguency characteris-
tics. FEM is very accuraste for low freguencies only.

TFA uses results of measurements of existing systems to
develop transfer functions for proposed systems. Consequently,
to describe a new system, similarities with existing systems
must be developed so that use of the empirical data will be
justified. This research seeks to develop a TFA model of the
structural details of OTHEP. The TFA model should describe how
the forces of electromagnetic origin are transformed to far-—
field pressure waves. Such a model would permit prediction of
OTHEP acoustic emissions anc assessment of its 3’coustic merit.

1.6 How the Research Will Proceed

This research proceeds in three steps. The first step is
to carry out a feasibility design of an OTHEP submarine. The
second step is to develop a TFAR model that can be used to
predict the radiated sound power levels of the OTHEP design.
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The third step is to use the TFA model developed in steo two to
predict the radiated scund power level from the design of step
one and compare thet radiated sound power level with predicted
radiated sound power levels of two alternate propulsion sys-
tems.

Chapter 2 describes the research intoc OTHEP through the
present. Chapter 3 is the baseline submarine design which uses
OTHEP. Chapter 3, taken in combination with Appendix A, can be
considered as a compiete, fTirst iteration feasibility design.
Chapter 4 deals with develaoping of the acoustic model. In the
first portion of Chapter 4, the forces of electromagnetic ori-
gin which act on the OTHEP propulsion motor’s core are calcu-
lated and an estimate of the structureborne noise sgurce level
of the propulsion motor is made. The second pcrtion of Chapter
4 modifies the TFA method presented by reference [71 so that it
will predict radiated noise. Chapter S presents the results of
the comparison of OTHEP propulsion plant emissions with two
alternate propulsion systems’ emissions. Appendix B presents
the calculations which vield the results given in Chapter 5.
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2 Background
2.1 Overview

Early submarines were essentially submersible surface
craft. Due to limited battery technolaogy,; these vessels could
remain submerged for relatively short periods of time. Their
maximum submerged speed was very low. These vessels operated
on the surface much of the time. Consequently, their designers
sought to optimise surfaced performance while retaining the
ability to submerge.

The requirement to operate efficiently on the surface had a
majer impact on the hull form of early submarines. For a rela-
tively short vessel to reach high speeds on the surface, a
"fine", or slender, hull form was necessary. Freeboard was
required to provide a platform for deck guns. Additionally,
for intact transverse stability on the surface, early subma-
rines were configured with saddle tanks, which provided ade-
quate waterplane area to ensure sufficient righting moments.
Operating in bead seas required a raised bow. Hence, early
submarines’ hulls had much in common with surface ship hulls.

The propulsion systems of early submarines resembled sur-
face ship propulsion systems as well. Propellers were located
underneath the submarine. Since twin propeller shafts were
used, the propellers were not located on the centerline of the
submarine. This limited the possible diameter of the propel-
lers. Early submarines’ propellers operated in the wake
created by the hull, which is where surface ship propellers
operatea. The rudder and stern planes were located aft of the
propellers.

The principal difference between surface ship and early
submarine propulsion systems was found in the machinery that
w_s used to drive the propeller. At the time, surface ship
propellers were typically driven by a shaft which was connected
to reduction gears that were driven by steam turbines. GSubma-
rines, on the other hand, had to operate submerged. This pre-
cluded the use of an engine which required air for combustion.
Hence, electric motors were used to turn the shaft which turned
the propeller. The electric motors received electric power
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from storage batteries that were charged by diesel-driven gen-—
erators while the submarine was operating on the surtace, or
near the surface in the case of snorkel submarines.

Nuclear power provided the capability for submarines to
cperate submerged indefinitely. Hence, on the eve of the
introduction of nuclear power to submarine propulsion systems,
the U.S. Navy realised that it was necessary to design a subma-
rire tnat was optimised for submerged performance. This design
goal was realised in USS Albacore.

USS Albacore’s hull form was a body of revolution. Its
shape was designed to reduce hydrodynamic drag. The propel-~-
ler(s) (At different periods in her service life, USS Albacore
had either a single propetler or contra-rotating prapellers.)
were located on the longitudinal axis of the submarine. In her
first configuration, USS Albacore’s control surfaces were
located aft of her propeller(s). Later, USS Albacore tested
locating the control surfaces faorward of the propeller(s).
Diesel engines were used to charge the storage batteries which
provided power for the electric motors which turned the propel-
ler(s). History has proven USS Albacore to be a truly revolu-
tionary submarine.

Several aspects of LSS Albacore’s design are worthy of
nrote. First, because the propeller was on the longitudinal
axis of the submarine, the incident flow at the propeller
improved the propelier’s performance relative to that of the
early submarines and surface ships. Second, because the pro-
peller was at the aft end of the boat, the propeller diameter
was not constrained. Third, the control surfaces were quite
effective without having to be in the propeller wash. Last,
although the location of the propeller on the longitudinal axis
improved propeller performance, the propeller still gperated in
a flow field that was disturbed by the sail and the control
surfaces.

A tribute to her designers, many of USS Albacore’s features
are the standard for today’s submarines throughout the world.
Prcpellers are located on the longitudinal axis of a body of
revolution, aft of the control surfaces. This design is opti-
mised for submerged performance. A fact of modern submarine
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warfare, though, is acoustic guietirg. Hence, a submarine
design that is optimised for quiet submerged performance is now

necessary.

This research builds on three previcus designs. A(All three
are based on a submarine propulsion concept patented in 1963 by
(then) LCDR F.R. Haselton, USN. The three desigrs are subse-
quently described in some detail. Hamner describes the results
of the Twin Propeller System (TPS5) design and the Novel
Electric Power Propulsion System (NEPPS) design research in
greater detail, reference [1]. He goes on to offer a design of
his own, which will be referred to as Outside—-the-Hull Electric
Propulsion (OTHEP). References [11, [3] and [4] describe
OTHEP, TPS and NEPPS in much greater detail. The intent of
this chapter is not to review all of the results of the
research that has been performed, but, rather, to glean results
that are pertinent to the goals of this research.

It is i1mportant to note that TFS, NEPPS and OTHEP were not
initially considered for their acoustic characteristics. They
possessed other advantages that motivated their being pursued.
All three would provide much improved submarine arrangement
flexibility. All three would eliminate the need for a rotating
shaft seal. TPS would eliminate the need for control surfaces.

2.2 Twin Propeller System
2.2.1 Configuration

TPS used two large hub-tc—diameter ratioc propellers. One
was located forward, the other aft. The pitch of the propel-
ler blades on bath propellers could be controlled collectively
and cyclically. Hydraulic systems were to provide for the
pitch control. The two propellers rotated in opposite direc—
tions. An electric motor provided the power to rotate the
propeller. The combination of the location of two, fore and
aft, contra-rotating, controllable pitch propellers allows for
the generation of thrusts and torgques in any direction,
obviating the need for rontrol surfaces.

2.2.2 Associated Research Effort

The research on the TPS concept toock place between 1961
and 1965, and was carried ocut under the guidance of the Office
of Naval Research by Electric Boat Division of General Dyna-
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mics, Beneral Electric Compary, Ellictt Compary, Honeyweil,
David Taylor Naval Ship Research and Development Center,
Cornell Aeronautical Laborateory, and Netherlands Ship Model
Basin, references (21, {31, (203, (211, {223, and [231].
Research included hydrodynamic tests using a3 13.5 foot mcdel.
The research fccused on the hydrodynamic effic.ency of large
hub~-to-diameter ratio propellers and the issue of manoeuver-—
ability and controliability.

2.2.3 Research Results

Research into TPS vyielded the following, pertinent
results.

*# The maximum propulsive efficiency of large hub-to-diameter
ratio propellers i1s roughly eguivalent to that of small hub
propellers, references [3], and [201].

# The maximum propulsive efficiency of the fore and aft pro-
peller combination is less than that of a single, large hub-
to-diameter propeller which is located aft, references [31],
and [20].

#*# The forward propeller and i1ts fairing are turbulent flow
promoters, references {31, and [201].

* Electric motor efficiency estimated for the TPS design is
roughly only 0.78, reference [31].

*# TPS is dynamically unstable while maintaining a straight
course at constant depth, reference [231].

¥ Rudders would provide better turning moments at high speeds
than the controllable oitch propellers, reference [(231].

2.28.4 Conclusions

The results of the research into TPS led to the following
conclusions.

# The hydraulic system necessary to provide the type of pitch
control envisioned for TPS would be ponderous, probably
requiring frequent maintenance.

* The propulsion system would be heavy, bulky and difficult
to build.

*# TPS would be less manceuverable at high speed than a con-
venticnal submarine.
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in light of these conclusions and the contemporary success
of steam *urbine driven reduction gears, wnhose propulsive
efficiency was much greater than the electric motors of the
time, TPS never passed beyond a feasibility design stage.

2.3 Novel Electric Pawer Propulsion System
2.3.1 Configquration

NEPPS used two large huo-to-diaseter ratio, contra-
rotatings fixed pitch propellers which were iccated aft. The
propellers’ inner diameters were integrated with two rotors of
a pair of inverted geometry, free flooding AC motors. The
propeliers were shrouded.

2.3.2 Associated Research Effort

The Electric Boat Division of General Dynamics carried out
the research into NEPPS at roughly the same time that the
research intoc TPS was underway. reference [41, (241, and [25].
The results of the electrical and mechanical studies were not
available because of their proprietary nature. However, the
conclusions drawn from the hydrodynamic research were avail-
able. A 10.7 foot model was the basis for the hydrodynamic
research.

2.3.3 Research Results

Research into NEPPS yielded the following results.

* Reverse thrust was 78% of forward thrust.
* The propulsive coefficient was 0.90.
*# The cavitation performance of the propelliers was excellent,

2.3.4 Conclusions

The following conclusions are based on the results of the
research into NEPPS.

* NEPPS woula be more manceuverable that a submarine with a
caonventional propulsion system.

* The large hub-to-diameter ratio propeller was characterised
as a better overall performer than the conventional small hub
propeller.

* The propulsive coefficient of NEPPS was just as good as the
best conventional small hub propeller drives.

* The motor design was not optimal.




The low efficiency and power density of the AC motor was
probably the reason why NEPPS could not compete with the
mechanical drives of the time. Although, the exact reason why
it has never been implemented is not known.

2.4 Outside the Hull Electric Propulsion
2.4.1 Configuration

OTHEP uses a single, fixed pitch, large hub-to-diameter
ratic preopeller located forward of the control surfaces. The
rotor of an i1nverted geometry induction motor is integrated
with the inner diameter of the propeller hub. The 1ndrction
motor which turns the propeller is free-flooding.

2.4.2 Associated Research Effort

Hamner’s research, conducted from 1982 to 1983 at MIT,
focuses on three issues concerning OTHEP, reference [11].
First, he develops an analytical heat flow model of the induc-
tion motor. Second, he performs a first order propeller
design. Last, Hamner estimates the component weights of OTHEP
so that it may be compared with existing propulsion systems.

2.4.3 Research Results

Hamner ’s research yields the following results.

#+ The analytical heat flow model of the induction moter indi-
cates that heat can be adequately removed by conduction to the
sea water which free floods the motor.

* The efficiency of the propeller can be expected to be
greater than 0.73. This minimum efficiency is slightly less
than or equal to the propeller efficiencies of small hub pro-
pellers,

* Cavitation characteristics of the propeller can be very
good.

* Some weight reduction is possible relative to typical
nuclear power propulsion systems.

* Motor efficiency at rated speed is 0.939.

2.4.4 Conclusions

The following conclusions are based on the results of Ham-—
ner’s research.
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* Heat removal by convecticon, due to sea water flooding,
would improve heat removal characteristics and motor perform-
ance.

* The propulsive efficiency of the entire propulsion system
cannot be determined until it 1s possible to calculate the
thrust deduction factor that accounts for the propeller being
both forward of the control surfaces and further faorward than
conventiconal hub-to-diameter ratio propellers.

# Cavitation characteristics and propeller performance depend
heavily on propeller design. An optimal propeller design must
be developed,; which is nat a trivial matter.

* The induction motor design appears to be very feasible.

2.9 Discussion

The conclusions from TPS, NEPPS and OTHEP research indicate
that large hub-to-diameter propellers are comparable in effi-
ciency to small hub propellers. The effect of having the pro-
peller forward of the control surfaces has not yet beeon
quantified. Overall propulsive efficiency should, though, be
roughly equel to or greater than existing propulsion systems.
Cavitation performance can be improved relative to small hub
propellers. Use of twin, controllable pitch propellers to gen-
erate manceuvering forces does not appear to be feasible.

Since 1961, the development of motor designs has provided a
motor whose efficiency can compete with the efficiency of
mechanical drives. Given the shift in the relative importance
of acoustic quieting since 1961, a slight decrease in effi-
ciency may be a justifiable compromise if improved acoustic
performance is obtained. TPS, NEPPS and OTHEP indicate that a
propulsion system with a large hub-to-diameter ratio propeller
will have roughly equivalent or slightly improved performance
characteristics as existing propulsion systems. The potential
for increasing arrangement flexibility, removing a rotating
seal, and improving acoustic emissions provides the impetus for
pursuing this research even further.
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3 Baseline Design
3.1 Submarine Design

Submarine designs seek to fulfill requirements which are
established by the prospective operators of the submarines.
The goal of this research is to find a means to evaluate the
performance of an induction motor drive located cutside the
pressure hull of a submarine. To this end, a submarine design

which incorporates the induction motor drive will be developed.

It is necessary to establish a baseline submarine design
for several rezsons. First, a pezeline submarine design deter-—
mines the fundamental feasibility of a new propulsion system
concept. Second, to examine the accustic characteristics of
any propulsion system requires knowing many details of the can-
didate design. Third. a baseline submarine design is useful in

comparing a proposed system with an existing system.
3.1.1 Baseline Submarine Requirements

To determine feasibility and to provide a justification
for comparison, the only novel feature of the baseline subma-
Thus, the baseline sub-
Design
details shculd follow from current design practices. The

rine should be the propulsion drive.
marine must closely resemble existing submarines.

table shown below provides specific design requirements based
on the characteris"ics of existing U.S. Navy submarines, as
described in Jane’s, reference [261.

Table 1 - Baseline Submarine Required Design Characteristics
Design Characteristic Maximum Minimum
ESubmerged Displacement 6000 TONS 3000 TONS
Length 350 FT 200 FT

Diameter 40 FT 30 FT

Operating Depth +00m 300m

Submerged Speed 32 KT8 30 KTS
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To ensure structural comparability with U.S. Navy subma-
rines, HY-80, a high strength steel with a yield stress of
80KSI, will be the structural material used in design
calculations. Internal arrangement and the size of the sail
and appendages should also be similar to current submarines’.

3.1.2 Baseline Submarine Design Philosophy

The baseline submarine design incorporates the following
list of design priorities.

1) The baseline submarine must be similar to current subma-
rines.
2) The baseline submarine must have characteristics similar

to tne submarine developed by Hamner, reference [1], so that
essential elements of his analysis can be applied directly to
the baseline submarine design.

3) Despite the fact that it is not an optimal design, the
propeller for the baseline submarine will be the propeller
analysed by Hamner. Insofar as the acoustic performanrce of
the large hub-to-diameter ratio propeller 1s concerned, it is
easy to make a noisy propeller regardless of the configura-
tion. The OTHEP propeller has some inherent acoustic advan-
tages. However, a detailed acoustic assessment of the
propeller itself would require a detailed propeller design,
which is not within the scope of this research.

4) Standard design practices and factors of safety will be
used in the baseline submarine.

Before consideration of the propulsion system,; the base-
line submarine design will provide important parameters for
the propulsion system design. The baseline submarine design,
specifically the hull shape and appendage size and shapes will
dictate the required rating of the propulsion motor. The
baseline submarine design also provides the structure to which
the motor must be connected and to which the thrust and reac-
tion torque are applied. In this instance, the motor cooling
water system is also dictated to a degree by the baseline hull
form.

The baseline submarine design proceeds in the following
steps.

A) A hull size and shape is selected.
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B With the displacement arising from A), a typical weight
breakdown is develogped for the baseline submarine. This
breakdown specifies the pressure hull size and the main bal-
last tank (MBT) size.

CH With the pressure hull size from B), a first iteration
pressure hull structure is designed. The diameter gof the
motor in Hamner’s design i1s used to place the motor on the
tapered end of the baseline submarine.

D) With location constraints arising from the pressure hull

design, L), tentative MBT size and location, and control sur-

face mechanism arrangement yields a check of the baseline sub-
marine design’s feasibility.

E) Sail and control surface sizes are selected.
F) A propulsive coefficient is developed.
BG) Using A), E) and F), a power versus speed relationship

for the baseline submarine is calculated.
H) Design a propulsion motor based on the results of G).

} ! Design the components necessary to support the motor
design of H).

I Integrate the impacts of the motor design from H) and 1)
into the entire submarine design.

K) Re-estimate weights and balance the submarine design.
3.1.3 Hull Shape

To directly apply Hamner’s propeller design to the base-
line submarine requires that the diameter of the baseline sub-
marine be equal to 32 feet. A typical length to diameter
ratio, L/D, for modern submarines is roughly 9. L represents
the length of the submarine and D, its diameter. This will
make the length of the baseline submarine 288 feet, somewhat
longer than Hamner’s submarine.

Submarine hulls are typically bodies of revolution. An
optimal hydrodynamic hull will have a length-to-diameter ratio
approximately equal to 6, reference [27]1. The length of the
forward body ellipsocid is usually 2.4 times the diameter of
the hull. The length of the aft body paraboloid is usually
3.6 times the diameter of the hull. When a longer hull is
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necessary, a cylindrical midsection (parallel mid-body’) 1s
added between the forward section ellipsoid and the aft sec-—
tion parabolocid.

The equations of the radius of the body of revolution for
the different hull sections are shown below,; reference [27].
The exponents determine the fullness of the hull form. For
hydrodynamic reasons, let ne.=2.29 and na=2.793. ne and nN. are
the exponents of the polynomial expressions which define the
body of revolution.

D X M
== N ) #1
Fare Zx[l (LA) i
.
D x,\
T torward = EX[ 1 "(Z—’) 2
1

The significance af each of the terms in these two expres-
sions i1s shown in the figure below.

After Body Paraliel Mid-Body Fore Body

R
Xg —— — X¢
< Ly L e lc— Le =8
Figure i1 - Body of Revolution Variables

With the stated length, diameter and exponents, the off-
sets for the hull are given in Table 1 in Appendix A. The
offsets were generated by a computer program named SHAPE 1.6,
reference [28].

3.1.4 HWeight Breakdown

The hull shape that the offsets which were developed above
describe displaces a specific amount of seawater. In the con-
text of this discussion, displacement refers to the weight of
the sea-water displaced bty the cited volume. The displacement
of this entire shape is known as the envelope displacement. A
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certain amount of the veolume within the hull envelope 1s free
flooded space. The free flocoded space is 1n cpen communica-
tion with the sea. In a feasibility study such as this, the
amount of free flood water is usually assumed to be a certain
percentage of the ervelope displacement. This resesrch will
assume a free flood displacement equal to seven percent of the
envelope displacement. Subtracting the free flood displace-
ment from the envelope displacement vields the submerqged dis-
placement.

The submerged displacement is comprised of two compcnents.
The first is the main ballast tank displacement (MBT). The
second 1s the group of weights which make up what is known as
the "normal surface zondition” displacement (NSC). Typically,
MBT is required to be a specified percentage of NSC, ten to
fifteen percent in mogern nuclear attack submarines, reference
{2731. MBT allows the submarine to submerge and subsequently
surface. This research will require MBT to be twelve and
cne~-half percent of NSC.

Once MBT is subtracted from the submerged displacement,
NSC remains. NSC is comprised of items which exist both ouvt-
side of the pressure hull and inside of the pressure hull.

Tne items which exist ocutside of the pressure hull and are not
MBT or free flood water are a small percentage of NSC weight,
typically about seven percent, reference [27]1. Hence, the
pressure hull should displace or weigh ninety--three percent of
NSC. Knowing the pressure hull displacement will allow the
pressure hull geometry toc be designed.

The NSC items inside the pressure hull are broken intoc two
components, variable load weight and condition A-1 weight.
Variabie load weight is made up of those items which are con-
sumed or used in the course of submarine operations. Hence,
their weight will vary over time. Condition A-1 weight is a
fixed weight.

Condition A-1 weight has two components itself, lead bal-
last (LEAD) and condition A weight. LEAD is used to praovide
stability and mergin. Condition A weight is made up of all of

the structures, equipment and furnishings that will be the
submarine.




LEAD 15 broken down into stability lead and margin lead.
Stability lead is placed low in the submarine, at a position
fore and aft, in a location port or starboard, which ensures
that the submarine’s centers of gravity and buovyancy lig 1n a
vertical line and provide a restoring moment when the submari-
ne’s trim and/or heel is perturbed. Margin lead is placed on
the axis of the body of revolution at the longitudinal center
of gravity of the submerged displacement. Margin lead is
meant to provide a puffer against the uncertainties asscciated
with calculated and estimated weights and t3> provide for
future growth.

Condition A weight can be broken down in any way which
suits the submarine designer. This baseline submarine design
will break down condition A weights according to the Ship’s
Work Breakdown System (SWBS), which i1s the system that the
U.S5. Navy uses. Use of this system rn=rmits comparison of this
baseline submarine design’s weights with the weights of exis-—
ting submarine designs. SWBS groups all shipboard equipment
into seven groups which are distinguished by their functions.

The table below presents the foregoing discussion of the
weight breakdown of the baseline submarine design in a tabular
format. The table also contains a description of the func-
tions of the seven SWBS categories. The specific weights for
SWBS groups 1 through 7 are determined using SUBLAB, reference
[29]1, a computer program which bases its weight estimation on
past U.S. Navy submarine designs. As the baseline submarine
design proceeds, more accurate and appropriate weight esti-
mates are developed. 0Of note, submarine design is an itera-
tive precess. The baseline submarine design deveioped for
this research will be a single iteration design.
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Table 1 - Baseline Submarine Initial Weight Estimates

z Y . "
gweight Component ?Symbol Long !Comment i
% % Tons % i
1 % | | ;
;Envelope Displace- jA", 15106 Weight % from SUBLAB
“ment i j
jFree Flood FF 357 7% OFf Dy
E i ;
iSubmerged Displace-—iA,, 14749 1A,y — FF :
} 1 U

iment i j i i
3 -+ _— S
F 3
#iMain Ballast Tanks {MBT o528 12.3% of NSC %
; A
iNormal Surface NSC 4221 Awy = NSC + MBT }
g 3
joord- ;
{Variable Loads VL 245 NSC = VL + A
Condition A A 3976 A = LEAD + Al
i
Lead Ballast LEAD 361 10% of A-1 ;
Condition A-1 Al 3614 Sum of Wl - W7 f
i
Group 1 W1 1608 Structures
{ - E
Group 2 We 933 Propulsion Equipment g
!Group 3 W3 1c ) Electrical Equipment ;
Group 4 Wa 153 Command and Surveillance
Greoup S WS 421 Auxiliary Equipment
Group 6 Wé 206 Outfit and Furnishings
;Grcup 7 W7 130 Armament

il

Note, throughout this paper, unless specifically stated
otherwise, tons will mean long-tons.
3.1.5 Pressure Hull Design

The table in the preceding section provides a departure
point from which the design of the pressure hull will proceed.
The structural details of the pressure hull are important for
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two reasons. First, the pressure hull is a major portion of
SWBS weight group 1. Knowing the pressure hull design will
provige a much better estimate of SWBS weight group 1 than the
one in the table in the preceding section. Second, acoustic
transmission through the pressure hull is heavily dependent
upon its structure.

The procedure used to design the pressure hull structure,
a combined design worksheet, is based upon the structural
design worksheet presented in Chapter 7 of reference [27].
That structural design worksheet treats the design of shell
thickness, standard frame scantlings and deep frame scant-
lings. The design process used in the combined design work-—
sheet for structural bulkheads, transitions, and end closures
is taken from the notes presented in sections of Chapter 7,
but are not addressed in the structural design worksheet.
Table 2 in Appendix A contains a spreadsheet representation of
the combined design worksheet calculations.

The approach taken in the combined design worksheet uses
the operating depth, hull diameter and hull material charac-
teristics as input data. The user provides tentative struc—
tural dimensions; subsequently, the user evaluates the
suitability of those tentative dimensions based on the
spreadsheet calculations. Acceptable solutions provide a
pressure hull of sufficient strength. The desired solution is
the lightest structure.

The combined design worksheet treats the pressure hull as
a ring stiffened cylinder. This is a good approximation in
light of the fore and after body shapes and the amount af
parallel midbody. Further, the pressure hull occupies the
center portion of the submarine, far from the ends where the
diameter rapidly changes.

The comhined design worksheet begins by calculating a
shell thickness based upon the static pressure at operating
depth. A factor of safety is applied. The shell thickness is
meant to resist general yield due to hydrostatic-pressure-in-
duced hoop stress in the shell. The standard frames are meant
to resist shell buckling. The deep frames are meant to resist
general instability of the cylinder as a whole.
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The shell thickness calculations are straightforward and
simple. The standard frame and deep frame buckling and insta-
bility calculations are not as simple. The standard frames
and deep frames (or King frames) are likened to Euler columns.
A bending stress analysis is used to compute stresses in both
types of frame; additionally, mode—-number calculations are
made based upon any eccentricity—-induced transverse displace-
ment. The first through fourth modes are considered. The
design is dictated by the mode with the smallest critical
pressure.

Once the shell thickness and frame scantlings have been
developed, the combined design worksheet presents bulkhead
design. The bulkhead dimensions are intended to withstand the
hydrostatic pressure at a specified depth, in this case the
operating depth. The bulkhead and shear girder dimensions are
based upon a simple flexure analysis of a bending beam under a
distributed loading.

The final pressure hull element to be analysed is the end
closures. In this submarine design, hemispheres are used.
The principal design choice is the shell thickness of the
hemisphere. Given the geometry. this 1s simple to compute.

Once the structural dimensions have been calculated, the
remaining task is to determine the position of the pressure
hull within the envelope. The correct pressure hull displace-
ment must alsc be ensured. P_HULL , reference [301, is used
to calculate the volume of the pressure hull as well as its
longitudinal center of bucyancy (LCB) and the longitudinal
center of gravity of the structure (LCB).

Using the requirements in section 3.1.1, the combined
design worksheet, and P_HULL, a tentative pressure hull design
is developed. See Table 3 in Appendix A. A drawing of the
pressure hull design, which locates it within the hull enve-
lope and shows pressure hull plating, frames, bulkheads, and
end closures, is shown in Figure 1, Appendix A. This is the
structure which will be used in the calculations involving
acoustic transmission paths.
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The weight of the pressure hull and envelope plating,
which is not part of the pressure hull, designed using the
above methods and shown in Appendix A, 1s approximately
113Stons. The pressure hull and hull envelope plating typi-
cally constitute approximately 67% of SWBS group 1. This
vields a relatively accurate estimate for Wl, Wl = 1687tons.

3.1.6 MBT/Control Surface Feasibility

Several important components of the submarine are located
coutside of the soressure hull. Their precise location within
the hull envelope and outside of the pressure hull will dic-
tate the feasibkility of the pressure hull location within the
hull envelope and the feasibility of the submarine design as a
whole.

The MBT’s provide the ability of the submarine to submerge
and surface. Flooding these tanks remcves buoyancy causing
submergence. Blowing the water out of these tanks using com-
pressed air restores buovancy, allowing the submarine to sur-
face. As discussed in the second paragraph of section 3.1.4,
the MBT’s should displace a certain percentage of the NSC
displacement. From Table 1 of section 3.1.4, this is taken to
be 328tons. Hence, the MBT’s must have a corresponding volume
of 18,470 cubic feet. This volume must be found outside of
the pressure hull and within the hull envelope.

Perhaps just as important as the displacement of the MBT’s
is the longitudinal location of the MBT’s. To ensure that the
submarine operates with an even trim both surfaced and sub-
merged, the combined longitudinal centers of gravity (LCG’s)
of the MBT and NSC must be located at the samr ongitudinal
position as the A,, longitudinal center of bu ,ancy (LCB).
SUBLAB provides values for these LCG’s and LCB’s that are typ-
ical for modern nuclear submarines. These values will be used
for initial MBT sizing and location. The initial location of
the MBT LCG will be 131 feet aft of the forward perpendicular
(FP, the forward end of the submarine) according to SUBLAB
calculations.
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Two MBT’s are found 1n modern submarines, one forward and
one aft. The forward MBT in this case surrounds the sonar
dome access tunnel and the aft MBT the aft pressure hull cyl-
inder. The aft MBT can have a volume of 24429 cubic feet. The
forward MBT must then have a volume of 7018 cubic feet. These
sizes and locations provide the nec2ssar;, MBT displacement and
location. GSee Table 4 in Appendix A. Hence, the MBT arrange-—
ment 1s feasible.

The control surfaces of the submarine design, the rudder
and the stern planes, are iocated ocutside the hull envelope.
However, these control surfaces must be capable of being
deflected to produce the desired control forces. Due te the
large forces that must be generated by the actuating mechanism
of the control surfaces, hydraulic systems are usually used.
Further, the connection between the hydraulic actuator and the
shaft which is connected to the caontrol surface is located
outside of the pressure hull and within the hull envelope.

The location of the control surface actuating mechanism
must be aft of the propulsion motor and outside of the pres-—
sure hull. It is usually placed in what in known as the "mud
tank”. The mud tank is a free flooding space at the
aftter-most end of the hull envelope. This space must be gn
the order of 11 feet long to enclose the control surface
actuators.

Examining the drawing of the pressure hull and hull enve-
lope in Figure 1 of Appendix A. It is readily apparent that
there is pienty of gspace in the mud tank for the control
surface actuators. It is also true that the actuators for
this submarine design will not be as bulky as those for con-
ventional submarine designs. Conventional submarine designs
have a rotating shaft that runs through the center of the mud
tank. To permit beoth st=2rn planes to be moved by one actuator
requires a very large, forged yoke. The same is true of the
rudder. Whereas this submarine design has no shaft, such
large, cumbersome yokes will not be necessary. This will save
weight and space. The space saved could be dedicated to such
equipments as towed sonar arrays or other towed devices.

39




The ar -~angement of the pressure hull within in the bull
envelope allows feasible MBT sizes and locations and ample mud
tark space. Further, there is some flexibility remaining in
the design should the centers of gravity shift somewhat.

3.1.7 Appendage Sizing

The size, shape and locat.on of the external appendages to
the hull envelope have a large impact on the submarine
design’s performance. The size2 and shape of the appendages
greatly affect the resistance of the submarine, which impacts
the rating of the propulsion plant. The location of the con-
trol surfaces affects the hydrodynamic characteristics of the
hull and the ability to generate moments to control the path
of the submarine.

A complete analysis of the equations of motion of the sub-~-
marine and an optimisation of the control surface design is
far beyond th2 scope of this research. Hence, the control
surface design for this submarine will be based an a previous
successful design scaled by the ratio of the hull volumes to
the two-thirds power. This procedure is .ecommended reference
[27] for feasibility studie=s.

Using the hull envelope’s volume to the two-thirds power
is effectively using an area to scale the appendage size.

Both the 1ift and drag forces associated with the hull are
calculated using ceoefficients of 1ift and drag, C_ and Cp. In
such a formulation, the 1ift or drag force is non-
dimensionalised using fluid density,pgy svelocity squared,
Vaun®y and a surface area. The force of interest here is the
1ift force, F_; generated by the control surface. This force
is directly proportionai toc the area of the control surface,

Waw-

i
Fo(Zoeviava)-co I

Using hull volume, V, to the two-thirds power assumes the
following relationship.

We =V #2
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Taking the planar area of the control surfaces of a subma-
rine which had a satisfactory control! surface design and scal-
ing that design provides a starting point for a detailed
control surface design. It alsc provides a reasonable
estimate of what the resistance characteristics of the final
control surface design will be. The same approach is used for
the design of the sail. Standard coefficients of drag are
used for the control surfaces and sail.

Table 1 - Appendage Drag Parameters

i Surface Wetted Surface Area iDrag Coefficient;
; } (fta)
a Sail 589 0.0090 i
: Bow Planes 192 ! 0.0062
i Stern Planes wo2 : 0.0060
] Rudder | 305 | 0.0060 ?i

The preceding table shows a summary of the appendage sizes
and drag coefficients. These will be used in the development
of a power versus speed relatianship.

3.1.8 Development of a Power versus Speed Relationship

Once the baseline submarine is sized and appendage sizes
are known, a power versus speed relationship can be calcu-
lated. The development of this relationship, that is, the
shaft horsepower required to propel the submarine at any given
speed, is a very important factor in the design of the propul-
sion plant. Submarines operate in two distinct fashions,
fully submerged or on the surface. The submarine’s power
versus speed relationship i1s different in each of these situa-
tions. Whereas modern nuclear submarines rarely operate on
the surface, the most important operating condition is
submerged.

Development of a power versus speed relationship is a rel-
atively common procedure for ship and submarine designs.
Hence, a detailed discussion is not warranted. However, two
items peculiar to the propulsion system of the baseline subma-
rine do warrant discussion. These items concern open-water
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propeller efficiency and thrust deduction factor. These two
gquantities have a significant impact on the propulsive coeffi-
cient (PC), which 1s a fundamental indicator of the combined
efficiency of the hull and the propulsion system. To
understand the effect of these two peculiarities, some discus-—
sion of the power versus speed calculation is necessary.

The calculation of the submerged resistance of the subma-
rine is based on the well known coefficient of drag.

1
FR=§pswVfuchtCD #1

Krnowing the resistive force, Fx, at a given speed allows
calculation of the power needed to overcome this force at that
given speed.

1
EHP=FyV =500V inWaCo 42

The power needed to overcome the resistance of the subma-
rine’s hull and appendages for a given speed,; Va.ms 1is known
as the effective horsepower (EHP). Hence, to calculate the
EHP for a given Vawe » the density of sea-water, pg» the
wetted surface area; Waws and the coefficient of drag, Cons
must be known. The density of sea-water i1s known. The wetted
surface area of the huil envelope and all of the appendages
must be calculated. The coefficient of drag for the hull
envelope and all of the appendages must be determined.

The wetted surface area of the hull envelope is a simple
integration of the equations for the hull radius, equations
3.1.3.1 and 3.1.3.2. This calculation is performed by SHAPE
1.6, reference [281. The results are shown in Table S of
Appendix A. The wetted surface areas of all of the appendages
is known from Table 1 in section 3.1.7. Therefore, all of the
wetted surface areas are known.

The coefficients of drag for each of the appendages is
known and is shown in Table 1 in section 3.1.7. The append-
ages are NACA, reference L311, sections, whose coefficients of
drag are well documented. Hence, only the coefficient of drag
of the hull envelope must be calculated. This is not as
straightforward as the case of the appendages.
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Determination of the coefficient of drag for the hull
envelope builds on the method of Froude, reference [{32]1. The
resistance due to the pressure distribution about the hull and
the resistance due to skin friction are each assumed to be
independent of the other and are calculated separately. C.
represents the resistance due to the pressure distribution
about the hull. This is called residual resistance or form
drag. C, represents the frictional resistance.

The residual resistance is typically found by model tests.
To bring experimental and actual values into agreement a cor-
relation factor is applied to the residual resistance from the
model test, C.m. For the baseline submarine design, the
standard correlation allowance is used, AC,=0.0004. The hull
envelope that has bezn seiected is fairly conventional. In
light of this, it is possible to use previous model test
results to determine Crm,.

Reference [27] contains a compilation of residual
resistance data in Chapter 6. Based upon this information,
reference [271’s figure 6-10, and the hull shape chosen for
the baseline submarine design, C., = 0.000134. Now that C-.
and AC; are known, C,- for the hull envelope can be calculated.

C,=C,a+AC,=0.000534 #3

The International Towing Tank Conference (ITTC) offers the
preferred method for computing the second component of the
hull envelope’s coefficient of draq, reference [32]1. The
frictional resistance is a function of Reynolds’ number.
Hence, the frictional resistance ccefficient will vary with
speed. The equation below describes the values used for C..

0.075

T Hae
' llogRe-2}2

Reynolds’ number is described as the ratioc of viscous to
inertial forces. The usual exprescion for Reynolds’ number of
a submarine is shown below. Vv is the kinematic vigcosity of
the fluid in which the submarine is moving.

Vel
v

Re=

#S
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The overall drag coefficient of the hull envelope is sim-
ply the sum of the frictional drag coefficient and the resid-
ual drag coefficient.

Co=C,+C, #6

To find the power required to overcome the resistance of
the entire hull, the coefficient of drag c¢f each component
must be multiplied by the wetted surface area of each compo-
nent. These products are then summed and multiplied by the
sea-water density and the cube of the speed. This summing -rnvd
multiplication must be carried out for each speed. The result
of these calculations is an effective horsepower correspanding
to a specific speed.

While 1t is important to know the power required to over-
come the resistance of the hull and appendages, i1t is more
impaortant to know how much power the propulsion machinery must
supply to the propeller. This power which is supplied to the
propeller is called shaft horsepower (SHP). EHP and SHP are
related by a term known as the propulsive coefficient (PC).

EHP
SHP—7Q? #7

The propulsive coefficient is, therefore, a very important
term which contains a lot of complicated information. Its
components are the efficiency of the mechanical transmission
and shafting, 1,, the open—-water efficiency of the propeller,
Ne» the effect of the hull shape as it causes swirling flow
into the plane of the propeller, 1, and the effect that the
wake and the hull’s boundary layer has on the incident veloc-
ity field at the prcpeller, n,. For the propulsion system
being researched here, there is noc mechanical
transmission.-—Hence, its efficiency will be taken to be one.
Each of the other components of the PC will be discussed
briefly.

PC=0g Ny Ny" Nan #8
The propeller efficiencys Ny essentially describes how
well the propeller converts torgQue to thrust. This is highly

dependent on the propeller geometry. It is usually determined
by model tests in a propeller tunnel. Whereas the propeller
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geometry suggested by TPS and Hamner is somewhat novel, very
little propeller tunnel data exists for large hub-to-diameter
ratio propellers. (See the discussion of research in Chapter
2.) In his research, Hamner does an analysis of a non-optimal
propeller and reaches the conclusion that, at worst, large
hub-to—-diameter ratio propellers can be just as, or slightly
less, efficient as small hub-to-diameter ratio propellers.

His estimation takes the following form.

%320.75 %9

Values of the relative rotative efficiency, fng» range from
1.0 to 1.1 for modern submarines, reference [27]. The rela-
tive rotative efficiency is a strong function of the incident
flow at the propellers. Whereas the control surfaces will be
located aft of the propeller on the baseline submarine design
and the sail is relatively small, then the incident flow at
the propeller will be much less affected than on other modern
submarines. Hence, an appropriate value for n,, would be
closer to 1.0. This value of fg, will be us 4 1n subsequent
calculations.

The hull efficiencys TNy consists of the ratioc of two fac-—
tors.

nu=%5% ' #10
The first term, 1 - t, is the thrust-deduction factor.
This is a measure of the velocity field at the propeller. Of

all of the characterizations of this propulsion system, the
thrust-deduction coefficient, t, is the most uncertain. This
coefficient is best determined experimentally. Given the
dearth of test data on modern hull shapes with control sur-
faces aft of the propeller, little confidence should be placed
in the standard means of determining t. Although,
intuitively, drastic differences do not seem likely. Nonethe-
less, the following empirical relationship, taken from Chapter
6 of reference [27], will be used to develop an estimate of
the thrust-deduction factor. Dgrop is the propeller diameter.
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1-1=0.632+2.44x 20m2 g1l

SA
The second term, 1 - w, depends upon the wa. e fraction, w.
In light of equation 9, assuming that it’s correct, there 1is
no need to explicitly determine w.—--This 1s usually experimen-—
tally determined just as t i1s determined.

Based on the foregoing discussion, the propulsive coeffi-
cient —an be expressed as follows.

No" Nar
PC=[1-t]5—* 412
In light of the 30’10" diameter propeller used both by

Hamner and this baseline submarine design and the wetted sur-
face area calculated by SHAPE 1.6 for the selected hull enve-
lopes, a conservative PC would be 0.83. This allows
camputation of a SHP versus speed relationship. For the
required speed of 32 knots submerged, this relationship will
yield the regquired moter rating. With the data in Table 1 in
section 3.1.7, the coefficient of drag developed in this sec-
tions and equations 2 and 7, a spreadsheet 1s used to develop
the graph shown below. See Table 6 of Appendix A.
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Power versus Speed
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Figure 1 - Power versus Speed Relatiognship

The curve representing BHP is the required brake horse-
power. This is the power which the electrical distribution
system must supply to the propuls on motor. Hence, BHP is the
real electrical power, P,.n, draw. by the propulsion motor.

The propulsion motor’s efficiency is represented by ny.

SHP
u

P.=BHP= #13

The power versus speed curve indicates that 17,120HP
(12.B8MW) 1s necessary to propel the submarine through the
water at 32 knots. The propulsion motor must provide 20,620HP
(153.4MW) to the propeller to accomplish this. In determining
the rating of the propulsion motor, it is practice to apply a
margin to the power output of the motor to provide for the
uncertainty which exists in the design. A factor of 1.25 is
used, reference [33].
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SHPultullul = l .ZSX SHFuquuea # 14'

Therefore, the propulsion motor will be required to have a
rating of 25,780HP (19.2 MW).

3.2 Propulsion Motor Design

Within Chapter 1, the advantages of using an induction
motor for the propulsion motor are discussed. Hence, this pro-
pulsion motor design will concentrate on the details of the
motor design rather than including a discussion of motor type
selection. First, though, the explicit and implicit design
requirements will pe collected.

3.2.1 Impacts on the Motor Design

Section 3.1 concludes by giving a required SHP which the
propulsion motor must provide. Hence, this will be taken as
the motor rating, 19.2MW. A second set of motor requirements
arises from the explicit requirement that the propeller from
Hamner’s analysis be used. Use of that propeller specifies
where along the hull the motor will be located. It also spec-
1ifies the speed of the motor. To a degree, an upper limit on
the radius of the motor is established.

Several implicit requirements arise from the need to
locate the motor ocutside of the pressure hull and within the
hull envelope. The shape of the hull provides a limit on how
far aft the aft end of the motor can be located. Placement of
the aft MBT imposes restrictions on the size and forward loca-
tion of the motor. The table below summarizes these require-
ments.
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Table 1 - Motor Design Requirements

IRating §19.amw (25, 780HP)

P - i :

jSpeed |58.8RPM (synchronous=-60RPM)

g 2 '

gRadius lpropeller hub-2.758m

1 (9.05ft)

3 fpressure hull-2.134m (7ft) %

T 1

q é j

§Core Length ‘same order as Hamner’s E
: k:

3 ‘design 3

5

;E.SQIm (102inches)

3Motor Cooling istrained, flowing sea-water

OV "

iLlubricatior

strained, flowing sea-water

The rating requirement is taken from the power versus
speed relationships developed in section 3.1.8. The speed
requirement refers to the rotor’s mechanical speed. This
speed 1s dependent upon the propeller design.-—-Propellers are
designed typically for optimal performance at a specific
speed. Whereas Hamner’s propeller is assumed for this design,
the same speed will be used.

The radius and core length requirements are based upon
being able to use the same propeller and fitting the motor
within the hull envelope. To assume that heat flow will be
satisfactory, the size of the motor should be close to that of
Hamner ’s design. The motor cooling and lubrication require-
ments reflect an assumption in Hamner’s heat flow analysis.
In that analysis, Hamner assumes that the water surrocunding
the motor is flowing at a speed of lknot (1.688 ft/s). To
prevent clogging and consequent hot spots, the sea-water will
have to be strained to prevent large marine life from getting
caught within the motor and obstructing sea-water flow.

3.2.2 Motor Design Calculations

Hamner’s motor’s rating is 17.8MW (23,700HP). The base-
line submarine’s motor design must provide 8% greater power
than Hamner’s motor design. Harmner’s motor design will be
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used as a base which will be modified to provide the increased
power rating. Therefore, the goal 15 to develaop a motor
design which 1s as similar as possible to Hamner’s design.

The assumption here is that Hamner’s heat flow analysis
results will be generalisable to a derivative machine of very
similar dimensions. Furthermore, the same materials will be
proposed for the baseline propulsion motor. Additionally, the
fact of a common propeller requires that the baseline motor
operate at the same speed as Hamner’s motor. Conseguently,
the stator electrical frequency, number of phases, number of
pocles and rated slip will be the same as Hamner’s.

Expressions for the rated torque; Trateas and rated power,
Prataas for a multi-phase (3) induction motor are shown below.
In order to use these expressions, it is necessary to be able
to describe the motor in terms of equivalent circuit parame-—
ters, reference [34]1. Development of equivalent circuit
parameters 1s somewhat complicated and is certainly
approximate. The computer program which Hamner uses develcps
equivalent circuit parameters from machine geometry and con-
struction materials. This research will calculate circuit
parameters from the basic machine flux relationehips. The
circult parameters describe the stator, R, and X,, the air-
gap, X, and the rotor, R: and Xa=.

1 : R
= — #
T""‘ w;ynQIzs rated l
1-s
Pntu= q!ifz e ”2
Sraces

Of the terms in equations 1 and 2, the required speed,
from the Table ! in section 3.2.1, dictates both the synchro-
nous freguency, W, and rated slip, S-avea- The number of
stator phases,; q, will also remain the same as in Hamner’s
motor design, 3. Therefore, increases in the rated powe,- must
arise from changes in the referred rotor current, I=, or R=s or
both.

3.2.2.1 Rough 8Sizing

Torque is generated through a shear stress, T, on the
statnr and rotor surfaces, reference [351. It is caused by
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the perpendicular magnetic field intensities, H,, due to the
air-yap flux density, 1n the radial direction,; and the flux
density due to the stator and rotor currents, in the tangen-
tial direction.

T,e=W,Hy Hy #1

This is the appropriate shear stress. It is a force per
unit area. To find the torque, T., multiply the shear stress
by the appropriate area to obtain a force. Then, multiply
that force by a moment arm to obtain the torque. Here; R.,,
is the air—gap radius and L the air—gap length.

T,=T,* (28R, 1) R, H2

z

Knowing the torque, the power output, P..«» can be deter-
mined by multiplying the torque by the mechanical speed, 4.

Por=T Qg 43

Nows the shear stress for a particular machine can be
developed. Consider first the radial air—-gap flux density,
B.-. This can be considered to be limited to a value of 1T.

W,oH,~B8,~1T #4

The tangential field intensity, fy, is a function of the
current density in the stator or rotor. Hence, it is limited
by the current density limit of the conductors. This is
reasonably well established for machines with various types
of conductors and variogus cooling schemes. Nevertheless, an
empirical relationship will be used to find the shear stress.

tr.sax-z-B—.-‘;—: HS
Alpha i1s an empirical machine constant which equals
approximately 0.1 for large machines and 0.01 for small
machines, references [34]1 and [33]. The propulsion motor
under consideration certainly qualifies as a large motor.
However, due to uncertainty arising from a sea-water filled

‘air-gap’, alpha will be taken to be 0.035.
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Table 1 - Established Motor Parameters

o S
i

Known Quanti—;

L

t
ties!

Pooe=119.2MW

s B ok s
t

Q,=]6.1575s~1 ;
i

1
H

Bawe=i1.6T (taken from data for M-19 machine

i steel) y
. ——m—
? B-=:1T7 1
§ o — m j

a=10.05 i
: ! i

£,=| 4-1x10”7 H/m é,
! [ —

Table 2 - Unknown Motor Parameters

§ Unknown Quantities

Raa

L 3

4 te ;

With regard to the known gquantities, B,.+« and B, are
related through the machine geometry, specifically the stator
tooth width. Bagawe 1s the saturation flux density. The
stator teeth must provide a path for all of the air—gap flux.
Hence, the stator teeth, which present a much smaller surface
area than the air—-gap surface, will saturate long before the
backing material. The relationship between Buw.e and B: is
shown below- A, is the ratio of the aggregate stator slot
width to the air—-gap circumference.

B,=(1-N))B H6

The quantities shown for Begas and B~ in the table above
indicate that the machine must possess an aggregate stator
slot width to air—-gap circumference ratic close to 0.38.
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The known guantities from the table above will be substi-
tuted i1nto equations | through 5 to gain acceptable values
for the unknown quantities. The magnetic backing material
thickness, ty., is discussed later.

Poue=20R5+L- T, Q, H7
P
2 oot
=i ot #
Rzp L ZIl“t,.‘ﬂm 8
. L. X3
R, 1= 19.2%10%W _ 49
2M°T,¢°6.1575s
1,,=0.05x—2L___31.8x10%Pa 410
2-4nx107757
R L=16.5 H1l

Based on the pressure hull calculations, a reasonable
value for R.y would be 2.51m. Thics would yield a core length
of 2.614m (103 inches). This is a reasonable length. In
fact, it is only 0.9 inches greater than the length of Ham-
ner’s motor design.

3.2.2.2 Geometric Scaling

So that the results of Hamner’s heat flow analysics can be
assumed to be applicable to the baseline motor, the geometry
of the baseline motor will be made similar to Hamner’s. Hav-
ing determined the radius and length of the baseline subma-
rine propulsion motor, the other motor design details can be
scaled up from Hamner’s motor design by an appropriate
amount. The dimensions that will be altered will be ‘air’-
gap radius, core length, and slot depth and width. The two
following figures show the geometry and appropriate
dimensional variables of the rotor and stator slots.
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Figure 1-Stator Slet Geometry Figure 2-Rotor Bar Geometry

The circumference of Hamner’s stator is 15.249m. The
stator slot width of Hamner’s motor is 0.041m. Their ratio
is 0.00268%9. The circumference of the baseline submarine
motor is 13.77im. If the same ratio is to exist, then the
stator slot width of the baseline submarine motor will be
0.042m.

The radius of Hamner’s stator is 2.427m. The stator slot
depth is 0.064m. Their ratio is 0.02637. The radius of the
baseline submarine motor is 2.3510m. Using the same ratio,
the baseline motor slot depth wiil be 0.06é&ém.

Increasing the dimensions of the conductor in the stator
slots will permit more current to be carried by the stator
conductors. Hence, for the same current density, the arma-
ture current may be increased from 4843A, in Hamner’s motor,
to 5262A in the baseline motor. Adjusting the motor to yield
appropriate equivalent circuit parameters will provide a
motor which could use the higher current to produce the
higher output power. It is important to note that the insu-
lation thickness will change if the wvoltage level is changed.
If insulation thickness increases, for the same slot size,
then a smaller conductor cross—section will be available for
current conduction.
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Th2 rotor circumference in Hamrer’s motor is 13.281m.
The diameter of the holes punched in the rotor core lamina-
tionssy which fold the rotor bars in Hamner’s rotor, 1S
0.041m. The ratio of these two dimensions is 0.002683. The
circumference of the baseline rotor is 135.802m. For the same
ratio, the baseline rotor bar diameter must be 0.042m. The
rotor bar slot width will be kept the same size.

The following tatle contains all of the stator and rotor
slot and conductor dimensions. The baseline dimensions rep-
resent a scaled version of Hamner’s design.

Table 1 - Motor Geometry Details

; Symbol {Hamner’s ,Baseline ?
; Design Design %
{Stator Slot Depth | Daw |0.064m 10.066m §
Stator Conductor Depth Dae 0.035m 10.057m ?
Jstator Insulation Da: [0.002m '0.002m i
;Thickness 1 ;
éStator Wedge Depth Daw {0.007m 0.007m f
iStator Slot Width Waw [0.041m 0.042m

jStator Conductor Width Wae 0.037m 0.038m

iRotor Hole Diameter Wen 10.041m 0.042m .
dRotor Bar Diameter Wew 10.041m 0.042m

%Rotor Bar Slot Width Wre 10.010m 0.010m

Rotor Bar Slot Gap Dag (0.0006m 0.C006m

Stator Conductor Area Amez 10.00185m= 0.00196m%
iRotor Conductor Area Are |(0.00132m= 0.00139m#%
TStator Slots | 180 180

g§Rotor Bars Ne AEOb 206
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3.2.2.3 Determination of Circuit Parameters

Changing the size of the motor and its geometric details
will certainly alter the value of the equivalent circuit
parameters. A classic equivalent circuit representation of
an i1nduction motor is used.

RZ2/s

\/

Vi or Vin Xphi_ Ve =

/

\

Figure 1 - Induction Motor Equivalent Circuit

In this section, the principal equivalent circuilt parame-
ters of the baseline motor design will be calculated from
first principles.

In the development of the circuit parameters the "classi-
cal" approach will be taken with its concomitant assumptions,
reference [34]1. The first assumption is that the rotor and
stator can each be modelled as balanced, identical, three-
phase windings. Although the rotor of the baseline motor is
actually a squirrel-cage rotor, modelling it as a three—phase
wound rotor serves as an initial approximation in calculating
the magnetising, or air—-gap, reactance. The second assump-
tion is that there are no saliency effects. The third
assumptiaon is that the three-phase windings, both rotor and
stator, are identical. In this treatment, only the effects
of the space fundamental component of the travelling flux
wave will be considered.
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Using a Fourier series to describe the square-wave MMF,
reference [34] goes on to determine the synchronous induc-
tance; Lygvns of a tnree—-phase winding and the mutual induc-
tance, M.,» between windings linked across the air—-gap. Both
of these terms are for the space~-fundamental term of the
Fourier expansion. The stator mechanical angular displace-
ment is given as 8.

J4i,RL

_ 2,2
=S iy Vekd #1

sya

4p,RL
M.ﬁE’%?N-k.w.k.coscpekMcos<p9> "2

The air—gap wid*th is g. The number of pole-pairs 1s p.
The air—gap radius is R. The stator and rotor winding fac-—
tors are ks, and k.-, respectively. The stator and rotor
series-turns per phase are N, and N., respectively.

Flux linkages, A, for a three-phase induction machine are
described by the series of equations shown below.

}"n i 17T lea ]
[ L L [N
}"u - . loe H3
A’n . ta
krh —29 -t trb
L }"rc 4 b+ 4 L bre _]

The three sub-matrices which comprise the inductance
matrix in equation 3 abcove follow. L. represents the stator
winding induction matrix, L. the rotor winding inductance
matrix, and Mu.g the air—gap mutual inductance matrix.

Lcl Lnl Lctc
l_:.= Lth Lcl Lcic #4
Ltca Lcci Lec
Whereas the windings are identical, the non-diagonal
terms of the L. matrix are all equal.

Ln Lnl Lul
l_'. = Lui Ln Lnl #S
Lul Lui Le:
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Ll‘l [‘l’lb LI’ID

L={liw L L H6
Lw Luw Lu

The actual values of the elemente in the matrices of
equations 5 and & are determined by the analysis which led to
equation 1. Lgaa and L,.. represent the self inductance of the
a-phase of each winding. Lame 8and Lean represent the mutual
inductance between stator a- and b—-phase windings and rotor
a—~ and b-phase windings respectively. The mutual inductance
which links the stator and rotor windings across the air-gap
is shown below.

Mcos(p8) Mcos(p8+23—n) Mcos(pe—za—n)
M= Mcas(pe-—za——’-—‘) Mcos(p8) Mcos(pe'r%) -
Mcos(pe*%g) Mcos(pe—%ﬁ) Mcos(p6)

The air—-gap mutual inductances are determined by the
analysis which led to equation 2.

The stator and rotor windings described by equation 3 are
excited with balanced, three-phase currents, i.,. The rotor
winding 1s also excited by th-ee phase currents, i.. These
currents are shown below.

lea =1 COS(WT)
) 2n
tep = Igcos(wt— 3-)
. ( Zn)
le=1,cO8} Wt+ —

3
ba=1,cos(w,t+&)
Uy = 1,cos(w,t+ g, - 2—3)

3

in=1,cos(w,t+e,+gj—l) #8

3

The current subscripts indicate the rotor or stator and
the respective phases. Since balanced currents are assumed,
In is the magnitude of the three stator phase currents.
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Likewise, I.- is the magnitude of the three rotor phase cur-
rents. £, is the relative phase angle between stator and
rotor currents.

A relationship 1s required that will relate the mechani-
cal rotation of the raotor, w,s to the angular locat:ion, 6.
8, represents the angular displacement of the rotor at time
zero. This relationship plays a key role in the air-gap
mutual inductance.

8=w,t+0, #9

Substituting the currents in equation 8 and the angular
location described by equation 9 intc equation 3, and then
solving for the a-phase stator and rotor flux linkages yields
the following two expressions.

M= (Laa= Lan ) COS(WE)+ T M1, CO5((DW, *+ ®, )6+, DO, #10

N, = ?Z—Ml,cos((w— PWw -p8 )+ (L, - L), cos(w,t+E) #11

Now, the relationship between the stator fregquency and
mechanical speed of an induction motor, slip, is used to
relate the stator frequency and the rotor fregquency. w is
the stator electrical frequency, w, the rotor electrical fre-
quency.

W,=W-pw, H1Z

The goal of using this relationship is to describe the
stator and rotor flux linkages using complex notation, which
requires both quantities to have the same time dependence.
The desired complex notation is shown below.

Na=Re{A o) i,=Re{r, ') #13

Ma=Re(A ') i.=re{s ') #14

The expression for the stator flux linkage and current
has a time dependence whose frequency is that of the stator
current, while the rotor flux linkage and current has a time
dependence whose frequency is the rotor’s electrical fre-
gquency.
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Substituting equation 12 into equation 10, then solving
for the complex amplitude of the a-phase flux linkage of the
stator, A_, permits utilisation of the same time dependence
and the use of complex notation. The complex amplitudes of
the stator and rotor a-phase flux linkages are shown below 1in

this notation.

3 15,08,
An = L'Lez +§M-1-u #15
3 -1po, 1%,
A =5MILe "Ll e H16
Ly=L;,-Liy Li=l,~Lyy H17

Now define a rotor a-phase flux linkage and current in
terms of the stator phase angle. This definition seeks only
to relate the rotor flux and rotor current phase angle to the
stator phase angle.

1Pt %}

A=A 1 =10 #18

—tat —Tn —-ta

The stator and rotor a-phase flux linkages can now be
expressed as shown below.

A ]| B |1
bz PO 1 ol
—rss §M L, —ras
These equations describing the a-phase stator and rotor
flux linkages can now be converted into voltage eqguations.
The ultimate goal in this case is to develop an equivalent
circuit which possesses the same voltage relationships as
that of the veltage equation derived from the induction motor
flux linkage relationships. In these expressions, Rgaa. and

R-~ are the resistances of the stator and rotor a-phase wind-
ings respectively. V.. is the complex a-phase stator volt-

age.
, } .3
K“=R,.L“‘*J(DA“=(R.."‘,IQ)L,)£"*'JQ)EML“ #20
. .3 )
-V-n. = R"l-ln* Jwt.l_\n. = JwréMLn + (R"+ JwPL')Lru #21
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Before proceeding, the following two expressions are
needed ta simplify the voltage equations. The first defines
the air- jap permeance.

o = 4n,RL #22
¥ np’g
w,=sw H23

Taking these two expressions, the analysis which yields
equations 1 and 2, and substituting them into equation 17,
the following three expressions are developed. These three
expressions describe how the physical windings affect the
voltage equations. Note, L. and L, contain two terms, the
space fundamental inductance, which is the first term on the
right-hand side of equations 24 and 25, and a leakage induc-
tance, which i1s the second term.

3

L,=:2-p,,Nf}cf+L,, #24
L—3 N2+l #2725
r'ipu tfvy n

M“‘Q"N:Nrkckr H26

These three expressions are all descriptions of the
inductances that appear in equations 20 and 21. The leakage
inductances, Lg: and L.y, will be dealt with later. Hence,
after substitution of these expressions into 20 and 21, the
following voltage equations are obtained.

BRSPSV
. 3 3 2.2, 428
Zrn‘jw SipaoN:NrkﬁkY £c|+ Rr+jw sip“N’k’ SL" L'“

Now, through the use of an effective turns ratio, the
rotor current will be referred to the stator. The physical
significance of this step is that the referred current is
that which, i1f travelling through the stator winding, would
give rise to the same flux wave as if it were flowing in the
rotor winding. Hence, all of the air-gap MMF will arise from
combined stator current and referred rotor current flowing in
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the stator winding. This 1s what permits the use of a sta-
tionary equivalent circuit. Define 1. as [..e referred to
the stator.

L+

rkl
.kt

1=

! H29

ras

2

Using this defined current, and assuming that V... 1S
equal to zero because the rotor windings are shorted, the two
voltage equations below result.

Zu=[Rl+].(/\’0+Xl)]£n+jx'£2 #30

O=jX.£“"'[ES-g+j(X’+X2)}f_2 H31

The parameters appearing in these two equations follow.

R,=R., #32

X,=wgp,,kaf #33
Given the form of equaticens 30 and 31 above, and the

equivalent circuilt configuration shown i1n Figure 1 of this
section, it is readily seen that egquations 32-33 provide the
descriptions of the values of two of the circuit elements in
the induction motor equivalent circuit. What remains left to
do in order that an equivalent circuit analysis of the base-
line motor be performed is to determine values for the
leakage reactances and the referred rotor resistance.

R, is the resistance of the stator winding.

4X [, +2XA
R,=p{pm,-<—3!A—+———’2]=6.ImQ #34
ec

The next step is to compute the magnetising inductance,
Xy,. This requires knowing the number of stator turns, Na, 60
in this case. The stator winding factor, ks, must also be
known. Reference [34] provides a method of computing k.

‘l:‘!.
in (%3 )-sxn(ﬂ) #as

kszkc)'k:p=m 2
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Using the expression above for the stator winding factor
and considering the space fundamental harmonic anly, yields
the winding factor for the stator. ¥ is the electrical angle
between the stator turns of a single phase, a the winding
pitch angle, m the number of turns per phase, kuy and ke, the
breadth and pitch factors of the stator winding. n is the
harmonic index.

2sm(z) 2

F]

——i—-—~0.866=0.75 #36

a ,
K, )_o 866
Using these two values i1n equation 33 will yield the mag-
netising i1nductance.

X,=188.50s"" g 2.34x107°H-60%0.75°=1.3370 37

R= is calculated in a method totally analogous to R, but
for inclusion of the effective turns rat.oc. The effective
turns ratio is difficult in this sense only because the rotor
turns and rotor winding factor are somewhat in gquestion in
the case of a squirrel cage rotor. Hence, reference [(34]
will be used to provide the relationship which describes the
value of Rz for a squirrel-cage rotor to be used in the
induction motor equivalent circuit. The development of the
squirrel—-cage rotor model is discussed in section 4.2.1.2.
Tte expression for Rs 1s shown below.

12L
Ry=—N*kZ Ry, #38
Na
The actual resistance of a rotor bars Roars is calculated

just as that of the stator conductor in equation 34.

el
Ry = omt29 50 600 439
Alt
“R,= 33—'—3—696—13—"3- 60%-0.75% R, = 15.6mQ 440

What is left is computation of the stator and rotor
leakage reactances. This is difficult because the leakage
flux paths are not well defined. Many references offer
empirical relationships which provide estimated values for
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the leakage reactances. 5Several sources of leakage reactance
are usually accepted. These sources are slot, belt, zigzag,
end winding and skew, references [17, 18, 34 and 361.

Reference [34] offers a derivation of a method for calcu-
lating the slot, belt and zigzag inductances for the stator
winding of an induction motor. It also offers a method for
the calculation of the leakage inductance of the rotor cage.
This reference does not offer an analytical means of calcu—
lating the end winding and skew leakage inductances.

Reference [18] offers a qualitative discussion of leakage
inductances in general, a discussion of slot leakages and how
to determine them from blocked rotor tests of actual
machines. Reference [17] states that the stator leakage flux
is usually S to 11 percent of the space fundamental induc-
tance. Such a range is not offered for the rotor leakage
inductances. Reference [36] indicates that the ratio of
leakage inductance to magnetising inductance varies from 9 tc
20 percent for conventional geometry cylindrical rotor
machines. Hence, reference [34] will be used to calculate
all but one of the leakage reactances.

The stator leakage inductance will be considered first.
The slot, belt zigzag and skew leakage inductances will each
be corsidered in turn.

The equation below snows the calculation of the stator
slot leakage inductance. Reference [181, page 109, describes
the method used here.

Lolog3((DawtDy)*(D,e*3:D,))

Lywe=2'N, e =103.2pH 441

At nominal stator fregquency, 30H2,; this inductance
becomes the reactance shown below.

X e =W L e =19.3m0 H42

The equation below shows the calculation of stator belt
leakage inductance. Reference [34] describes the method used
to develop this equation.

3 4“0”3"%1?:' Ly

LﬂMﬁ=§R 35p =42.6uH #43
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4k NIkIR L,
L,,,,,,,=ER————4-‘€;—5—°—-—°=21.711H H 44

These belt ®leakage’ terms actually link with the rotar,
as discussed in reference [341; hence, the inductances above
appear in parallel with the corresponding rotor harmonic
terms shown below. The first expression develops the rotor
slot inductance needed in the two subsequent expressions.

L Dso
L,....:=E°-—';—,—5i°2=0-2uH H45
121, NikS 6u,R.,La,kaé( 1 1 )_
Lrlb'l!f“ NR Ll’ltll)t 1 g (NR+SP)2+(NR-SP)Z -214'7-7“'['1 “4‘6
L 12Ly Nk, L OloRag Lug NIK] 1,1 399 0ul  #47
tllllﬂ_—_ﬁ_;—_ tisiot n g (NR+7p)2 (NR_7p)2 - L

The combined effect of these belt leceskage terms i1s the
parallel combination of the fifth and seventh order terms.

L,,5=‘—i———,——=41.8uH 448
lypas  Levars

L,,,=—,-—i——,—=20.6uH #49
Lanay  Lmaw

Reference (341 describes the stator zigzag leakage induc-

tance using the equation shown below.

=34u,N3R..L..( 1,1
H12- 97 L (Nclow*p)z (Nclcw_p)z

L )=OJuH #350

Reference [36] provides a means to estimate the skew
leakage inductance. This estimate is based upon a calcula-
tion describing the effect of skew on the magnetising induc-
tance. The estimate of skew leakage inductance is shown
below.

Ltlr=(1-kr)'1-q #351

k- represents the "skew factor”. 1t describes the effect
of skew in a manner analogous to pitch and breadth winding
factors. The key parameter is the skew angle, ;3 in most
motors this is the pitch between one pair of slots given in
electrical radians.
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T

After evaluation of the preceding expression, the value

H32

of skew leakage inductance is found tc be approximately 213
micro—Henries. This leads to a skew leakage reactance of
C.0401 Ohms.

The total leakage inductance is the sum of the foregoing
inductances. The total stator leakage reactance 1s the
leakage inductance multiplied by the statar electrical fre-
gquency.

X,=wl,=188.55"'x(103.2+41.8+20.6+0.1+212.8)x10 " H=71.3mQ #53

Xz can now be calculated. Reference (341 provides the
expression for Xz shown below.

_12L,N¥ki 61K oy L..ka%( i 1 )_
25 TNy Lnemety ) Naep)e (Na-py2 = 382-4nH #54
Xy=WwL,=72.1mH #S5

The table below shows the values cof the eaguivalent cir-
cuit parameters that were developed analytically.

Table 1 - Equivalent Circuit Parameters from Analytic Deriva-
tion

R,=0.00610Q

X,-0.0710

TS R R I
BT MR

X,=1.337Q

X,=0.0720

R,=0.01560

Bl i 1

3.2.2.4 Equivalent Circuit Analysis

In order to find the power rating of the motor, equation
3.2.2.2 must be used. To do this, = must be fTound. Hence,
a circuit analysis of the equivalent circuit, shown in Figure
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1 of section 3.2.2.3,
Hamner’s motor used an input voltage of 2309V,.. at

will be performed. As originally
designed,
30Hz. This same voltage will be used initially 1n hopes that
it will provide adegquate power given the equivalent circu:it

parameters developed in the foregoing section.

Calculations based on the equivalent circuit diagram
with the circuit element parameters o1 section
level of 2309V,;.

indicate that,
3.2.2.3 and the applied voltage s the base-

If, however,

line motor will not provide the
could
then the motor will

the rotor resistance, .
0.01410hms,

[

required power.
be reduced to a value of
provide the required 19.2MW.

This decrease in resistance can be achieved by increasing the

diameter of the rotor bars.

121
R2=—]\T"’ka§-1?m #1
The actual resistance of a rotor bar, Ropa.-» 1S shown
below.
0onel
Ry = =5 #2
12:2.614m 2
.'.R2=—236—‘602‘0.75 Ry #3
-9
IX -m* 2.
R,=0.01410=308.35.28:9%10 Ohm-m-2.614m H4
’ Are
5 A,=0.00154m? #S
To achieve this, the rotor bar diameter must be increased

to 0.044m.
almost S5 percent.

This represents an increase in diameter of 2mm or
The impact of this change on the rotor

flux density is minimal, 3 percent; however, it does increase
the rated power of the motor to 19.2MW,

ment.

the design require-

in the case of the baseline
The stator current in Hamner’s

Ia.s
design, is equal to 3583A.
motor is 4843A.
indicates that the heat which must be removed from the

The stator current,

Computing the Ohmic loss in the stator,

Plt:-uv-’

l aseline design is slightly less than that of Hamner’s
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design. Hence, the heat flow conclusions made by Hamner
should be just as true avout the baseline design as his

design.
Pro=I R, 46
Hamner's Matar Pl = (4842.74)°x0.0110=258.0kW H7
Baseline Motor Ploge = (3582.64)*x0.0061Q=78.3kW H8

Standard analysis of the equivalent circuit model of the
motor will yield a8 torque versus speed and output-power ver-—
sus speed curves. These two figures are shown below.

Baseline Mo tor Torgue-Speed Curve
(¥i-p = 2309Y)

Terqus zluwnl-n tisrs)
Wiljess)

Spasd (percsat of syachroavve spesd)
+ Ratsd Power

Figure 1
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Baseline Motor Power-Speed Curve

(Yl-0 = 2309V)
50 -

» - /
0 4
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20 4

Osipet Power (Watts)
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<
r
-4
e

20 40 60 80 100

Speed (percent of cynchrouous cpeed)
+ Rawd Pawer

Figure 2

The equivalent circuit analysie ndicates that the base-
line design motor, as currently configured, will produce the
required amount of shaft horsepower.

3.2.2.59 Additional Power Losses

The typical losses calculated using the equivalent cir-
cuit method are due to stator and rotor ohmic losses. In the
simplified circuit used in this research, eddy current and
hysteresis lasses are neglected. This research also neglects
‘windage’ losses. The t :igque nature of the ‘air’~gap in this
particular motor adds another pessible loss mechanism. Fur-
ther losses involve ene., gy dissipated in the thrust bearings.

Regarding losses, two important issues arise which are
related to the presence of sea-water in the ‘air’-gap.
First, having a viscous liquid in the ‘air’-gap will increase
windage losses of the motor. Second, the sea-water in the
‘air’—-gap, being an electrical conductor (albeit a poor one),
will be subjected to a time-varying magnetic field. This
will induce currents in the sea-water, introducing another
source of electromagnetic losses.

After going through all of these types of losses, the
total sum of these losses, which will be neglected throughout
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the rest of this research, 1s on the order of 100.4kW. This
amounts to about one half of one percent of the motor’s rat-
ing.
3.2.2.9.1 Eddy Current and Hysteresis Losses

The usual approach to eddy current and hysteresis losses
1s to use loss data from the information sheets for the mag-
netic material that comprises the motor core. For M1% steel,
the material that Hamner and this design assume, the
information sheet from U.S. Steel provides the core loss in
Watts per pound. This loss is a function of flux density and
frequency.

For a flux density of 1.6T7T and a frequency of 30Hz, the
core loss is roughly 0.37W/1bf. The core weighs 71ltons,
159,2001bf. This implies a core loss of 38.4kW. This repre-
sents 0.3 percent of the propulsion motor’s rating.

3.2.2.9.2 Windage Losses

By virtue of the fact that theie is a viscous fluid in
the ‘air’-gap, the windage losses of the praopulsion motor
will be significantly more than if there were air in the
‘air’-gap. Socme notion of whether or not this loss mechanism
is significant compared to the motor’s rating must be
obtained.

The flow of fluid within the ‘air’-gap is essentially a
viscous "Couette" flow. The velocity gradient between the
maving surface and the fixed surface gives rise to a shear
stress, T, reference [37]. This shear stress can be found at
the outer stator surface around the entire circumference.

The constant of proportionality between the velocity gradient
and the shear stress is the absolute viscosity of the fluid.

dy
T—H.EF #1

The force due to this shear stress can be found by multi-
plying the shear stress by the “air’—-gap area.

F=1-20R," L, #2

The power dissipated in this way is found by multiplying
this shear—-induced force by the rotor’s linear velocity, V.
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Pow=FV=F R, w 43

Using this approach, the estimated power dissipation 1is
on the order of 4kW. Compared to the rating of the motor,
19,200kW, the losses due to ‘windage’ are negligible in the
context of this research. This result may appear to indicate
that i1t is possible to make the ‘air’-gap smaller from a
‘windage’ perspective; however, the ‘air’-gap width 1s driven
by machining tolerances.

3.2.2.5.3 Electromagnetic “Air’-Gap Losses

Two relationships are used to determine the losses aris-
ing from the currents induced in the sea-water which is 1in
the ‘“air’-gap. Faraday’s Law describes the electric field
intensity, E, arising from a time-varying flux density., B.
This relationship is shown below in integral form, reference
(191.

fE'-dl=—1fB~nda g1
¢ di/s

Once the electric field intensity 1s known, it is possi-
ble by using the constitutive relationship for sea-water con-
duction, Chm’s Laws to find the current density, J, induced
in the sea-water.

E'=p-J #2
The path for the line integral in the first equation
extends axially down the “air’—gap, circumferentially half
the way around the motor, then back up the ‘air’-gap, and
finally to the starting point by travelling circumferentially
half the way around the motor a second time. Assume that the

electric field intensity is zero along the circumferential-
legs. This leaves the following relationship.

2(5-L,,)=—a%j;n-naa 43

Now, the flux density which passes through the surface
bordered by the curve of the integral of the electric field
intensity is time variant. Assume that it is a sinusocidal
travelling wave.

B=B,exp j(mo-w,t)i, Ha
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Integrating this expression over the surface amocunts to
multiplying by one half of the ‘air’—gap surface. The time
derivative of this expression introduces a phase shift term.
The exponential term will be dropped for ease of handling.

2:(E-Ly)=-jw B, xnR L, #S

Whereas the concern here is solely with magnitudes, E and
B., the phase relationships will be ignored. The electric
field intensity will give rise to a voltage. This voltage
appears along the length of the ‘air’-gsp.

V:o:IEI”Lagz ch'an"L“ "

1

2
The resistance of the ‘air’-gap can now be computed. The

resistance will be equal to the resistivity of sea-water, pgy»

divided by the cross-sectional area of the conducting region,

A-ss, multiplied by the length of the conducting path.

Pev

Rey=— #7
SW ACSLI'

The power dissipated will be equal to the voltage squared
divided by the resistance computed above.
~{uuf’B:’n“Ief,L,,,g

Py = 8
dlee Psw

For a flux density of 1.6T, B., a five millimeter ‘air’-
gaps g, and saltwater resistivity of 0.250hm~m, the power
dissipated in the sea-water is 630W.

3.2.2.9.4 Thrust Bearing Losses

Appendix A contains the thrust and journal bearing calcu-
lations. Included in those calculations is a determination
of power loss due to the shear stresses generated within the
sea-water which lubricates the bearings. The shear stress is
proportional to the velocity gradient across the lubricant
film. The velocity gradient is a function of the motor’s
speed. The power loss in the forward thrust bearing is
19.7klW. The power loss in the astern thrust bearing is
17.3kW. The pawer loss in the journal bearings is 17.6kW.
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Hence, the largest coperating power loss due to these bearings
1s 37.3kW. This loss, as the others,; 1s small enough to
neglect in an early feasibility study such as this.

3.2.2.6 Core Thickness

The remaining motor design calculation will address the
question of the thickness of the magnetic core material.
This 1tem is important because it accounts for most of the
motor weight. The sizing relationship that will be used is
shown below, reference [(351].

R B

lyg=—¢ — #1
' D B

The baseline machine has 30 pole pairs, a radius of
2.5125m, an air—gap flux density of 1T, and a saturation
intensity of 1.67. These attributes yield a backing thick—-
ness, tw, equal to S5.3cm. With this backing thickness, the
minimum stator core and rotor core thicknesses are 0.119m and
0.103m respectively. Using these thicknesses yields a motor
core weight of roughly 71tons. This will be taken as the
total motor weight. The additional equipment weights, sup-
porting structure, propeller, bearings, controller, conduc-—
tors and cooling equipment will be calculated subsequently.

3.2.2.7 Space Required

A vital issue asks whether or not the proposed motor
design will fit into the space between the hull envelope and
the pressure hull. First, the axial length of the motor is
considered. Second, the radial extent of the motor is
assessed.

The length of the motor by itself is determined by the
core length and the end-turns of the stator conductors or
conductor rings of the rotor. The core length is 2.&14m for
both rotor and stator. The stator end—-turns will have a
somewhat larger axial length than the rotor conductor ring.
The thickness of the rotor ring will be on the order of lcm.
Hence, the stator provides the limiting length. The length
of the end-turns extending beyond the stator core on each end
of the stator core will be taken as 0.160m. This is the
length offered by Hamner. The axial length of the motor is
2.934m.
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The radial extent of the motor depends on the core thick-
nesses and the air-gap. The outer radius of the stator core
1s 2.510m. With a core thickness of 0.119m, the inner radius
of the stator core would be 2.392im. The air—~gap is 5mm wide.
Hence, the rotor inner radius is 2.315m. This means that,
for a rotor core thickness of 0.103m, the outer rotor radius
15 2.620m. Hence, the motor extends radially fraom 2.3%91m to
2.620m. The pressure hull radius at the motor location is
2.134m. The propeller hub radius is 2.738m. Therefore, the
motor will fit between the pressure hull and the hull enve-
lope.

3.2.3 Impacts on the Submarine Design

The baseline propulsion motor produces requirements that
the submarine design, as a whole, must accommoda:e. These
requirements can be broken inte four areas, electrical input
power, motor control, structural support and force transmis-—
sion, and lubrication and cooling auxiliaries.

The submarine design’s electrical generating plant must
provide sufficient power to the propulsion mo=or. Figure 1 in
section 3.1.8 shows the real power required by the motor,
Pime.==This must be supplied by the submarine design’s generat-—
ing plant. Furthermore, as the propulsion moutor is an induc-
tion motor, the generating plant must supply this power,; P,n»
at a less-than-unity power factor. The effect of a lagging
load on the electrical generation plant of the submarine must
considered when determining the generation plant’s capacity.
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Figure 1 - Induction Motor Power Factor versus Speed

The figure above contains several assumptions. A control
scheme for the motor is assumed to vary speed by varving input
frequency and voltage. The slip at each requency i1s assumed
to be the same. Winding inductances are aséumed to be con-
stant over the frequency range.

When interpreting Figure 1, it is vital to recall the
power versus speed relationship, Figure 3.1.8.1. Figure 1 may
sz2em to indicate that motor operation at slow speeds places
great demands upon the power generation plant. However, the
power versus speed relationship shows that the propulsion
motor has a low power factor for light loading only. Near
rated power, its power factor is close to 0.8, which 1s not
overly burd=2nsome.

An implicit requirement for submarine propulsion is that
the submarine’s speed be continuously variable. In the case
of the baseline motor design, this dictates a need for a motor
controller and power conversion equipment. Given the rating
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of the propulsion motor, this power conversion eguipent will
be relatively large and have relatively stringent cooling
requirements.

The submarine design’s hull must support the weight of the
baselinre propulsion motor as well as the dynamic forces
created by the motor. The support structure, called the motor
casing, motor frame and foundation in conventional electric
motors, st react the forces of electromagnetic origin.
Thrust bearings must be included in the design to react the
thrust from the propeller on the rotor. Further, the rotor
requires a journal bearing that will preserve the air-gap
clearance.

Given the clearances involved, the cooling and lubricant
requirements, and the dire consequences of overheating due to
clogged flow, the “free—flooding’ space surrounding the pro-
pulsion motor must be supplied by forced-circulation, strained
sea—~water system.

The four requirements form the basis of the support that
the submarine design must provide. They also are the impact
that the propulsion motor has on the submarine design. These
issues are addressed in subsequent sections.

3.3 Tentative Motor Controller Design

It is an absolute requirement that the baseline submarine
have continuously variable speed. This requirement in any
application usually puts induction motors at an immediate dis-—
advantage. However,; developments in power electronics have
permitted induction motors to be competitive with other motor
types in variable speed drives.

The speed of an induction motor can te varied by three dif-
ferent means, reference [18]. First, through switching wind-
1ngs, the number of poles that an induction machine has can be
varied. Second, the stator frequency can be varied. Third,
the motor’s slip can be varied. The best method of speed con-
trol for the baseline submarine’s propulsion motor is control
of the stator frequency and voltage.
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Using pole-changing by i1tself to control speed has several
disadvantages. First of all, this scheme will only allow a
discrete number of speeds. Rather than having continucusly
variable speed, only two or three distinct speeds could be pos-
cible. Second, changing the number of poles changes the flux
density. Halving the number of poles doubles the required
backing thickness. This increases weight. Pole-changing is
very simple for squirrel-cage induction motors. though.

Pole-changing does offer an advantage when used in conjunc-
tion with variable stator frequency. This advantage comes 1n
making it possible to travel at either of twoc speeds with a
given stator frequency. The advantage of this is in acoustic
deception.-—An observer would not know for certain by monitor-
ing the electrical supply frequency what speed the submarine
was making.

Now that the method cf speed control has been chosen, its
implementation must be considered. Power must be supplied to
the stator at varying frequency and voltage levels. Rotating
frequency changers can be used or static (power electronic)
frequency converters can be used. For acoustic reasons, the
static fregquency converters are somewhat more desirable than
motor—generators.

Basically two schemes exist for creating a variable fre-
quency stator voltage, reference [38]. First, a variable volt-
age level can be used in a bridge converter type of topology.
Second, a constant voltage level can be used in conjunction
with a pulse-width modulation scheme. Choosing which method is
preferable will focus on generation of harmonics.

In the variable vcltage bridge converter, square waves are
made to approximate sinuscidal waveforms. Through harmonic
elimiration and cancellation techniques, usually the lowest
harmonic is the 7th harmonic of the sinuscidal frequency. With
the pulse width modulation scheme, the harmonics are harmonics
of the switching frequency, which can be a high freguency.
Hence, the pulse width modulation scheme produces harmonics
that are most easily filtered cut.
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Therefore, the turbine—generators on the baseline submarine
will supply 60Hz AC power. This power will feed a DC link
caonverter. The DC link converter will supply variable fre-
gquency and variable vcocltage level AC power to the propulsion
motor. The AC power supplied to the propulsion motor will be
filtered, pulse width modulated, DC link voltage.

3.4 Thrust and Journal Bearing Design

Several characteristics of a motor usually have a large
impact on which type of bearings to use. Two basic types of
bearing are available. sliding bearings and roller bearings.
These two types are broken down further. Prior to selecting a
particular type of bearing, the characteristics of the motor
which the bearings will support will be considered.

The results of the thrust and journal bearing designs show
that the sea-water lubricated bearings are feasible. The
designs also provide the dimensions of the bearings.

3.4.1 Thrust Bearing Design

The baseline propulsion motor can be characterised as a
highly loaded, slow motor. The expected thrust which the
thrust bearings must react is on the order of 1.2MN
(270,0001bf or 120tons). The rated speed of the motor 1s
58.8rpm. At the air—-gap radius, 2.510m, this translates into
a linear velocity of 16.1m/s (352.8ft/s or 3émph). O0OFf great
importance to this thrust bearing design is the fact that i1t
1s necessary to be able to reverse the direction of rotation
of the motor. Furthermore, the speed of rotation is continu-
cusly variable from O to 58.&5rpm.

Additional constraints are placed on the thrust bearing
design by the requirement that the motor be flooded. It would
be very difficult to design a sea-water flooded thrust bearing
that was not sea-water lubricated. 7To do so would requaire
rotating seals, a great complication. Hence, the lubricant of
choice 1s sea—water.

Based on the selection criteria offered by Harris, refer-
ence [141, by Wilcock, reference [13], and by Constantinescu
et al, reference (163, the most suitable type of thrust
bearing is a lenticulated, tilting, rectanqular, tin-bronze
pad sea-water flcooded, sea-water lubricated, thrust bearing.
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This type of thrust bearing has good load carrying capability
at slow speeds and 1s alsc acoustically guieter than most of
the alternative bearing types. Furthermore, its directicn 1s
reversible. (Lenticulated describes the fact that the active
surface of the thrust bearing pad is not flat, but, rather, is
convex in the longitudinal axis of the pad.)

The principle behind lenticulated, tilting pad thrust
bearings is using the hydrodynamic characteristics of the flow
of lubricant between the pad and the thrust surface to trans-
mit thrust between two surfaces 1n relative motion with
respect to each other. In this application, the thrust
bearing pads are fixed to the hull. The thrust surface i1s the
smooth forward, and aft, faces of the rotor. As the rotor
starts to move, a thin film of sea—water forms between the
thrust bearing pad and the thrust surface. This thin film of
sea—water transmits the thrust from the rotor to the hull.

See the figure shown below.

Thrust Surface Fixed Surface
v ¥ (Drawing is not to scale.}

|

<her
Fthruai 1

Rotor

Astern M JAhse.
Thrust :B | pThe

Brg. (—-—— Brg

LStator
Rotor Free Flooded Hulf Structure {
Pressure Hull
» Submarine Axis
Top View Side View
Figure 1 - Thrust Bearing Geometry

In many thrust bearing applications, the lubricant is pro-
vided to the bearing at pressure by an external lubricant sup-
ply system. In this application, no need is seen at this
point in the design to provide pressurised sea-water to each
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bearing pad. This would represent an unnecessary complication
to the design, increasing the weight and complexity of the
propulsion motor auxiliary systems.

Whereas the motor and thrust bearings are flooded 1n sea-
water, adequate lubricant flow is ensured by the flow of sea-
water through the free~flooded space survounding the motor.
Rather than providing sea-water to each pad, a sea-water
distribution system will be implemented to ensure a consistent
flow of sea-water through the entire free-flooded space sur-
rounding the motor and thrust bearing pads. The sea-water
distiribut:on system is discussed in more detail in section
3.6.

To this point, the geometry of the assembled bearing,
speed, thrust, and lubricant for the thrust bearing are speci-
fied. Additionallys the type of thrust bearing pad 1s speci-
fied. Only selection of specific pad geometry, number of
padss and lubricant film thickness remains. Wilcock offers a
thrust bearing design method. It is somewhat simplified and
is only wholly correct for flat tilting pad thrust bearings.
Constantinescu et al offers a more generalised thrust bearing
design method. Both of these methods are used for the base-
line propulsion motor thrust bearing design.

Both thrust bearing design methods are iterative. The
critical design component is the lubricant temperature
increase as it flows through the pad. The ambient lubricant
temperature, lubricant kinematic viscosity as a function of
temperature, lubricant density, and thrust bearing geometry
must be specified. A maximum lubricant pressure level within
the lubricant film is specified. Finally, the temperature of
the lubricant as i1t exits the pad is guessed.

With the given geometry and lubricant, Wilcock’s method
provides pad size and the number of pads needed. This method
also provides the pad tilt angle as well as the minimum film
thickness. Additional information provided by this design
method 1s stress within the lubricant film, power loss,
required lubricant flow rate and the lubricant temperature
rise. The calculated outlet temperature is compared with the
assumed outlet temperature. Further iterations should bring
the guessed and the calculated temperature rises into agree-
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ment. The lubricant stress should also be less than the maxi-
mum allowable stress level. One final criteria that should be
met is the minimum fi1lm thickness.

In addition to all of the inputs to Wilcock’s method, the
pad tilt anglie, minimum film thickness, pad size, pad material
and number of pads are inputs to Constantinescu’s et al design
method. This second design method is suitable for lenticu-
lated pad des.gns and provides much more accurate characteri-
sations of thrust bearing performance. The design method alsco
provides a pad thickness.

Wilcock’s and Constantinescu’s et al design methods were
cast into spreadsheet form. The forward and astern thrust
bearing design spreadsheets are shown in Tables 7 through 10
in Appendix A. Wilcock’s method provides the inputs to Con-
tantinescu’s et al more accurate design procedure.

Table 1 - Thrust Bearing Design Summary
iBearing Pad Lingth '0.305m
.; ;r ’
‘Bearing Pad Width 10.305m i
: | S—
jlbenticular Height ;19.1um. ﬁ
— i
gMinimum Film Thickness 39.44m i
O, - . - e e e e o e’
&
iNumber of Pads 42 %
§jPower Lost Due to Lubricant Shear ;19.7kw 3
%Stresseé | %
jlubricant Flow through Pad 112gpm 3
ek
?Temperature Rise fcross Pad 1.2<F g

3.4.2 Journal Bearing Design

After reviewing the design selection criteria in Harris,
Wilcock and Constantinescu et al for journal bearings, the
load, speed and reversibility requirements indicated that
tilting pad journal bearings, much the same as the thrust
bearings would provide satisfactory performance.
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The design method used for the thrust bearing

for the journal bearing.
and 12 of Appendix A.

The spreadsheets appear

bearing relative to the rotor and statar.

Rotor
« Moving
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Journal Pad Free Flood
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Brg.

(Drawing

is alsoc used
in Tables 11

The figure below shows the journal

is not to scale., )
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Side View Detail Side View
Figure 1 - Jcournal Bearing Geometry

Table 1 - Journal Bearing Decign Summary
de o ina B . ‘5. 1 E
iBearing Fad Length i0.178m d
i : —g
3 D - i
iBearing Pad Width i0.178m 2
- — S
ibenticular Height i17.5em k!
A — i -
4 [ 4
Minimum Film Thickness 13&6.0um i
& e e e e e e e . i -
: ] x
éNumber af Fads 64 %
» — —— 1 3
i + - - H Q
Powar Lost Due to Lubricart Shear 8.8kW i
Stresses ;
jlubricant Flow through Pad Bigpm
b .
jTemperature Rise Across Pad 0.7<F 2
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3.9 Structural Support Design

Having designed a baseline propulsion motor, the structure
which attaches the motor to the hull and allows the motor to
hold its shape must be considered. This task is divided into
two areas. The structure which supports the motor and connects
it to the hull has a vital role in the transmission of acoustic
energy from the motor to the hull and then into the surrounding
sea. Tbhe stator support structure is of vital interest to this
research. The rotor support structure is of lesser interest at
the moment.

Once the baseline propulsion motor and thrust and journal
bearings have been designed, the remaining step 1s to design
the structure needed to support the stator core. Three issues
have an 1mpact on the design of the support structure. First,
the support structure must allow sea-water to flow past the
stator core to allow cooling of the core. Second, prior to an
acoustic analysis, unnecessary vibrations must b2 eliminated if
just to avoid a time-varying ‘air’—gap. Third, the support
structures must adapt when the pressure hull is compressed at
depth.

The forces with which the stator support structure will
interact are forces of ihydrodynamic origin {(due to flow within
the free flooded space), hydrcstatic forces, forces of electro-
magnetic origin, forces due to the propeller, and forces due to
the weight of all of the appropriate components. At this stage
in the design, & detailed determination of all of these forces
is not necessary nor is it desirable. Instead, an estimate of
the maximum magnitude of each of these forces will be assumed.
For a worst—case analysis, the magnitudes of these forces will
be added appropriately.

The stator support structure is broken into six components.
These components are envisioned to address the three issues
mentioned previously. In view of the first issue, ensuring
sea-water flow, the support structure must not be monolithic.
Tc address the second issue, unnecessary vibrations, cantilever
structures and excessive flexibility must be avoided. Address-
ing the final issue, pressure hull displacement, requires that
the support structure be free to move in the radial direction,
relative to the pressure hull.
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Bearing 1n mind the guidelines expressed above, the stator
support structure components will now be examined and the crai-
teria for their design discussed. Each component will be
designed separately; however, at the completion of the entire
design, many of the components may be combined into larger
pieces. The initial stator suppoert structure configuration 1s

shown 1in th. figure below.
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Figure @ — Stator Support Structure Geometry (Radial Detail)

The material from which all of these components will be
constructed is a high strength stainless steel with a yield
stress of no less than 80kpsi. Whereas most of the forces
involved are orthogonal, von Mises’ criteria will be used to
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determine design stress levels. For structures under axial and
shearing loads, a factor of safety of 1.5 will be used. For
structures under bending and possibly buckling loads, a factor
of safety of 3.73 will be used.

3.93.1 Determination of Forces

Befere beginning design calculations, some notion of the
maximum magnitudes of the forces acting on the stator support
structure must be developed.

3.59.1.1 Gravitational Forces

These forces are the weights of the variocus motor compo-—
nents. Since these components are being designed, their
weights are unknown at present. However, the weight of the
stator core, developed in section 3.2.2, is roughly 37tons.
At the outset, it does not seem likely that the weight of the
other components will come even close to this weight.

3.5.1.2 Pressure Forces

The sea-water inside the free-flooding area surrounding
the stator will be supplied at some pressure slightly above
the ambient pressure outside of the submarine. This is to
ensure a flow of cooling water around the motor core. The
pressure of the supplied sea—~water would only need be on the
order of 10psi greater than anbient pressure.

While intelligent distribution of the supply ports for
this sea-water would greatly reduce a pressure differential
at the two sides of the stator core, a worcst case estimate of
10psi sea—-water being supplied to the half-length location of
the ‘air’—~gap with the sea-water at the stator core back at
ambient pressure will be used for design purposes. A linear
pressure distribution is assumed in the force calculation.
See Table 13 of Appendix A. The results inaicate that, in a
worst—case instance, an outward radial ferce of 14ltons will
be exerted over the entire stator.

3.5.1.3 Normal Electromagrnetic Forces

In his thesis on linear induction motor transportation
systems, reference (5], Weisman offers a derivation of the
following equation which exprescses the normal force of elec-

tromagnetic origin, Fn. This force acts normal to the stator
surface.
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In these equations,; Jn 15 the maximum linear current den-—
sity along the stator cuter diameter, 173,641A/m conserva-
tively. A, is the wavelength of the stator or distance
between like poles along the circumference, 0.326m. k.
relates the rotor current to 1ts average value. In tms
case, a squirrel—-cage rotor, 1t is assumed toc be one. The
most difficult term to determine is W’.

SWHLC
Ko s) 43

-1
‘=tan
v ( k?pg

The physical significance of Y is that it relates the
phase of the rotating MMF wave to the phase of the induced
potential in the rotor. c. is the rotor sheet conductor
thickness in Weisman’s work. In this research 1t will be
estimated using the thickness of the rotor bars averaged over
the entire rotor circumference, 0.018m. p is the resistivity
of the rotor bars, 26.9 x 10-70hm-m for aluminum. g is the
‘air’—gap width, 3mm. k is the wavenumber associated with A,
from above, 11.95m~*. This makes %'=1.380radians.

Using the values discussed, the normal force of electro-
magnetic origin is 12,280N (27601bf) per slot or roughly
222tons over the entire stator. This value is based on
assumptions involving maximum current values.

3.5.1.4 Electromagnetic Torque Forces

These forces arise from the fact that the stator must
react the torque which drives the rotor. Hence, to find this
force only the motor’s torque and the stator’s ocuter diameter
need be considered. The maximum torque is 4.05 x 10%N-m.

The ocutside radius of the stator is 2.3109m. Therefore, the
force on the stator in the circumferential direction is eqgual
to 1.612 x 109N (363,0001bf or 162tons).
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3.5.2 Core Pins

The core pins have a relatively simple purpose. They are
meant to hold the stator cores a stack of laminations,
together and provide an attachment point for the rest of the
structure. The core pin must withstand an axial load caused
by the stacking pressure of the laminations. The cther forces
acting on the core pins will generate shear stress across the
cross-section of the core pin. These other forces are the
weight of the core, the normal electromagnetic force, the
electromagnetic torque force, and a pressure force.

Side Yiew End View
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Figure 1 — Core Pin Geometry

All but the lamination stacking pressure have been speci-
fied. 1In his research, Hamner recommends using epoxy encapsu-—
lation to protect the stator core from sea-watev. This
requires compressing the stack of laminations. The pressure
used to hold the epoxy encapsulated laminations together needs
to be greater than the expected hydrostatic pressure at which
the submarine expects to operate. A core stacking pressure of
&670psi is used based on these requirements.

A core pin will be placed through the length of the stator
at each pole location. This means that there will be &0 core
pins.
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3.5.3 Tilters
The tilters connect the stator core to the stator ring.

The core pin will fit i1nto a hole in the tilter arm. The core
pin and tilter are free to rotate relative to each other. The
tilters have two arms. Hence, they attach to two neighboring
poles. The normal electromagnetic forces on the twsc neighbor-
ing poles should be equal and opposite. Hences; no net force
due to normal electromagnetic forces should act on the tilter;

however, a moment will act on the tilter.
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Figure 1 — Tilter Geometry

The tilter must <ithstand the force due tc the weight of
the core plus the normal pressure force. The tilter must also
support the bending stress associated with the normal electro-
magnetic forces. The tilter will also have to transmit the
electromagnetic torque—-induced lateral force. There will be
two tilters for each pole—-pair, one on the forward end of the
stator core and one on the aft end of the stator core, a total

of 60 tilters.
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3.5.4 Ring Fins

The ring pins form the connection between the base of the
tilter and the stator ring. The tilter and stator ring are
free to rotate relative to the ring pin. Ring pins are sup-
ported on either end by stator rings. The are locaded in the
middle by the tilter.

End Yiew Side View
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Figure 1 - Ring Pin Geometry

The ring pins must withstand a shear force caused by the
weight of the core, the weight of the tilters, the normal
pressure force, as well as the electromagretic torgue-induced
force. There will be one ring pin for each tilter, a total of

60 ring pins.
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3.5.5 Stator Rings

All of the tilters and, hence, all of the core pins are
connected to the four stator rings. The stator rings are
circumferentially continuous rings which serve to provide an
attachment scheme for the axial beams used to connect the
entire assembly to the hull. Tilters, located at the thirty
stator pole—-pairs, attach to the ocuter circumference of the
stator rings. Axial beams, located at each of the 64 journal
bearing pad supports, attach to the inner circumference of the

stator rings.
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Figure 1 - Stator Ring Geometry

The stator rings must withstand a bending (or hoop) stress
due to the weight of the core and tilters and the normal pres-
sure force. The rings must also withstand a shear force in
the circumferential plane that is due to the electromagnetic
torque-induced force. Whereas the number of tilters and axial
beams are not multiples of each other, the distribution of
stresses will vary around the circumference of the stator
rings. Prior to applying design criteria, a calculation of
the maximum stresses within the stator ring is carried out.
See Table 14 of Appendix A.
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3.5.6 Axial Beam

The axial beam 1s perhaps the most interesting component
of the entire stator support structure. It is essentially a
supposted beam which holds the stator core and other stator
support structure components in place and attached to the
hull. Its ends are attached to the journal bearing pad sup-
ports. These, ir turn, are located on the pressure hull oppo-
site an internal frame. This i1s done to minimize the impact
of pressure hull deflections at depth and ties the stator
radial location to the rotor’s contact point with the pressure
hull.
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Figure 1 — Axial Beam Geometry

The axial beam should be stiff so that it does not tend to
deflect much at midspan. This is to preserve the ‘air’—gap
width. It must support the bending stresses due tc tbhe
weights and normal pressure forces. It must also react a
torgque which is created by the electromagnetic torgue-induced
forces and the torque reactor. The torgque tends to twist the
axial beam about its longitudinal axis. An in-depth look at
the bending moment distribution is necessary.
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3.5.7 Torque Reactors

The torgue reactors are acted upon by the axial beams.
Only the electromagnetic torque-induced force is transmitted
to the torque reactors. The torque reactors are hard-mounted
to the pressure hull. In this way, the electromagnetic torqgue
15 transmitted to the hull.

End View Side View

Torgque Reactor

Axial Beam

Pressure Hull

Figure 1 - Torque Reactor Gecmetry

The torque reactors must withstand a bending moment over
their upper portien. Along the base of the torque reactor,
the electromagnetic torque causes a shear stress at the con-
nection to the pressure hull.

3.5.8 Integration of Components

The design criteria and forces for =ach of the components
of the stator support structure is incorporated intoc a spread-
sheet where the structural calculations are performed. A fur-
ther check is made to ensure that all of the pieces fit
tog2ther and fit within the space allotted. The spreadsheet
appears in Table 15 of Appendix A. Included in the appendix
are some of the appropriate bending moment and shear calcula-
tions.
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No claim 15 made that the proposed structure is the opti-
mal structure. In fact, many alternative structures are per-
haps j;ust as suitable. Initial calculations, though, i1ndicate
that this structure will s=2rve the need.-—-That is, provide a
structure to test acoustic properties of the propulsion motor.

The baseline structure can be taken to be that shcwn 1in
Figures 1 and 2 in section 3.3. The dimensions of each of the
components can be found in the spreadsheet of Table 1S in
Appendix A. The estimated weight of the stator support struc-
ture 15 8.9tons. The estimated weight of the rotor support
structure 1s 7.2tons.

3.6 Sea-Water and the Baseline Design

A revolutionary feature of this entire baseline submarine
design is the fact that the propulsion motor 1s immersed in
sea~-water. To design engineers, this represents a great sim=-
plification in cooling water provisions ard gland seal con-
cerns. To operating and repair persons, this represents a
serious cause for concern.

The concerns with a sea-water immersed motor are threefold.
First, the electrical conductors in both rotor and stator must
be protected from being shorted by sea-water. Second, the
baseline motor design consists of large pieces which are in
motion relative to each other and which will be machined to
very demanding tolerances. These large pieces are easily cor-
roded in sea-water. Third, the cooling function of the sea-
water would be lost if marine life or particulate matter
clogged any of the sea-water channels surrounding the stator
core.

The second and third concerns voiced above are equally
valid for the thrust and journal bearings. The bearings must
also have unobstructed flow to e2nsure lubrication as well as
cooling.

Hamner offers an acceptable means of protecting the stator
core and rotor core as well as the stator and rotor windings
from the harmful effects of sea-water. The question now is how
the support structure can be protected. The simple answer is
to use materials which will not corrode. The suggested solu-
tion would combine a corrosion-resistant material such as the
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most suitable of the varigus types of stainless steel
{recognising that it too corrodes however slowly) and a protec-
tive coating.

In the past, when structural components of a submarine are
located i1n a free-flcoding space, the scantlings of those con-
ponents are increased over their requivred value to provide for
strength after material has been lost due to corrosion. Ghis
practice is recommended for this propulsion scheme. However,
specific calculations of how much scantlings should be
increased are beyond the scope of this research.

Increasing scantlings alone does not provide the most effi-
cacious approach to mitigating the deleterious effects of cor-
rosion. For example, the clearances involved in maintaining a
Smm ‘air’~gap on a 3.02m diameter structure do not allow much
roaom for corrosion allowances in scantlings. Therefore, steps
in addition to corrosion allowances in ¢_antliings must be
taken.

Hence, all of the support structure components will be fab-
ricated from stainless steel, then coated with protective mate-
rial similar to that proposed for core protection by Hamner.
Doubtless, at locations where two pieces are in contact or can
move relative to each other, the protective coating scheme must
be modified. Where relative motion exists, cladding with a
sacrificial metal may provide the solution. Eventually,
though, the cladding metal must be replaced.

Additional anti-corrosion measures can be specified. An
installed active cathodic protectioy system would provide pro-
tection, but with added weight and power requirements. Zincs
could be installed throughout the free-floosding baseline
propulsion motor space, which, if properly arranged, will miti-
gate corrosion as well.

While building in as much corrosion resistance as possible,
it is vitally important during the manufacturing engineering
phase of the construction of such a submarine design that
allowances are made in the design for relatively simple removal
of the rotor and getting ready access to all components of the
motar, structure and bearings. Zincs must be replaced; cor-
roded structural elements must be replaced; the structure musti
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he 1nspected to assess the precise degree of corrosion at the
very least. All of these reguire easy and inexpensive 3ccess
{i1in a dry-dock environment) to the propulsion motor internals.
Access in this instance must include the ability to remove and
restore any given structural component.

3.7 Baseline Design Closure

The remaining step left i1n the baseline submarine design is
to check the feasibility of the design. The initial submarine
design presented i1n section 3.1 1s used to develop the require-
ments for the motor designed i1in section 3.2. The baseline
propulsion motor design meets the power requirements. The
controller for the propulsion motor is discussed in section 3.3
and found to be feasible. Thrust and journal bearings are
found to be feasible and designed in section 3.4. Section 3.5
provides the design of the structure of the motor.

A calculated weight is provided for each of the structures
that is designed. These weights will now be included with
other weight estimates to determine if the required eauipment
can fit into the hull proposed in section 3.1. Additionally,
some arrangements will be performed to obtain the center of
gravity of the various equipments. Thus, the submarine design
can be balanced.

3.7.1 Refined Weight Estimates

More accurate estimates of the weights of the saven weight
groups will now be developed based on the baseline propulsion
motor design. As mentioned earlier, the initial weight esti-
mates, section 3.1.4, are based on SUBLAB. Now that P... is
known, reference [271’s empirical weight estimating
relationships can be used to obtain relatively accurate weight
estimates. (Table 1 in section 4.1.4 contains a description
of the function of each of the w~eight groups.)

Weight Group 1

Based on the selected hull shape and NSC, the estimated
weight from section 3.1.5 will be used. This weight includes
the motor support structure and propeller hub as well.
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Weight Group 2

This weight group can be broken into four groups,; nuclear
reactor weight, radiation shieliding weight, propulsion machin-
ery, and propulsion auxiliaries. 7The reactor and shielding
weight 1s a function of the reactor’s cutput power. As the
baseline submarine design is an electric powered boat, the
reactor plant capacity must be based on the combined propul-~-
sion input power, P.. and the ship service electrical power.
Consider the ship service load to be roughly 1.3MW. Hence,
the required reactor output power is roughly 354,000HP
(G1.1MW) .

Based on the relationships offered in section 3.2 of ref-
erence [27]1, the weight of the reactor is approximately
393tons. The weight of the shielding is approximately
238tons. The weight of the auxiliaries is approximately
67tons. Lastly, the weight of the propulsion machinery, which
consists of the propulsion motor, bearings, and propeller
blades, 1s 8%9tons. This weight is developed using the weights
obtained during the motor and bearing designs. See section
3.2.2 for motor weights. The propeller weight is taken from
Hamner’s research, S5.3tons.

Weight Group 3

Finding an accurate weight estimate for the generating
plant for the baseline submarine design is very difficult.
However, after reviewing a number of studies, the research
done by Greene et al, reference [321, provides accurate esti-
mates. Recognising differences between submarine electrical
requirements and surface ship electrical requirements, the
weights from this study provide the basis for the estimate for
the baseline submarine design. The electrical plant for the
baseline submarine design has a capacity of 41.1MW. The gen-
erators of this plant, two 20.1MW generators, will have water-
coocled stators and air—cooled rotors. This weight group must
also include the steam turbines and condensers associated with
electrical generation. The distribution system will have port
and starboard (dual) power distribution switchboards.

o8




ineight Group 4

This weight i1s somewhat arbitrary; however, it is very
close to the absolute weight of the command and control equip-
ment found on contemporary submarine designs.
Weight Group S

This weight i1s taken to be a function of the pressure hull
size and the complement. Reference [27] develops the function
in its section 3.3.
Weight Group 6

This weight i1s based on mostly on the crew size. Whereas
the baseline submarine design has only one engine room (and no
forward auxiliary machinery room) and much less equipment
within that enginerocom, the number of engineering personnel
assigned toc the baseline submarine should be less than the
number assigned to contemporary nuclear powered submarines.
The complement of the baseline submarine is 102, 12 officers,
12 CPO0’s and 78 crew. This number combined with a stores
endurance of 43 days provides an input to reference {271’s
section 3.6.
Weight Group 7

This essentially represents the weight of the torpedo
launching and handling equipment. Whereas there has been
little change in how this is done, a weight similar to the
torpedo launch and handling weight from another past submarine
will be used.
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Table 1 - Revised Weight Estimates

éweight Component :SymboliLong ;Comment é
! ] : 4
§ i iTons ‘ /
) T ! : ‘ 1
jEnvelope Displace- |4, 15106 i g
H N o
iment ! ; % :
: i f 1
iFree Flood | FF ‘357 ‘7% of Dy
Y ! 3
1 y i i i
iSubmerged Displace-iA,, 14749 :A“, - FF %
H i : 5
iment ; i B
L —_ ! : [
£ i i 1
iMain Ballast Tanks [MBT 1528 112.9% of N3C i
2 i
Normal Surface NSC 4221 Ay = NSC + MBT §
. §
;Cond : §
: 3
:Variable {Loads VL 274 NSC = VL + Al §
i T 3
iCondition A A 3947 A = LEAD + Al E
3 3
1 t T
Lead Ballast LEAD 359 1104 of A g
:
Condition A-1 Al 3588 Sum of W1 - W7
;Group 1 Wi 1687 ’SECtIOﬂS 3.1.5 and 3.5
gGroup 2 We 787 Sections 3.2, 3.3, 3.4 ;
g i and 3.7.1 3
i6roup 3 w3 1237 Section 3.7.1
iGroup 4 Wa 220 Section 3.7.1 ]
Group S W3 421 Section 3.7.1
Group &6 Wo 131 Section 3.7.1
gGroup 7 W7 103 Section 3.7.1

3.7.2 Arrangements

Given the above weights, the equipment will now be located
s0 that some notion of the centers of gravity of the weight
groups can be developed. Once these centers of gravity are
known, the design can be balanced, that is, the LEAD can be
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located. Arrangements in submarine designs require drawings
to determine the feasibility of the pressure hull size.
Hence, 1nitial arrangement drawings are developed. These
drawings are shown in Figure 4 of Appendix A.

From these drawings the centers of gravity of some of the
weight groups are taken. Other weight groups, such as weight
group 1, are calculated separately. Following the arrangement
drawing is a spreadsheet that contains the centers of gravity
of the different weight groups and their components. That
spreadsheet 1s alsoc used for the design balance discussed in
the next section. See Table 16 of Appendix A,

The arrangement drawing has many similarities with modern
submarine arrangements. It also has numerous, and signifi-
cant, differences. The forward portion of the submarine is
relatively conventional. The aft portion of the submarine is
certainliy the u-orthodox portion of the design.

LLlocating the berthing compartment in the aft portion of
the submarine is begging for criticism. However, due to the
nearby location of the passageway through the reactor compart-
ment, getting to general quarters stations should not take
overly long, especially for the engineers. Further, the
ventilation and equipment rooms forward of the berthing area
and hard by the reactor compartment bulkhead will serve as
desirable additional shielding. A valid concern will be the
noise levels experienced above the enginerocom. However, if
the boat is well-quieted, as all good submarines should be,
then this concern can be surmountable.

One of the potential advantages of the baseline submarine
propulsion motor is that it may be possible to locate a large
payload space aft. Installing advanced acoustic sensor array
equipment is also possible back aft. Doubtless, the gpecifics
of such systems are classified and, hence, are inappropriate
for discussion. The flexibility of the arrangements back aft,
though, would permit inclusion of such equipment.

Figure S5 of Appendix A contains an outboard profile of the
baseline submarine design with the locations of the control
surfaces included.
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3.7.3 Baseline Submarine Balance

This step considers all of the weights and locations of
weight groups 1 through 7. A lead sciution is obtained using
the classic approach. The LCG of the envelope displacement
must be located at the exact same pcsition as the LCB of the
hull envelope. For acceptable submerged stability, tne VCG of
the envelope displacement must be located below the VCE. This
will produce a richting moment if the submarine rolls to one
side. Usually, the distance between these two points should
be no less than one foot. Hence, the YCE 1s typically located
very close to the submarine’s axis. The VCG, ther, should be
no higher than 15.0ft. The weight balance sheet, Table 16 of
Appendix A, shows that the VCG is at 14.98ft, which is accept-
able.

The LEAD solution is also shown on the spreadsheet, Table
16 of Appendix A. Section 3.1.4 discusses the location of
LEAD. Of some concern to the designer, the stability lead is
a relatively large percentage of the total amount of lead,
304. The implication is that less of the lead is available as
irsurance against uncertainty in construction and future
growth potential, The LCG of the stability lead indicates
that 1t i1s located rather far forward. This telis the
designer that the boat i1e a bit heavy aft. If additional
design iterations were to be performed, then tnis could be
addressed. It 1s satisfactory for this stage of the design
effort.

3.7.4 MBT Sizing and Location

Section 3.1.6 dealt with the sizing and location of the
MBT’s for the initial weights and centers of gravity loca-
tions. Whereas new values for the weights have been calcu-
lated and new locations of the centers of gravity have been
taken from the arrangements, so too must the size and location
oT the MBT’s be refined.

The outboard profile in Figure 3 of Appendix A snows the
updated location of the refined MBT locations. A spreadsheet
shows the updated MBT sizing calculations. See Table 17 of
Appendix A. Based on these results, the pressure hull loca-
tion is feacsible.
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3.7.5 Equilibrium Polygon and Stability

In additicn to the MBT’s, submarines also have trim—tanks.
The role of trim—-tanks is to maintain the trim and neel of the
submar ine. In effect, trim-tanks ensure that the LCG always
lines up with the LCB and that the submarine is heavy enough
to submerge. Developing an equilibrium polvgon for the subma-
rine design ensures that the trim-tank design is feasible.

The standard approeoach used bv the U.5. Navy 1s used to
determine which weignts will be ircluded irn various load con-
giticns., For example, ore particuler lecading 1s cailea "heavy
forward". in this loading, all var-aple lcad 1tems iccated
aft in the supmarine are assumed to be consumed. Herce, the
boat wil! have a trimming moment tending to push tne bow down.
To compensate for this trimming moment, the aft trim tank must
be capable of besing filled with enocugn water to bring the boat
back to an =ven trim.

In this early feesibility study, five load conditions were
used to test the t-im tank and weight balance feasibility.
These five condit:ions were, "heavy 2'-H2, "heavy forward
1"-HF 1, "heavy aft"-HA. "light 2"-LEé, ard "normal"-N. These
five conditions are explicitly Jdescribed in reference [403].

Cn the figure below, the trimming moment caussd by these five
conditions are indicated by crosses.

The three tria tanks, forward, aft, and an auxiliary tank
close to the LCZ of the submarine, are capabie of providing
continuously wvariable trimming moments. The polygon on the
figure below encloses all of the possible trimming moments
that can be generated by the trim tanks. The geal of the trim
tank system is to enclose all of the possible load conditions.
If this is true, then the trim system will be capable of com-
pensating for any conceivable changes in the variable loads on
the submarine.

The variable load locations are derived using locations
from the arrangement drawings and outboard profile. For each
load condition, the requisite variable ballast weight and its
LCG were computed. The trim-tanks shown in the outboaru 2ro-
file of Figure 5 in Appendix A provide the equilibrium polygon
shown below.
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Figure 1 - Equilibrium Polygon
The equilibrium polygon shows that the trim—-tank configu-
ration shown on the baselirne submarine design is feasible and
stable.

3.8 Conclusion

The baseliine submarine design presented in the preceding
sections appears to be a feasible submarine design. This con-
clusion is based on a single iteration design. A real subma-
rine design would go through many such design iterations before
construction would begin.

The baseline submarine, as described in this chapter and
Appendix A will be the subject of the acoustic analysis devel-
opad in trhe next chapter.
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4 Acoustic Madel
4.1 Introduction

Chapter 1 discusses tihe selection of an acoustic model that
will be adapted to describe the acoustic emissions of the OTHEP
propulsion system. The model selected is referred to as TFA
(Transfer Function Analysis, or "empirical enalysis"). Tiiis
model must be modified to account for the unique aspects of
OTHEP. This chabpter develops the necessary adaptations.

Befere discussing the modifications to TFA, the forces of
electromagnetic (EM) origin that act on the propulsion motor’s
core, causing vibrations, will be described. Hopefully, this
description of the EM forces could be used by structural acous-
ticlians as an excitation force in a more sophisticated acoustic
model analysis than the adapted TFA model analysis used in this
research.

The EM forces will alsc be used to estimate the structure-
borne nolse source level of the propulsion mocor. This esti-
mate will be extremely approximate. A more accurate model
would involve acoustic modelling techniques which are well
beyond the scope of this research.

After describing the forces of EM origin, the TFA model
will be established. This model will be used in the next chap-
ter to compare estimated noise emissions from the baseline sub-
marire design propulsion system with estimated noise emissions
Trom several aother submarine propulsion systems.

4.1.1 Applications of the Acoustic Model

The baseline submarine design of this research, which fea-
tures OTHEP, can be considered to be in the very early feasi-
bility design stage. Hence, the description of OTHEP is not
very detailed. The weights, structures, and arrangements
presented in Chapter 3 and Appendix A are essentially an edu-
cated guess as to how an OTHEP submarine could be realised.

Referring here to structural features, discussion of the
baseline design in greater detail than plating, framing, bulk-
heads and decks 1s not possible. Structural components such
as stanchions, stringers and stiffeners have not been
considered at all. Furthermore, equipment foundation designs
and sound isolation mounting designs have not been developed.
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These two i1tems are very important to any detailed acoustic
model of the baseline design. Structures are the predominant
accustic path within the submarine.

Regarding the equipment within the baseline submarine
design, especially the major pieces of equipment such as gen-—
erator steam turbines and condensers et cetera, much of the
equipment is of a sort that is designed specifically for that
particular application. Many pieces of equipment are not of
the "off-the~-shelf" variety. Hence, measured acoustic emis-
sions data for those pieces of equipment will not exist until
that piece of gear is designed and built. An accurate
analytical estimate of the noise emissions for that piece of
equipment would not be possible until a detailed design has
been developed.

The foregoing discussion seeks to point out that the pre-
cise nature of the noise emissions from the source equipment
is not known. Further, the precise nature of the path that
that noise will take through the structure of the submarine is
not known either. With these two facts in mind, the approxi-
mate nature of the assessment of noise emissions attempted in
this research 1s manifest. Hence, an accurate assessment of
the precise noise emission characteristics of the baseline
submarine will probably not be developed. What this research
can praovide is twofold. First, it can provide an upper bound
on the noise emission level. This indicates whether or not
the acoustic design of the baseline submarine is "within the
ball-park"” in an absolute sense. Second, this research can
3150 provide a rough comparison with other propulsion plant
configurations.

4.1.2 Discussion of Dominant Noise Sources for Baseline Design

Virtually everything on a submarine, or any vessel for
that matter, is capable of making noise.-~Some sources of
noise are more ‘important’ than others. Acoustic quietness is
a desirable characteristic for a submarine for two reasons.
First, in order to detect fairt acoustic signals in the sea, a
submarine must first be quiet herself. This is the issue of
"self-noise". Second, in order not to be detected by other
listeners, a submarine must not emit noise into the sea. This
is the issue of "radiated-noise".
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In the context of the two issues listed above, the princ:-
pal concern i1s with noise that is transmitted into the sea,
travels some distance through the water, then 1s observed by a
listening device. In this context, noise that propagates some
distance through sea-water can be considered to be “important’
noise.

The sea, as a medium, provides an upper limit on the fre-
quency of noise that will propagate over the distances envi-
sioned here (on the order of several kilometers). The
dissclved chemicals within sea—-water affect the absorption, o-
attenuation, of sound waves travelling through the water.

This absorption car be rcughly described as arising from a
damped, visco-elastic response of the dissolved chemicals to
the sound pressure waves. The absorption due to this mecha-
nism increases as the frequency of the sound pressure wave
increases.

The submarine, as emitter or receiver, provides a lower
limit on the frequency of ‘important’ noise. Listening to low
frequency signals requires a physically extensive listening
array. 1f such an array is on the order of the size of the
submarine, then the size of the submarine provides some clue
as to the lowest frequency of interest.

For an indication of the upper limit on frequency, the
following expression is taken from reference [411].

ary.~ 1CdB #1

Here, & represents the absorption coefficient for the sea-
water. a is a function of frequency, temperature, salinity,
acidity and pressure. r..,m represents the maximum propagation
distance. For °‘nominal’ sea-water, which has a salinity of
35Sppts a temperature of 4C, a pH of 8.0 and a pressure of
300ATM, the a corresponding to a rang®, rysms of 10km is
roughly equal to 1, refe-ence [41] figqure 3.5. The frequency
that corresponds to this alpha is roughly 11kHz. This, then,
is the upper limit to tne fregquencies that will be examined in
this research.

For an indication of the lower limit on frequency, the
following expression is also taken from reference [4l11].
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Here A.,.x represents the wavelength of the lowest freguency
sound, fmims that can be detected on array of length L.a-ray.
The speed of sound in sea-water is a function of temperature,
pressure, and salinity. It varies continuously over a wide
range of values; however, an ‘average’ value of the speeag of
sound in sea-water, Caws 15 taken to be 1300m/s. For a subma-
rine whose length is that of the baseline design’s, the maxi-
mum array length would be approximately 67m (220ft). This
vields a minimum frequency of roughly 22.4Hz.

Based on the discussion above, the frequency range of “im-
portant’ noise extends from roughly 22Hz to 11,000Hz. This 1s
not to say that all other emissions are unimportant. Rather,
for a submarine whose size is on the order of the baseline
design, emitting and observing noise, this is the frequency
range of greatest interest to this research.

Noises whose frequency lies within the range shown above
can come from a myriad of socurces. If one is comparing two
different propulsion schemes, perhaps OTHEP and an electric
motor driven conventional propeller system, then many differ-—
ent acoustic emitters will have to be considered. For exam-
ple, the control surfaces of the baseline submarine are aft of
the propeller. For a shaft-driven propeller on the axis of
the submarine, the control surfaces are forward of the propel-
ler. These two configurations will have different radiated
noise levels for noise that originates from flow variations
across the control surfaces and noise that originates from
flow variations at incidence with the propeller. For the
rotational speed orf the propellers, the number of opropeller
blades, and number of control surfaces for both propulsion
systems, the noise due to the flow variations will lie within
the range of ‘“important’ noise.

Needless to say, it would be very difficult indeed to com-—
pare all of these potential noise sources. Hence, this
research will be limited specifically to the noises arising
from the forces of electromagnetic origin that lie within the
frequency range developed above. In the comparison study,
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only the propulsion train noises will be considered for com-
parison. Issues pertaining to structural acoustics will be
1ignored.

4,1.3 Acoustic Model of OTHEP
4.1.3.1 Determination of Forces of EM Origin

This task is based on the assumption that harmonics 1in
the ‘air’-gap magneto-motive force (MMF) of the propulsion
motor will cause time varying forces to act on the motor
core. Any MMF wave will generate normal forces on the
motor’s core, harmonics or not. These forces are then trans-
mitted to the motor’s mounting and then on to the hull. The
harmonics in the ‘air’—-gap MMF will be attributable to
windirg =nace-harmonics of the stator, rotor—-bar space har-
monics of the squirrel—-cage rotor, and time harmonics in the
stator current due to pulse width modulation of the stator
current.

The approach will be to compute the MMF for the stator
winding and rotor cage without explicitly solving for the
currents. The currents will then be determined and subse-—
guently substituted into the respective expressions for MMF.
Once the MMF is known, the radial magnetic field intensity
can easily be found. Knowing the magnetic field intensity,
the Maxwell stress tensor can be used to find the radial
force on the motor.

The description of the MMF will be based on the baseline
propulsion motor design of Chapter 3, as will be the descrip-
tion of the stator currents. 0Once the MMF and currents are
specified, forces on the motor can be found. These forces
can be converted into acceleration levels. This will permit
the calculation of source levels for use in the simplified
model discussed in the next section.

4.1.3.2 Development of a Simplified Overall Model for Compar-
isons

The method of predicting the radiated nocise level for the
baseline submarine is a modified version of the TFA model
analysis developed in reference [7]1. Reference [7] provides
a method for calculating predictions of airborne noise levels
within the ship design under consideration. Reference [71’s
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principal use is to assess compliance with various airborne
noise level regulations,; which are meant to either protect
human operators 1in equipment spaces or ensure crew and pas-—
senger comfort outside of the machinery spaces.

The method developed by reference [7] has to be modified
to predict waterborne noise levels. Instead of airborne
noise levels within the submarine, the chief interest of this
research 1s an assessment of the noise levels radiated into
the sea. Hence, so~e of the transfer functions used in ref-
erence [7] must be adapted to describe radiation into the
sea.

Only the noise sources from the propulsion train that
will be compared in the comparative analysis will be consid-
ered here. The goal is not to develop an absolute noise

prediction, but, rather, to assess comparative merit.

4.2 Description of Forces of Electromagnetic Origin

The objective of this section is to provide a description
of the acceleration levels within the propulsion motor. These
acceleration levels are the structurebarne noise source level
inputs used by the TFA model.

Finding the acceleration levels requires knowing the ‘air’-
gap MMF, which requires knowing the winding geometry and cur-
rents of the stator and rotor. These two issues are treated in
the next section.

4.2.1 Derivation of “Air’-Gap MMF, Including Harmonics
4.2.1.1 Stator Winding MMF

The first task in determining the forces of electromag-
netic origin that act on the motor is to determine the MMF
that is created by the stator winding. Many texts on the
sub ject treat this in the general sense. This research con-

centrates on the specific configuration of the baseline pro-
pulsion motor.

110




—%’

Table 1 - Propulsion Motor Winding Characteristics

§Motor Characteristic
1

o,

4

i
gstator Slots %180 %
%Conductors per Slot %2 g
EPhases 3 ~ %
gPitch 2/3 B g
;Pole Pairs ;30 B ;
%élots per FPole Pair _Eg - o a “—"“"“‘“‘“é
gNominal Stator Fre- %30H2 é
iquency i é

The number of slots and the number of pole-pairs dictate
the slots per pole-pair. The slots per pole-pair and pitch,
taken together, vield the winding pattern of a single pole,

which is shown below.

Table 2 - Propulsion Motor Winding Pattern

Quter Slot a c’ b a’ c b’

i AR

Inner Slot b? a c’ b a’ c

P&K'!!Ju& hiaiig

The effect of the width of each conductor is included in
this MMF derivation.
mechanical degrees.
electrical degrees;

Let a° represent the conductor width in
The
this
here that the insulation

equation below shows & in terms of

will be called a. (It is assumed
thickness is not important in MMF
calculations.)
: W
a:p-u':p-—-‘—. #1
Rop
MMF is defined to be
integral of the integral

the current intersected by the area
form of Ampere’s Law. The integral

form of Ampere’s Law is shown below, reference (121].

fH‘dI=[J-nda
c s

#2
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In equation 2, H is the magnetic field intensity vector.
J 15 the current density vector.

Theta

— ™
///Fotor cof?\\
- 1 "‘~\\ )

s g

P -~
.’/
A <é7

gstator core

=

~ Phase a magnetic axig

Figure 1 — MMF Integral Contour and Winding Geometry

The path of the closed line integral is shown in Figure 1
above. The surface circumscribed by that line integral is
the surface of the area integral on the right hand side of
equation 2. This second integral is simply the current
intersected by the area circumscribed by the closed line
integral’s path. | Hence, MMF is described in the following
equation.

MMF=fJ~nda H3
1Y

The winding pattern shown above taken in combination with
the angular conductor width and Ampere’s Law yield the MMF
distribution for a single pole-pair shown below.

112




MMF of a-Phase Winding

{A single pole pair is shown.)

MMF/la (Ampere-turnas/Ampere)

-2

-4 -2 0 2 4
Theta (electricsl radians)

Figure 2 - Stator Winding a-Phase MMF

This MMF distribution can also be described using a Four-
ier sine series. A sine series is chosen because, with the
reference axis shown in Figure 1, the MMF distribution is an
odd function. The Fourier represenzation of this MMF is
shown below.

MMF ,(8,)= ) a,sin(ne,) H4

ne)
3
a_=§f MMFE ,sin(n®,)dse, #S
[

Evaluating a. using the MMF distribution in the figure
above, vields the following expression for the Fourier coef-
ficients of the a-phase MMF.

8¢, sin{ %
a,=;r§ £2—)sln(%§)sln(%) H6
2

Before considering the role of current, i,, in this
expression, the a-phase MMF will be rewritten as follows.
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MMFE,=) A,,sin(r8,) H7

g (sin(%) (nn) (rm)
e - — isin{ — H
A, nn( "2_“ sin 3 lsm 5 8

This derivation of the effect of slot and winding geome-
try closely agrees with the classic derivation of winding
MMF’=, reference [18l. According to reference (18], equation
B-22, for point conductors (a = 0), and using winding factors
for the winding geometry shown in Figure 1, and considering
cnly the space fundamental fregquency, n=1, the coefficient of
the space fundamental term of the a-phase MMF follows.

A== 49
b1

The value of A, arising from the use of equation 8 is
shown below. The difference is roughly 15.54. The differ-
ence is attributable to the effect of the width of the con-
ductor on the MMF. The method of reference [18] does not
account for this effect. The propulsion motor does, in fact,
have conductors of very finite width.

_6.9282
n

A, #10

The expression developed here for A, equation 8, accu-
rately conveys the effect of winding geometry on the MMF gen-
erated by the stator winoing. Equation 7 also includes a
current term, ia.s which must now be developed.

As discussed in Chapter 3, the propulsion motor armature
will be supplied by a variable frequency, variable voltage
level, pulse-width-modulation (PWM) power converter. The
current from this converter will contain the time-fundamental
stator frequency and harmonics of the PWM converter switching
frequency, w,. Hence, the current should be representable in
such a form as follows.

FCE)= 1,008 (W, £)* ) (BpynCOSMLW,E)+D)yasinm(w, L)) #11
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As a worst—-case approximation, the shape of the distor-
tion can be approximated by a square wave of ore-half duty
cycle, with a magnitude called I,..» added to the time
fundamental compaonent. Hence the coefficients of the Fourier
series representation of the current waveform can be reduced
somewhat. Shown in the figure below is a representation of
the square wave addition to the current waveform. An odd-
function square wave is assumed. (Note, this is a very con-
servative description of the distortion. A square wave of
one-half duty cycle can carry a lot of energy.)

Current Distortion Waveform

16 (PWM Switching Frequency)

1.4
1.2

1
0.8 -
0.6 4
0.4-J
0.2

-0.2
-0.4
-0.6
-0.9

Non~dimensionalised Current (Isw/lmax)

-1.2 A
-i.4 4

-1.6 T T T T T T T T T T T T T
-1 -0.5 -0.2 0.2 0.6 1 1.4 1.8

o~

Wy
b3
Figure 3 - Current Distortion Waveform

The following is the Fourier sine series description of
the distortion waveform.

— 2] gax
few= 2. —';:—(l—cosmn)slnmw,t #12

m=i
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The total current will be taken as the sum of the funda-
mental component of the current and the distortion zomponent
shown above. The coefficient, A, eliminates even time
harmonics of the PWM switching frequency.

L()=1,cosw t+ Z And g SIDM(W,t) #13

M=)

where Ap= 2——————(1 —;:Lo;m,n)

ut
[
B

Whereas the propulsion motor is a three phase machine,
the other two phases of the stator current car be described

as follows. A balanced three phase system is implied here.
a = n
t,(t)=1,cos(w‘t—?-)+ ) A,I,,,slnm((.u t-—g——] #15
3/ a0 v 3
‘c(")=pr°S(wJ+23—n)+ 3 AmlmaxSlnm(wpt+g:iﬁ) H16
me}

In equations 13-16, W, represents the fundamental stator

electrical frequency. w, is the PWM switching frequency. Ia

P
is the stator’s time-fundamental frequency peak line current.
{mar Tepresents the amplitude of the square—-wave distortion

of the stator current.

Substituting the expression for the a-phase current,
equation 13, into the expression for the a-phase MMF, equa-
tion 7, gives a more complete description of the a—-phase MMF.

MMF ,(8,,)= ZA,(I,cos(w,t)+ Y A_J._,smm(w,z))sm(ne,) H17
A=l ms=i

The b—-phase and c-phase camponents of MMF will take simi-
lar forms.

MMF,0,,1)=y A, z,cos(w‘t—g’—‘)+ Y. AmipegSIiD m(w,z-z—'f) sin n(e,—gﬁ) #18
A=l 3 mel 3 3

MMF (8,,1)= ZA,({,cos(w‘t+%“)+ 5 A,I_,,sinm(w,n%’-‘))sm n(eg%“«) 419
ne} mal \

The oreceding three expressions for the MMF of the three
phases represent travelling waves. Combining the three sets
of travelling waves vyields the MMF due to the entire stator
winding. The results of the combination are shecwn below.
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( 2n
Aﬁpyn[nm-{;%mnns }»J)]

T%)

MMF (8,.1)= Z{zL
nuy’

- [
+An Z A, m,,‘(Zsmmzn m{%g)cos(rze -mw t)]
+A, Z A,,,‘m,(l +2¢0 s )Zn)cos(neea« mw,t)]
i mej
+An ,,‘(I+2c )2n)cosn9,cosnu»’z}} #20

Although somewhat complex, equation 20 contains a famil-
iar result. The first term on the right-hand side of equa-
tion 20 is a travelling, synchrorous speeds sinuscidal MMF
wave. This first term includes the non-even, non-triplen
space harmonics. The remaining terms on the right-hand side
of equation 20 represents the effect of the time harmonics of
the stator currents.

The first of the PWM switching frequency harmonic terms
is a forward-travelling wave. The second is a reverse-
travelling wave. The third is a standing wave. The coef i-
cients of the wave expressions dictate which of the PWM
switching frequency harmonics will participate in the various

travelling waves.

4.2.1.2 Rotor Cage MMF

The first step in determining the MMF which arises from
the current in the rotor bars is to find the magn:itude of the
current in each of the rotor bars. Reference [(34] discusses
the relationship between the results of the equivalent cir-
cuit analysis and an actual description of currents in
squirrel-cage rotor bars. A vital result is the relationship
between the referred rotor current of the equivalent circuit,
1=» and the current in the reference rotor bar, ig-mrs refer—
ence (341 equation 35.

Ng

I T #1

Based on circuit analysis of the equivalent circuit, the

following two terms describe the referred rotor current, i,
in terms of the stator line current, ign.
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ZZ (wsld}z

sphr = 3 #2
PR s wiLe L))

#3

{—; and-w,(La*Ly) |
uzpht=tan 2 J
LT

Weilz+Ly)tanf

The expressions above describe how the time-fundamental
freguency component of the stator current divides between the
magnetising inductances Ly, and the rotor impedance. B is
the phase angle of the stator line current. For the a-phase
current, B 1s zerc. For the b-pbase and c-phase currents, B
is -? and ? respectively. The stateor time-fundamental fre-
quency 1s not the only frequency which contributes to the
stator current. Hence, the time harmonics of the PWM
switching frequency must also be included. This requ:res
defining two more terms.

(mw, Ly)?
B : 44
meplir ((5‘3)2+(mwp(l.z+1-0))2)
2 n
o) Tran{Brg)-mw (L. L)
vfmm“=tan‘ ; ( 2) phlz ; - 35)
e mwy(L:+Ly)tan(p+})

Hence, 1f the current described by equation 4.2.1.1.13 is
the i1nput current in an equivalent circuit analysis, then the
current shown below represents the current in the reference
rotor bar.

1 - i
1= (Zoe 5 SINCS W I+ 90 )+ ) Anlane(Z75,,0) sin MASW,E+ P ey L)
Mmel

Ng 2.8 - ] i .
-'-"mr 6N k [(Zsmt !) SID(SU«\‘C"’ vellit)+ zlA-I-u(Z zncplix) Slnm(swpt"'v -epllt)]

#7

Hence, the current i1n the reference rotor bar is known.
Now the current in the ather rotor bars must be found. In a
dorivation similar to that of refererce [34], the current in
each rotor bar will be phase retarded relative tg the refer-
ence rotor bar by an amount equal to the spatial displacement
between the rotor bars. Let the reference rotor bar be bar
number 1. fhe current in the j*" bar is shown below.
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Ng TN np
Lm:éN;ﬁ:‘[(Zw“t[‘O) Sln(sw I+, phg'—(}_ 1)——;')

) . 21
+ 1 Aaluux(Z aeoue)’ sxn(rnsuu L+ epue— (/- 1)__[")] 48
m=1

The goal of tne following steps i1s to develop a relation-
ship which describes the rotor currents as a series of trav-
elling waves. To expedite this, complex notation will be
adopted toc ease the manipulations. Additionally, only the
time fundamental frequencies will be considered. The current
in the ;'™ bar 1s shown below in complex notaticn.

Z>)=I_n,e-”m")*s‘z::ll.:n,e-m‘mp” O

where [ =l (“ Ve E #10

I,= {63 SR (Zomel5) ]9""’”‘=1be'"'"“ A1l

and g;ﬁg:_e o) H12
L:‘z[?{gﬁ"’m[ ““(Z'input)l;} Bty H13

To find the surface current density due to the current in
each of the Nx bars, the current in each bar will be summed

and divided by the circumferential distance corresponding to
one rotor slot.

Ny = _
B8 [Zlu u....uo(e._Zn(J 1)) ZZ_”, '""""’a(e'—zn(’ 1))] 414

felmel Ng

This surface current density, which is composed of Ne
impulses, will be described using a Fourier series. The
Fourier series that will be used is shown below.
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= }(np.'-tw.l) = m J(ape-miw 1)
=,.:z.-<§“e +) Khe ’ } #1S

M=}

i il -I(HD 0" 2n(5- 1)) -fiape-sw ()
L g g 200~ 1) “ e #16
K, Zn & 2Ly 5(6 e a6
N, -
-1 _ .
Ka=37 & LY YIne lmm'”O(e' 2———“% )) Jnptrmeay) yg- 117
tysim=1 R

As mentioned earlier, this series should include space
and time harmonics. However, as will become apparent i1n the
evaluation of an approximate source level, it is very desir-
able to avoid excessively complex descriptions of the “air’-—
gap MMF. Hence, the time harmonics will be forsaken.

The Fourier coefficients are evaluated next. The delta

functions, upon integration, simply yield an evaluation of
the integrand at the points where the impulse function is

non—zero.

.r PERSLLITIN
-2 nea) ‘18

e ;(u-t)f,'—:u-u)) 410

. < 1 PLYGE I U-DFZ-M)Y jape-cen
K:= Z {ZRR.LHQ :(Ze( )) aph-t +

Iy

iZI:R L:.e;;(”z'ex(u DE2u- u))) ,(npr-mm,u) 420

m=1 j=1

This series will now be altered to contain only positive
indices. This is done by adding to the summed expression the
same expression with the signs of the indices changed. The
case of n=0 is considered independently. This is done to
simplify visualisation of the travelling waves.

- Ny LT . ¥ 221m) ) <grmpi-
Kf=“;<2n1m£.el Uzet(u niteg. ’))euum w'n*(iel(“ 132y )))e 1ape un.l)]+

e

3 7ot

57 (z 1»9 {(ie (I l)‘_‘..'.“ ”))Q”‘N'-”-")-f(%e ((l l)"—'(l~A)))e-;(upo'-.;.’n]))
T ’.]

mel fel

#21
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One particular i1ssue warrants discussion at this point.
In the egquation above, the series expression which represents
the sum over the number of rotor bars has only two distinct
values, Nw and 0. Whether the series expression equals Ne or
O depends upon the expression shown below.

(l-r)p (l+r)p
AL L L £ y #
Na integer A integer 22

If equation 22 1is true, then the sum over the number of
rotor bars equals N for the two different cases. The first
corresponds to a forward cravelling wave, the second a
reverse travelling wave. These expressions act as a “filter’
which permits only harmonics that coincide with the rotor bar
frequency, which seems intuitively correct. These terms will
be examined later during the development of an approximate
saurce level for the propulsion motecr.

Now that the surface current density due to the current
in each of the rotor bars has been described as a function of
rotaor angle, the rotor MMF may now be developed. The method
used here 1s the same as was used to determine the stator MMF
in section 4.2.1.1.

-
L3

$,-n

MMF (8°,,t)= f R R,ab", #23
",

After evaluataon of the integral and some simplification,
the expression below for the rotor MMF results.
12 se . — Np
‘e - T{;e

m=)

1O ~me@ &

N
MMF,=--E'31.9

- Ny TSl
Y L:"‘(;e‘(“ e ))cosm(sm,t)

nd 1 F34 Ny -1 —=+n) -8’ ~sw ()
N z _{!-'e F Z e ( "y ) e e .
a2l Py

~

- Ny 1222 1
=V 5g=t1-n) 7ing’ - 3]
P Pl R
MAe -

-~

/
—('i_n‘e,(u-l)’,Ll'-(x-n)])emreomu,n]} H24

fa}




The expression above for the rotor MMF is a complex
expression. The real component of tne expression above fol-
lows.

MMF, --——1 SIN(B", - SW, =Y )+ Z —m—I,.,sm(e' - MSW, = W yprin)

me}

mej

2 {1-1Ee)
+ Z Ilh(z L e ’)alnw’,,,mcosm(sw,t)

Uy (tn——nmq _ .
mm{ ZX SIN(RO", + SW L+ ¥ pue)

4

: SETE
- Z 1“[(2 ' ) ))cos(ne’,—msw,t—u)’mm)

\ 22 (1en
(Ze Lo )))cos(ne’,+msw,l‘W'-m.m)]} 420

fol
4.2.1.3 “Air’-Gap MMF

The resultant ‘air’—-gap MMF is simply the sum of the sta-
tor and rater MMF’s. The only obstacle, at this point, is
the variables used to describe the spatial distribution of
the MMF. The stator MMF is given in terms of 6, and the
rotoer MMF in terms of 67, It is now necessary to relate
these twso variables. This is done through the "slip" rela-
tionsnip shown below.

8 =0-~wyt 1
pH =0",=0,- pw,t B2
8%, =8,-p(1-s)w,,,t H3
8,=0,-(1-8)w,t #4

When equation 4 is substituted into the expression for
rotor MMF, equation 4.2.1.2.25, the rotor MMF and the stator
MMF, egquation 4.2.1.1.20, can be combined to vyield the ‘air’-
gap MMF. After combination and some simplification the
‘air’—-gap MMF appearc as below.
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cosnn-1 13 s(u-nFRa-m)
+1'(—_——2npn )Nn[m(me sin(nd, - (n(1-8)*+s)w,t- ¢,,,.)

¥ {2
#NL(ZB’( Y ))sin(ne.—(ncl—S)-S)w.t"'u).pht)]
LAY

3 {A-A,I..,((l +2c0s

m=1

2
Sz-Lﬂ)—ll)r:o-s(neﬁnwupt)

(m—n)Zn)

-( 1+2caos cos(né, - mw’t))

ofcosnn-1 1 Ne , (1-1)3.2,!(1...) )
+[..(———-“2npn )Nn[‘N—R( lg ( ))(cos(ne.‘(n(l-s)w.+ msw,)t'\V'n.,...)
L

~cos(nd, - (r(1 - s)w,~msw, )= W'-...,m)]

1 Ny ,(U-\)"i’-(l-n))\
Nal L8 ) J(Cos(ne.'(n(l TSW,FMSW IV i)
J=1

-cas(né, - (n(l-s)w,-msw t+ W'..,,m))]]}
HS

4.2.2 The “Air’-Gap Magnetic Field Intensity and Maxwell’s
Stress Tensor

Equation 4.2.1.3.3 describes the ‘air’-gap magneto-motive
force that is developed by the stator winding and rotor cage
of the propulsion motor. Using this MMF, the radial force on
the motor core can be calculated. This radial force will
ccmprise the basis of the structureborne noise source level
estimates for the propulsion motor. Tangential, or circumfer-
ential, forces act on the conductors of the rotor and stator;
however, the transmission of these forces to .the motor core is
not simple to analyse. Consequently, only radial forces on
the motor core are considered. This is not an overly restric-
tive assumption given the nature of the propulsion motor. The
stator and rotor of the propulsion motor are thin cylindrical
shells. Hence, it is not entirely inaccurate to be chiefly
concerned with radial forces. As a consequence, the circum-
ferential, or "thrust", forces are ignored.
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To find the force on the motor core due to the “air’-gap
MMF, the description of the electromechanical stress tensor
given in Chapter 3 of reference [19] will be used. Einstein’s
summation notation is used in these equations. The electrome-
chanical stress tensor follows.

1
T"=H‘BS—§G“H.°H‘H‘ H1

The force arising from this stress tensor is described by
the following integral equation.

[va=f73mda "2
v s

In the preceding equations, F, represents the component of
force density in the it direction. T., is the component of
the stress tensor in the i%" direction on the component of the
face of the closed surface perpendicular to the j*" axis. Hn.
and B, represent the components of the magnetic field inten-—
sity and magnetic flux intensity, respectively, in the n*"
direction. 6, represents the Kronecker delta function.
Lastly, n, and da correspond to the component of the normal to
the closed surface of integration in the jj*" and the area of
the closed surface of integration respectively.

For the present, chief interest will be in the force den-
sity, F.. To examine this force density, the stress tensor
must be evaluated within the motor core and the ‘air’—-gap. To
simplify this process, two assumptions will be made. The
first assumption is that, compared to the “air’-gap, the motor
core is infinitely permeablej therefore, the magnetic field
intensity within the motor core is zero. The second assump-
tion is that the magnetic field intensity within the “air’—gap
is entirely oriented in the radial direction. Using these two
assumptions and cylindrical coordinates, the components of the
resultant stress tensor follow.

1
Tn=H,B,"EG,,IL.(H,H,"’H.H."'H:Hl) #3

i
Tr0=HrBO—Eauu'o(HrHr*HOHO+H:Hz) #e

124




Tu=H,Bl-éﬂnu,(H,H,*H.H,+H1H,) #3

In light of the second assumption made regarding the
‘air’—-gap magnetic field intensity, only T,. is significant.
Furthermore, the linear relationship between the magnetic
field intensity and magnetic flux density will be used to sim-
plify the expression for T... This expression is shown below.

[F,dv= f T,,n,da=f%u°H,H,da 46
v s s

The surface over which this integration will be performed
must now be specified. Figure 1, below, shows the surface of
this integration. Two surfaces are actually shown, one from
within the rotor, the other from within the stator. The
resultant force on the motor will be the same.

In subsequent calculations, equations 15, 16, and 17, a
surface force density is actually what is found.

fa

F,,= lim H7
Az ualo ay+0AXAY
Here, Fa. is the surface force density. f. is a
z-directed force. Ax Ay represents a vanishingly small area.
i

F,,= lim fp,av 48

A2 a0 ay-0AXAy 4
Fy.= T:nda #9

Uim
ax-0 ay-<0AXAY A -

This relationship is true for strictly orthogonal coordi-
nate systems. Hence, it wou.d seem that use of cylindrical
coordinates would be inappraopriate. However, two
considerations mitigate this. First, use of cylindrical coor-
dinates will yield the correct result because Ax and Ay are
taken in a limit that approaches zero.—--The dimension
vanishes. Second, the ratio of motor radius to pole-length in
the case of the propulsion motor is so large that it approxi-
mates strictly orthogonal coordinates over the length of one

pole.

F,= Hm T,n.da #10

A940 4x-0
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et 170 2
(Numerals denote surfacas. 5 & 6 are at ends of core.)
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Figure 1 - Surface of Integration for Evaluation of the Stress

Tensor

To evaluate equation 6, or 12, now requires knowing H..
This, though, has already been computed. Equations 4.2.1.1.2
and 4.2.1.1.3 provide the means to calculate H..

H,-(2@)= MMF .. #13

Evaluation of this expression is simple because the “air’-
gap MMF was calculated in the preceding section, equation
4.2.1.3.5.

= MMFﬂr-ny

#
20 14

H,

Substitution of this expression into equation 6 provides
the integral which must be evaluated to determine the radial
force acting on the motor core.

l MMFM]-. MMFNI-!
de=f- ( “)-( “) #1
[ . szu, g T da S
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From Figure 1, da 1s simply the surface area of surface
number 3. An expression for the differential area 1s shown

below.
da=1, Rd8, #16
: f,=jV.F,aV=j;%u,(MMIZ:;"“')«(MM;_;‘"’”)L,,Rae, H17
Polag & 7 2
F= g {(MMF,,,.,,,) ae, #18

This is the desired result.--The radially directed force
on a segment of the motor core can be calculated as a function
of time. f,- represents the radially directed force on the
segment of the motor core taken in the surface i1ntegral shown
in Figure 1.

4.2.3 Using the Forces as Input to Acoustic Analysis

Equation 4.2.2.18 describes the force on a segment of the
motor core as a function of the ‘air’—-gap MMF. Hence, this
expression provides the required input to a very sophisticated
acoustic analysis model. Evaluation of equation 4.2.2.18 pro-
vides the force on the motor core as a function of time.—--
Included in the resultant description of excitation forces are
magnitude and phase relationships.

Equation 4.2.2.18, though correct given the underlying
assumptions, is not very practical to use. The expression for
the “air’-gap MMF, equation 4.2.1.3.5, is an infinite series.
Equation 4.2.2.18 involves squaring an infinite series.
Through judicious selection of the circumferential extent of
surface number 3 in Figure 4.2.2.1, orthogonality of the spa-—
tial harmonics will reduce some of the cross terms resulting
from squaring the expression for the ‘air’-gap MMF.
Nonetheless, all of the cross terms involving the time harmon-—
ics in the expression for the ‘air’-gap MMF will remain.

In the next section, an estimated structureborne noise
source level for the propulsion motor will be developed. This
estimation is meant only to provide a quick, simple survey of
the dominant noise sources. Hence, many of the cross terms
arising from the squaring of the infinite series can be
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ignored. If the results of equation 4.2.2.18 are to be used
in a sophisticated acoustic analysis, then more terms will
have to be retained than will be in the next section.

Two criteria will be used to eliminate terms so that
4.2.2.18 can be evaluated. The first criteria is to eliminate
any terms from the expression for the ‘air’—-gap MMF whose tem-—
poral freguency lies cutside of the frequency range of "impor-
tant” noise discussed at the beginning of this chapter. This
criteria ignores the effect that multiplying sinusoidal
functions has on frequency. Namely, the product of tweo sinu-
soidal functions is the sum of a sinuscoidal function, whose
frequency 1s equal to the sum of the fregquencies of the terms
being multiplied, and another sinusoidal function, whose fre-
quency is equal to the difference of the frequencies of the
terms being multiplied. In a more accurate analysis, this
criteria should be modified.

The second criteria that will be applied will invelve the
magnitude of the harmonic terms. All terms of a series fol-
lowing the last term which is greater than or equal to one-
half of one percent of the fundamental term will be neglected.
This criteria may not seem to be too judicious; however, in
squaring the magnitudes, the error involved in neglecting such
small terms grows even smaller. Once again, in a more accu-
rate analysis, this criteria should be modified.

When considering which terms from equation 4.2.2.18 to
keep and which to discard, many different considerations
arise. Namely, what are the frequencies faor which the acous-
tic analysis is most accurate? What is the range of "impor-
tant” frequencies? These are just two of many concerns.

4.2.4 Estimated Baseline Propulsion Motor Source Level

The two criteria discussed in the preceding section are
applied to the expression for ‘air’-gap MMF, equatian
4.2.1.3.5. The first criteria eliminates the time harmonics
which lie outside the range of "important” noise developed in
section 4.1.2, that is, greater than 11kHz. Any terms whose
time dependence is described by rw, will only be considered up
to the term corresponding to n equal to 367 because any term
with a frequency greater than 3467 times 30Hz is beyond the
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11kHz upper bound. While this may not seem to be much help in
eliminating the number o0t terms to be carried around, the term
including the sum over the number of rotor bars multiplies the
terms with the stated time dependence.—--0Only five terms could

possibly be included.

Any terms whose time dependence is described by mw, will

be considered through the term with m equal toc 4. Any terms
whose time dependence is described by msw, will only be con-
sidered up toc the term corresponding to m equal to 219. As in

the preceding paragraph, the terms with the m:w, time
dependence are multiplied by the rotor bar "filter" term, thus
reducing the number of terms to be considered.

When the second criteria from the preceding section is
applied, the number of terms which must be carried around is
decreased even more. Terms multiplied by A. drop to less than
one-half of one percent of A, for n greater than 19. (Do not
farget than A, is zero for even and triplen terms.) Terms
multiplied by Ans which is zero for even values of m, drop to
less than one-half of one percent of A,, for m greater than
199. Terms multiplied by 1;43%%;}Nn drop to less than one-half
of one percent of the value corresponding to n equal to one
for n greater than 23.

After imposing all of these constraints on the indices,
the following expression for ‘significant’ ‘air’-gap MMF
results. It contains 34 terms.




3
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Whereas the method of the TFA model 1s principally con-
cerned with describing forces within a frequency spectrum, the
*air’-gap MMF described above is averaged over one pole. The
resultant ‘averaged’ MMF can then be squared and subsequently
multiplied by the ‘air’-gap surface corresponding to one pole
to yield the force on one pole of the motor core.

After taking the spatial average ot the “air’-gap MMF over
one pole, only time-dependence remains. Taking the average of
equation 1 vyields 24 terms with distinct frequencies. These
terms are shown in the table below. To square the ‘air’-—gap
MMF, these terms are multiplied as in a nested summation. See
the expressions which follow the table.
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Table 1

- MMF Terms Included in Source Level Estimate

1
3
H

) Frequency (Hz)éMagnltude_iﬁ—turns)%Descriptxon L
i 30% 5574;Stator Fundamental %
i_m‘ B 25001 4686£PwM Switching Freq. %
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When this expression is evaluated, some 376 terms result.
Taking the magnitudes of the resultant sinusocidal functions
and grouping them i1nto the octave bands used in the TFA model
described by reference [7]1 and subsequently multiplying those
summed magnitudes by the appropriate parameters shown in equa-
tion 4.2.2.18 yields a force spectrum. This force spectrum
must then be converted into an acceleration level in the motor
core in order to provide the structureborne noise source level
required for the TFA model.

Converting force levels into acceleration levels requires
being able to describe to some degree how the motor core
structurally responds to the forces applied to it. Hence, a
structural model of the motor core is used to provide the
acceleration response to the force level.

The structural model used to determine the acceleration
levels of the propulsion model is a simple model. The motor
core is considered to be a simply supported flexural beam.
The mid-span displacements are taken to provide the accelera-
tion levels. Furthermore. to account for the sea-water which
surrounds the motor core the mid-span of the flexural beam is
supported by a spring whose spring constant is based on the
bulk modulus of sea—-water. Additionally, the added—-mass
effect of the motor core accelerating sea-water is included.
The figure shown below represents the model used to determine
the acceleration response of the motor core.
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Figure 1 - Structural Model of Motor Core

The equation of motion for the mid-span of the structural
model is shown below. The eguation ignores damping.-~It
assumes small deflections so that rotational inertia can be
neglected. Only the displacement at mid-gspan is considered.

f,'—'(“"’majﬁ*(’fﬂ"*k‘,nu)u 4

Whereas harmonic functions are being considered here, the
expression above can be solved for the acceleration at mid-
span. Magnitudes of the response are of chief interest in
this stage. Hence, phase information is forsaken.

d=-wy ¥s

) fr
!}_((M+mt)*£?(k!h*k51ﬂu)) Ho

The mass, M, represents the mass of one-half the circum-—
ference of the moter core. The added masss mLs is calculated
using methods fraom reference [31].--Using the slender body
assumption, the two-dimensional added mass coefficient for a
rectangular shape is multiplied by its length. The relation-
ship between force and the displacement due to flexure of the
motor core, kriwxsy is described by reference [42]1. The spring
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constant of the sea—water is taken to be a linear function of
the bulk modulus of elasticity of sea waters kap, 1iag s These
relationships are shown below.

1 2
ma=4754pw(§Lu)L“u H7

3845. ¥ ] 3 [CD’.
knu"""“g_;_'g‘__ Hg

ktpung=£tv'21- HS

In the expressions above, E represents the modulus of
elasticity. ler e represents the moment of inertia of the
motor core. Loeie represents the circumferential length cor-
responding to one pole.

The fact that one pole of the motor core is immediately
adjacent to another pole, which is vibrating with opposite
phase, will have an effect on the radiated socund power level.
This effect is due to cencellation. By computing, in the far
field, the radiated sound power level of a vibrating sphere
and comparing 1t with the radiated sound power level of two
spheres, in close proximity, with opposite phase angles, the
amount of energy lost through cancellation can be found.

When this calculation is carried out using the relation-
ships develcped in Chapter 2 of reference [41], the differ-
ences in the radiated sound power level are obviocus. There is
a pronounced frequency dependence on the difference in sound
power levels. In fact, the distance between the spheres will
determine at which frequency the sound power levels of the
spheres will be additive.

Since the effect of having poles with opposite phase
angles in not purely a source level effect, the cancellation
effect described above will be added to the source levels.
The sum 1s called the effective source level, Lawre-

Table 2 - Dipole Cancellation Effect
(dB)

Octave Band Center Frequency {(Hz2)

l
{31.5 63 185 250 S00 1000 2000 4000 8000
;—34 -28 22 -16 -10 -4 @2 8 14
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Computing expressions 7, 8, and 9 above, then substituting
them i1nto eguation & yields the estimated acceleration level
of the motor core. UOnce the acceleration level is known, the
structureborre source level for the propulsion motor can be
calculated. See equation 4.3.1.2 i1in the next section of thais
chapter for a discussion. The table below shows the resultant
structureborne noise source level for the propulsion motor.

Table 3 - Structureborne Noise Scurce Level for the Prgpulsion
Motor
(dB re 10"Zcm/s?)

Octave Band Center Frequency (Hz)

;Description 31.5 63 125 250 300 1000 2000 4000 8000 i
§EM,Noise 14 61 74 89 104 111 l4s 137 ¢ i

The shape of this spectrum of source levels appears to be
plausible. The sharp spike in the 2000Hz octave bank is due
to the very conservative evaluation of the harmonic content of
the stator current.—-—-The magnitude of the square wave distor-
tion is very large in this instance. While this motor may
seem noisy compared to the levels given in reference [71, it
is a very large motor. Furthermore, nc design features have
been included for the purpose of reducing noise. Conse-
quently, the source levels shown above can be interpreted to
represent something of the very worst case analysis.

A small factor to account for the damping of vibrations in
the motor due to the epoxy encapsulation between laminations
is included. Any reduction in magnitude due to phase rela-
tionships is ignored except for the adjacent pole cancellation
effect. The fact that no noise is radiated in the 8000H=z
octave band represents the effect of eliminating harmonics
prior to calculation of the square of the ‘air’-gap MMF,
Bearing in mind that the source levels shown above are very
approximate, those source levels are used in the comparative
analysis. Hence, any results arising from the use of these
source levels should be viewed with some degree of skepticism.
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4.3 Description of the Simplified Cemparison Model

Reference [7] is a design guide which seeks to compute air-
borne noise levels at various locations throughout a ship. The
ultimate goal is the determination of whether or not various
nolse criteria are met throughout the ship. To accamplish this
prediction, reference [7] uses transfer function analysis to
relat=z noise source levels to radiated, airborne noise levels.

The method of TFA used by reference [7]1 is simplified in
the sense that 1t ignores phase relationships. When discussing
transfer functions what 15 usually meant i1s a function. which
when multiplied by some input, yields an output. Generally,
transfer Tunctions contain a phase shift as well as a magnitude
amplification factor. TFA ignores the phase relationships.

TFA uses decibels in manipulations. Hence, where using trans-
fer functions usually invalves complex multiplication, TFA
involves addition and subtraction of decibels.

The TFA described by reference [7] distinquishes between
ailrborne and structureborne noise. Airborne noise sources are
characterised by a sound power level, L,,. GSee equation
4.3.1.1. A vibrating machine, an airborne noise source, radi-
ates sound through the generation of pressure waves. The air-
borne noise level inside of a space depends upon several
factors, the strength of the noise sources, the relative
locations of the sources, and the acoustic characteristics of
the boundaries of the space. Hence, it would be difficult to
characterise an airborne noise source in terms of a "loudness',
or sound pressure level, independent of the space into which it
radiates. Instead, airborne noise sources are described by the
rate at which they transmit acoustic energy, the sound power
leveal.

Structureborne noise sources are characterised by accelera-
tion levels, L.. 5See equation 4.3.1.2. A vibrating machine
wi1ll cause vibrations in the structure to which it is attached.
It is easier to measure the accelerations set up by vibrating
machinery than it is to measure the acoustic energy transmitted
into the structure to which the structureborne noise source is
attached. Hence, TFA describes airborne noise sources in terms
of sound power level and structureborne noise sources in terms
of acceleration level.
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This research is chiefly concerned with sound that 1is
radiated into the sea. Characterisation of airborne noise
sgurces by a sound power level obviates the need to describe
how machinery vibrations are converted into sound radiated into
the air. A relationship between stiructureborne noise and
radiated sound must be developed, though, because acceleration
levels within a structurc reveal nothing of ioudness without
consideration of geometry and medium.

Noise 1s not trancsmitted directly from a noise source into
the sea. It must travel from the noise source, within the
submarine, to the sea, which, hopefully, 15 ocutside of the sub-
marine’s hull. Airborne noise within the enginercom, caused by
all of the equipment which operates in the engimercom, is
transmitted to the hull and then i1nto the sea. Transfer func-
tions which describe the attenuation, or amplification, of the
airborne acoustic noise must be used to relate the sound
pressure level in the enginercom to the acceleration level in
the hull structure and then on to the sound power radiated into
the sea.

Structureborne noise must travel from 1ts source, a piece
of machinery, through the machinery’s mounting, to its founda-
tion, through hull structure, to the location where the sound
is radiated into the sea. Hence, transfer functions which
describe the transmission of vibration 1) through the machinery
mounting, 2) through the machinery foundation, 3) through hull
structure, and 4) into the sea, are needed. See equation
4.3.1.

The prediction of radiated noise is arrived at by using the
following relationship. It is based on both empirical data and
analytic analyses of hypothetical structures.

Ly=L,~TF geune™ TF teuntarion™ T F serucrure * TF ratianion #1

In this expression, L. represents the radiated sound power
level. L. represents the acceleration source level for a par-
ticular piece of equipment. The transfer functions of the var-
ious acoustic transmission path components tell of the effect
of the path on noise propagation. This expression is slanted
towards an analysis of structureborne noise, which is the prin-
cipal interest of this research.
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Since reference (7] is principally concerned with airborne
noise, the transfer function relating the hull acceleration
level to sound radiated into the sea is not considered. This
transfer function; TFiadiwmtien 3 15 developed in section
4,3.2.1.4. The development of that transfer function provides
a good description of the relationship of TFA to actual pres-
sure fields and structural dynamics. It alsoc points gut the
nature of the sound pressure level and acceleration level and
haow phase information 15 ignored.

Reference [7] provides noise source levels that are based
on empirical relationships which are derived from acoucstic mea-
surements of existing equipment. The transfer functions
describing mountings, namely isclation mountings, and
foundations deal with very generalised descriptions of those
components of the acoustic transmission path. Here too, empir-—
ical data is used. The transfer functions are based on charac-
teristics of isolation mounts and foundations that have been
built and tested. The transfer functions describing the
transmission of acoustic noise through the ship’s structure are
based on typical ship construction features.

Reference [7] breaks the frequency spectrum into 2 fre-
quency bands. These bands are called cctave bands. They are
identified by their center frequency. The different bands are
used to provide the description of noise emissions with some
notion, however rough, of frequency content.

All of the reference quantities and nomenclature of refer-—
ence [7] are used in the following adaptation of the TFA model.
All of the calculations involved with the TFA model are
logarithmic operations.

4.3.1 Development of the Model Sources

The model from reference [7] distinguishes between air-—-
borne and structureborne noise sources in its characterisation
of the source’s strength. Airborne sources are characterised
by sound power levels. Structureborne sources are character-—
ised by acceleration levels. Sound power level and accelera-
tion level are described below.

L,=IOMQ(£;) daB re W, #1
]
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W represents the sound power gen=rated by the source in
Watts. For reference [71, W, is taken to be 10" +<W.
a

L,=2010g(a
*

) dB re a, #2

a represents the acceleration level of the structureborne
noise source in cm/s?. For reference [7], a. is taken to be
10-2cm/s=.

The only sources of noise that will be considered during
this comparative analysis will be those noise sources which
are present in each of the alternative designs and not 1n the
others. This limits the scope of the noise sources to be
considered to propulsion system sources. Whereas all of the
variants for the comparative study will be nuclear powered
with identical nuclear steam generation plants, this source of
noise will not be examined.

4.3.1.1 Propulsion Steam Turbine Source Levels

One of the variants in the comparative analysis will be
the standard steam turbine driven propulsion plant. Fkefer-
ence {71, sections &6.2.2 and 6.3.2, offers airbaorne and
structurebaorne emission characteristics of propulsion steam
turbines. These are shown below.

The airborne noise characteristics of propulsion steam
turbines are shown in the table below. Reference [71 indi-
cates that propulsion steam turbines emit roughly the same
noise independent of power rating.

Table 1 - Airborne Npise Source Levels
for Propulsion Steam Turbines
(in dB re 10—13W)
This table is taken from reference [7]
page 6-10.

Octave Band Center Frequency (Hz)

;Description 31.5 &3 123 230 500 1000 2000 4000 B00O
]

jAirborne Noise 90 93 97 93 93 93 g1 90 87
i
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According to reference [71, the structureborne noise
characteristics of the propulsion steam turbines are domi-
nated by the reduction gear that it drives. Hence, the
reduction gear structureborne noise source level will be
taken as the structureborne noise source for the steam
turbine/reduction gear combination.

4.3.1.2 Reduction Gear Source Levels

The steam turbine—-driven variant “or the comparative
analysis will use reduction gears to drive the propeller
shaft. Hence, :1ts noise socurce level characteristics will be
given.

The baseline airborne noise source level for recuction
gears is & Tfunction of the power and speed of the reduction
gears. The expression for this baseline airborne noise level
is shown below, reference [7] equation 6~13.

Lyg=69+3.410g(hp)+3.4log(rpm) dB re 107°W §

To this baseline noise source level are added octave band
ad justments to account for variations in scurce level over
the frequency spectrum. The octave band adjustments are
shown in the table below.

Table 1 - Octave Band Adjustment (in dB) for
Baseline Reduction Gear Source
Airbarne Noise Source Level
This table is taken from reference [71]
page 6—-17.

Octave Band Center Frequency (Hz)

T
i
i

jDescription 31.3 63 125 250 500 1000 2000 4000 8000
Add to Egn.tl 8 9 10 i2 14 15 i6 ie 0

The baseline structureborne noise source level for
reduction gears is a furztion of the rated power of the
reduction gears. The express.on for this baseline structure-
borne noise level is shown beiow, reference [7] equation
&—28.

1,,-47+10log(hp) dB re 10"%’? 2
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To this baseline noise source level are added octave band
ad justments *~ account for variations in source level over
the frequency spectrum. The octave band adjustments are
shown in the table below.

Table 2 - Octave Band Adjustment (in dB) for

Baseline Reduction Gear Source

Structureborne Noise Source Level

This table 1s taken from reference [71]

page 6-40.

Octave Band Center Frequency (Hz)

Description 31.3 63 125 250 3500 1000 2000 4000 8000
Add to Egn.’2 0 9 3 8 23 33 33 28 18

1

b e e = o med

4.3.1.3 Ship Service Turbo-Generators Source Levels

All of the variants for the comparative analysis will use
ship service turbo-generators (557G’s). The ratings of the
S5576%’s, though, will change between variants. The electric
drive variants will have S587G’s that are capable of generat-
ing power on the order of the propulsion load. The steam
turbine-driven variant will have S8TG’s large enough for the
service load only.

The baseline airborne noise source level for S5TG’s is a
function of the power rating. The expression for this base-
line airborne noise level is snown below, reference T71 equa-
tion 6-14,.

12

L,p=60+10log(kW) dB re 1077w 1

7o this baseline noise scource level are added octave band
adjustments to account for variations in socurce level over
the frequency spectrum. The octave band adjustments are
shown in the table below.



Table 1 - Octave Band Adjustment (in dB) for
Baseline S5TG Source Airborne
Noise Sgurce Level
This table is taken from reference [7]
page 6-18.
Octave Band Center Frequency (Hz)

Faee m——— - ——

!
!Descrlption 31.5 63 125 250 3500 1000 2000 4000 8000
gﬁdd to Egn.1

1Static Exciter 2 7 8 12 10 10 11 6 S
;Dynamic 1 10 8 12 10 13 11 7 8
Exciter

The structureborne noise spurce level for SS5TG’s 1s
dominated by the e =ctrical generator that is driven by the
steam turbine, reference [{7]. Hence, the structureborne
noise of an SSTG s2t will be calculated by computing the
structureborne source level for the gena2rator. The genera-
tor’s structureborne sou-ce level will be develioped later.

4.3.1.4 Pump Source Levels

The OTHEF propulsion system requires that a large volume
of sea-water be circulated cthrough the free-flooding space
surrounding the motor. While the pressure differential that
the pump which supplies this sea-water must overcome is not
great, the capacity is large. Hence, this pump will be
included in the acoustic comparison. In addition to the pump
1tself, the motor or turbine that drives the pump must be
included, reference [7] page 6—-1B. The other variants of the
comparative analysis will require that pumps for cooling and
lubrication be included in the radiated noise prediction cal-
culations.

The baseline airborne noise source level for pumps is a
function of the power rating of the drive motor and tt.e speed
of the pump. The expression for this baseline airborne noise
level is shown below, reference (7] egquation 6-15.

-12

Lye=15+10logChp)+1Slog(rom) dB re 10 °W #1
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Toe this baseline noise source level are added octave band
adjustments to account for variations in source level over
the frequency spectrum. The octave band adjustmsnts are
shown in the table below.

Table 1 - Octave Band Adjustment (in dB) for
Baseline Pump Source Airborne
Noise Source Level
This table is taken from reference [71]
page 6-19.

Octave Band Center Freguency (Hz)

iDescription 31.5 43 125 230 3500 1300 2000 4000 8000
1Add to Egn.l
iCentrifugal 25 25 26 26 27 29 26 a3 18

iPump

|Gear Pump 35 35 3 3 37 39 36 33 28
‘Cavitating 0 0 0 1 3 I 10 13 5
| Pump

!

The baseline structureborne noise scurce lesvel for pumps
is a function of the rated power of the drive motor. The
expression for this baseline structureborne roise level is
shown below, reference [7] equation 6-29.

L,;=60+10logChp) dB re 10'“%? #2
To this bacseline noise source level are added octave band
ad justments to account for variations in source level over
the frequency spectrum. The octave band adjustments are
shown in the table below.
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Table 2 - Octave Band Adjustment (in dB) for
Baseline Pump Scource Structureborne
Noise Source Level
This table is taken from reference [71]
page 6-41.

Octave Band Center Frecuency (Hz)

Description  31.5 63 125 @50 500 1000 2000 4000 8000
{Add to Egn.2 .
‘Centrifugal O 8 21 19 23 a2 2 au 23
;Pump

{Gear Pump 10 2 3% 32 37 38 34 64 45

4.3.1.59 Electric Motor and Generator Socurce Levels

All of the variants for the comparative study will use
generators. The electric drive variants will also have large
propulsion motors. Additionally, the drive motor for the
sea-water circulation pump for the OTHEP free-flooding space,
as well as all of the other pump drive motors, will be taken
to be an electric motor. The source levels for the electric
machinery are developed here. The source level for the OTHEP
propulsion motor is develeped in the preceding section, sec-—
tion 4.2.4.
4.3.1.5.1 Generator Source Levels

The baseline airborne noise source level for electrical
generators is a function of the power rating and the speed.
Static excitation is assumed here. The expression for this
baseline airborne noise level is shown below, reference [7]
equation 6-17.

Lyg=34+10logCkW)+7log(rpm) dB re 10™ 7w 1

To this baseline noise scurce level are added octave band
ad justments to account for variations in source level aver
the frequency spectrum. The octave band adjustments are
shown in the table below.
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Table 1 — QOctave Band Adj ustment (in dB) for
Baseline Generator Source Airborne
Noise Source Level
This table 1s taken from reference (7]
page 6-24.

Octave Band Center Frequency (Hz)

i T - T

1Description 31.5 63 1285 250 3500 1000 2000 4000 8000
‘Add to Egn.i1 8 11 12 13 13 10 8 3 0 i

For dynamic exciters, an additional 35 dB must be addegc to
the octave band which will contain the exciter slot
frequency, reference [73 page 6-24.

The baseline structureborne noise source level for elec-
trical generators is a function of the rated power and speed
of the generator. The expression for this baseline
structureborne noise level is shown below, reference (7]
equation 6-32.

Lg=42+10log(kW)+7lag(rpm) dB re 10'395-"23 H2

To this baseline noise source level are added octave band
ad justments to account for variations in source level oaver

the frequency spectrum. The octave band adjustments are
shown in the table below.
Table 2 - Octave Band Adjustment (in dB) for

Baseline Generator Source

Structureborne Noise Source Level

This table is taken from reference (7]

page 6-44.

Octave Band Center Frequency (Hz2)

3
iDescription 31.5 63 125 250 S00 1000 2000 4000 8000
;Add to Eqn.2 O 11 14 14 16 17 18 18 18

4.3.1.5.2 Motor Source Levels

The baseline airborne noise source level for electrical
motors is a function of the power rating and the speed.
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Drip-proof, totally enclosed motors are assumed here. The
expression for this baseline airborne noise level 1s shown
below, reference (7] equation 6-18.

Lyp=S+13log(hp)~+1Slag(rpm) dB re 10 %W H1

To this baseline noise source level are added octave band
adjustments to account for variations in scurce level over
the frequency spectrum. The gctave band adjustments are
shown in the table below. The allowance faor drip-proof
enclosures, reference [7] page 6-25, has been included.

Table 1 - Octave Band Ad ustment (in dB) for
Baseline Motor Source Airborne
Noise Socurce Level
This table 1s taken from reference [71
page 6-24.

Octave Band Center Frequency (Hz)

i H
?Descriptxon 31.5 63 185 250 500 1000 2000 4000 8000 ?

iAdd to Egn.l :
i :
RC Motor -5 -4 0 4 5 3 4 -2 -9 |
.DC Motor -10 -10 -5 0 5 5 4 -2 -9 :

The baseline structureborne noise source level for
electrical motors i1s more easily given in the form of an
envelope which the motor is not likely to exceed. The table
showing the limit of this baseline structureborne noise level
is shown below, reference [7] table &6-41 and 6-42.

Table 2 -~ AC and DC Electric Motor
Structureborne Noise Source lLevels
(dB re 10~®cm/s2)
This table is taken from reference (7]
page 6-44.

Octave Band Center Frequency (Hz)

%Descriptlon 31.9 63 1285 250 500 1000 2000 4000 8000
;AC Motor 92 92 92 92 92 92 92 g2 k=
]DC Motor 74 75 76 80 83 84 80 81 82

146




4.3.2 Transmission Path Madels

Reference {71 was developed principally to determine air-
borne noise levels in an effort to detect spaces where noise
was a problem from the perspective of concern for the hearing
of humans 1n those spaces. Hence, reference [7] spends a lot
of effort discussing airborne noise paths. The comparative
analysis being developed in this research is not so concerned
with alrborne naoise paths.

Two noise paths will be considered in the comparative
acoustic analysis. The first path is the airborne to structu-
reborne path. In this path, airborne noise is transferred to
the structure. The second path is a wholly structureborne
path.

Each of these paths involves transfer functions which
account for losses differently. Hence, the effect aof the
paths on the transmitted rnoise will be developed separately.

The goal for each path will be to develop a transfer func-
tion which when subtracted from the structureborne source
level provides an acceleration level at the radiation
location. The transfzr function (or transmission loss) for
each portion of the path is added arithmetically, then the sum
is subtracted from the source level.

4.3.2.1 Structureborne Noise Transmission

The source levels given in section 4.3.1 are for the
respective pieces of equipment independent of the foundations
or mountings upon which they sit. Here the path that the
noise takes, from the piece of equipment through the attach-
ments, the foundation, the ship’s structures and to the loca-
tion of hull radiation, will be characterised.

The path from a noise source to its point of radiation
must be considered for each noise source. Since the path
corresponding to each source can be different, the means to
calculate a transfer function which describes a particular
path must include provisions for all of the possible segments
of that path. Hence, this section considers separately the
transfer functions for the different path components.
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Consider the following example. Suppose the structure-
borne noise from a motor travels 1) through the mount which
attaches the motor to its foundation, 2) through the motor’s
foundation, 3) along a segment of deck plating, 4) around a
%0= joint into bulkhead plating, S) along the bulkhead plat-
ing, and &) to the hull plating where it is radiated into the
sea. In this instance, the transfer function of the entire
structureborne path will be the sum of the six given path
components. Accordinglys; this section offers the transfer
functions for mountings, foundations, hull structures (plat-
1ings stanchions, and junctions) and radiation into the sea.

4.3.2.1.1 Machinery Attachments

These components comprise how the piece of equipment in
guestion is attached to its foundation. The attachments can
amount to hard mounting or can include different types of
sound isolation. The desired transfer function relates the
acceleration level of the source equipment to the vibration
level 1t produces in the taop of the foundation.

Prior to discussion of the transfer function for the dif-
ferent mounting methods, reference [7] discusses how equip-—
ment is categorised according to weight. Class I includes
equipment that weighs less than 0.45tons (1000lbs). Class I1
equipment weighs between 0.45 (1000lbs) and 4.46tons
(10,0001bs). Class [II equipment weighs more than 4.4&6tons
(10,0001bs). The weight of a piece of equipment, in large
part, dictates the type of mounting that can be used.

Reference [7] also discusses the two categories of foun-—
dations. Type A foundations are relatively light, pipe foun-
dations. Type B foundations are heavier, plate foundations.

The class of equipment will inveriably have an effect on

which type of foundation is used. The table shown below
gives the transfer function for hard mounted machinery.
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Table | - Transfer Function for
Hard Mounted Machinery (in dB)
This table 1s taken from reference (7]
page 7-47.

Octave Band Center Frequency (Hz)

T
%Descriptlon 31.5 63 125 250 500 1000 2000 <000 8000 .

‘A I ¢ 6 6 6 6 6 6 6 6

A 11 5 4 4 4 4 4 4 4 4 g
B 1 13 10 B & 6 6 6 6 &
B Il 9 7 6 5 5 s 5 5 5 ‘
s 11 s &4 3 3 3 3 3 3 3 §

FT = Foundation Type MC = Machinery Weight Class

Machinery in submarines is rarely hard mounted to the
hull, Reference [7] discusses three types of isclation mount-—-
ings. The first type is high~-frequency isolation mountings.
The second type 1s low-frequency 1solation mountings. The
third type is two-stage isolation systems. Each type of
mounting has its transfer function developed separately.

High frequency isclation mountings are usually distrib-
uted mountings. That is, the equipment rests on pade of
material that has flexibility and damping appropriate to
reduction of high fregquency vibrations. These mountings are
called distributed isolation material (DIM) pads. Their
transfer function is shown in the table below.
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Table 2 - Transfer Function for
Distributed Isclation Material Mounts (in dB)
This table 15 taken from reference [7]
page 7-48.
Octave Band Center Frequency (Hz)

———— s e — - [ R

1
!Description 31.5 43 125 250 3500 1000 2000 4000 8000
3FT / MC

H
L

1A I 6 6 6 7 8 9 10 10 10
'a II 5 4 4 4 4 4 5 6 8
B I 13 119 8 10 15 15 1S 15 ,
B 11 9 7 7 & 8 8 9 10 10 f
|B 111 5 4 3 2 3 3 4 5 8 3

FT = Foundation Type MC = Machinery Weight Class

Low frequency isclation mountings are sometimes called
resilient mounts. These mounts are designed to isolate the
vibrations of a specific piece cf equipment. The isolation
mount design takes into account the weigihhc of the mounted
system and tne stiffness of the mounts.

These low frequency 1soclation mounts are essentially
oscillatory systems described by second order equations of
motion. Hence, they possess a natural frequency. Were tire
mount to be excited by vibrations at a frequency close to the
natural freguency of the mount; then the mount may very well
amplify the vibrations. Hence, it is vital to know the fre-
quencies of vibration of the piece of equipment to be mounted
and the natural frequency (or resonance frequency) of the
total svstem before a transfer function can be developed.

It i1s possib.e, though, to characterise lcw freguency
isolation mountings. Reference (7], section 7.3.1.3, indi-
cates that for typical shipboard systems, the resonance frao-
quencies of the mounted systems are less than 13Hz. Hence,
the table shown below will provide iransfer functions for low
frequency isolation mounts.
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Table 3 - Transfer Function for
Low—Frequency Mounts ~“n d3)
This table is t...en Trom reference (73
page 7-49.

Cctave Band Center Frequency (dz)

SR OO, —mr—— e e

IDescription  31.5 63 185 250 500 1000 2000 4000 80CO !

A1 9 14 2 23 2 2 2 25 &5 :
A II 4 8 12 14 17 20 2w 20 20 }
B 1 20 2 30 30 30 30 30 30 30 ;
B Il 12 16 2 2 2 &8 & 2 &5 :
%B 111 8 12 13 i4 15 18 20 20 20 ;

FT = Fourdation Type MC = Machinery Weight Class

The two-stage isolation mounting 1s essentially two low
frequency 1sclation mounts 1n series. It consists of the
source machinery being resiliently mounted to an intermediate
plate. The intermediate plate is itself mounted toc the foun-
dation by means of low frequency isclation mounts.

The two-stage isclation mounts have resonance frequencies
just as did the low fregquency mounts. In the case of two-
stage isoclation mounts though, the machinery connected to the
intermediate plate will have a resonance frequency of its
own, above the resonance frequency of the intermediate plate
mounting system. This tends to increase the natural fre-
quency of the entire mounting system.

Just as with the low frequency mounts it is possible,
though, to characterise two—-stage isclation mountings. PRef-
erence [7], section 7.3.1.4, indicetes that for typical ship-
board systems, the, resonance freguencies of the entire
two—-stage systems are less than 30Hz. Hence, the table shown
below will provide transfer functions for two-stage isolation
mounts.
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Taple 4 - Transfer Function for
Two-Stage Mounting Systems (i1 dB)
This table 1s taken from reference (7]
page 7-51.

Octave Band Center Freauency (Hz)

|Description 31.5 63 185 250 500 1000 2000 4000 8000
FT / MC

% A1 20 25 30 35 40 45 45 45 45
A I 1S 2 27 3 35 40 45 45 45
B I 85 33 40 45 50 S50 50 SO S0
'B 11 22 30 35 40 45 48 S0 SO SO
; B III 20 25 30 35 40 45 S0 S0 S0

FT = Foundation Type MC = Machinery Weight Class
4.3.2.1.2 Foundations

Transfer functions for a foundation relate the vibration
level at the point of attachment of the mounting at the top
of the foundation to the vibration level at the ship struc-
ture at the bottom of the foundation. The types of founda-
tion that are considered are the two types described in the
beginning of the preceding section.

It is important to note that if a piece of machinery is
directly mounted to the ship’s structure, then there is no
transfer function (TF = 0) related to the foundation, refer-
ence [71 page 7-51.

The transfer function, or transmission loss in this
instance, for the two types of foundation are shown in the
table below. Negative transmission loss values are inter-
preted to mean that the foundation is excited at a resonant
frequency.
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Table 1 - Transmission Locses for Foundations
(in dB)
Thices tables is taken from reference [7]
page 7-33.

Octave Band Center Frequency (Hz)

{ SR

iDescription 31.3 &3 i23 250 300 1000 2000 4000 8000 ;

iFound. Type
EQ -8 -11 -1t -8 -5 -3 =5 -1 -1

:B -13 -16 -16 -13 -i0 -8B -3 -2 0

4.3.2.1.3 Ship Hull Structures

Reference [ ] breeaks ship structures into three groups.

The first group consists of the structures that lie within an
area derived from the area of the "foctprint" of the exciting
equipment. The second group consists of the structure
through which the vibrations must be transmitted. The third
group concists of intersections of structure through which
the vibrations must be transmitted. Each of these three
groups will be discussed in turn.

A transfer functien describing the transmission losses
within what is called the "effective source area"” is not
developed. Here it is assumed that the vibrations are equal
to the vibrations at the bottom of the foundation. Instead,
though, it is necessary to develop a measure of the "effec-
tive sgource area'.

Reference [7] develops the "effective sourcez area"” in the
following way. Consider the "footprint" of the machinery
that is the noise scurce. The "footprint” is the area cov-
ered by the base of the foundation. To gat the "effective
source area'", reference [7] includes three feet beyond each
side of the "footprint" in its computation of the "effective
source area". Presumably this is an empirically observed
effect in typical ship installations. The measured area of
the expanded "footprint" is called the "effective source
area" and represented by Ag.
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The transfer function for ship structures through which
vibrations are transmitted depends upon the location of the
source equipment and whethar or not the structure is wetted,
that i1s, in contact witn the sea. Equation 1 below describes
the transfer function for transmission through structures
within the compartmenc where the source is located. Equation
2 below describes the transfer function for transmission
through structures ocutside of the source compartment. Both
equations are taken fram reference [7] page 7-56.

TF=101og(r£)+a(r—r,) aB Wl
f

TF=px! dB 2

re 1s the distance from the center of the "footprint" to
the edge of the source compartment, in feet. r is the dis-
tance from the center of the "footprint”, in feet. 1 is the
path length in spaces ocutside of the source compartment, in
feet. P is the dissipative loss coefficient, in dB per foot.
B can be increased, thus reducing transmitted noise, by
applying damping materials to the ship’s structure. This
will not be considered in the comparative study. f does
depend on whether or not the ship’s structure is wetted.
Shown below is a table describing 8.

Table 1 - Dissipative Loss Coefficient B for
Undamped Ship Structures
(in dB per foot)
This table is taken from reference {71
page 7-36.

Octave Band Center Frequency (Hz)

tDescription 31.3 63 125 230 S00 1000 2000 4000 8000
;Unwetted Deck 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
jWetted Hull 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
I

Transmission of vibrations through stanchions is somewhat
different from the paths through plating. Transverse and
compressive wave propagation are present. The table below
shows the transfer function, that is transmission loss, for
transmission of vibration through stanchions.
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Table 2 - Transmission Loss for Stanchions
(in dB)
This table is taken from reference [71
nage 7-60.

Octave Band Center Frequency (Hz)

I - - e e e —— -- -

Description 31.5 63 128 250 500 1000 2000 4000 8000
‘TF 0 Q 1 1 1 1 2 2 2

Transmission of vibrations around a right angle in the
ship structure or through an intersection at a right amngle is
discontinuous. Hence, transmission losses are associated
with intersections of the ship structure. Reference [7]
descrites these transmission losses for "T" junctions and
cross junctions. These transmission losses are shown in the
figures and taples below.

Figure 1 - "T" Junctions in Ship Structure
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Table 3 - Structureborne Noice Transmission Loss for
"T"—Junctions of Steel of Aluminum of
Various Thicknesses (in dB)
This table is taken from reference [7]

page 7-38.
Straight-Through Vibration Transmission Loss
(dB)
Plate 2 Tnickness (1n.)
I y } H H f T .“2
| i i1/4 13/8 !1/2 's5/8 1374 i1 .
1 H . | )

& P B
§ 174 17 11 15 119 (a3 ;29 ;
H } H

i P | i
|Plates 3/8 |5 7 10 113 116 21 |
] ' ] i
: : i !
;1 and 3 172 |3 6 7 S 11 316 :
;T ' .
iThicknesses 5/8 S 5 6 7 3 12
| e
[(1n.) 3/4 |s s 5 6 i7 110 i
L k- E ] !
| : : ;
; 11 4 5 |5 5 6 | |

Right-Angle Vibration Transmission Loss (dB)

Plate 2 Thickness (in.)

E 1/4 |38 |1/2 |S/8 |3/4 21 |
; 176 17 9 ji2 |15 |17 |ee ;
Plates a/sle 7 |8 |0 iz |ie |
ll and 3 51/2 7 6 7 8 9 12
iThicknesses (5/8 |7 |6 6 {7 9 12 |
(in.) a/a s |7 6 |6 |7 |8

O L - N O O
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A 4 A
- <
Figure 2 - Cross—-Junctions in Ship Structure
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Table 4 - Structureborne Noise Transmission Loss for
Cross~Junctions of Steel of Aluminum of
Various Thicknesses (in dB)
This table is taken from reference (71

page 7-359.

Straight—-Through Vibration Transmission Loss

(dB)
Plates 2 and 4 Thickness (1in.)

= - T T i T 1 T H i
| | ‘1/4 i3/8 1172 15/8 :3/4 1 |
------- - j i ; ; i A
| i1/4 19 1S 20 a5 la2 (35

_— e L, ! b U
i i ; | { o
iPlates 13/8 |6 |9 13 {17 20 26 |

¥ 1 7
. | ‘ , ! T
11 and 3 /2 4s 17 l1o0 i12 115 {20

3 1 y 1
i . ' i ; i
|Thicknesses 15/8 [S 6 |8 110 112 16 |
[ SN . 1 JR IO |

; i ‘

Lina) 3/4 s is e 8 |10 [14 |
R - PRSI U D : i i
! j ! { ! ] .
| 1 o 5 5 16 (7 {10 |
[ 3 ] H . H

Right-Angle Vibration Transmission Loss (dB)

Plates 2 and 4 Thickness (in.)

; ' z
| § 1/4 13/8 |1/2 |{5/8 |3/4 |1 ;
i " ; ) i
i ’ | { i
| 176 |9 |13 j16 |20 |23 lay |
lPlates 3/8 |7 9 12 l1a 16 |21
1 and 3 1247 I8 e 111 |13 |16
Thicknesses ;5/8 |8 |7 8 9 10 |14
(in.) 3/4 |8 7 8 8 9 |12
| 1 ¢ |8 7z 7z |8 I8 |

4.3.2.1.4 Radiation into the Sea

Reference [7] seeks to determine airborne noise. This
research seeks to determine noise that i1s radiated into the
sea. Hence, the transfer function which describes the radi-
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ation of plate vibrations into the sea is where this research
diverges from reference [7]. This research will build on the
development of plate radiation into air by reference [71].

Reference [7] develops a transfer function which relates
the acceleration level 1in the structure to the sound power
level radiated into the air. This transfer function is shown
below.

TF=L,-L,=10l0g(4,)+10l0g(g,,,)*10log(r)-20log(f)+20 dB Bl

Lw is the radiated sound power level. L.. 1s the acceler-
ation level within the radiating panel. A, represents the
area of a radiating panel. n is the effective number of
radiating panels. f is the octave band center frequency.

O,nag 15 the radiation efficiency of the panel.

This transfer function is for a plate radiating into air.
This research must adapt this transfer function to predict
how vibration levels in a plate will radiate intoc sea-water.

Adapting the transfer function relationship is accom-
plished by deriving the scund power level radiated by a
vibrating infinite flat plate. Reference [13] gives the
expression for the pressure field associated with a vibrating
infinite flat plate. This expression is shown belaow.

0, WU, e -
p(x,z)=n!’?3=3cos(k,x)e‘ Hkirgmes #2

p, represents the mass density of sea-water. w repre-
sents the frequency of the vibration. k is the wave number
corresponding to the vibration frequency. x represents
location along the surface of the plate. 2z represents dis-
tance away from the plate. vu,c08(k,X) represents the velocity of
the plate surface. k, is the wave number associated with the
deflections of the plate.

This equation points out three different regions of exci-
tation of the plate. Consider the exponential expression
describing the z-dependence of the pressure distribution. 0Of
vital importance to the structure of the z-dependence is the
value of Jk®-ki.
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If k < ks then the exponential term is raised to a nega-
tive real value. This i1ndicates that the pressure field has
an amplitude that decays exponentially with distance from the
plate. This type of radiation occurs "below coincidence'.

In this context, "coincidence" refers to the acoustic wave-
length being =2qual to the structural wavelength.

If k = kuwy then the exponential term has no z-dependence
because it 1s raigsed to zeroc. This indicates that the pres-
sure field has constant magnitude out to infinity.--While
this 1s not physically trues it does indicate an efficient
radiation condition. In this context, the acoustic wave-
length and structural wavelength are '"coincident", meaning
equal.

If k > kas then the exponential term is raised to an
1maginary power. This indicates an oscillatory z-dependence.
Taken in combination with the time dependence, the pressure
field is a travelling wave. This region of radiation 1s said
to be "above coincidence" meaning the acoustic frequency is
greater than the structural coincidence (resonance) fre-
quency.

The solution to the radiated pressure field is very dif-
ferent in each of these three regions. Hence, they are
treated differently as in references [7] and [131. The first
step to determining which of the three regions is involved is
to determine the coincidence frequency of the radiating panel
on the ship.

Reference {71 gives an expression for the coincidence
frequency of plating. This expression, though, is for a
panel vibrating in air, A panel vibrating in water will have
a much different structural recoonse. Shown below is the
approximate expreséion for coincidence frequency of a plate
in air, from reference [71].

f,=é%9 Hz and A.=2.4h ft #3
In this expression, h is the thickness of the panel’s
plating in inches. Reference [13] gives an approximate
expression for the coincidence frequency of steel plating ir
water. This expression is shown below.
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_9300

fo= =5

Hz and A.=0.529h ft 4

h retains the same units (inches) in both expressions.
However, the second expression accounts for differences in
the contribution to stiffness and damping that the sea-water
makes to the structural response of the plating. The second
expression also accounts for the difference in the speed of
sound in air (330m/s) and the speed of sound in sea-water
(1300m/s). In the comparative analysis of this research the
second expressiony from reference [13], will be used to
determine the coincidence frequency of a radiating panel.

Now that the means to identify the three reginons of radi-
ation efficiency for radiating panels has been established
for radiation into the seas the development of the other
terms of the expression for the radiation transfer function
can proceed.

From the expressicn for the pressure field i1n eguation 2,
the acceleration level and sound power level must be
extracted. First, though, the pressure expression must be
cast into decibel form. This requires using an amplitude far
the x and z-dependence of the pressure expression.

P, WY, s(k‘x)et,‘t'-kfze—mt

(%2} — =
p(x.2 kchgftqco

The amplitude of the pressure ‘wave’ can be considered to

#S

be of the form below.

W,
p= B WU, H6

k(i) -1
The mean acoustic intensity, I, is a function of the
velocity amplitude and the pressure amplitude. Reference
[413 gives an expression for the mean acoustic intensity as a
function of the pressure and velocity amplitude. This rela-
tionship 1s shown below.

RIS
<[>=<Re(p)Re(u)>= #7

k(7)1
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The pressure amplitude and velocity amplitude, as
described above, are inherently real. The mean acoust:ic
intensity is now used toc determined the radiated sound power.
Once againy reference {411 provides the toocl to evaluate the
sound power. In this instance, sound power is the mean sound
intensity integrated over the area of its radiation. In this
instance, the area i1s that of a radiating panel.

r p Wl
W= | <[> dS=—2nt .y 43

s kf(£)-1 7

Now that the power radiated is known, the sound power
level can be calculated.

Ly=101 (_______p,wqu, 1) 49
w= ag 71 W,
kof(£) -1
To ottain the transfer function, as described in equation
1, L. must be extracted from the expression for the sound
power level above. To this requires the use of the expres-

2ion relating acceleration level and velocity level, L..
This expression is shown below.

-acm.

L,=1,+20l0g(f)-44 dB re 10 410

\
L,=20109(5U—} dB re U 11
ref

Using the second expression, L, can be extracted from the
expression for the sound power level.

i u,.,lf:
JE)-1

Next, the acceleration level will be introduced in place
of L..

A,
Lw—-IOIOQ( )+101og g.C +L, ag re W, k12

1fe?

£
;: Uferlftz
SV

{ A
L‘,:lmagk—-—'—)+lmag ot |+ 1010g
1£e2 ,(L 2_1
7e

)+L.—201og(f)+4-4 dBreW,

.

#13

From this expression, the transfer function for the panel
radiation can be extracted.
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TF=Ly-1L, H14

2 2
Urcf}ft

A ¢
STF=10lo ( 2 )+IOlag ———-\-ZOlog(f)ﬂO!og(p“c ——)+4~4-d3ret/,
Aire Jr)-1) W

#13

This equation is in the precise form as the transfer
function described by reference [7] and given in equation 1.
There are several differences to be pointed out, though. The
term that accounts for the possibility of there being multi-
ple radiating panels being excited by the vibration 1s the
10log(n) that appears in equation 1 but not equation 15.
Equation 15 is for a single radiating panel.

The term that includes the reference quantities, the
fourth term on the right-hand side of eguation 13, has a big
impact on the use of this equation to determine radiation
into water. The reference quantities are there to ensure the
dimensionless nature of the logarithmic gquantities. The p,C
term characterises the medium intoc which the panel radiates.
For radiation into air, substitution of 347m/s for c and
1.270kg/m3 for the density of air yields the exact 20 dB
caonstant term that appears in eguation 1. This constant
changes for panel radiation into sea-water. In the case of
radiation into sea-water, the constant term becomes 35.46dB
for a ¢ of 1500m/s and a p, of 1027.6kg/m®. This represents
a much improved transformatiocon of panel acceleration into
radiated sound power than for a panel radiating into air.

Tne final term to be discussed is very important. That
term 1s the radiation efficiencys 0,,- The radiation effi-
ciency appearing in equation 13 is derived from the case of
the infinite flat plate. Although it has not been stated
explicitly, by using the ‘amplitude’ of the pressure wave in
equation & in the derivation of equation 135, radiation above
coincidence has been implicitly assumed. This i1s because
‘amplitudes’ are meaningtul only for periocdic, hence oscilla-
tory, functions. Therefore, the radiation efficiency, 0,4
must be considered for the three regions of radiation.,.
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Reference [71 takes the approsach of modifying o¢,, for the

three cases of above, below -nd near coincidence. The radi-

’
atioy efficiency appearing in equation 13, (———;—) does not
WA

depend upon the medium into which the panel is radiating
except in the determination of the coincidence frequency.
Hence, the radiation efficiencies developed in reference [7]
need only be slightly adapted to serve as the radiation effi-
ciencies of the panels radiating into the sea.

Above coincidence, the rad.ation efficiency will be pre-
cisely equal to that developed for equation 135,

Slightly below coincidence, the radiation efficiency will
be altered to reflect the relative values of k and k4. This
radiation efficiency still has the infinite plate as its
physical model. Shown belecw is the radiation efficiency.

0,4 = === #16

Significantly below coincidence, the use of an infinite
flat plate as a physical model becomes fallacious. Hence,
effects of finite plates enter the radiation efficiencies.
Two effects dominate the radiated pressure field, which for
an infinite plate diminishes exponentially with distance from
the plate. These two effects are edge and corner radiation.
Reference [7] provides a means to calculate the effects of
edge and corner radiation.

First, the radiation efficiency corresponding to edge
radiation will be described. The relationship describing
edge radiation is derived from the descriptions given in ref-
erence [7], pages 7-463 and 7-65. 1t is shown in the equation

. PA, \[?T"

Gnd=-;,_’- nz(l—fL);

below.

#17
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Here, P represents the perimeter of the radiating panel.
A, represents the structural wavelengtbh at coincidence. But
for the determination of the wavelength at coincidence, this
radiation efficiency 1s not dependent upon the medium i1nto
which the acoustic power 1s being radiated.

The radiation efficiency corresponding to corner radi-
ation will be described in the equation below. The relation-
shi1p describing corner radiation 1s derived from the
descriptions given in reference (7], pages 7-63 and 7-66. It
is shown in the eguation below.

!
of —Kf(———l—z #18

rag - g 7

Ay 4-11‘/_,—:

The s-me comments regarding the effect of the medium on
the edge radiation efficiency can be made about the carner
radiation efficiency. The total radiation efficiency well
below coincidence is simply the sum of the edge and corner
radiation efficiencies.

¢
Urac=crad+qtad “19
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Summa. y of Radiation of Structureborne Noise intg Sea-dWater

A
TE= lOlog( If;2)+ 10log(a,,,)+ 10l0g(n3-20t0g(f)+35.6d8 H20
Above Toincidence - f > f.
pA
fe
dtﬁﬂ=(———[_—2__) n21
(7)-1,
Near Coincidence - 0.75f. < f < f-

[ f

Below Coincidence - f < 0.75f.

t t
PA, \/; A 1-x
Oae=| —| — 3 ||*| & v #23
Ao\ wi(1-£) )] Lo\ anyr,
To determine the coincidence frequency, use the following
eguation.
fc=2%gg Hz and A.=0.32%9h ft #24

In equation 29, f refers to the octave band center frequency.
See the preceding sections for a discussion of units.

4.3.2.2 Airborne to Structureborne Noise Transmission

Airborne noise can excite structures into vibrating.
This can serve as a source of structural acceleration.
Hence, the approach developed in reference {71 is used to
provide a transfer function describing the vibration of
structure in response to alrborne vibration.

The transfer function for unwetted steel relates the
acceleration level, L,, to the sound pressure level, L,s in
the compartment under consideration. The expression, equa-
tions 7-22 and 7-23 from reference (7], is shown below.

TF=-37~30leg(h)+20log(A, )+ 10leg(f)+ 10lag(a,,,)-30lag(a) dB #1

or TF=0 dB (whichever is smaller) #2
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h represents the panel thickness in i1nches. A, repre-
sents the area of a panel in square feet. f 1s the occtave
band center frequency. 0., 15 the same radiation efficiency
caiculated i1n the preceding section. a is the panel length
to width ratio. Care must be taken, though, in the computa-
tion of f_. In the case of unwetted steel, the approximate
relationship given in reference (71 =2guations 7-20 and 7-21
must be used.

The transfer function for wetted steel relates the accel-
eration level, L., to the sound pressure level, L,,» 1n the
compartment under consideration. The expression, equat:ian
7-26 from reference (7], is shown below.

TEF=-62+10log(f)-20tag(h)+ 10log(A,)-20log(a)

-IOlog(IU—12.8\/§£)+10109(1.0+(0.7,/%—’)) dB 43

Given the sound pressure level in a compartment, the
structureborne noise that is excited can be computed. This
structural acceleration level is combined with the structural
accelerations due to other sources of vibration to vield the
total structural accelerations. The radiation of this accel-
eration level i1s discussed in the preceding sectiaon.

4.3.3 Overview of the Models That Will be Compared

In the following chapter, a comparison of different pro-
pulsion systems will be performed using the acoustic model
developed above. QOTHEP will be compared with an
electric—motor—-driven conventional-propeller propulsion system
and - geared, steam turbine driven conventiunal-propeller pro-
pulsion system. As mentioned earlier, only the noise sources
associated with these propulsion systems and peculiar to these
propulsion systems will be considered. Structural noise
sources, flow—-induced nolse sources and propeller nocise
sources will not be considered. The discussion of propeller
noise in Chapter 1 indicates qualitatively that the OTHEP 1is
potentially quieter than conventional propeilers. Guantita-
tive assessment of propeller acoustics is well beyond the
scope of this research.

167




S Comparative Acoustic Analysis
5.1 Overview of Process

To assess the relative merit of OTHEP, the transfer func-
tion analysis oceveloped i1n the preceding chapter i1s used to
predict radiated noise levels for the propulsion systems of
submarine designs which feature 0OTHEP, electric drive, and
geared turbine drive. This chapter presents the three subma-
rine propulsiun systems which will be compared, the acoustic
sources and paths that will be compared, and th2 results of the
noise radiation predictions.

This compariscon of the three propulsicon systems depends
upon the validity of the acoustic model presented i1n tne pre-
ceding chapter. The acoustic model is built upon reference
£71. The source level data, mounting and foundation transfer
function data, hull structure data, and radiation data are all
taken from reference [7] with the sole exception being the
source level informacion for the OGTHEP propulsion motor. The
basis of the data presented by reference [7] is empirical.--The
measured acoustic data of existing equipment and structures
provide the rationale for the relationships offered.

The foregoing discussion is meant to point out that the
data in reference {71 provides the means to predict noise radi-
ation. Its accuracy is dependent upon how similar the systems
under consideration are to the systems from which the data that
was used as the basis of reference [7] was collected. The
limits of the accuracy of the relationships offered by refer-
ence [7] are not clear. Data pertaining to the acoustic emis-
signs of existing submarines and the equipment in them is
classified as a rule. Hence, use of reference [7] may seem
questionable. However, the eguipment installed on submarines
is usually designed and built to very exacting acoustic
requirements.—~-The equipment installed on surface ships is not
scrutinised as closely. Reference [7] is based on surface ship
data. From this ic drawn the conclusion that reference [71]
wiil provide an upper bound on the level of acoustic emissions.
Most importantly, reference [7] provides a means to fairly com-
pare alternate designs through its uniform approach to the
issues of sources, paths and radiation.
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S.1.1 The Acoustic Model

The comparative analysis proceeds in three steps. First,
the acoustic source level for specified pieces of equipment is
estimated using the model described in Chapter 4. Second, the
eTfect of the path that the acoustic energy takes between the
source and the point where 1t is radiated into the sea is also
estimated using Chapter 4. It is important to note that the
relevant accustic paths are not known a priori. Rather, this
research aagopts the bias that the shortest path to a radiator
into the sea will be the dominart path.-—-This bias is not
without basis, reference (7] page 8-42; more importantly
though, it reduces the number of required calculations
greatly. The third step of the analysis calculates the effi-
ciency of the radiation of the acoustic energy into the sea.

The first step, 1dentifying the acoustic source levels,
depends upon the equipment included 1n the respective designs.
The second section of this chapter identifies the design of
the enginerooms of the alternative propulsion systems. It
specifies the eguipment which will act as the acoustic socurces
for the comparative analysis.

The second step, identification of the relevanct acoustic
paths and their effect on the transmission of acoustic energy,
1s alsc discussed in the second section of this chapter. The
bias discussed above indicates which paths of all the possible
paths to concentrate upon.

The third steps quantification of radiated acoustic
energy, 1s also derived from the information presented in the
second section of this chapter. 0Of interest, all of the sub-
marine designs being compared possess identical hull struc-
tural designs. Hence, any difference in the acoustic
radiation characteristics of the different designs will depend
upon the physical extent of the acoustic sources. Conse-
gquently, the "footprint" of the equipment foundations shown in
the engineroom arrangements provide the difference in the
radiation transfer functiaons.
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5.1.2 The Comparison

Three submarine propulsion systems are compared. The
first 1s the baseline submarine design featuring OTHEP. The
second design features a conventional hub-to-diameter ratio
propeller which is driven by an electric motor. The third
design features a geared, steam turhine driven propulsion sys-—
tem.

The baseline design is the submarine tnat has been
designed for this research in Chapter 3. The other two subma-
rine designs are modifications of this design. In fact, the
alternative propulsion system designs are i1dentical to the
baseline submarine design except for the enginercom. Hence,
only the engineroom layout of the alternate designs will be
provided.

The only equipment that is specified in the three subma-—-
rine designs being compared is equipment which is peculiar to
the particular propulsion system. This restriction ignores a
multitude of acoustic sources. Whereas many of these sources
are common to all three submarines and their presence only
serves to complicate caiculations, ignoring them will nct
invalidate the comparison.

S.1.3 The Method

The compariscon proceeds from the identification of the
equipments which are the acoustic sources. The airborne and
structureborne noise source levels for each equipwent is com-
puted. All of the equipment within the enginerocom contribute
0o the reverberant sound pressure level within the enginercom
through their airborne noise emissions. This reverbaearant air-
borne noise excites vibrations in the hull plating at the
boundaries of the enginercom. These vibrations in the hull
plating cause acoustic noise to be radiated into the sea.

This 1s the first source of radiated noise to be calculated.
Note, only the reverberant sound pressure is considered.
Direct path sound fields are ignored to ease calculations.

After computation of the airborne noise-excited radiated
noise, the structureborne noise emissions of each piece of
source equipment are gquantitatively followed from the source
equipment, through the equipment mountings, through the equip-
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ment foundation (if present), through hull structure (1f

applicable), and to the hull plating where it 1s radiated into
the sea. Most of the equipment is mounted to foundations
which are directly connected to the hull. Hence, the acceler-
ation levels at the base of the foundation form the excitation
of the hull which is radiated into the sea.

After the structureborne noise from each piece of equip-
ment 1s converted to a radiated sound power level, the total
radiated scund power level of the su! marine design 1is
calculated. The total radiated sound power level is simply
taken to be the "logarithmic sum” of all of the radiated sound
power levels from every piece of equipment’s structureborne
noise emissions and the airborne noise-excited radiation fraom

the engineroom boundaries.
S.1.4 The Results

The comparison is carried out for each of the three subma-
rine designs. For each design, four possible mountings of the
relevant source equipment are considered. They span the
possible noise reduction mountings which are currently in use.
All four mounting schemes will be presented.

The calculations which yield the results of the comparison
are provided in Appendix B. The subsequent sections of this
chapter discuss briefly how those calculations are performed.
The table below shows the results of the comparison. These
results will be discussed in greater detail in section 3.3.
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Table 1 - Radiated Noise Levels of the Propulsion Systems

Octave Band Center Frequency (Hz)

, 31.5 63 125 250 500 1000 2000 4000 8000

'HM ‘
OTHEP 166 174 171 161 155 149 147 144 1364 i
‘ED 166 174 171 161 1S5 149 143 162 134 *
(GTD 153 160 157 148 143 143 137 132 122 :
'HFM

OTHEP 166 176 171 162 155 149 146 142 129

‘D 166 1764 171 162 155 149 142 140 129

{GTD 153 160 157 149 143 143 136 130 117

|LFM ?
'OTHEP 163 166 161 150 143 134 130 127 117 '
‘ED 163 166 161 150 143 134 126 125 117

GTD 150  1S¢ 147 137 131 128 120 115 104 3
' TSM ;
{OTHEP 151 1S3 144 129 118 108 128 123 94 §
{ED 151 1S53 144 129 118 107 99 99 94 '
'&TD 138 139 130 116 106 101 92 91 84 ;

HM = Hard Mounted HFM = High Fregquency Isolation Mounting
LFM = Low Frequency Isoclation Mounting TSM = Two Stage
Isclation Mounting

OTHEP = Outside the Hull Electric Propulsion (Baseline Design)
ED = Electric Drive Variant GTD = Geared Turbine Drive
Variant

S.2 Description of the Alternate Propulsion Systems, Acoustic
Sources and Paths

5.2.1 OTHEP
5.2.1.1 System Configuration

The design of the baseline submarine is carried out in
some degree of detail in Chapter 3 and Appendix A. Hence,
this information will not be presented here. Appendix A,
Figure 4 is a drawing of the enginercom arrangement of the
baseline submarine. Also relevant to the configuration of
the baseline submarine is the arrangement of the propulsion
motor on the aft end of the pressure hull.
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9.2.1.2 Acoustic Sources

The equipment listed below 1s the equipment that 15 con-
sidered 1n the caomparative analysis for the OTHEP propuls:ion

system.

Propulsion Motor 19.2MW 58.8RFM sea—water
cooling/lubrication

Turbine-Generators (2) 27MW 3600RPM

Sea-Water Pump 1200gpm +10psi centrifugal pump
Pump Drive Motor 188HP 1200rpm induction motor

5.2.1.3 Acoustic Paths

Two acoustic paths exist for the structureborne noise
emitted by the propulsion motor. The first path is through
the structure which attaches the rotor core to the structure
supporting the propeller hub. This path is handled by treat—-
ing the connecting structure as a mounting, with the rotor
core mounted directly to the hull plating at the propeller
hub. The second path conducts the noise emitted by the sta-
tor fraom the stator core to the hull plating just fore and
aft of the propulsion motor. The path goes through the
mounting which connects the stator to the pressure hull.

From the point of comnection with the pressure hull, the path
continues fore and aft, through intersections with framing,
to the first stiffener which extends radially from the pres-
sure hull to the hull envelope plating. See the figure
below.
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Figure 1 - OTHEP Propulsion Motor Structureborne Noi1se Paths

The acoustic paths for the structureborne noise emitted
by the turbine-generators (2), and the sea-water cooling/lu-
brication pump unit are similar. The source equipment is
attached to its foundation with any of the four mountings
shown in the results table above. The acoustic path extends
through the mounting and across the foundation to the hull.
The sound is radiated from the hull at the location of the
foundation’s "foaotprint” on the hull. See the diagram below.
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Figure 2 - Sources, Mounting, Foundation, Hull Rcoustic Path

The only other path to be considered is a partially air-
borne path. The source equipments emit alrborne noise 1into
the enginercom. The reverberant sound pressure level in the
enginercom is a function of the room geametry and the air-
borne sources within the enginercom. The reverberant socund
pressure level induces vibrations in the hull structures
which form the boundaries of the enginercom. These vibra-
tions, in turn, give rise to acoustic radiation from the
hull.

5.2.2 Electric Drive With Conventional Propeller
5.2.2.1 System Configuration

The arrangement drawing below contains the salient
aspects of the electric drive propulsion system that is used
in the comparison. The hull profile and location of the
reactor compartment are the same as the baseline submarine
design’s. The aft end of the pressure hull is altered to
reflect its shape were the electric drive propulsion system
to be installed.--The pressure hull displacement is preserved
despite the alteration of the shape of the aft end of the

pressure hull.
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Figure 1 - Electric Drive Enginercom Arrangement

S.2.2.2 Acaustic Sources

The equipment listed below is the equipment that is con-
sidered in the comparative analysis for the electric drive
propulsion system.
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Propulsion Motor 19.2MW 120RPM freshwa-
ter cooled

Turbine-Generators (2) 27MW 3600RPM

Cooling Water Pump 400gpm centrifugal pump

Pump Drive Motor 37.3HP 1200rpm induc-
tion motor

Lube 011 Pump 8gpm 20psi gear
pump

Pump Drive Motor 7 .5HP 1200rpm induc-

tion motor
S5.2.2.3 Acoustic Paths

The acoustic paths for the structureborne noise emitted
by the all of the scurce equipment of the electric drive
submarine design, the propulsion motor, turbine-generators
(2), the cooling water pump unit, and the lube o0il pump unit,
are similar. The source equipment is attached to its founda-
tion with any of the four mountings shown in the results
table above. The acoustic path extends through the mountinc
and across the foundation to the hull. The sound is radiated
from the huil at the location of the foundation’s "footprint”
on the hull. This is the same path that is shawn in Figure
5.2.1.3.2.

The only other path to be considered is a partially air-
borne path. The source equipments emit airbornme noise inte
the engineroom, The reverberant sound pressure level in the
engineroeom 15 a function of the room geometry and the air-
borne sources within the engineroom. The reverberant socund
pressure lavel induces vibrations in the hull structures
which form the bounrdaries of the enginercom. These vibra-
tians, 1n turn, give rise to acoustic radiation from the
hull.

5.2.3 Geared, Steam Turbine Drive
3.2.3.1 System Configuration

The arrangement drawing below contains the salient
aspects of the 3jeared turbine drive propulsion system that is
used in the comparison. The hull profile and location of the
reactor compartment are the same as the baseline submarine
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design’s. The aft end of the pressure hull is altered to
reflect its shape were the electric drive propulsion systenm
to be installed.--The pressure hull displacement 1s preserved
despite the alteration of the shape of the aft end of the

pressure hull.
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Figure ! - Gear=2d Turbine Drive Enginercom Arrangement
5.2.3.2 Acoustic Sources

The equipment listed below is the ejuipmer.i that is con-
sidered in the comparative analysis four the geared turbinre

drive progulsion systam.




Propulsion Steam Turbine 19.2MW 3600RPM

Reduction Gear 19.2MW 120RPM

Ship’s Service Turbine-Generators (2) 1.1MW 3600RPM
lube 0:11 Pump l16gpm 20ps1 gear
pump

Pump Drive Motor 15HP 1200rpm induc-

tion motor
5.2.3.3 Acoustic Paths

The acoustic paths for the structureborne noise emitted
by the all of the source equipment of the geared turbine
drive submarine aesign, the reduction gear, ship service
turbine—-generators (2), and the lube o1l pump unit, are simi-
lar. The source equipment is attached to its foundation with
any of the four mountings shown in the results tab.e above.
The acoustic path extends through the mounting and across the
foundation to the hull. The sound is radiated from the hull
at the location of the foundation’s "footprint" on the hull.
This is the same path that 1s showrn in Figure 5.2.1.3.2.

The only other path to be considered is a partially air-
borne path. The source equipments emit airborne nocise into
the enginercom. The reverberant sound pressure level i1n the
enginerocom 1s a function of the rcom geometry and the air-
borne sources within the enginercom. The reverberant sound
pressure level induces vibrations in the hull structures
which form the boundaries of the enginercom. These vibra-
tions, in turn, give rise to acoustic radiation from the
hull.

5.3 Discussion of Results
5.3.1 Sources That Were Not Considered

Prior to diccussing the results of the comparative study
it is very important to note the atoustics issues that have
been neglected. First of all, structural and mechanical noise
sources other than the propulsion system equipment discussed
above have been ignored, the propeller shaft for one. Second,
all roise created by the propeller has been ignored. These
noise sources are very important when comparing propulsion
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schemes. Hence, the results presented by this rese.rch are
only part of the picture. They represent just one portion of
the noise emitted by a submarine.

One additional point musti be made. 0Other than the equip-
ment mountings, no noise reduction techniques are considered
by this researcn. Hence, many of the noise sources could be
mitigated by proper techniques. This is to say that it snoculd
be very possible to improve the noise emission characteristics
of any of the three propulsion systems.

5.3.2 Interpretation of Findings

The results presented in the first section 13f this chapter
contain three interesting results. First, perhaps the most
salient feature of the comparison 1s the similarity between
the electric drive and OTHEP radiated saource leveis. This
similarity, in view of the disparity in motor source levels,
indicates that the turbine-—-generators are the dominant noise
source. Their effect 1is due to two factors. The turbine-
generators have high power ratings. The turbine-generatsrs’
foundations cover a large area of hull, thus making a larger,
more effective sound radiator.

The most obviowus difference between the electric drive and
OTHEP radiatec noise levels occurs in the 2000Hz octave banu.
This is the octave band that contains the FWM switching fre-
gquency, 2.5kHz. The estimation of the magnitudes of the cur-
rent distortion square wave could be overly
conservative,——penalising the OTHEP system as 1%t were.
Nonetheless, it points out the need to minimize the PWM dis-
tortion of the stator input current. Tris effect seems to be
the only intrusion of the OTHEP propulsion motor intc the
turbine—generator dominated noise radiation. Without it, the
two propulsion systems would be indistinguishable.

The final observation concerns the geared turbine drive
source levels. The fact that a mechanical drive appears to be
more quiet than an etectric drive 1s counter—intuitive. There
are three possible explanations for the geared turbine drive
being quieter than the electric drive and OTHEP systems.
First. the source levels for the generating wlant of the elec-—
tric drive and OTHEP designs may be tooc high. Reference (7]
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may not provide accurate source levels for motors and
gererators with ratings as high as 19 and 27MW. This would
peralise the electric drive and OTHEP designs. This is the
most likely explanation especially when the quality of subma-
rine equipment compared to suvrface ship equipment is consid-

ered.

The second explanation for the disnarity of the geared
turbine drive source levels and tne electric drives source
levels is that sauipment other than the equipment considered
causes geared turbine drives to be less quiet. This explana-
tion 15 less ii1kely than the one discussed above. The thaird
explanation why the comparative study finds geared turbine
drive to be quieter than the electric drives 1s that, maybe.
geared turbine drive is, in reality, gquieter than electric

drives.



6 Conclusion
6.1 Interpretation of Results

This research produced four items. Each of them 1s

reviewed here.
6.1.1 Feasibility Design

Chapter 3 and Appendix A comprise what is essentially a
feasibility design of a submarine which uses the OTHEP con-
cept. The submarine design is balanced and appears to be
entirely feasible. The design does possess several
characteristics which should be addressed ir subsequent design
iterations, namely a tendency to be heavy aft and a need for
room for crew berthing forward. The inverted geometry,
squlrrel-cage induction motor appears to also be eatirely fea-
sible. Protection of the motor and its componencts from sea-
water 1s a concern., though.

6.1.2 Forces of Electromag-etiic Origin

Section 4.2 develops th= normal force of electromagnetic
origin wnich acts on the propulsion metsr core. The actual
relatiorsh:p is described by equation 4.2.2.18. Evaluating
this velationship would be very tedicus without using the
capabilities of digital computers. For a deta:led acoustic
an3lysis of the propulsion motor source level, it would be
.approprate to include many of the tarms of the series which
comprise equation 4.2.2.12. The expr=ssicn for force on the
moter core accounts for conductor width, winding gecmetry,
phase current harmognics, and rotor bar harmenics. The most
1important assumptions leadinyg to the expressior for force con-
cern the permeability of the core material and the “air’-—-gap
width.

‘6.1.3 Source Level Estismation

Section 4.2.4 prouvides an estimation of the propulsicn
motor source level for use with the TFA method that is devel-
aoped in section 4.3. The socurce level estimation found in
Table 4.2.4.3 is very approximate. The s2ries expressions for
the MMF of the motor were truncated after aonly a few terms.

As a result, the source level for the B80GOHz octave band 1s
zero. The magnitude of the current distortion waveform due to
the WM converter is verv conservative. Consequentliy, the
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source level of the octave band which contains the PWM switch-
ing frequency 1s very high, perhaps excessively so. The
sgurce level for the propulsion motor is considerably greater
than the envelope offere ' 1n reference [7] for electraic
motors. This tends to indicate that reference (7] source lev-
els are only valid for electric machines with pcwer ratings
significantly less than the power ratings for thea OTHEP
machinery. This conclusion must be borne in mins when consid-
ering the results of the comparative acaoustic analysis.

6.1.4 Acoustic Model Comparative Analysis

The results of the comparative analysis, which uses the
acoustic model of section 4.3, of the alternate propulsion
systems described in Chapter § and calculated in Appendix B
indicate that more accurate source levels are needed to assess
the acoustic merit of OTHEP. As mentioned in the preceding
section, the source levels for the electric motors and genera-
tore used with the OTHEP submarine and the electric rrive
variant are not accurate given the rating of the motors and
generators being analysed. Hence, the results of the compari-
son with the geared, turbine drive variant must be disre-—
garded. However, the comparison between OTHEP and the
electric drave variant i1s meaningful.

Igrnoring differences in propeller noise, shaft ncise, and
other noise sources, the radiated sound power levels of the
propulsion macnhinery of the OTHEP and electric drive designs
are virtually identical. The radiated octave band sound power
levels are, with one exception, dominated by the generator
sound power levels. The single exception i1s the PWM hermonic
of the OTHEP propulsion motor that is menticned in the preced-
ing section. 1f the radiated sound power level 1s, in fact,
dominated by the gensrator noise, then OTHEP’s prcpulsion
system acoustic performance will be as gcod as electric drive
acoustic performance. A better idea of the pr-pulsion motor
source level far electric drive and OTHEP must be obtained
before the preceding statement can be considered to be defini-
tive.
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6.2 Fulfillment of Objectives

The principal objective as stated in Chapter 1 i1s to
develop a method to assess the relative acoustic merait of
OTHEP. This objective has been fulfilled by the acoustic model
of Chapter 4. 7Two secondary objectives support the principal
objective. The first of these is to describe the forces of
electromagnetic origin that act on the propulsion motor core.
This cobjective is accomplished through equation 4.2.2.18. The
second secondary objective 1s to compare OTHEP with other sub-
marine propulsion systems., The steps that would have led to
the fulfillment of this aobjective are carried ocut; however, the
results indicate that the source levels for use in the model
that fulfills the principal objective are not accurate. With-
out accurate scurce level information the second objective can-
not be met.

This research has provided a tool that can be used to pre-
dict radiated sound power levels. The comparison attempted in
this reszarch is a victim of a lack of valid source level
information for high-power-rating electric machinery. This
lack of source level information does not invalidate the method
that has been developed, though. Hopefully, someone with valid
source level information could, and would, take the method
developed through this research and use the accurate source
levels to calculate radiated sound power levels.

6.3 Recommendations for Further Research

This research has uncovered several areas,; which if
researched, would previde valuable information for the eventual
implementation of OTHEP.

6.3.1 Continue Design Process of OTHEP

Further design iterations leading to a detail design of an
OTHEP submarine will make BDTHEP a legitimate alternative for
future submarine designs. Detailed analysis of several design
characteristics will have a major impact on the eventual
implementation of OTHEP. These characteristics describe inte-
grated electric distribution systems, producibility consider-
ations and adherence to shock criteria. Further design
iterations will also improve the gquality of arrangements and
other naval architectural issues.
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6.3.28 Validation of Expression for Electromagnetic Force

In the derivation of the expression which describes the
forces of electromagnetic origin which act on the motor core,
several assumnptions simplify the analysis. A detailed compu-—
tation using equation 4.2.2.18 to calculate the force on a
motor core should be validated by measurements of the force
which acts on an actual motor core.

6.3.3 Validation of Source Level Estimation

Ideally, a prototype OTHEP motor or a scaled version of
the JTHEP motor would be constructed. The source levels of
this motor, when measured, would provide a validation of the
octave band source levels provided in Table 4.2.4.3. If the
cost of such validation is prohibitive, a FEM analysis of the
motor can be performed using the expression developed for the
forces of electromagnetic origin. The result of the FEM anal-
vys5is would provide much more accurate source level infarmation
than that provided in Table 4.2.4.3.

6.3.4 Validation of Acoustic Model

A validetion of the acoustic model presented in section
4.3 can be performed by comparing the radiated sound power
levels calculated using section 4.3 for an existing vessel
with actual measured socund power levels for that vessel. This
step is extremely vital in view of the derivation of the radi-
ation transfer function, section 4.3.2.1.4, which describes
radiation into the sea. This derivation has not been put to
the test of predicting actual emissions.

6.4 Recommendations for Supporting Research

The preceding recommendations for further research arise
from the raised in this research. Several other design issues
relevant to implementation of OTHEP beggar research.

6.4.1 Determination of Propulsive Coefficient of OTHEP Design
The propulsive coefficient of the OTHEP system is esti-
mated in the development of the power versus speed relation-
ship, section 3.1.8. Because the OTHEP configuration 1s
somewhat novel, the propeller efficiency, hull efficiency and
relative rotative efficiency are not known with any certainty
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at all. Research into the hydrodynamics which dictate these
values would provide valuabie i1nformation characterising the
performance of QOTHEP.

6.4.,2 Design an Optimal Propeller for OTHEP

The propeller design assumed in the submarine design con-
tained in Chapter 3 and Appendix A is the praopeller design
that Hamner concluded was not optimal. Propeller design is
not a simple task. However, a thorough analysis of large
nub-to-diameter ratio propellers would provide a more accurate
estimation of the open water efficiency of such propellers. A
characterisation of the acoustic characteristics of such pro-
peilers would also aid i1n the evaluation of OTHEP’s meraits.
The forces which act on the OTHEP propeller blades will be a
deciding factor in the design of the rotating structure which

connects the rotor core to the propeller hub.
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8 Nomenclature

a acceleration, panel length-to-width ratio

=, Fourier coefficient for MMF series

3., reference acceleration

B wm Fourier coefficient for current distortion series

A condition A

Aram cross sectional area of ‘air’-—gap

Amn Fourier coefficient for current distortion series

A Fourier coefficient for MMF series

A, radiating panel area

A rotor conductor area

As effective source area

A stator conductor area

A-1 condition A-1

bn defined magnetic flux density

B wm Fourier coefficient for current distortion series

B magnetic flux density vector

BHP brake horsepower

B. component of magnetic flux density in 1i%" direc-
tion

Bo magnetic flux density magnitude

Bt saturation magnetic flux density

Co coefficient of drag

Ce coefficient of frictional drag

Co. coefficient of 1ift

CPD inhabitant of the goat locker

Er coefficient of residual drag

Cem coefficient of residual drag from model test

Cum rotor sheet-conductor thickness

Ceaw speed of sound in sea-water

D submarine diameter

Doveop propeller diameter

Due stator conductor depth
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HF 1
H,

He

1w ]
L
1

l1ma

rotor bar slot gap

stator insulation thickness

stator slot depth

stator wedge depth

modulus of elasticity

electric field intensity vector

electric field intensity complex magnitude
effective horsepower

octave band center frequency

coincidence frequency

component of force in 1 direction

minimum freguency

fluid shear force

component of surface force density in i direction
free flood displacement

component of force density 1n 1 direction
11t force

normal force of electromagnetic origin
resistance force, drag

‘air’—gap width

plate thickness

power rating in horsepower

magnetic field intensity vector

"heavy aft" loading condition

"heavy forward 1" loading condition
component o7 magnetic field intensity in i direc-
tion

"heavy 2" losding condition

current in %" rotor bar

current i1n reference rotor bar

a-phase rotor current

a-phase stator current

acoustic intensity
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—
v

T aow
3

el

—

complex current magnitude
complex current magnitude for ;"™ rotor bar
motor core moment of inertis

complex distortion current magnitude of m*"™ har-
monic for ;%" rotor bar

stator phase current magnitude
magnitude of balanced rotor currents

rotor current with phase angle reiative to stator
current

magnitude of balanced stator currents

referred rotor current from equivalent circuit
current density vector

maximum stator linear current density

acoustic wave number

average rotor surface—-current density
linearised flexural stiffness of motor core
rotor winding factor, skew factor

stator winding factor, plate structural wave num-
ber

stator winding breadth factor
stator winding pitch factor

linear stiffness model of sea-water
power rating in kiloWatts

Fourier coefficients of rotor surface current den-
sity series

Fourier coefficients of rotor surface current den-—
sity series

rotor surface current density

Fourier series description of rotor surface cur-
rent density

structureborne acoustic path length

submarine length, ‘air’~gap length

acceleration level
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L-a

Lean

Lea
Lv—lbu-l bk
L" lherl w77
Lr—l-lot
Ls

La

Lﬂd

Lwas

Laa
Lmlbnl S
lebelt'?
L-lr-
Lnl:lot
L-'n).z:
L‘EIS
L'l’?

ann

LV

baseline acceleration level

effective source level

‘air’—-gap length

acoustic array length

length of aft body

longitucinal center of buoyancy
longitudinal center of gravity

lead ballast displacement

length of fore body

sound pressure level

length of parallel mid-body

rotor single phase selt-inductance
rotor winding inductance matrix

rotor a-phase winding self-inductance
rotor a- and b-phase mutual inductance

rotor single phase leakage inductance

rotor belt leakage inductance, 353%™ space harmonic

rotor belt leakage inductance, 7%" space harmonic

rotor slot leakage inductance

stator single phase self-inductance
stator winding inductance matrix

stator a-phase self inductance

stator a- and b-phase mutual inductance

stator single phase leakage inductance

stator belt leakage inductance, 3*" gpace harmonic

stator belt leakage inductance, 7*" gpace harmonic

stator skew leakage inductance

stator slot leakage inductance

stator zigzag leakage inductance

belt leakage inductance, S*" space harmonic
belt leakage inductance, 7%" space harmonic
single phase synchronouc inductance

velocity level
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Lw

Lior,

Le

Ne
N.,
NSC

Nes

P
P

PC
Parmm
Pin
Picms
Powe

P!_-I Cerct

q

r

Tars

sgund power level

baseline sound power level

magnetising inductance from equivalent circuit
"light 2" locading ccocndition

number of stator turns per phase

motor cecre added mass

stator a-phase to rotor a-phase mutual inductance,

motor core mass
*air’—-gap stator-rotor winding mutual inductance
‘air’—-gap mutual inductance matrix

main ballast tank and its corresponding displace-—
ment

magneto-motive force

number cf radiating panels

aft body paraboloid exponent

fore body ellipsoid exponent
"normal"” loading condition

rotor series turns per phase

number of rotor bars

stator series turns per phase
normal surface condicion

number of stator slots

number of pole-pairs, pressure
perimeter of radiating panel
propulsive coefficient

power dissipated by loss mechanisms
electrical real-power input

stator Ohmic loss

electrical real-power output

rated power output

number of phases

distance from center of source area

aft body hull radius
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e

Vircrr wvar o
Tiram

rpm

R

Rac

Ris -

Re

R"JT?

R.-

R-.

Rous o

Raw

R.

R

S, steect
SHP

SHP, mava12

SHP!—mqu ireada

t

te
TFrewna
T,

Ty,
TFmcwne

TFn-adlat Ly
Tr'a Cect
TFntr'uc TLr -

v

i

Ve

distance to boundary of source compartment
fore body hull radius

limiting acoustic range

rated speed in rpm
‘air’-gap radius, acoustic room constant
‘air’—-gap radius

resistance of a single rotor bar
Reynolds’ number
stator ocutside radius
rotor inside radius

resistance of a-phase rotor winding
resistance of a-phase stator winding
‘ailr’—gap resistance

stator resistance from equivalent circuit
rotor resistance from equivalent circuit
rated slip

shaft horsepower

installed shaft horsepower
required shaft horsepower
thrust—-deduction coefficient, time

magnetic backing material thickness

equipment foundation acoustic transfer function
torque about the i-axis

component of electromagnetic stress tenscr
equipment mounting acoustic transfer function
into-the—-sea acoustic radiation transfer function
rated torque

hull structure acoustic transfer function

fluid velocity

acceleration of mid-span of motor core structural
model

acoustic velocity magnitude

rotor linear velocity
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1<

Viag
VCB
VCG
VL

!r‘-d-.o

Wi -
W
W
W on
Wl - W7

Xaa

complex voltage

induced ‘air’—gap wvoltage
vertical center of buoyancy
vertical center of gravity
displacement of variable loads

rotor voltage with phase angle relative to stator
current

submarine’s velogity

wake fraction

radiated scund power

reference scund power

rotor bar diameter

rotor hole diameter

rotor bar slot width

wetted surface aresa

stator conductor width

stator slot width

SWBS weight groups 1 - 7

distance aft along the art body

distance forward aslong the fore bogy
magnetising reactance

stator leakage reactance from equivalent circuit
stator slot leakage reactance

rotor leakage reactance from equivalent circuit
equivalent circuit current division ratioc
egquivalent circuit distortion current division
ratio

electrical machine empirical constant, winding
pitch angle, sea-water acoustic absorption coeffi-
cient, angular conductor width

angular conductor width in mechanical radians

phase angle of phase currents, acoustic path dis-
sipative loss coefficient
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—tas

o

skew angle

electrical angle between stator turns
correlation allowance

envelope displacement

submerged displacement

incremental step in x direction
incremental step 1 vy direction

tull efficienzvy

ma3tor ef¥iciency

ocpen—-water propeller 2fficiency
reiative-roctactive efficiency
shafting/mechanical transmission efficiency

mechanicai: angular displacement, stator coordi-

nates
mechanical angular displacement, rotor coordinates

angular disgplacement in electrical radians, stator

coordinates

initial rotor position
flux linkage

coincidence wavelength
longest acoustic wavelength

circumference-to-slot width ratio, one pocle-pair

lerngth

roter a-phase winding filux linkage

stator ea-—-phase winding flux linkage

complex flux linkage amplitude

rotor flux linkage amplitude with phase angle rel-
ative to stator current

absolute viscosity

permeability of free space
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w.‘
Wg

"»:yu

kimematic viscosit.

rotor current ovase angle relative to stator cur-

rent

rotor bar resistivity

‘air '—gap permeance

concuctor resistivity

densit,; of sea-water

resistivity of sea-water, density of sea-water
radiation efficiency

fluid shear stress

electromagnetic shear stress

induced voltage lag angle

equivalent circult rotor distorf:1on current p~hase

angle

egquivalent circuit rotor current phase angle
=tator electrical freguency, acoustic frzguency
PWM switching frequency

rotor electrical frequency

stator electrical frequency

synchronous freguency

mechanical frequency

hull volume
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A Submarine Design Calculations
1.1 Table 1 — Baseline Submarine Design Hull Envelope Offsets

Baseline Submarine Offsets

Distance Hull Distance Hull
aft FP. Radius aft FP. Radius
x ft r ft x ft r ft
0.00 0.00 12¢.72 16.00
3.84 5.97 130.56 1£.00

7 .68 8.01 134.40 16.00
11.32 F.46 138.24 16.00
13.36 10.59 142.08 16.00
19.20 11.51 143,92 15.00
23.04 12.28 149.76 16.00
26.88 12.94 153.60 16.00
30.72 13.51 137.44 16.00
34.56 13.99 161.28 16.00
38.40 14.41 165.12 16.00
42 .26 14,76 168.96 16.00
446.08 15.06 172.80 16.00
49 .92 13.31 178.36 16.00

) 53.76  15.52 184.32  15.97
57 .6C 15.48 190.08 13.91
&1.44 15.81 195.84 15.81
65.28 :3.90 201.60 18.65
69.12 15.96 207.36 15.42
72.96 15.99 213.12 15.11
76.80 16.00 218.88 14,71
80.64 16.00 224 .64 14.22
84 .48 16.00 230.40 13.62
88.32 16.00 236.16 12.91
%2.16 16.00 241.92 12.07
36.00 16.00 247,68 11.11
99 .84 16.00 253.44 10.00
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103.£3
107.32
111.36
115.20
119.04
122.88

16.00
16.00
16.00
16.00
16.00
16.00
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259.280
264.96
270.72
276.48
28e.24
288.00

8.75
7.34
35.77
4.02
2.10
0.00




1.2 Table @ - Combined Structural Design Worksheet
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Developed Tor 13.4610 Maval Ship Design by John Y. Ame Jr..

This wornsheet 1s derived from the worksheets contained in the boolk
Submarine Desicn fotes by CAPT Harry &. Jackson. Chapter 7.
See this raference foo drawings which detine the phvsical sign
of each of the variasbles. 3¢ to line 218 for the pulkhsad ana
Go to line 267 for the end cicsure analyeis.

Do= 32 7t This 15 cutside dramster of the suomarine =z hull.
go= 1312 ft This 1g the submarine’s operating depth.
Sigma v= 30000 psi This 15 the yield strength of szieel to be ussd.
E=29000000 ps1 This is Young's modulus for the stssl to be uszed.
= 0,35 This iz Poisson’™s ratic for the steel to be used.
t= 1.7%3 in This is the shell plating thickness.#
Lf= 2.5 ft This is the frame spacing.*®
b= 3.75 i This is the frame web thickness.s
hw= 10.25 in This is the frame web height.*
Wfi= 7.2% 1n This 1= the flange width.*
tfl= 1.375 i This 1s the flange thickness.*
LE= 32 ft This is length between King frames or hulbheads.»
b= 1.25 in Thas is the King frame web thichness.»
hwk= 22 i~ This 1z the King frame web height.#
Wflk= i6 in This is the King frame flange width.*
tflK= i.75 1n This is the King frame fiance thickness.¥#
test ti= 2 in This is a tentative King frame insert thic.ness.#*

* sigmifies that these quantities are trial values.

rResults of Calculations:
t init= 2.0992 in The 1nput value of t should be close to t init.

hw/b=13.,6586584 This should be less than or egual to 13.
Wil/hw=0.707317 This should be between 0.7 and 0.3.
tf1/4=0,785714 This shculd be between 0.75 and 1.
wt /B=0, 183643 This should be close to 0.18.
sigma 1 2 if this is 1, then chell stresses are too righ.
sigma t=79772.44 psi This should be less than or egual toc sigma y.
sigma t<=sigma y 7 i If this is ones *he framing is accestable.

Lfeb=28.45688 in This is the end bay frame spacivg.

AKT=508.74451 in2 This is the King frame flange area. 1f should be 3
Af=17.654620 in2 times Af.

Ikf=11968.73 in4 This is the King frame MBI. it suculd be 10 times
If=1335.741 in4 greater than If.

Pcr=3693.442 psi This is the King frame buckling pressure. 1%
2.25xPc= 1958 psi should be at least 2.25 times grzater than Pc.
calc ti=1.680558 in This should be close toc test ti. If not. iterate.

sigma tkK«<sigma yK? 1 If this is one, King frame is acceptable.
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Intermediatz Calculaticns:
Ds=31.35416 Tt Thiz 1z the chell diameter.
fe=15.72708 Tt Thig 1€ the shzil radius.
L= 2.4373 ft This 1s sheli not contiguous to frame s web.
F=274.b4056 ps1 This 1s presswre at cperating depth. SF=1.0.
Fo= 16 7t Thige 1= the outer radivs of the huil.
= anri= 2.0992 in Thas 13 a firset indication of sheil shiciness.,
t/De=0, 0045783
LsDs=0.075520
hwsb=13,886480
Wilshw=0,707317
tFi/t=0.785714
fw=  7.6875 112 This 15 the crocss~sectional arez of the «weh.
Afl= 2.95873 in2 This is the cross-sectional area of the flangs.
HT=17.656285 in2 This is the cross-sectional area of ine T7ame.
nt= 1.5135 1n2
AT+bt=18.9687% ind
2=0,0491582
theta=2.058280 rad
cinhthetald.B32407 simhithetas2i=1.220&72
cosnthetz3.980680 coshi{theta/2)=1.977984
h=—0,58415 Theze thrze functiocns. Hy K and H arz ausiliary
=y, 625888 Tuncticns used in Von-Sanden—-Bunther formulas.
N=,939307
beta=2.444422 rad
gamma=10. 285932
ni=0,428512
ne=0.566%%4

sinhnlthe.¥83487
cazhnlthel. 402585
sinhn2thel . 450581
coshn2thel . 761870
F1=0.902577
F2=0.817351
F3=-1,24511
F4=0,644583

Size and
Le=27.1597%

Flate
Web
Flange
AT

At

sinnithet0.756102
cosnlthet(. 54509
zsinndthet(.219589
cosngthet(.392880

Weight of Frames:

in

fres ingd Arm in Moment

47.528954 191.125 9084.088
7.6875% 185.125 1423.148
2.96875 179.3125 1787.521

17.65625 SUM Mom=12294.75

65.16581
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This i1s the effective length of the shell.

d Ad2 ic
2.514055 300.4097 12,1399
—-3.48594 93.414695 67.30066
-9.29844 861.908% 1.370597
SUM Ad2=1255.735 12535.735

If=1336.741




« bar =188.510% 11 Thiz iz the centroig of the frame.
= sen ‘o cepresent the radius ta the nsutral za1=.

Fna=182.6109 1n This i1s the same as the canticid.
Fcg=181.8432 1n This 13 the centroid of the frame.
c1=2.235942 1n distance from N& to 1nner Trame surface
c2=3.38%0%5 1a distance from A to outer zhzll zuface
c=9.985%45 in ma-imum distance from the i
mE extrn=19.30409 102 This 1s Tor exterral frames.
A% 10trm=iB.S58747 1n2 Thiz 1z for internal Trames.
wt of frame=2.353751% tons Steel ic assumed hers.
wt of sheil=7.2%3134 tons
frame+chell=10.35075
wt /B =0.183463 Tris should voughly be sgual to D013,

LOBAR Buckling:

Focr=2272.144 psi  pressure which hull fails by general instability
F92=9568.34528 psi These two pressures should be less than
F22A=2566.0425 ps1  vield strenoth
F7=1030.1856 p=s1 PYSHGD.

HOTE - Thais is a substitute fo
a=0.227581 NOTE - This assumes interna
sigma u=63975.81 psa
sigma u=%35246.09 psi
Shell Stresses:
sigmac/1=435133.72 ps1 This is for stress ia xm direction.
18841.87
sigman/1=13B5%.2% psi1 This iz for stress in =T direction.
ﬁﬂlié.BE

-

his 15 an alternate expression.

sigmac/1=548%0.71 psi Thic 1s for stress in pham direction
492 S?.:h

mac/1=43977,36 psi  This is for stress in phif directicn.
54854.47

sigma a=  &0GO0 psi This is the maximum allowable stress

Test to make sure that all stresses are below the allowable strecss.

Test

Q In these tests. a one indicates that shell stress

G is greater than allcwable stress. A zerc indicates
Q that the shell stress is within allcwable levels.

Y

Q

0

0

O

0

General Instability:
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r-;-n

m=1.Z03=37 mE=2  duaTa3 mo«z=1,222931 A= 57756
Etmi Re=lod(156. El.RsRcaPLf=208.4%20

For n=2:

PCr=8s3.444 g}
For n=3:

Por=301" 495 ps2
For 1o

o -

s31Qma
en= 3.5 3n
sigma bi=1304,726 ps1 This corresponds to n=c.
sigma b2=14441.37 ps1  This corresponds to n=3.
si1gma b3=23002, qﬂ ps: This corresponds o n=4.
gma b=c3002,50 ps1 Thie is the largest buckling stress,
gma t=79772.44 ps1 This 1s the toctal strese.

End Hay Spacing - Here a spacing greater than LT is used.
Lfeb=28.45688 in  This uzes formula on psge 17 of Ch7 of the actes,
king Frame Analysis: MOTE - This assumes an internal bing Trame.

Lek=28.71245 in This 18 the effective length of bking frame plate.

Item Area ind Armoin Moment d ada In
Flate SG.25809 191,135 9504.421 9.254208 4303.640 12.8247%
Webh 27.5 179 4522.8 -2.87075 226.56335H 1109.108
Flange 28 167.1285 4477.5 -14.7457 H0GBE.241 7.145833
Insert 3.2444610 190,125 &1&.8815 3.254248 221.0038 0,015374
ATY=58.74461 SUM Mom=19823.30 SUM Ad2=1(832.57 1u8a¢ 57
Atk=108.9%06 ITk=119&8.72

v bar K=181,8707 in centroid of the cross secticnal area of King frame
i1t has alsc been chosen to represent the radius to the neutral axis.
vegh=173.9543 in radius toc the centroid of the web and flange
Rnak=181.8707 in This is the same as the centreoad.
Rcgh=173.9543 in This is the same as the web and flange centroid.

[y,

BK=0.043103 in2 This ignores the area of the insert.
betak=0.450385 rad This i1gnores the area of the insert.
gammak=2,020600 rad
deltak=3.787397 rad

[

B=0.040819 in2 This is a second iteration.
betak=0.8144460 rad This is a second iteration.

n
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Z gammab =0.4457a1 ~ad
c delzal =1,030730 rad This 15 the preduct of ondy two rteraticnz.
calc t1=1.520338 1n caicxlnred ingert thickness. test t1 = calo o7
clk=15.62073 1n distance from newtral sdie to 1nnec frame zu fsce
c2b=10,12724 1n distance from neutral adis to ocuter shell surfece
CF=15.0207% 10 masimum distarce from the neutrsl aiis
Fr=12.372%
sigma cb =073IT.63 pE1
Buct =cr=34673.492 ps1 This 1z vor bing Trame suclliog. It shooid be
greater than 2.25 ¢ Fc.
m=1.363637 ma=c . 444753 md:2=1.2822481 =TT T e
Etma/Rs=1o20135. EI 'Refcgsl{=2041.830
Far n=2:
Por=15363.01 ps2
Foo® =32
cr=17675.20 ps1
Foar n=4:
Por=20721.74 p2
sigma bBi=1383.587 pe1 This corvesponds to n=2.
cigma b2=3181.824 psi  This corresgponds to n=d.
sigma b3d=32335.986 ps: This corresponds to n=a.
si1gma p=3335.986 ps1 This 1s the largest buckling stress,
sigma t=34073.61 psi This is the total stress.

Bulkhead Analysas

f shear girder arrangement similar to figure 7 — 3% is assumed.
The widgth of the doubled bulkhead platz is taken to be hwBj3 it
tapers linearly to tR over a width equal tc hwB. Only cne or two
shear givrderz can be considered. It is assumed that the shear
girder will act as a deck suppoirt, or as part of the deck iiself.

in

input VYalues - The same steel as above is assumed.
tB= 3 in  This is the thickness of the bulkhead plate.

b= 2.75 in  This is the thickness of the shear girder web.
¥l = hwb= 60 i Th:s is the web height at midspan.
Wflg= 32 in This is the width of the shear girder flange.
tflk= 3 in  This is the thickness of the shear girder flange.

Y0=28.45688 in  This is the girder depth at the shell. It must
or88.45688 in  equal Lfeb or Lfeb+n*Lf. where n is an integer.
# girder= 2 This is the number of chear girders, 1 or 2.
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dutsut Values - 3 decl boat anc 77 deckheights assumed.
1=345.28998 1n This 13 the length of the snear girgers.
Momas= B.IE+08 167-in This 13 ma:, Lernding soment on the bullheac
£ regd=0,00S% 10 -3 This 1s the rzquired sectisn acoulus.
c=S3.89%10 1r This 18 man. distsnce Trom neutral acs.

Z cale=d.00005%7 in -3 This 1= calculated section muau}La. It shou
zqual rzguired secticr modulus, Adivst angu
antirl the two are eqgual. ihzc 12 mrdepan.

BB cale=5%.2704%5 1n Thiz mast roughly egueal bR. adjust 0 aca b
o stiffener design. see . Jackscn 2 notes Ch.7 psges 25-30.
The table below 1= for midspan. at certerline.
frex ind Arm 10 Moment d an # 42 is
BuLrhead 32 S -837 10,80089 AZ707.41 418.5

Weh 155 g L9500 —-g20,39%1 T2367.51 Y
Fiangs & 61.5 SR04 -49.,3991 23426a.1 =
incert 1%8 -4,25 ~-8i4 13,35043% 34223.28 1od

s 4332 Lum Mom= 7201 Sum AD2=403244.2 433cH54.3

AET 1Tl zar=%, 10089 IBf=904845. 5

The table below is “or -z 2-3 - itz zhell.
72 13 assumed to be Lfeb+lf.
Area ing Arm in  Moment d 1n &4 o=
Bulihesad 358 -1.5 —-237 10,50089 52707.41 _—

Web 243.8564 94.22844 19758.85 -35.1279 2001&5.0 158015.7
Flange 24 &1.58 5904 —49.3991 2343245, =
{nsart i7g -4.,25 -3186 19.094654 70018.15 is8

ART 433 Sum Mom=150092.83 Sum Ad2=&67156.7 H8715s.7

ART 1011 y bar=14.84454 I1Bf=82443.: .10

End Closure Analysas

f hemispherical end closure is assumed. A linear relaticnship
in figure 7-48 1s alsc assumed. A factor of safetv of 1.8 is used
in ca.culations for yielding and 2.25 in those for buckling.

input VYalues

Ri10f= in
Riva= 83.75 in
futput Values
hemi tf= 0 in
Jhemi ta=0.740495 in
Calculations
yld tf= 0 in

This
This

This
This

is cutside radius of forward hemisphere.
is outside radius of aft hemisphere.

is thickness of forward hemisphere plate.
is thickness of aft hemisphere plate.

This accounts for yielding due to pressure.
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Suce tT 210 This aczownts Tor buchling dae to Tosssurz,
remyl IT= d 1n 0 Thas is the iarger of the tac,
slo tz= 9,0387E 1n

puch ta=0. 79435 in

hem: ta=J.7404%98 1n

£1: "Bubmarine dtructural Caiculisticons
H2: * Developed for 13.9461 tlaval Shkag Tesign oy Joha Y. ~mv Jr.
s “This worhsheet 12 derived from the woernshests cortaiied 1n The oo
AZ: "Submarine Design dotes by CAFT Harry A. Jackson. Chaoter 7.
Ao: "See this reTerence Tor grawings wnilch defire th=z= physical zigniticsnce
A7: "of eachk of the variables. 6o to iine 218 Tor the buikhead analvsis.
£#8: "Bo to line 247 for tne end closure analysis.
A10: T Iaput Datas

Ail: Bo=
Ril: &2

Zi1: °Ft This ie puitside diameter of the submarine’s hull.
aiz: 7 D=

Eizs 1312

£12: "ft This is the submarine’s ocperating depth.
A13: Sicma y=

BiZ: 80000

C13: ‘ps1 Thas is the vield strencth of steel to be used.
Alay ° =

Blg: 29600000

Ci4: *psi This is Young's modulus for the steel to be used.
AlS: 7 U=

BiS: .35

CiS: ° This is Poisson®s ratic for the steel to be used.
fla: t=

Hin: 1,75

Cl=: "1in Thics is the shell plating thickness.*
4173 Lf=

B17: 2.5

Ci7: °ft This is the frame spacing.*
Alg: *° b=

B18: 0.75

€18: *in This 15 the frame web thickness.*
A1 7 hw=

Ril9: 10.25

Ci9: *in This is the frame web height.®
A20s: 7 Wfl=

B20: 7.25

C20: "in This is the flange width.+#
A2l ¢ tfl=

E21: 1.375
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221: "in Thig 1s the flange thicl ness.s»

REEH {g=

grd: 32

fd2: "ft Thais 1s length tetween ring Trames or bulkneads.+#
AE3: bi=

BzZ: 1.235

£83: "in This 13 the hing frame web thichnese.+

AE4y 7 bivtk.=

EZws: 22

~24%: "1n This 1s the ting frame welh height.#

a25: Lfli=

E2S: 1o

{25: “3in This 1s the King frame flange width.®

#2&: 7 tfli=

Boe: 1.75%

C25: "1 This is tne Fing frame Tlange t-ickness.#*

~27: 7 test ta=

E27: 2

C&%: "in This is a tentative King frame 1ngert thicknese.s
L28: "+ s:gmfiss that thece quantities are trial valuss.
AdG: “Fesuits of Calculations:

fdic t 1mt=

E31: +$BES3#$R$54%12/6B%13

£3i: "1n The inpuu value of t should be close to £ 1mat.
fac: ° hw/b=

Bad: +3B$19/5E$13

gazg: * Thie should be lz=ss than o =2gual to 18.

£33: ° Wflshw=

B33: +3RF20/$E3$19

£33: ° This should be between .7 and 0.8.

#34: ° tflit=

B34: +60$21/4B%16

L34 7 This should bz between 0.73 and |{.

A35: ° wt/B=

B35: +4C$108

£35: ° This should be close to 0.18.

A3b: sigma 1

B56: +%EB%$139

£34: ° If this is 1, then shell stresses are too high.
A37: ° sigma t=

B37: +$B%$1560

£37: *psi This shculd be less than or equal to siama v.
A3B: “sigma t<=sigma vy ?

C38: ITF(4B41460<=%E$13,1,

b38: * If this is cne, the framing is acceptable.

A37: 7 Lfeb=

#39: +$H$163
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flange area. It should be 3

bing

+IHPF3

‘154 greates trhan IT.

? For=

+3H5157

‘mrz1 This 1s the bing frame

buckling pressurez, It

13

. EEI Fe=

2.2 FR$53

‘rs1 should be at least 2.25 times greater than Pco.
caic ti=

+3H5191

“irt This should be
‘eigma tk.sigma yE?
DIF 3B$215=3RF13, 1,

T If this is one, rang frame iz acceptable.
“Intermediate Calculations:

b De=

+3BH11-7$E%146/12;

"ft This is the cshell diameter.

? Re=

+EHHS0/ 2

*ft This is the shell radius.

3 L:

+$0%17-{$B%18/12)

“ft This is shell not contigucus to frame's web.

s F|=

+5R$13/1.5

'ps1 This is pressure at operating depth, SF=1.5.
Ro=

+5E$11/2

*ft This is the outer radius of the hull.

ot init=

+EERS3#ERAS4*12/6R%13

*in This is a first indication of shell thickness.
? t/Ds=

+$BR516/7 { 1E%%ERET0)

? L/Ds=

-

cicse to test t1. I net. iterate.

R
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BZ7: ~iBEZ2/8R400

Asd: hu/p=

4Sg: +3E5i5/8B51H

AS7: T Wil ha=

BE%3 +PHESO/5R$17

rotr 7 tflst=

Bod: +6DES1 /B8RS

pel: =

gbly ~Sosldx5EHLY

Col: 73142 Toig 13 the cross-sectional ares of the web.
AdZs A¥ 1=

Bacy +3B520+3pP3521

L2823 "1n2 Thas 1= the cross-sectional area of the flange.
&3z 7 af=

Bb63: +3B%ni+$B56E

£o3s "1n2 Thas is the crosc—sectional area of tne frame,
Ad4y O bt=

Bod: +$5RF16+5E313

Caa: “ine

85 Aaf+bt=

Bol: +50H63+5H564

CaéS: "ing

fAdd: 7 H=

Body +3H864/SBEET

/87: theta=

Bs7: 13.Z+3B%52/ {ITERT (100%$BF54 1 #SRFTO

87 "rad

#b6: "sainhthets

BhH3: L O¥{QEARISESE7) ~IEXF{-5E$57))

Cag: sinh{thetas2)=

Eolds 0.5 {3EXP{$BEL7/2)-3EAF{-3RE67/2)

AA%: ‘coshtheta

Sa?s 0.5 (IEAF{$REETI+IEXP(-3R%57))

Ca?: * coshithetas/2 =

E&9: O, GxidEXP{$2867/C)+IEAP{-$B$E67/2) }

A70: ° H=

B70: —{5»$E$62#ICOC ($REL7/2)+SESHI#ISIN{SHEST/21) / ($RSLB+ISINI{$REE6T)H)
Lo ° These three functions, Hs K. and N are suxiliary
A7 7 k=

E?1: ($E546B-3SIN{SEHE67)) /7 {$B$A3+ISIN{ ERSE6T )

Cri: Tunctions dused in Von-Sanden—-Gunther formulas.
f72: 7 N=

B72: (3R569-ICOSI$R$67) )/ (SR$6B+ISIN{ $E367))

A73: ° teta=

B73: 1.5054950RT{sB$51#12%{$R$156°3) ) »ES72/sH$AS

€73: ‘rad

ATG: 7 gamma=s

212




-5 A

-1 -~

-3
ST 0 e N ordl 4

I BRYY
-1

~J

-1
A S A bt

)
-1

-1 -} =1 1

5173
o e ve

J
I T R I v W« IR B T

k)
LT3 L1

)

b

Mt MO MUl T MmO oo hmIw

oy

Y LI TR T R T

m i
U U O R A S X

n na v e

na

o

m

MWD e o

LR IR R R IR IO A I AU AR IS RN I R S AN

MMe G Ta MmE om0 % o I

89 B8 aw NG S8 B Ak AR kr AN 86 KB BN B N 48 e W% HhE we N6 i e we

O WA ot ool

L s it 9]

(Fy)
*
bt
!
4
ol
o
s
Ln
g Al
+
144
i
k4
in
(¥
fu
L
tH
i
tH
oo
T

“

BE5S1>12:5E% .0 ZFISOR

=i .-

L SRR T I ~B AR T e
) nes
1), GxdS0RT I+3EETy )
’Exnhni*h

cosmnitnes

2.0x EAF I SRETSAERSL T +IE AR ~ERETEESESAT 1
‘ceceEnltnet

IR SEETTIeERELT

‘51nhnEthe
LIRINEAF{SEETHEERFA7 ) ~QEAF (~8RET7555R%5T )

’luihfhet

ISIN(FBETo#EREET)

‘roshngthe

O 52 {JEAF LV SEE7 A+ 5REE7 ) +IELF 1 —3RSTE2FRF0T )

vuﬁatidﬁ'ﬁ*£35b7»

; Fi

L4 FEBES ,3?£x$B$78’E—5E$80'E};(fﬁBSf FRETE/ 3RS +{ 3ESTIHEEEE0,/8RETA 5

) Fe=

{1 3E$78wEES T/ SBATA+{SRETTREESRO, 3RST ) ) L (SREVTRENSTE FRETI) + BERTT#3E B0,
N Ea=

ISORT 3/ i~-3H51E 23 ) #{ ({FESO¥REETI/ERETHI-( FRSTT+SRETE/SRETS0 1 (SRFT73RETY
RT3/ 1-$ES152) ) #{ { {SBET7B*3E$7G/$B4 70— { SRETT#SESZ0, SBETS 1 1 $O8T7THERETS

Le=
($B352%12)#5B$B1+$R$18
:n This 1s the effective length of the shell.
“Area and
Arm in
Momeat
: d
Ade
? ic
"Flate
+3R%87+$R$16
+3b351%12
+$C89»$089
+$0H9-$C$95
+5C89#{$FB92)
+3B$87#$R$1673/12
“Heb
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£102s
L102:
R103:
£103:
Di03:
E104:

+3D7-5%95
+5C30% 1 $F 73 °2)
+FEF 13430519 3712
ae

=
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+
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5
tH
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.
I uwt

yaUM{GE7. .671;

+${587+50$92
) IT=
ISUM(HEY. .H?2)
oy bar =
+3E592/$C$H93
*in Thas 1s
"It has alsc
? Fna=
+$04595
*in This 1c
) Fcg=
{3E$T0+3E391) /3C4592
"in This 15 the centroid of the frame.
: cl=
+&CE95-{ ($B$SL4+#12) -$R$16-$E%19-$R$21)
*in
: ce2=
{5E504#12)-$0%95

the centroid of the frame.
been chasen o represent the

the same as the centroid.

radius to the neutral

distance from NA to inner frame surface

*in distance from NA to cuter shell surface

-~

PIF(SCH100-=$C$101,35C$100,3CH101)
it maximum distance from the NA
A% antrn=
{$RsSi%12/%C$79)2#$L%92

172 This is for external frames.
A% antros
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Dl 1 8B3T1+1 2805951 %30572

104 102 This 1S Tor 1nterdal Toames.
AloZ wt of frame=

CLliSy Dol 7Foo#30599%350 352

M0S: “tons oteel 1s assumed here.
Alshy wt of zhell=

C100: 0,000 Cone3B551#12#50317+12230%10

D18 “tons

22#BCB107. 1 FRETLFIT 2 SRE1THIE )
= shruld roughly be egual too o, id.
3ii0: CLORAR

35 uckiing:
i1 ? Fer=
Blois 2.e+3351a» (58300 2.5/ $R317/3BES0-0 ., 450 30FT (355500,
£iii: "33 graisare which null faiis by genzrzl 1nstsbilacw
Aligd: FRE=
Bi12: Z+3BE15+3BE56 {0,341, B15#8B571%(0 ,B5-5034b /1 +53373,
€ii2: "p=1 These two pressures should be less than
Ali3s FRgA=
Bi113: Z#3B$H13+SEESS/{ 1+5BST0% (0, B5~5B5866 /{1 +5R873) 1
£i13: ?ps: wield sirength.
4iia: Hi=
Hllg: +3R$13+3B316/ ($BES1#122300RT{0,.73-1 . 5#3051 1 5#4B3582+5B51 1% c#303582
Li14: "ps1 NOTE - This 1s a substitute for PYEMOD.
AxLsS: ° a=
E115: (1-0.5%3B515: /{1+3B540 /$CH104+5HE1 7 12%xsR5 1 050581 /505100
£1i%s 7 MOTE - This assumes 1nternal frames.

dr 7 sigma u=

5: (FEE1Z#50511%12) /(4. 3¥SRE1H)

o: ‘psa

T ' osigmaus

Ty +$HSG2#EESSI#12/$BS146

s

*pel This 1= an alternate expression.
“Bhell Stresses:

‘sigmac/ 1=

+3RE1154{0.5+¢08$1 1 SxER$EL)

*pex This 1s for stress 1n um directicn.
+$H$5116#{0.5~-$RS1 {S#$F%E1)

‘sigmac/ 1=

+8B%1 1ox (. 5+3R$115%4E$83)

*psl  This 18 for stress in xf divecticn.
+$B5116#(0.5-$0$115%$E$83)

‘sigmac/i=

+$E5116%(1+$B$1 15#(—$R$B2+0 . 3%#$R$84) )

a

‘psi  This 15 for stress in phim direction.
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BiZws
128
BlZE;
Z13%:
BiZo:
~1273
Ri27:
127
T

bor ok bd fes s e
ay ws wE ne as

T T o T T e T Mo o N = T WSy
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£ b e P S Dy L) L DR QRS LD L) T A e TO py Do fu

o per B e b
FE R
Q3 00 =3 O 0~ 0 L DO G ) TO R F0 TR R0 MY Fo DY 93 00 ~) O BB D) 0 TO P e e

46 4e N® ne N0 RE A&

¥B 4 me NS up B¢ e

P D TIom D X TIMmME s s oot Cyem;myo o 30
—

A150:
w1503

C180s

+5HE1lo% 1 +5631 13+ -20$Rc~
‘sizmans i=

+EaR 1o  I-FRSIITR — (40,
"pzr Thiz 1s Tor stress i
+E8%{ 1o+ 1+53$115%/ -1 -0, 331
* zigma &S

. TS8RE L3

‘peir This i1z the maviaum
"Test o mare surz thaet &l
: Test

wifF gil7-SE5127.1.0

? in these tests. a ane
wiFfeidn $R$127 1400

. 15 greater than allows
DIF RIST 3EHSI27 1.0

) thet the shell ztress
AIFIRIZZ. $R%127.1.0)
BIFTBISZ3-3B3127 107
wIF{H1SG $BF127.1.00
FIF(EI2C . 5E5127.1.00
QIF{RIZS-8R5127, 1.0
DIF{anUM{g131.,8138:.0,.1,
“Beneral Inmstabilaty:

. n=

Y I=E0ESL s EBE22

: me=

+ERE1957 2

: G s 2=

+50%i42 /2

? 3=

+HRE142 4
T Ztma/Rs=

+%

P

) Ei/RsRcgelf=
+5B51axHET3/ (SESS1 # 12 % ($CEF9 21 ¥$B$17#12)

*For n=g:

o ph
X

BEi4+ER610%$HE142/ ($R$51 #1E)

(S+EF61462) % (4+30$142) " 2i+$F$143%3

+5H5143/ ( (B+6F$142) % (9+4DE142)2) +$F$143+8

? Fer=
+3EE163/1
‘neg

For n=3:

? Pcr=
‘osi

*For n=4:

? For=
+585143/ ({15~
*nei

216
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Clodb:
Alag:
B1468:
Ci&8:
Diag:
El1568:
F148:
5168:
Als7:
B169:
Cla9:
D1569:
E1459:
F149:
5i469:

=

+5H518> 1+, 3524308877, SBFor S {1+3H573

si1gma C=
+50E99# 5302 5B4153, R54T
‘pel
? aa=
PIFIHE A2 =0, 8488510240, 5}
Yy
‘eigna b=
+ER514»5B5 I S5%50 51 00-3*x5B553/ (%579 2+ 3BE140-8R33S .
‘peir This corresponds too a=Z.
‘sigma be=

+5R51 43R5 SE450F1 02 -3 #BRETIS 130577 S+ 3ES10H5-3R553 1)
‘psi This corresponds to ﬁ=3.
‘sigma b3=
+5551 1025051 S04505 10221 Brs eI/ (SO B+ FRELIT0-BREEA
"pe1  This corresponds to n=d.
T zigma b=
JIF{$RS1546, =5B5157.9IF {$8%156. =3F5158. 383150, 308158, 21F 38517 - =2E8 108,581

‘ws1 This is the largest buckling stress.
?ozigma t=

+3BE157+56%5154

‘ps1 This 1s the total stress.
'End Bay Spacing - Here a spacin
) tfeb=
1.526*350RT {34551 «1C*3B%10)

"1n This uzes formula on page 17 of Ch7 of the notes,
‘King Frame Analysis:

THOTE - This assumes an internal Kaing frame.

: tek=
Z#JSORT(SR5C1 #12+3RE16) /1 {3¥(1-$B515 "2 ;" . E5)

*in  This 1s the effective length of King frame plate.
“ltem

TArea ind

Arm in

Moment

a

[1u]
i
M
m
ot
i
he |
ot
x
m
=i
-
- "I
-
in
[
in

i
[wi
E ]

+

d

Ad
H
‘Flate
+5BE166%50%16
+3B$51#12
+$R167#6C16Y
+$C169-5B%174
+$B169*{$E16798)
+5H5166»50E16°3/18

I8}

n
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HiTer ek

BiVl: +3R$23¥5BE29

C170: (SR3S4+ 12 ~$R$F27-0.5#FREI0
Di7T0: +BRI70#50170

E170: +8C170~-3E%176

Fi7a: +3B170+05E170 2)

G170 +sEsg3#$0524 3712

A171: *Flange

Bi71: +52$25+3R%20

C171: (ER3T4+12)-8REET7-50%5234~0,5x30 6248
DI7T1: +3HIT1#30171

£171: +3C171-80%175

F171: +$3171#(3E171 2}

2171 +$B$2S+5R$25 "3/ 12

#ivE:r TInsert

H172: {#P$1863/2-$B$23) #{ &B$27-%B$14)

C172: (4B$S4+121~$R816-0.0x ($B$27-$E514)

Di78: +:R172%$0C172

Ei?E +$C17E—$E$17c

+ER172%{$E172

2x{ ($B51463 4~ $B$d?)* FEBZ7-$BE5161°31/12

: ffk=

DEUM{HR170. L $B172)

UM Mom=

25UM{D1&9..D172)

“elM  AdE2=

FEUMIF167..FL172)

+3F$173

* Ath=

FEUMLERIGT ., LBRLTE)

) ifk=

U C169..6173)

Yy bar k=

B0 73/5R5174

in centreid of the croess sectional area of kKing fraue

"7t has al=o been chosen to represent the radius to the neutral axis.
vegk=

D8UMISD$170, .$D$1725  $B5173

10 radius to the centiroid of the web and flange

A177; ° Fnak=

B179: +$B%176

C17%: *in This is the same as the centroid.

A180: 7 Regki=

RF180: +%R4$178

C180: "in This 1s the same as the web and flange centroid.

A182: 1t Bk'=

BiBT: +30$23%$B$07/ ($R$2I%SHF2L+SR$TEXIBE24+$RE2345R%27)

0 IS B S S B B

mmmeemIm
e T o e v o O o i el S S ST =

=1~ s =3

[V S I ST N I v S 5 B S S S

E‘#*&ID’IDJL:JDJ&JLL'ITUFU

3% IR IO I |
e an LL) e a8 am ar [ T3 N ae &8 as s e a» as ae a LT (Y] an 'l
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B20ls
C201:
peoi:

ing Tnls 1gnores trs arsa of the 1nsert.
i betan=
1.555#350RT 2030 1»ic+ 8Bl 31/  ($FFlar8B31 741230805+ 83524+ 50F 2T +30E 30
rad This :agnores the area of the insert,
T1 gammar =
3.622%.3,55-8BF152. - 1+EH51870
‘rec
1 deitai=
.25+l . urERE1IEL4  EBB1 3/ 505116
‘rad
"g BF=
+5R$CIeSBFE 7/ \BEF ] TI+EREISIREET
102 This 1s a secoad 1teratiocn.
"2 hetak=
1.550%950RT (5051 1#6%{5E518° 31) /3R ITI+EBEZI+3E52T )
rad This 1s a second :teration.
"2 cammahb.=
L0, B3-383.37Y /0 1+ EES1E1)
“rad

"2 deltak=
0,25+1 ,a#$B51872, 38513, $HE1 1S
‘rad This 1s the product of only twe i1terations.
calc Ta=
+5RS187#5EE27 /0 SES190-0.5)
*1n calculatea insert thicknesz. test t1 =
? cliF=
+EB5174-1 { SE$T54#12)-3B$27- 58324 -50525)
"i1n distance from neutral axsis to inner frame surface
: car=
{SEES4+12)-3R$176
*in distance from neutral axis to cuter shell surface
? cki=
2IF{$R$192.=%B$1%4,5B%193,8E%1949)
"1n maximum distance Trom the neutral auis
) Fi=
+$R$23#{ 1+0.85%$0$188/$0%187) / (1+$0$138)
“eigma ck=
+$ES180#$R$S3%ERF 176/ (SRS I 73+IREZISESET)
‘pe1
“bBuck For=
2o%$B$10%$6$174/ { ($RH180%2 )~ F*2%SBE163)
"psi This is for King frame buckling. It should be
? greater than 2.25 » Fc.
m=
IFI%$B551 /$R$E2
! mc=

+&EE1422

N
2
St
1A
ot
P
K

-
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ES0ls ms s o=

Fouls +5D%142. 2

fazat: mé=

H201: +3EB%142 4

A202: ' EtmaiRe=

B202: +5Bsiu¥fbEslorsHsall /(503551 +12

pea2: ¢ EI/ReRcglli=

F2o2: +3B51a#G3174/ (8851 #12+($E3180 2 1#80E17%12)
mo ks For q=2:

feasy ¢ For=

g5 +3EEZOZ O ZHEFE20L  # a+305201, 2 +8FE2EH3
205 "psa

AZN&: TFor n=3d

ASOTs O Fcir=

BE0T: +5R$202/{ {8+5F$201 2 (F+3D3201 ) 21 +$F$208#8

207: ‘pea

#2083 “For n=4:

Agoe; o=

B209: +HES202/{{15+&F$201 12 {156+80$201 "2 1+3F$202+15

L20%: “pe=a

f211: “sagma bi=

B211: +3B514%5B5175+$HE105%3%$B$53/ ($B$180 2% FRE$205-$R3531

€211: "psx Thas corresponds to n=2.

A212: “eigma b=

B212: +5B$14%$RS 155455195484 5BE53/ ($E$180 2+ ($R$207-$8%53))

£212: "ps1 This corresponds to n=3.

A213: "sigma b3=

B213: +3B314%3BH100#$RE190+15#$0553/ ( $RS18G2# ($B$209-$R$23)

€213: “psi1 This corresponds to n=4h.

A2l4: ° sigma b=

B214: PIF($B$S11,=3B$212,9IF ($B3$211-=$B$213,$B4$211,8B%213) . I IF(SPsR12-=3B3213, $B5E
Z.ERHF213))

£214: ‘ps1 This is the largest buckling stress.

A21S: ° =igma t=

B215: +$B$197+%B%$214

£215: “psi This is the total stress.

A218: *Bulkhead Analvsis

AE19: "A shear girder arvangement similar to figure 7 - 35 15 assumed.

AE20: “The width of the doubled bulkhead plate is taken to be hwH; 1%

Ac2i: “tapere linearlv to tE over a width egual to hwB. Only one or two

Ag222: “shear girders can be considered. It is assumed that the shear

A223: ’girder will act as a deck supports or as part of the deck itself.

A224: “Input Yalues ~ The same steel as above is assumed.

f227: ° tB=

B227: 3

€227: "i1n  This is the thickness of the bulkhead plate.
A228: 7 bE=

Bg28: 2.75
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CEE3: “in Thig 15 the thaickresz of tne shear girde- web.

AE27: TPl = hws

BE2%: of

€229 "1in This is the wet height at midspan.

AE30s 7 WFlE

B22d: 32

L2x0: “1n This i1s the width of the shear girder Tlangs

331 tfig=

BE3t: T

C231: ".n  7“hiz 12 the thicrosss of &hz shear girger Tlanoe.

A232: f=

B352: +3Bz153

£232: "in This is the givder d2pth at the shell. It pust

f233: (<3

BEZT: +3B$103+1C»3SRE1 722

£233: "in equxl iLfsb or Lfsb+n*lf. where n 15 an integer.

A234: "4 girder=

Eg34: 2

{234q: ° This is the number of shear garders, 1 or E.

Ae3db: TOutput Values - 3 deck boat and 77 deckheights assumed.

Ad7: 7 i=

BE37: IIF($E$24=1,$B511#18-2»4B514,2#I80RT (*SRE11#61 2= (0. S+ L0 SRS -10-2+7 1
I2-3RE11#4)720)

£237: "in  This 1s the length of the shear girders.

Hod: Mbmax=

BE38: (SE$11#12/2-4R%14)"2#$R$237#$R$53/12.223

£238: *lbf-in This is max. bending moment on the bulkhead.

fAg3%: 7 £ reqds

B23%: +$B$13/11.3#505238)

£23%: *in -3 This is the reqguired section mcdulus.

fAogn: c=

B24G: DIF{(Z%3R$22T+ED$256) 5 = (SR$22F+H$BE231-$D$250 ) , (P#SREEZT+EDH2TY) + ($BS22T+5H2
-$D$254) )

C260: *in This is max. distance from neutral axis.

f2hl: ° Z calc=
B2a1l: +$B$240/66$250
C241: "in -3 This is calculated section modulus. It should

£242: ? equal regquired secticn modulus. Adjust input
£243: * until the twc are equal. This is midspan,.

Agbh4: * bE calc=

E244: 1. 5+dFP I#$B$S3*{($Bs11%12/2-$0$156)"2/ {$B$13#$BH$233%4)

C244: Tin This must roughly egual bR, adjust Y0 and bB.

A245: ‘For stiffener design, see H. Jackson®s notes Ch.7 pages 28-20.
A247: "The table below is for midspan. at centerline.

E248: “Area ind

£a248: ° Arm in

pe4a8: °  Moment

E248: ° d in

F243: * A g2

a2l




G2az: ¢ ic
~295: "Bulbhead
B247: 2 30 sREI2T+ 3RS0 5REZET
L2467 —0,.0r5B5227
D247: +3RE47#80249
EZ47: +3DEZT4+0) , Sx3R$SE7
F24%: +FHS4I#35E249 2
G247: ANEFRIZESTHIXFRESIN) +5EF22T 312
ACh U vieb
B2G: +3HE2ZEXREEICT
L3250 3.5*59$EE?
D250 +3B2S0#$LE50
E2S0: +3D3254-0., 5% 5RE2C
Fo5d: +3RESO#SEDSO 2
GaT: +ERECIB*EREIZT 3/ 12
AcSls Flange
BES1l: +$R%230%EH%231
£251: +$B$ceq+0.u*$85231
D251 +H0231#$C251
EZSi: +30$250-$B$22T+) . S*ERE231
F2o1l: +3BET1#$E2SL-2
G251y +$RF2J0*R$231°3/12
A2 Y Insert
BE2S2: +HEPECTRERE2I0RE
252 —-sR&227-S#$EH227/12
DESE: +3H2SP*sC252
E2G2: +3D3250-5C$252
FEog: +3BCSS#3E2T22
H25C: +PRI2ZT-IXERE230/1242% {SRE227 3#HEH230/13)
AESB: ? ART
BES53: 95UMI$R$2T0. .$B4252)
£253: ° Sum Mom=
DE53: I5UM(D247. .D252)
E2S53: * Sum Ade=
F2od: I5UM{F249. .F252)
G253: +3F$253
A2S4H: ° ART
E259: 2SUM$R$249. . $8%252)
€254 7 y bar=
D254 +5L32S3/$B$254
F234: ° 1Ef=
G254 ISUM(GE4Y, .GE53) #$BE234
A2Sé: The table below is for the end, at the shell.

AZS7:
B258:
£258:
Das8:

‘YO is assumed toc be Lfeb+Lf.
‘Area 1in2
: firm in

Moment

aee




£Z53: d 1

FEag: A da2

G252: I

F25%: Tbulkhead

EcS9: \3O+EQSEZDT+3# 505200 ) ¥ RESCET
{257 ~a.5+35B3227

D257 +3R2574%$025~

ESSY: +5DFIS4+0.5»8REIZT

FES%: +3HZTS»3EZS9 2

GETH: 1 2OEIRRCITHISFREI i #ERERET 3/ i2
fEeu: Web

B2ad: +HREZZEFER3Z33

=t U H l’...«*aE"&':’Bd

D250: +8RZOHO¥SECILD

EZout: +$0%5254~0.59+5B$233

F2b0: +3B2L0%$E260 2

G260 +3EE228#%REZ33-37 12

Aol Flange

E2b1: +3B$230=3HE231

C251: +3R$22F+0,.5450%231

L251: +3BEA1I#30261

Ecél: +8D$254~5BE329+0,5+58%231
F2bl: +$BCO1#$E2461 2

G241 +3EEI3OERE2IL I/ 1S

AZ&2: Insert

RS£2: +ER$227#ERE230#2

C262: -$R$227-5#3B$227/12

D26Z: +SRIH2#EC262

T262: +SDH264-$CH2462

F2&ad: +HH262#3E262 2

Gobe: +HR$2ST3I*xBRE2IC/ 12+2% (FRS2Z7I*EESEE30/18?
fzeds v ART

E263: ISUMISRICSO., .$EF252)
C263: 7 Sum Mom=

D2&F: ASUM{DES7..D242)

E253: 7 Sum Ade=

F243: ISUMIF259..F2462)

G2453: +$F$253

A2bh: * ART

E2643; ISUM{$RESHT, . $BH252)

£264: ° y bar=

DE&G: +5DE26H3/5B%264

F2e4: ° IBf=

G254: ISLUM{GES?..6263)

f#267: “eEnd Closure Analysis

AE4B: * A hemispherical end closure 1s assumed. A linear relationship
A249: *in figure 7-48 ig alsc assumed. A factor of safety of 1.5 is used
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£287:

"1 caloulatione for vieldiag sinc 2.25% 30 theose Tor bec
Inout values
RiOT=
“in This 1s outsige radius of forward hemisphere.
) Rloaa=

7 This 1= cutsice radius of aft hemischere.
utput Values

* hemr tT=
+3Escha
"1 This i= thickness of Torward hemizphere olate.

nemi ta=
~5HH287
“1n This is thickness of aft hemisphere plate.
*Calculaticons
Toyld tf=
+3R527 3%, 0, 7S#ERESZ/ BRI
i This accounts for vislding due to pressurz.

buck if=
+5B5273% (PSCRT{3*{ 1 -53515"2) ) ¥ERBS2/ (2%F0F 14} ) 0. gb4auld
*in This accounts for buckling due to pressure.

hemi tf=
2IF {$R$282 :$B$283, $EK$282, $R$283)
10 This is the larger of the two.
? “o'ld ta'—'
+5E$274% {0, 75+$R$53/5E%13)
“1in

buck ta=
+$RE274% (ISORT I3 {1 —-$RS1572) ) #5RESI/ (2Z¥$E$14) ) ~0. 9834464
in

hemi ta=
PIF{sR$285-$RE286 . $H$285. £R$286)
*in
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1.3 Table 3 - Program Output, P_HULL

oo paper ercor wrltian device FRN
foorts Retr,. Ignore®
Frezsure Hull Caiculatici Program
ZORRIGHT 107 1539 by Morkert H, Doerrv

1 =
A

|,l' I

i 200 . 21 July 1959

Input File @ a:ithsbphi?
Time : Thu Jan 11 20:235:35 1°9%0
Segment : Fwo Aft Length
Type : Diam  Daiam

SPFHERICAL NOSECAP : 3,300 0,90 G0
CYLINDER : 4,00 4.0 28,92
TRANSITION 7 CONIC : 4.0 31.74 0 165,00
ZOME SPHEREDID : 31.74 32.00 12.88
CYLINDER @ 32.00 32.00 34,00

ZOME FARARCGLOID : 32.00 29.5&6 45.20
TRANSITICN / CONIC ¢ £7.586 13.83 .20
CYLINDEF : 13.83 13.83 37.50
SPHERICAL TAILCAF @ 13.83 Q.00  5.92
TOTAL @ . 290,42

TOTAL DISFLACERENT : 3527.83 LTONS

2as

Surface
firea

17671

Yolume

137393

LOR

13
13d.48
38,37
«4%9,38

103,80

5 173.67
3 200.40
4 BE4.75
3 266.0%

123.13
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1.4 Figure 1 - Pressure Hull Design Showing Frames and Bulk-

heads
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1.5 Table 4 - MBT Size and Location Calculations, Initia
Estimate

Thesis Jahn Y, ~ms 35
nET Calculations 0% Jaruwar. 17590

ge calculaticns are peculiar te the pressure hull and envelops
that have been developed thus far.

AFT Tati #1:

Inout
La= 75.7 ft Thais iz the distaace of aft MBET bulirzad from »
the aft end of the PMB at 172.3Tt.
fa= 2.7% This 1= the &t paraboloid enponent. +
D= 32 ft This is the maqimum hull diameter. #
Laft= 115.2 ft Thas is the length of the after bodv, #
Dutput
Fo=10.95727 ft This i1s the radius at the aft MET bulihesd.
L= 20 ft This is the length of the aft MET,
wafti= 2231.04 Ft3 This 15 soclume of forward segment of tand.
“CE1=  E25.5 ft This 1s LEG of {orward segment of tanl,
VaTtd=4465.304 f£3 This is volume of aft segment of tank,
LCG3= 238.5 ft Thies 1z LLCG of aft segment of tani.
VAaTt=64895.404 Tt3 This 1s the total volume of the aft tank.
LCGa=234.1637 Tt Thas 13 the LCG of the entire a7t tank.
AFT TaMk #2:
Input
La2= 101 ¥t This is the distance of aft bulkhesad from FME.
Output
Fo=4.856B12 ft This is the radius at the aft MET bull¥head.
L= 5.3 ¥t This is the length of the aft MET.

\’ag=854.5330 ¥t3 This is the volume of the aft aft tank.
LCG a2=268.6447 ft This is the LLEG of the aft aft tani:.

227
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FUD TaE »
Input
L= =3 ft
nf= E.EE
D= 2 Tt
Lfud= 5.8 fr
OuTtput
Ro=iz.90100 T4
L= 17.2 ¢
fwd=9578.027 ft3
LLET= 42.4 Tt
TOTAL MBT:
Input
vembt= 17203.8 2
LCB= 130.82 Tt
Cutput
ke sum—i?lEE.qé ft3
LCG=138.6325 Tt
Errars
% NF==(,45242
% LCGB=-1.867207
fi1: *Thesis
61: “Jchn V. Amy Jr,
f2: “MBT Calculations
G2: "J3 January 1990
LY
o)
A8: TAFT TANK #1:
4% 7 Input
AlQ: ° La=
Big: 73.7
Ci0:
11 0
figs na=

Thiz
the fud
This 2
This

1=

--‘
or
[w)
n
[S WY
m on i

]
X

PR
mogon

=4
g

-t —]
box g
[

in

This
This

is
is

This
This 1e

This 1
This i

[

& distance of

the FME &

(<]

Tud ME
t 75.87¢.

T bulkhe

fud ellipscad exponent

ma tamum hull

length of the forward bade.

~ad
le
t

s at

ctal volume

LC

i
&

£ o

~
o
1

o+

required MBT
reguired MET

iu the fwd i
agth of the Twd #

he entire

diameter.

T.
=f

i e
L

of the
&7

volume.
LCG.

MET bul-!
3]

250 from »

+

3

sum of the two calculated MET s,

two tanks?®

[mgx

ambined LEG.

percent ervor 10 velume.

percent error

in LOG.

‘These calculaticns are peculiar to the pressure hull

*that have been develcped thus far.
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*ft This is the distance of aft MRT bulkhead from #
the aft end of the PME at 172.8ft.
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n

i 2.
Cigs ° This 1e the aft parapocloid e pomeat. ¥
~13: ° D=
B13: 32
C13: "t This 15 the maiimam hull diameter. *
is: Laft=
Bla: 115.2
Cig: "t Thas 1s the lengtn of the after body. *
~15: 7 Qutout
ales Aom
Ble: 7 3HE 2r+{1-13b510/ 3EF14) $EH12)
Clo: Tt Thz: 1s the radius at the att MBT bulknhead.
A7 O L=
Bi7: +3BH10+172.8-228.5
£17: °ft This 1= the length of the aft MET.
#ig: vsafttl=
2ig: 2231.049
Cid: *ft3 Thiz ies volume of forward szegment of tank.
Al%: 7 LEGL=
Bi¥: 22%.3
Civ: °F

s is LCG of forward segrent of tank.
J=

&
.\—

T—
B$lo 2-47) #5RB$17
his 15 volume of aft segment of tank,

A
el
.

ACO

Bels

Caa:

#2107 LCG2=

B21: {SE$17/2)+228.5

C2i: "ft This is LCG of aft segment of tank.

AS2: Viatt=

B22: +3B#18+$RE20

L288: "Ft3 Thais is the total volume of the aft tank.
fA23: " LEGa=

B23: ($E313#$B319+SR$20%6R%21 ) /SRS22

£23: Tt This is the LLG of the entire aft tank.
ACB: TAFT TANK #2:

AZP: 7 Input

Add: Lag=

B30: 10}

C30: "ft This is the distance of aft bullhead from PME., #
#33: CTutput

A34: Ro=

B34: {3E$13/2)#(1-($R$30/$RH14)~5R$13)

£36: °ft This is the radius at the aft MET bulkhead.
fA35: ° L=

E3S: +$R$30~-95.7

£35: "ft This is the length of the aft MET.

A3b: fag=

B36: (IPIX7#(269.17+1463.43+209.74) /18)-2%3423#IF1 /3+IP I #$H$34"2*$E$35
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*Fr3 Trigs 1z the yxiume of the aft a7t tant.
C LG aZ=
A BRI eT={ 207, 1T+1653, 434509, 7 - 121 —Er3u3x3F ]/ 3 #20h. 54 FI€5E5 34
526
<t This i1s the LLG of the aft aft tanik,
TFUD TAMNE
T Input
N L=
47
*ft  This 12 ths distzncz of fwd MET bulbhesd from +
) the fwud eng of the rfME at Te.37t.
* nf=
2.35%
' Thig 15 the fwd ellipscid e ponent. =
3 D:
*ft This 1s the maisum huil diameter. -
. Lfwd=
75.8
*ft Thiz i1e the length of the forward bedy. #
T Tutput
* Ro=
VBRE1Z/20% {1~ SE$TD /RS540 ) SB$EZ ) {1/ SBE52) 1
*ft This 15 the radius at the Twd MBT bulkhead.
. L=
+3E350-25.8
*¥t This 1= the length of the fwd MET.
? v/ fwd=
AP = ($RPTLH"2-10) ¥$BEST
*Tt3 This 13 the total volume of the att tank.
: LLCGT=
S1-i€B357/2)
*ft This iz the LLG of the entire aft tank.
*TOTAL MBT:
Input
* A .'"mb t=
17203.8
*tt3 This is the required MBT volume. *
’ LCG=
130.82
*ft  This is tne requaired MET LCG. *
* Gutput
* \/sum=

+$B322+$E$36+$H$58

*ft3 This 15 the sum of the two calculated MET's.
? { CB=
{SRE2C»$HE23+$R$36#6REI7+SRHSTE4SREET) /ERET74

*ft This is the two tanks® combined LLCG.
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1.6 Table S5 -~ Hull Envelope Wetted Surface Calculations, Pro-
gram Output, SHAPE 1.6

SHAFE
Yerszian l.e : 1 Augusl 1989
b= 2. oaf = 2.25 qna = £.75 s = 3.9
Farameczr Forebod s fMidbody AT terbody Total Huil
Lengtn 75,30 qﬁ.dﬁ 113,34 o338, 00
Surf area e458. 12 FaSh .7 g2863. 11 caahi, 20
Volume 4401%.13 TTEHT.,T 5743009 178714.5%9
Displant 1859.85 2509.72 1£45.39 115,97
LCH 44,75 {2u.80 212,21 133.0°
Lo 0.713 1,000 G.621 w772
Cws 11,834 1,000 L. 739 v, 858
Cuwp f,.81@ 1,066 .733 0,345
Tx1l Cone Angle 'Half' {degreec) : 20,50
Fercent Paralliel Midbody H 232.33
Length ot Equal Displacemeat Sub without FHMBE 231 .54
Diameter of Egual Displacement Sub without FME 38.64
Surf Area of Equal Displacement Sub without FMB : £1895.93

Cx
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1.7 Table & - Power versus Speed

Thzsiz

Fowar vzceuz zoeed
o g2 i=0.00%00)
Cd ppla=0, 3o
{d spln=0, ddec
To rudd=a, 12eddn
Cr hall=0, 0053,

meza b ts

)

1 th 3 Luny e

<403
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o oF L Fa e T

T T L

faro My g ro s e et e e

o e T = D D ]

0

27

L) ) L)
=) o &

e

i
43084259

F10dE98
1.4E+08
1.8E+03

LoE+03

+13

+015

L, 1E+08

4. SE+08

S EH03

5.4E+08

S.YEHD3

5.3E+08

&.8E+08

7.2E+03

7. 7E+08
2.1E+08
8.A5E+08
9.0E+08
9.8E+03
9.7E+0B
1.0E+05
1.1E+09
1.1E+09
1.2E+09
1.2E+09
1.3E+09
1.3E+09
1.4E+09
1.GE+09
1.4E+09
1.5E+09
1.35E+09

1. 6E+05

1.6E+09

1.7E+09

E »
[ R ]
o m

W o o

i
oy
e

falctiatiors

Wea sail= o3%.4
vea bplin= 1%2.13
Wea splns 9zl.7
Wsa rudc= 5,3
4za hull=s Zucds.d

cT EnF

ERR 1
D 02384 0. T a0
0,003811a S.2%040e
.00 1F9S 17.18247
U,001918 39.04473
0.01838 75.38077
D,G01812 189.0170
Q001775 202.1430
O, 001744 295.,3101
Q003717 420.33%4
0,0014893 7182487
0,001 873 7E5. 1052
Q.001654 973.4487
0001837 1229.4673
0.001521 1526.739
0,001 607 1887.251
0.001594 2255%.003
0,.001582 2691.975
0.001571 3181.355
0,001560 3725.942
0,.0031550 4328, 545
0.0G01841 4992.282
Q.001538 S719.5684
0.001323 6513.673
0.00151% 7377.0584
Q.001508 8312.664

,001500
0.001493
0.001487
0.001480
Q.001474
0,0014468
0.001463
0, 001457
0.001452
Q.001447
0.001442
0.001437

9323.272
10411.468
11580.88
12533, (4
16171 .55
£598.98
17118.08
18731.61
20442.33
22252.99
241866.33
26185.07

e e e
-+ b b
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ek

cta
2132

£

Ny u
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waow
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> Ay s o
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- I

1
wma$E o

o e )

4

0 For oo

N oee =]

g LA

. IS

e

O =

U~

z

07480
&B8.7478
09,3135
1172.82%
1481.534
1839.444

[T

i1

225,052 2

2714.871
3243.343
3832.934
4489 ,087
5215.23%
&014.,797
&891.185
7847 .799
8838.029
10015.35
11232.85
12544 .19
13952, 468
154561.50
17074 .10
18793.95
£0624.19
22568, 21
24629.32
£6810,.83
29116.04
313548.30
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1.8 Table 7 - Faorward Thrust Bearing Calculation, Wilcock
Analysis

Thesiz Joehr V. A 5.
Thruzt beEarig ~821gn 1 Lecembsr 1557
zee theciz notes. 30 flos 59, for development of geometlsy sno sowrces.
Inrut: Center supported. tilting pad thrust besring 13 sssaasa.
W=277i80.c 1bf  This 1z the ahsad thrust icad.
F= 5 psa This 1z the sztrese reacted bv lucricast foim,
P o= 3.8 Trizg 15 asctusl thrust ares fractizn.
bi= i8%.0 1n This 1s the inner ociameter.
M= 8.8 rom This 1= the shaft zpeed.
Aus+.iec—so ftei/s This 18 the hkimematic viscosidy ¢ the lvoricanst
at gutlet temperature.
rho=  1.9823 1bT &/ft4 This 1s densitv of lubricant a8t outiet tzmo.
Tout= gb of Thiz 18 the proposed outlst temperature.
cp= 2.534 Etusgai-oF This is the heat content of the lubricant.
Time 8% oF This is the i1nlet lubricant temcerature.

HOTES:
This design 1s Tor a saltwater lubricated tiiting pad thruzt zearinc.
The assumoticns are “or the support to be at 2.58%55 however. tha
performance for a center-supportec pad can be as good as the O,53xE
thrust bearing 1f the pad 1s noet Tlats but rouaded.
This analvsls 1s based on Wilcoch’s test.
Output:
DE"= 213.45 1n This is i1nitial thrust bearing cuter diameter.
U=3103.3790 ft/min Thas is lipear velecity of bearing surface.
b= ig an This iz an i1mitial pad width estimate.
EfTRY Enter the deszired oad width.
b= 12 in This 1s the design pad width.
3 =42, 22300 This 15 the computed number of pades
ENTRY Enter the desived # of pads. must be integral and even #,
1= 42 This 1s the design number of pads.
B =12.04371 in This iz an inatial pad length estimate.
ENTRY &nter the desired rad length.
B= 12 1in This is the design pad length.
mu=1.25E-07 revns This is absclute viscoesity of lubricant at
cutlet temperature.
Fecalc=45.83111 psa This is the calculated lubricant pressure.
op #=1.42E-07 Tnis 1z the cperating number and pad length
H/b= 1 te width ratio. These are entering arguments
for figwie 11-10 of Wilcock,
g= ©.072 This 13 a multiolier in the expressicn for
alpha. This Toirmula for alpha is derived from
siona=1.0E-04 rad Wilcock.
amin=,. 005213 in This is the minimum film thickness. It should be
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grzater tnan L0010 1-ches (for ol
g'= YD Trhis formuia i1z deveioped frowm Fig. 11-11
f=u,miioll from Wilcoch.
H=2o.Zo0id HF This 12 the power iost due to zhear strec
H=17.03874 LW Thas 15 power fost in ki,

8=85.5497¢ 1n3/z This 18

O0=112,1730 cpm

G =1.107541 oF This 18 the tempature ricse of the luorican
SESIGH SETNETRY:
bi= 189.2 in = 4,015364% &
De= 213.6 1n = 2.42854%0 m
b= i2 in = (,3a4300 m
B= 12 1a = 0,304300 @
1= 4 pads
&1 'Thesas
2l: “John V. Amy Jr.
#2: "Thrust Bearing Design
oc: "1 December 1989
A3 "see thesis notes, 30 Mov 89. for development of geometrv and
At CInpub:
B4: Center supported, tilting pad thrust bearing is assumed.
A7 =
H7: £77180.46
{7: “1b7 This 15 the ahead thrust laad.
~g8: F=
BR: "G
~8: "psi This is the =tress reacted bv lubricant film.
A9: 7 kg=
BE3: 0.8
t9: °* This is actual thrust area fraction.
Alo: 0 Di=
BlQ: 189.&
Clo: “in This is the imner diameter.
AlLl: 7 N=

Rit: 58.8

€1i: “rpm  This is the shaft spesd.

pigs: v nu=

BiZ2: 182 0.9142#10-5

Cig: "ft2/s This is the kinematic viscosity of the lubricant
€13: ° at cutlet temperature.

Alg: rho=

Big: 1,98:23

Ci4: *1bf =/ft4 This is density of lubricant at cutlet temp.
AlS: 7 Tout=
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oF Trhis 1g the proposed ouvtlet temperature.

g}
“oF Triz 13 the inlet lubricant temperaturs.
“HOTER:
"Thie desigr 12 for & zaltwater lupricates tilting oad thoust DEsr.nc,
‘The aszumptions are Tor ths suppcrn to e at UL.SE23 nowevers tha
‘performance for a canter-supnorted pad can b2 as good a3 ine 0.Io-S
"thrust bearing 1f the pad is net fiats but reunded.
"This analysis 15 based on Wilcock 'z teut.
TOutputs
) ngt=
213.&
“in This 1s 1nitial thrust bearing cuter diametesr.,
> U=
{oFI/24 1% {$RE10+$R$27 ) #5R%1 1
Tti/min This 1s linear velocity of bearing zurface.
. b=
{SRF2T -5R$10) /2
Tin This 13 an 1n1ti1al pad width estimate.
"ENTRY Enter the desired pad width.
. =
12
i This 1= the desiun pad width.
1 =

{(FPI/2)#5B57%{ 3BS10+ER$27) / $R331
) Thie 1s the computed number of pads.
TENTRY Enter the desired # of pads, must be integral and even #.

1=

42
’ This 1s the design number of pads.
* B:‘=
{IF1/2) #$B39* {$B$10+5RI27) /$E$39
‘10 This 1s &n 1niti1sl pad length estimate.
TEMTRY Enter the desived pad length.
- =
12
10 This is the design pad length.

mu=

{82) +$B%12%5B%14/144

‘reyns This is absclute viscosity of lubricant at
? cutlet temperature.

Fcale=

bg
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BE8:
o8
DS3:
ESS:

+3037 ($533943RBI 85527
ThEy Tris 1z the calculated iusricant oressurs.
: on #=
{32 (&BRFIG#ERFIR )/ SFEEFGUREREIT)
' This 1e the cperating numbsr and pad lenoth
’ Sib=
+38$3T /B3
: to width ratic. These are entering srguments
for Tigure 11-10 of Wilcogt.
q:
.21 ERFOT 1,100,307 #5R542+0 16
' This 12 a multiplier 10 tne s«pressicn far
? alpha. Thiz formula for alpha 1€ derivzd from
aiphsa=
(621 JSERT{SEEHI#10 H*ERH44 %0, 001
*rad wilcock,
? finin=
+3B545»5R%37
Y Thiz is the minmimum Ti1im thickness. It shouwld e
! greater than 2.001 1nches (for oils
. q'=

0,001 399% (3B$42° 2. 5140, 004005 %5RE
: This formula 1s developed
. f=

+ERE446 107 I¥ERE4T

* from Wilcock.

b H:
+3E5SUrEHE7#5R$28/ 33000

THF This 15 the power lost due to shear
. H=

+$BES1 0. 7457

R This 1s power lost in ki,

3 Q=

0.2C8%38534#$R$46¥$R$31 #FHS3T#ER$2/S
*1n3fs Thas 1s the lubricant Tlow over
2 Q:

Q0591 e 3EE3G xS RS SHEI 1 #SREITSEECE
‘gEm

SH0 M0 4

4
from Fig

the pads.

IAT=

42, 4#$0651/ ($BH16#$B554)
“oF This 1s the tempature rise of the lubricant.
*DERIGN GEOMETRY:

b) Di=

+3P4H10

*in =

+3B58/39.37

‘m
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1.9 Table 8 - Forward Thrust Bearing Calculation, Constanti-
nescu et al Analysis

“hecis
Tarust Zear:ing Des
AHEAD. FLOGDED. SE

Triz thrust beariy
b Lonstantinescu.
the dilcoch anaiys
performed using Eu
thrust hearing pad
INFUT:

- =y £

sigma=2 0V E0T

Davg=  S.1E1

alpha=1,01E-04

pmin=3.08E-05

B= £.,3043

= 0.,3048

ru=2. 14E-04

Fhe= 1.9823

4= 3.3

i= 42

Tamb= 84

Wiotal= 1233000

F= 316078

Dph= 4.37
OUTFUT DATA:

W brg"= 2403735

W brg= 24603783

H total= 1233000

+=0,026421

WUm oar=0.1458721
Wp bar=0.184436
Sp=5.421718
Sm=56.815171

£% bar=0.565&18
Fo bar=0.9052048
Fh bar=0.725564
FO=0, 000630
Th=0,000805

These
t

At CULATIONS
hi*=7,70E~05
hd*=4,463E-05

delta’=1.91E-0C

l”'

hmin'=3.94E-Q5

7 Pa

Johin 4. Ame Jr.
161 4 De C¢mber 197G~
A-WATER LUBRICATED. TIMN-BROMCE PAD. GTHEFR BERRING
ng design 1s hased oo the te:t. S5liding Hnnrxna=
et al. The i1nputs toc this analysie come fros
ig. Integration of different:ial equaticns is
ler integrations. » lenticulated rectranguiar
18 assumed.
results of Wilcechk e analvsis for flat pads { gemaz.
This 1s the vi2ld stress of the pad meterisl
i This 1s the average besving diramster
rad This is the pad ti1lt from Wilcoch.
i This 1s Wilcoceh™s mivamum film thiciness.
i Thiz is the pad ilength.
m This 1s the pad width.
ft2/e This 1s lubricant binematic viscosite at Tamb,
1bf =2/ft4 This 1= lubricant censity at Tamb.
rom This 1= the shaft speed.
pads  This 1s the number of thrust bearing pads.
oF This 1= the ambient lubricant temperature.
N This 1= the thrust borne by the besring.
Fa Th:s is the besring pressure,
M This is the runner diameter. (pressure hull’
M These are thrusts for each pad times the number
h of pads, and should be greater than or egual to
equal to W tetal. W brg” uses s separaticn BC
M in the divergert fiew, W brg does nct.
m This 15 the pad thickness.
Mon—dimensicnalised lead, hmin is reference.
Nen—dimensicnalised lcad, hp is reference.

Sommerfeld Number

Non-dimensicnaliced lubricant flux
Non-dimensicnalised friction force
Non-dimensionaliced friction force

rate
at y=0
at y=h

Friction coefficient at y=0
Friction ceefficient at y=h

coefficients can now be compared with experimental values.
he reference, Constantirescu et al, pages 283..28% and pg 2.

Primes dencte initial estimates.

This is the inlet film thickness.

This is the cutlet film thickness.

This is the maximum departure from flat plate.

i}
m
M

M

Delta/hp is assumed here to
This is to provide estimate of hmina.

be {.43.
1t should

be greater than 25.4 micrometers. -
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azed o villooohk®

EMTRt FEOU
al=n.00E-GS @ This 18 the design 1nlet T1im
=3, SEE-08 m This is the design cut 3
de.ta=1.3VE-05 m This 1s design maximum departu
nRin=3.11e-05 o This iz the minimun fila thic
mu=8.46E-09 bg/m s This 1s the lubiricant ahanlute
M=i15.74633 s This 1s the bearing iinear velod
FRISOURELCAD CALCULATIONS  no’=0.000035 @ thaict ne
Fo’ 12 assumsd to pe at D.6 wnto the convercent pod
lubricant film.-—This s roughliv sgual to J.47
ER ncom nom dp/ds p-pa & WoN
O G O0E+00 §,00E~05  B.BE+GA O, JE+CC O
el &.2BE-07 6,.51E-0S B.RE+QS 2.T7E+HIa 25,04022
2,02 1.23E-06 6.48E-05 F.0E+0s  S.49E+24 50,.37355
D.03 1.3ZE-08 H.3BE-05  F.lE+0d 8,.2E+04 T3,987945
0.0y ZL.41E-0n 6.24E-08 9.2E+06 1, 1E+0S 101.8732
GL.0T 2.9BE-05 S8.12E-05 FU3E+04 1LO4E+GE 128.0257
.06 3.53E-08 8,06E-05  2.4E+06 LLTEHOS 154,.4194
1,07 4 0%E-06 5.9BE-05 FL.4E+06 1LFEHOS 131.04335
2,08 4.528E-04 S.BFE-OS 5L,SE406 2.Z2E+05 207.8317 7
God9 T.15E-06 S.81E-(GD PL6E+0S ZLSEHOS 234.7160 9
d.1 S.08E-0s S.T73E-03  9.6E+056  2.8E+H0S 262,125 %
d.11 5.15E-06 5,865E-u5 2.7EH06 3L iE+0D 28%.4932 R
2,12 0.63E-0H S.STE-CE 2.7E+06  2.HE+0S 316.9920 7
0,13 7.11E-04 S.49E-05 9,8E+06  3.TE+OS 344 ,55%87 7
G,ih 7.SHE-06 E.41E-05 2.8E+06 4.0E+05 3I72.2870 9
2 13 BLOIE-05 S5.34E-05  9.8E+06  4.3E4H05 400,02B7 7
J.la B.auE-04 S.26E-05 9.8E+06 4.6E+05 427.7934 9
.17 8.358E-08 S5,19E-05 9.BE+05 4,9E+0L 455.54%3 9
u.Aa 7.27E-G5 G.1EE-05% G.8E+06 S.2E+OT 4831.2638 9
J.19 .8VE-D6 SLOSE-QGS FU7E+De  3,0E+405 S10.8959 9
G.2 1.01E-05 4,98E-05 9.7E+0&6 3S.BE+05 S38.412% 9
0.21 1.06E-05 4,91E-05 9,.58E+06 6.1E+05 585.7716 9.
U.22 1.0BE-03 4.84E-05 9.6E+06 &6.4E+05 TFE2.9310 9,
$.23 1.11E-05 4,.7BE-05 9.5E+06 SH.7E+0G 617.84584 9.
G.24 1.15E-05 4.72E-05 9.3E+06 T.OE+0S &44.4714 9.
.25 1.18E-05 4.85E-05 7.2E+056 7.2E+05 672.7576 9.
¢.26 1.21E-05 4.539E-05 9.1E+00 7.ZE+05 6£98.4347 9.
3,37 1.20E-05 4,53E-05 {.9E+05 T.8E+005 724.110% 8.
¢.28 1.27E-05 4.47E-05 R8.7E+06 8.1E+00 749.0708 8.
Q.27 1.279E-05 4.431E-0% 8.SE+06 §,3E+05 773.4798 8.
0.3 1.32E-05 4.36E-05 8.3E+06 B.6E+05 797.2802 8.
0,31 1.34E-05 4,30E-05 8.0E+06 8.8E+0T5 820.4131 8.
0.3¢ 1.37E-05 4.25E-05 7.8E+06 9.1E+05 842.8182 7
0,33 1.39E-05 4.20E-05 7.35E+06 9.3E+035 B&4.4344
0.36 1.41E-05 4,14E-05 7.2E+06 9.5E+05 885.1993
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1. AE+08
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4 ,SE+QS
4 ,.2E+0S
3.8E+05
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G.BE 9,2TE-Co 3.1EE-0% -F,8E+046 ZLSE+0E 32W.0547 -Y.EE+is 3.ZESOE
.33 B.3cE-04 3,16E-08 ~F,BE+24s 3.ZENT 301,737 ~%L.S5Ee0S 3.2E+0S
0,84 8.39E-08n ZL17E-05 ~.1E+Ds  JILOEHNS 2US.ELBEE -9 iE+ls 3L0E+0T
7,33 3,01E-056 3.18E-05 -F.8E+08 2. 7E+0D ZE0,4392 -B.AE+3S 2LTE+DS
2.84 7.SEE~06 3.20E-05 -3.2E+05  ZL4E+H0S 2E4.614% -8B.2E+0s  ZLoE40E
3.37 TLLIE-06 3L21E-0S -T7.TES0S 2LSE+05 204,1323 -7,TE+le 2,2E+03
0,82 0.83E-04 JL23E-0S -T.EEH0S 2.0EHGE (83,0705 -TL2E+0s 2L0E+0T
.39 S 1EBE-G6 3.2DE-0T -5,8E+05  1L,3E+GD 163.500G —clbsE+is 1LEE4GE
G907 5LoBE-06 3L20E-05 ~AL1E+0S 1LoE4H0T 1w5,48Z2 -ollztin 1LoE0l
.71 TLITE-0S 3LZBE-GT -SLSE+OS 1L,aZ+405 12900780 ~S.EEwis LLaE-aT
G.72 w.02E-08 3.31E-05 -4,.FE+05  1L2E+0E 114,3863 ~a,7Ewdx 1,2E0E
0,73 4 09E-is 3.3ZE-05 -4, 3E+06 1L 1EHCS 001,2555 -4.53E40b 1L iEd0E
1,99 3,54E-06 3,.3TE-05 -3 T7E+0b6 9L.7EwI4 §%,92505 -3.TEd0e FLVEHLS
0.5 2.9BE-(6 . 3,38E-05 -3, 1E+08  B,.0E+04 @0,32514 -3.i1Ew06 9.8E+0s
3,90 2.41E-04 3.40E-05 ~B.SE+0s  7L,BE+04 72,47EE0 -2.3E+04 T.3E+O4
2,797 1,.335-04 3.43E-0S ~1,BE+086 T iE+wGh4 HL.38877 —-1.8Ee0s TLiE+04
0,98 1.23E-00 F.asE-03 ~1,.2E+06  &.TE+4DS 42,05392 -1.2E+00 o, E+im
G.P9 &,ZRE-07 3.49E-05 -4 1E40T  S.4E+3G I9.46357 -4 1E+0S S4B
1 O,Q0E+00 3.53E-05 -1,0E+03 o.3E+04 SB,40089 —1.,4E+02  o.3E+03
om=&35175.9 W pad=3364&1.55 W omas

VELGCITr-FLUX CALCULATIONS  ho’=000000358 m thiclaszz at pmas

ha' 1= aszumed to be at 0.6 into the conwergent portiocn of the

iubricant Tilm.--This 1s reughly equal to 0.49 o

= am dpdx w m3fe dufdy 0 dusdy h F o F h
O 0.00E~-25 B.BE+CGSH B.46E-05 -5.7E+05 9,5E+04  GLOEHM0 0, 0E+00
0.01 5,51E-05  8.9E+05 B.4oE-05 -5.8E+05 7F.iE+04 -4.6E-G1  7,.TE-02
o 0.02 6.42E-05  9.0E+06 B.486E-05 -5.8E+05  B.7E+04 -4.65-01 7.4E-0c
0.03 b.32E-G5  9.1E+06 8B.46E-05 -5.BE+0S  §.2E+04 -4.7E-01  TLOE-02
G.04 6.24E-05  7.BE+06 B.446E-G5 -5.BE+05  7.TE+04 -4,TE-01  b.4E-u2
0.05 6.15E-05 9.3E+046 8.456E-05 -5.7E+05  7.2E5+404 ~4,.7E-01 &, 2E-02
G.08 & 06E-0F  F.4E+06 8.46E-05 -S,9E+0%  46.7E+04 -4.7E-01 §.8E-02
4.07 G,98E-03  7.4E+06 8.46E-05 -5.9E+05 4. 1E+04 -4, 7E-01 S.4E-02
0.08 S5.89E-05 9.SE+06 B.G6E-O5 -5.7E+05 S.5E+04 ~4,.7E~-01 4.9E-02
2,09 S.81E-05  .&E+06 B.46E-IS -5.9E+0T  4.9E+04 -4.8E-01  4.3E-02
0.1 5.73E-05 9.48E+06 Q.44E-05 ~5.9E+05 4.3E+04 -4.BE-01 4.0E-02
0,11 GLASE-0S  9,7E+06 B.46E-05 -5.9E+05  3.6E+04 -4.8BE-01  3.4E-02
0,12 5,37E-05 9F.7E+046 B.44E-0T -4.0E+05 2.9E+04 —4.8E-01 2.9E-02
3.13 S.4%E-05 9.8E+04 8.446E-05 -4.0E+05 2.2E+04 -4,.8E-01 2.3E-0F
J.19 5.41E-05  9.8E+06 B.46E-0S5 -5.CE+05  1.4E+04 -4 8E-01 1.7E-0cz
.15 S.34E-05  9.8E+04 B.4SE-US ~4.0E+05  4.1E+03 ~4.8E-01  1.1E-02
J.16 5.26E-05 F.8E+06 B.G6E-0S -6.0E+05 -2.2E+03 -4.8E-01 4,9E-03
.17 G5.19E-05 9.8E+06 B.45E-05 ~4.0E+05 —-1.1E+04 -4,8E-01 -1.8E-G3
1,18 5.12E-05 9.8BE+06 B.46E-0S -5.0E+05 -2.0E+04 -4.8E-01 -§.7E-03
0.1% S.08E-05  9.7E+046 8.46E-0% -6.0E+05 -2.9E+04 -4.8E-01 -1.6E-02
0.2 4.98E~03 F.7E+06 8.46E-03 -5.9E+05 -3.9E+04 -4 .BE-01 -2,.3E~02
0.21 4.21E-05 9.55+06 B.46E-05 -5.7E+05 —-4.9E+04 -4.8E-01 -3.1E-02
0,22 4.84E-03 9.6E+06 8.46E-05 ~5.9E+05 -5.9E+04 -4,8E-01 -3.7E-02

244




[&%]

A-._.....__.‘
oo+

.
oy

N .
DY oo f0ora o

o
.

X0 0 ro b Lo D6 os
th £

-0 03

u\UJuluJuJuJuJu)hJuoulululuJUJuJuJuJuJuJLu:n ulu|ulu1UJr ¢ x L - F o 4

3 TU = D) A

e T T
- - - ®
B i

.
I

D)
Daad
.4
0,43
T
0.8
0,96
9,07
.43
a7

0.5
0,31
.‘-d\_
.53
0.5

T S
0,55

0,546
LT
O.Sd
, ‘_(q
1_) -
Q,bl
Good
0,63
0,64
0. A5
Q.0b
0,867
368
0.69

<, VeE-0S
4. ZE-05
%, 03E-0F
4, S9E-05

; =T "y
4, S3E-05

4.97E-0S

4,91E-05
- 3RE-0S
LaLE-IT

o =t =
=t =Ll

LIRS
L 1aE-05
LFE-GT
ﬂ#E—GS
L JDE-CS
LIEE-GD
SFUE-OS
L BeE-0S
LABE-AG
. 78E-05
L THE-OT
LTOE~-OS
LOBE-OS
e e L
LSFE-0S
LSSE-0S
s ooE-US
LAP7E-05
La0E-05
LASE-05
LHGE-DT

-05

mm

03
giA

m
1
o

-5
-0
05
E-05
E-05
E-03
GE-0T
8E-GS
3.17E-03
2. 16E-05
3., 1SE-05
J.14E-05
3.13E-05

1 M m

R RS A N A TV
Gob LU oo e f i [

fl -n
:

G

.£E+Hé

CAEHDS
TEEOG
TE+O&
uE+”6

Ll .

~.]-]s:x:xl:l.ln. &lm
.
)

Y

3

m m m III o m
»
o oo 0o

oo )
.

+h

N D L) =) :!’a Lo Ty ol
+
o

;~
mmmemm

.
Tl

LZE+ODG
LOE+OS
0, uE+00
~5.1E+05
-1.2E+04
-1.8E+05
-2.5E+0a
-3, 1E+06
-3.7E+04
-4, 3E+06
~4,RE+04
~S.SE+06
~-6.1E+06
-5.8E+06
~7.2E+058
-7 .TE+06
-8.2E+04
-8.6E+06
~-9.12+06
-8 .5E+04
~-2.8E+05
~1 . GE+07
=1 .0E+Q7

-0~w»ruruwu1:~£~unr—nu
L]

[

N
£
53

LABE~0GS
HE-UT
SE-0S
E-05
E-05
E-05

=15

rFrrT

-3

o~ o~ o~ D- 0o
m m m

—05
E-QF
6E-05

U.

1m
!

o

o

U‘-CF

E-05
HE~-UT
SE-0T
GE-(S
éE—OS
6E-(05
éE’( e}
SE-03
&E-05
&E-03
6E~-0S
GE-0S

-DP-b-P-&“-&‘JZ‘-D-bJ?‘&'-D-b-D.b-B‘J‘P-D-Pb

mmmmmmmmmwmmmmmmmmmmmmmwa.ammmmmmmmmmmmmmmt:nl:\:lmn:nu.nmm

-
0
+
n o

[y

M
I+ DO 1 0
m
ol
f

i
-

[}
[}

-3 - ~1 70
mmmmmrpmmmm

|

|
hoon e R0 eiorn (1 el Lﬂ iLn L"I Lh Ll‘l L
L3

T e O .

-5, sE+

~5.8E+0E
-5, 2E~0S
-5 .4E+05
~SAHEDE
S 3E+05

3

nLh

. 2RO
-0.2E+05
-5, 1E+05
—SOE+OS
-, TE+0G
-4, 9E+05
4 BE+OS
-4, TE+OT
-4  SE+0T
~4 oE+05
-4 SE+05
-, 4E+03S
-4, 3E+05
~4 , 2E+05
-4, 2E+{Q5
-4, 1E+0S
-4 QE+(3
-3.9E+05
-3.8E+05
-3.8E+05
-3, 7E+05
~3.0E+05
-3.8E+05
-3.SE+05
-3 AE+05
-3.4E+05
-3.3E+05
-3.3E+05
~3.2E+035
-3.2E+05
~-3.2E+05

245

5. 0
S -8, Etuag
o ~F.2E+0s
D=1 0005
S —-1.2E+0&
S —-1.3E+05
S —1l.aE+0S

4 =
—-i.5e+0%

_.1 '"E'-H ]
-1 .BE+LE
-1.5E+07
~2.1E-05
~Z2.,2E+0IS
—-2 OHE+DS
~2.SE+0S
-2 . TE+IS
~2.8E+035
~3.0E+0S

1E+0S
-4, 3E+US
-4, SE+05
-4 , SE+0OS
-4 ,BE+05
=S 0E+GS
-S.1E+0S
-5, 3E+035
~5.4E+05
-5, 6E+CS
~5. TEH0G
=5.8E+05
-5, QE+05
-&6.1E+05
-6.2E+05
-6.3E+05
-5,4E+05
-4, SE+05
-5, 6E+05
-4, 7E+0S
-6.3E+05
-5.9E+05
—&.FE+0G

TR
L oE-0]
o
—i4, BE~01
——

-4, 7E-01

-4, FTE-01
—i4. TE~N1

-4, TE~Cd
-4, o8-l
-4, &5
-4, 0E-01
-4, ZE-01
-4, 5E-21
-4 GE-1
—q,aE-01
—u,4E-t1
-4, 3E-01
—H,UE—Hl

A..E—'_).l
-4,22-01
-4, 1e-01
=4 E~0]
—4 . E-01
-3.9-01
~-3.9E-01
~3.8&-01
-3.7E~D1
-3.7E~01
-3.6E-01
-3.SE-01
~3.3E-01
=3.4E~01
-3.3E-11
-3.3E-01
-3.2E-01
-3.2E-01
-3.1E-01
3.0~
~3.0E-0]
-2 .9E-01
-2.7E-01
-2.8E-01
-2.8E-01
-2.7E~01
-2.7E~01
-2.5E-01
-2.5E-01
-2.4E-01

4
i

b ra e ju fa

|
A

|
]
N

1]

{
BN AT N B )

i

l—
Pt I

Cixy fat :C“ (8
Py I 1moam I,

~Z .3k~
-2.aE~-01
-2 5201
-2.78-01
-2.aE-1
-2 .GE~i]
~3.1E~01
~3.2E~1
-3.3E-01
~3,5E-G1
-3.6E-01
-3.7E-211
-3.9E-01

=4y Q=01
-4, 1E-01
-4, 2E-1
-4 ,0FE-11
-4 ,5E-01
-4 ,0E-01
-4, TE~1
-4, 8E-01
-4 ,FE-01
~5.0E-01
=5, 1E-01
~5.2E-01
~-5,3E-01
-5.3E~-01
~S.4E-01
-5.9E-01

~5.3E-01




J07 3.13E-00 ~1L1E4NT BuasE-0S -3 1E0S -7, 0E0E -2 SE-01 -5, 0E-01
2.V 2L12E -0 ~1 L IE0T 3.48E-05 SAEHLE ST OE+0E -2.8E-01 -ELeE-H
D,TE 3L12E-05 -3 L uE+OT BogeE-05 -3L1EHGE -TLLE4+0T -2,3E-01 -S.0E-01
0.TE BL1E-0S —1LIE+ROT E.a8E-05 -3, (EH0E ~TO0E-GS -2.8E-01 -5,7E-01
0.%q F.U1E-0E -1 1E+07 BlogoE-05 -3L1Ee0S -7 1E40S -2.5E~ul -5.7E-01
CLTE FLMIE-OS -LLIEHDT 3L48E-05 -3L1E+DT -7 1E+0S -2,SE-01 -5,7E-01
LTS 3.11E-0S ~1LAEHOT BLOGSE-OS 3L LE+05 -7, 0E+0T -2.SE-01 -5,7E-0d
O, 0T 3L12E-03 -1 4E+07 BL4eE~DD ~3L1E+IR -7 0E+S -2,5E~01 -5.TE-G
078 ZUAEE-00 -1 AERDT 3L40E-0D -3L1E+HDS -7 0E+HIS -2L0E-01 -5.TE-OL
a7 3.13E-05 -1 1E40T BlasE-05 -3L1E+05 -T,3Ee0S -2.3E-01 -T2.8E-0

Uod 3.13E-05 ~1.0E+407 B.408-03 ~3,2E+03 -0,9E+05 -2,52-01 -S.&E-01
G.81 5..8E-00 -1 0E407 8.40E-05 ~3.3EH0S —olFE+0S -2,5E-01 -5, 8E-01
G.82 3.15E-03 -9 BE+06 B.40E-05 -3.2E+05 -5.3E+05 ~2.0E-01 -5.5E-01
G.83 3.16E-05 -7.SE+s BL45E-05 -3, 3E+05 -5.7E+05 -2,4E-01 -5,5E-01
0.84 3.1TE-05 -9.1E+06 B.4LE-03 -3.3E+05 -uo.oBE+03 -2.6E-01 ~S.4E-0
L33 3.18E-05 -8.6E+00 8,46E-05 -3.4E+05 -5.5E+0T -2,7E-01 -5, 3E-01
.86 Z.UE-G5 -8.2E4056 BL44E-0D -3.4E+05 -4.4E+05 -2, T7E-G1 -5, 3E-01
.37 3.21E-05 -7 TE+06 3,46E-03 -3.SE+05 -5, I40% -2,8E-01 -5.2E-01
0.88 3.23E-08 -7.2E+0a 2.40E-0% ~-3.3E+05 -&4.ZE+0E -2,8E-01 -5, 1E-D1
.87 B.25E-00 -S5.0E+05 B.468-05 —3LHE«05 -4 1E+0T -2,9E-01 -S.0E-01

0.5 3.28E-05 -46.1E+06 8.45E-05 -3 7E+0T -5 0E+05 -2 9E-01 -4.98-01
.71 3.28E-05 -5.5E+06 B.46E-05 -3,8E+0S ~5,.8E+0S -3.0E-01 -4 ,3E-01
.92 3.31E-05 —4.7E+08 8L46E-05 ~3.8E+05 -5.TEQS -2.0E-01 -4.7E-01
.73 3.33E-03 -4.3E+06 8.46E-05 -3,7E+05 -S.4E+05 -3L1E-01 -4, &E-01
.94 3.ATE-0% -3.TE+OS B.46E-0S —4,0E+0T -S5,4E+0% -3,8E-01 -u,SE-01
.55 3.3BE-03 -3.1E+06 B.45E-05 -4.1E+0Z% -5.3E4+05 -3.BE-01 -4.4E-7y
0.595 3, 40E-05 ~2.5E+056 BLGOE-DS —4. 1E+0E -5, 1E+0T -3.3E-01 -4,2E-0t
$.97 3,43E-05 ~1.8E+04 B.4b6E~IS -4.2E+05 -5.0E+0S -3,3E-01 ~4,1E-01
0.93 J.46E-05 -1.EE+06 B.44E-05 -4.3E+05 -4.3E+0S -J.4E-01 -4.0E-01
.99 3L4FE-05 -6 1EH0S BU46E-05 ~4,4E+05 -4,5E+05 -3.SE-01 . FE-01

1 3.528E-05 -1.4E+03 8

CERE-08 -4 3EHIS -4 SE+0S -3,3E-01 -3.7E-01
F Gyh=-34.94614 -2%.5248
FAD THICKMESS CALLL ATIONS

DE= 5.4258 m Thiz is the cuter dirameter of the bearing.

Di= 4.8162 m This 15 the inner diameter of the bearing.

Da= 4,37 m This 15 the cuter diameter of the runner.
si1gma 120683000 Pa This is the yield .tress of the pad material.
t=0.025842% m This is the pad thickness. A factor of =zafety

of 1.5 is assumed.

A9: "INPUT: These are results of Wilcock®s analysis for flat pads (kgim.si.
Ala: sigma=

Bid: (82} 20485000

Cid: "Pa This 15 the vield stress of the pad material.

All: ° Davg=

Bl1: E.121
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) alpna=s

L2y 0.0l

rad Triz 1 the pad tilt from Wilcoch.

’ hmya=

w52 30,8110 -p

i3 Thie 1= Wilccock™s mimamum falim thich nses.

U, oS

0] Thiz := the pad iength.

; L=

0, 3043

tm Thiz 1= tne pad width.

’ U=

{531 0.514cxin -5

“ft2re This 13 lubricant tirnemetic viscosity st Tamb.

' Fho=

1.9823

ikt s2sFt4 Thie 1s lubricant dersity at Tamb.

' fi=

53.8

ram This 1e the shaft zpesed.

. 1=

4

‘nade This 12 the number of thrust bearing pads.

! Tamb=

ob

s This 1s the ambient lubricant temperature.

T Htotals

1.2353%107s

°F This 1s the thrust borne by the bearing.

s Ex

315074

“Fa This 1= the bearing pressure.

? [ph=

4.37

T This 1z the runner diameter. (pressure hull)

TOUTRLT DATA:

Y W brg"=

(F0: +513151#3E519

M These are thrusts for each pad times the number
A brg=

{(FO) +$F31561%3RS519

N of pads. and should be greater than or egual to

? equal to W total., W brg" uses a separaticn EC

YW totals

{FO) +5Bs21
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T This 1= the pad thiclness.
bim bar=
130353 ZEFElal)
’ Nnn—d1m5ns1-nalx
ooRar=
585‘6—$u5u1,-3—585=2‘
a—gdimensicnslized

- —

PEHSTOH#EREIE«3E310+50514 2)
= ererce.

ed lowad. hmia 1z rete

=1d tlumter

B3S0+3B515+3B353)

don—-dimensicnalised lubraicant flud rate
$03/ (38304 %5RS55~

Adon~dimensicnalice

* Fh bar=

-FHEZLT+5RSD3/ 1 SEESH4*ERETTFERS14+$RS1 50

N Mon-dimensionalised friction force

fu=

—abﬁ:o? #FE161

Eriction coeffic

B%iﬁ ¥3
ricti

|"| I11
o—--
~h LA

d ¥

:l
(4]
1]
W
part

at w=h

2

1ent at y=0

: th=
-FH$267  $F 8106l

: Friction coefficient at v=h

‘These cosfficients can now be compared with experimental valus
"Bee the reference., Constantinescu et ai, pages dSE..EBE ard pg
"CALCULATIONS

"Fraimes dencte initial estimates,
: hi =

{82: +HBFE43+HR$IT*HB%14
‘m This is the inlet film thickness.

) ha'=
{52) 1.5+3B%13

“m This 15 the cutlet film thickness.
T o delta’s

{521 (SRH42+$E$43) /(2% (1+170.45))
‘m This is the maximum departure from Tlat plate.

? Deltaskp 15 assumed here toc be 0.43.

hmin'=

(52 +3B$63#{ ((EB$42+$B$43T) / (2#$RE43) ) - { { ($BFH2~E8543) 2) / {15 SEREGI*EREG4H ) ) -

“m Tnis iz to provide estimate of hmin., It should
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HE% s
LI
Beuw:
Caus
LU
E&o
FaO:
3603
Héws
Aol:
Bbl:
Cat:

D&l
E&l:

CL
m
<
[« 8
.\-u

{ GRERESH*SRESER (1 -$EH50/ 3080 /1 5060 2

0.8 1a0tx

1=

sougnly

* n-pa Fa

Ix}

{32} +83552% 1€ ($RL0-0.5)"2)

{821 +R8550~{ SRECQ-SHET]  FBLA0-FHEY
(51

(31} 0

i)

(51) SIFvSESQ:=04,4D80.01)

{(51) O

UL.0d

\52) +~SEIESH{1-0€(5AK1-0.5)"2)

({S2) +$EST0O-{ PASSO-$RET1 ) #3AL1-$RA1
{51)

510
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thactrnes

1
E

in

-

VORERESLRSRBST#( 1 -$E 856/ 50461 ) ) 1 5CH172)
{EDA0+EDL1) /2 % (5RE1-$ALD I #ERE14+3

&

IR FIN ALY
Thisz 13 the sscign
he=
+ERFSO-52E12+sR%1S
Thiz 13 the ae=: C
dgzlta=
(RBFOOHERFSL /I 2Hi 141 90,45 )
Thaz 18
rmin=s
+BRET1+ (FEFTUTSERSL 0/ 2#ERETL ) - BRESO-3E
This 13 the ¢mloimun
mu=
47, 3BoE¥aRsi4&+FEF17
m s This 1s the 1
JJ =
(051 #EEB1T 80
This 1= the bear 11
FRESSUFE/LORD CALCULATIGHNS
e
thicinees st pmax
tx" iz gssumed to be at
iubricant Tiim.-- z 3
R
cn
h o
o/dy
pa Fa
W N

=i
=340

bl

[

31}
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Hiwé
Cléb:
Diss:
Eisa:
Filob:
Gioé:
Higé:
#1567
Ri&67:
Cis7:
D1&7:
El1s7:
Fi67:
Gig'.?:
Mi&T:

73

Fas7:
G267:
HZs7:
A2ed:
AddT:
E267:

~

SE&lw 3Rl -5fel #ERE1a%3R31S
=11 @IF{3ELL. =0,85061 .0
S REEE-TE LU ERS WFRE S8 TS EF TRV BE S FoE RIS L1 0y
pm=
A5UM Eov. JElal) s 1
W pad=
25UM{Fau, ,Filal:
k Y ooad=
) VELOCITY/FLUY CALCULATIONS ho'=
+50H107
'm thickness at pma
) ho' 1z as=zumed to be at 2.6 into the corvergent goction of the
’ lubricant film.--Thas 1= roughly equal to .49 & R,
: . B
o5om
T o dpsda
‘g4 m3ls
odusdy O
* dusdy b
* Fo
) Fh

1592) +3C&0

{51) +%G&0

{52) {C.S+3BE00#8R165~1$C1664#6H166 31/ ( 12%4RE54 ) ) #30515
{811 —$B1446#40166/{2¥SR354 ) -$R$55, $H1 56

{51) +5R150#30156/ (2%$B%54 ) -$RE55/$K158

(31) O

({51} O

(ARYE |

(S2) +3061

151) +$651

(52) (0.S*$EFTTXSR1ET-{ST167%$R167°5 /{12#$R$54) ) »$H515
{51) —$R1487%$C167/(2%3BE54 ) -sR$SS/$R167

{51) +3R167%3C167/(2*$ESTH) -$RESS/$R167

{517 +EEBSO®IEL166%{$AL1ET-SAR166) %SRS 14»SRELS

{S1) +$RESHxsF166%1$A167-3A106)¥SRE14%$RS1S

’ F O3h=

EUMIGisb. .GELS)
JSUM{H164. . HR56}

) FAD THICKNESS CALCULATIGNS
! be=

+$BE11+3B$14
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"y Thiz 1z the
. Li=
+3EE11~-5B514

‘m Tnis 15 the
* Da=

+3E323

‘m ihile 15 the
‘Eigma &1=

+3R%10

“Fa Thiz 18

. b=

F20RT

“m

of

a

1.5

cuter

1a0nes

ou

i
n

the yvield

is assumed.

diameter of

ciameter of

diameter of

=tre

{0 ArEF 510l # $RISZHF+FRH2T
This 13 the pad thiclhness.
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th

th

he

o
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e
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T£10= Table 9 - Astern Thrust Bearing Calculatiorns. Wilcock

ﬁgiyé‘gmﬂg Zes1gh i Decemper 15E°

SZze tnesiz potEs. 2w doy 89 Tor development of ssometrs acd Sourses.

Inputs certer suptorteds tilting pad thrust bearing 1= aszumed.
W=2s17a5.3 1T This 1s zhe astern thrust leoad, 20%  anesd.
F= 7% pa: Thig 1s tne stress reacted by lubrigcant fiim.
bo= 0,3 This 18 actual thrust ares Tractaon.
bi= 189.0 10 This 18 the i1nnsr diameter.
fi= 3.3 rem This i1s the shatt speed.
=7 1-E-08 7t2/s This 1= the kinematic viscozity of the lubricant

at cutiet temperature.

rho i.7625 1k . fta This 1s dernsity of lubr-icant at outiet tesp.
Tcut= S o this 1s the propoesed ocutiet tesperatere.
co= .53+ Btulgal-cF This 1z the heat content of tre luhricant.
Tin= g5 of This 1s the inlet lubricant temperature.
NGTES:
This design 1s Tor saltwater lubiicated tilting pad thrust besrang.

The assumpticns are Tor the support to be at 2.53=B5 however. the
nerformance Tor a center-cupperted pad can be as good a= the O.58xEH
thrust bearing if the pad 1 not flat. but rounded.

This analysis 15 based on Wilcocl s teuxt.

dutput:
De'= 2U%.0 an This 1= anitial thrust bearing cuter diameter.
Y=2272.503 Tt/mn ThAS 15 linear velocity of bearing surface.
p'= 10 1n This 1s an 1nitial pad width estimate.
ENTFY Enter the desired pad width.,
b= 19 in This 1s the design pad width.
17=300.1849G This is the computed number of pads.
ENTRY Enter the desired # of pads, must be 1ﬂtegral and even #.
1= S Thie is the design number of pads.
B*=10.032%9 1n This 15 an initial pad lengih estimate.
EMTRY Enter the desired pad length.
B= 14 an Thie 1s the desiagn pad lenagth.

mu=1.28E-07 reyns This is absclute viscosity of lubricant at
cutlet temperature.

Foalc=44.34935 psi This 15 tne calculated lubricant pressure.
oo $#=1.74E-07 This is the operating number and pad length
B/b= 1 to width ratic. These are entering arguments
for figure 11-10 of Wilcocck.
g=  Q.072 This 13 a multiplier in the eupressicn Tor

alpha. This formula for alpha 1s der:ived firom
12E-04 rad Wilcock.
118D in This is the mimimum f1lm thickness. It should be

alpha=
hmin=0

P.h;
".'.
<

asa




(W}

[ B

power 1ost 10 tu.

-4 .
a a
1w+

+
B el

g

arestec than .00l 1NENET LTIl 1l
= 0, 0 Thiz forawla 1z deselogeg Trom Fio. 1.-10
T=0, 01120 Trom Wilcech .
H= 2=@7 HF Thiz 1z the power lost due to shesr stoszses
S1&

(v §
inon

bt e 5] e U
Py

I
o
[

n

ot
L]

the lubricant flow cver the pads.

o , i 1
O=1,1.7254 cpm
.T7=1.12980s ofF This 13 the tempazure rige of tne lubricsnt.

-~

SEOMETRY :

i= 182%.0 2113 = 4,3:584% m
&= 2.0 1n SLEE3EEO m
b= i in = ), 2300 m
o= 10 3n = 0. I3G0) oW
1= 0 rfads
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1.11 Table 10 - Astern Thrust Bearing Calculation, Constanti-
nescu et al Analysis

Thesis Joma Y. omme Jo,
Thiust Bearaing Design 4 Dzcember 139
AETERMs FLOGDED. SER-WATER LUBRICATED, TIN-BRCHIE rFAD. OTHEF BEARIHE
This thiruct bearing desian 1s based on the tesut. 3liding Bearing:s
by Constantinescus et al. The 1npots to this analvsis come from
the Hilcocw analysiz. Integration of differential equations I3
performed using ELlE integraticns. A lerticulated reciangular
thrust kearing pad 15 ssszumed.
INFUT: These are resuits of Wilcoch's analysis foo flat pads rig.m.ci.
s1gma=g, JTE+)IT Fa This 1= the visld stress o7 the pao waterial.
Davg= .07 m This 1= the average be=aring diameter.
alpha=1.12E—04 rad This 1s the pad ti1lt from Yalcoot .
hmin=2.88E-0% m This 15 Wilcock's mimmua film tnaciness.,
B=  (G.254 m This is the pad lencth.
= 0,259 m This is tre pad width.
nu=?,14_ -6 ft2/s This 15 lubricant kinematic s1scosity at vamb.
rho=  1.9823 1ot =2/ft4  This 1= lubricant density at Tamb.
M= 8.2 rpm This 15 the chaft spesd.
1= 50 pads  Tme is the number of thrust bearing psds.
Tamb= 8o ofF Thie 1s the ambient lubricant tzmperature.
Wtotal=980340.9 N This 15 the thrust borne by the bzariag.
F= 3UE793 Pa This 12 the bearing pressure.
Ligh= 4,37 m This 15 the runaer diametsr. wpressure hull!
QUTPUT DATA:
W obrg”= 1749029 These are thiusts for each pad timees the number
W brg= 1745029 N of pads. and should be greater than or egual to
ggual to W total. W brg" uses a szeparation BC
H total= “Go3al M in the divergent flocw, W brg does not.
t=0,019598 m This iz the pad thickness.
Wam bar=0., 14670562 Hon-dimensionalised lcad, mmin 1s reference.
W bar=0.200928 Noen-dimensicnalised lcad, hp is refererce.
Sp=4,975951 Scemmerfeld Number
Sm=5.98577&
B¢ bar=0.252806 Non—dimensicnalised lubricant Flux rate
F{ bar=0,952153 Nen-dimensiconalised vriction force at y=0
Fh bar=0.702853 Non-dimensicnalised friction force at y=h
=0, 000730 Friction coefficient at ¢=0C
Th=0. 000539 Friction coefficient at y=h

Theze coefficients can now be compared with ewperimental values.
See the reference, Constantinescu et al, pages 283..28% and pg 27.

CALCULATIGNS Primes dencte initial estimates.
h1*=7_11E-0S m This is the inlet film thickness.
h27'=4 ,27E-0S m Thics is the cutlet Tilm thichkness.
delta’=1.77E-05 @ This is the maximum departure from flat plate.
Delta/hp is assumed here to be 0.45.
hmin =3.54E-05 m This is to provide estimate of hmin. It should

be greater than 23.4 micrometers.
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1.12 Table 1! - Journal Bearing Calculation, Wilcock Analysis

Thes1=2 Jomo V. o ame I
Thiuet Searing Desian 5 Jecember 17EBT
TILTING rrly JOURMAL EARING

tze thesis notes, 30 pos 8%, for development of gesmeti. ano zourcas.

Iamats Center supporteds tilting pad joucnal bearirg 12 aszused.
k= B4ZeM 1bT This 1= the thrust load.
F= TS ps1 Thiz i1z the strecss reacted b/ lubricant Tilm,
Lg= L This 13 actual Lhru_t area Traction.
ai= i7TV.E o1a This 1= the inrer diamets’.
N= 5.8 rpm This 1s the shatt =QEﬁd

au=9,0aE—0s8 ft2r3 Thiz 15 the kinematic viscosity o tne lubricaos
at cutlet temperature.

rhce=  1.7%819 ibT s/ft4 This 1e densit, of lubricant a3t curler —esn.
Tout= 8" of Thie 1e the proposed ocutlet temperature.
cp= 8.5334 Btusgal-oF Thas 1= the heat content of the lubricant.
Tin= 85 of Thiz 1z the inlet lubricant temperzturs.
MCTES:

This de==1g9n 15 for a saltwater luoricetad ti1lting pad +h u
Tne assumptions are Tor the support to be atv G.S8B! howss z
performance for & center—supported pad can be as good as dne O, SEH
thru=t kearing 1T the pad is not flat, but rounded.

This analysis 1s hased on l1lcock’s teat.

Jutpat:
b2 =182.4e22 15 This 1s imatial thrust bearing ocuter diameter.
d=2Ta7.977 Tt/min This is linear velocity of bearing surface.
b =2.011112 in This 1s an imitial pad width estimate.
EMTRY Enter the desired pad width.
b= 7oan This i= the design pad width.
17204, 33923 This 15 the coaputed number of pads.
ENTRY Enter the desired # of pads, must be integral and even #.
i= a4 This is the de=ign number of pads.
B7=7.0461165 an This is an n.t:al pad length estimate.
ENTRY Enter tne desired pad length.
B= 7 in This is the design pad length.

mu=1.24E-07 reyns This 1s absclute viscosity of lubricant at
cutlet temperature.

Fecalc=28.220&4 psia This 1s the calculated lubricant pressure.
op #=3.49E-07 This is the operating number and pad length
Rih= 1 to width ratic. These are sntering arguments
for figure 11-10 of Wilcock.
g= 0,072 This is a multiplier in the expression for

alpha. This formula for alpha is derived from
alpha=1.3BE-04 rad WHilcock.
hmrn=0.001109 1n This is the minimum film thickness. It should be

aseé
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H=11.7&092
H=8.77n0izl
0=62.71234
U=dl.278540
V=0, 718v17
GECMETRY :
Di= 177.2
Dz2= i?i.2
b= 7
o= 7
1= ab
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pras
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1A
5
in
10
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Thiz
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Thie 18
This 1s power

This 12
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greater than
formula 13 deseloepeg fr
Wilcock.
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4 . 305489

., 177800
0. 1778
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lubricant Tlow

tespature vise
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1.13 Table
al Analysis

Tnecsi

~
-
-

12 - Journal Bearing Calculation, Constantinescu

Thrust Beari-sg Desian

TILTING FrD.

LEMTICLLATED.
This journal bearing design is based on the tewt. 5liging Bearing

et

Jie
1955

Jobn Y. Ams
o Decesbsr

TIMN-BRONZE. SER WATER FLOGDED ZJOURMHAL

bv Corstastinescu, et xl. Trme 1nouts to this analysis come from

tne Wilcock analwesis. Integration of differential eguaticonz is

performad using Evler 1ntegrations. A lenticulated rectanguiar

soarnal oearing pad 1= asswned.

INFLT: Theze aie results of Wilococoh's analysis fo- viab gads 11 g.mas
1ama=2.0 E+T Fa Thiz 13z thz vieid streszsz of ths pag ssterial.
a.g= .om Thiz 1= the average bearing gizmetar.

alpna=1.38E-44 rad This 12 the pad ti1it from rlcoct
hmin=2.B2E-08 m This 1s Wilcechk®™s minamum film thichaess.
g= 0.1778 m This 1s the pad leagth.
L= 01778 W Thiz 1= the pad width.
au=d . 145-048 ft2/s Thie 1= lubricant binematic -iscosits at Tamb.
cho=  1.9823 ibf =2, 7t8 This 1s lubricant densitvy at Taat.
M= 3.8 rem Thizs :s the zhaft speed.
1= A4 pads This is the number of thrust besring oads.
Tamh= 386 ofF This ie the ambient lubricant tempzreture.
Wiotal=s 3940030 N This 1= the thrust borne by the bearing.
F=1794583.3 Fa ihis is the bearing pressure.
Pgh= 4.449 @ This i1s the runner diameter. {(pressure hull?

SuTFUT DATA:

W brg"= 790213 N These are thrusts for each pad times the numocer
W obrg= 790218t of pads. and shoulg be greater than or sgual to
equal to W total. W brg" uses a separation EC

W total= 394600 N in the divergent flocw. W brg does nct.

t=0.003130 m This is the pad thicknsss.
Wi bar=0,145044 Mern—dimensicnalised lecad. hmin 1e referance.
Wo bar=0.183511 Non—dimensicnalised icad, hp i1s reference.
Sp=3.449847 Sommerfeld Number
Sm=4.3646041
0r bar=0.356324 Nen—dimensionalised lubricant flux rate
FO bar=0,%02472 Nen—dimensionalised friction force at y=¢
Fh bar=0.726785 Mon—-dimensicnalised friction force at y=h
fi=0,000984 Friction ceefficient at y=0
Th=10,000792 Friction coefficient at v=h

These coefficients can now be compared with experimental values.
Jee the reference. Constantinescu et al, pages 283..28% and pa 29

CALCULATIONS
1°=7,03E~{
heé’=4,23E-(
delta™=1.75E-C

hmin'=3.60E-05

Primes
Hi]
n
1]

dencte initial estimates.

Thie s the inlet film thickiress.

This 1s the cutlet film thickness.

This is the maximum departure from flat plate
Deltashp is assumed here to be 0.45.
This 15 to proevide estimate of hbmain.
be greater than 25.4 micrometers.

T+

it should
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The precesding values are pased oo wllcoch "= fmine aloha. B,
ENTR- RECUIRED
Fl=o.B0E-05 m Thiz 1= the gesign 1nlet fiim Thici sess.
nE=3L19E-0E fhizs 1= the design cutlet filw thici ness.
delta=1.43E-05 m This 1= design maLimum departure from plane.
hmin=d.82E-00 m Thiz i1z the miaamun film thaickness.
musB.oBE-0Oe 1g-m s This 13 the lubricant absclute viscos.t..
W=12,83%942 @ Thiz 1 the bearing linear velocitv.
FRESDURESLOAD CALTULATIGNS Ho '=0.000031 = thict sess 2% ome
ro’ 18 assumed to be at .o inte the conwvergenTt go-tics of Tohe
luoricant Tiim.--This 1s rovghly egual to O.4% . B,
B he m nom doeos g-pa Fa W dp.a p-TR Fa
2 0LO0EOD o E-0S FlabEeda GLGE+DD D FLaEeda ol LuE+Du
ol 5.65E-07 S.9sE-0G 0 FLEEH3S LLTE4D4 D.271675 0 RUIees 1L TE+Ds
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1.14 Table 13 - *Air’-Gap Pressure Force Calculations

Thesig Johe V. Smy, 5.
Zuppsrt 3tvucture fesign - Mormal Fressure Force 7 February 7%
= Rag=  78.32 in
tag: V=
Leq= 102,91 1n
phd= 1¢ pes: @ =
2270 z Dt) S(z)
DL 0000 10 0
el 1.01486 7.7 3162.914
Q.2 1.0291 2.8 3130.966
0,03 1.5627 9.7 3699.017
.04 2.0582 F.6 3067.068
D.0% 2.57288 9.5 3035.120
D026 3.0873 7.4 3003.171
3,07 3.4019 9.3 2971.223
J.03  4.1164 9.2 2939.274
0,09 34,6310 9.1 2707.325
J.10 S.145E 9 28735.377
Golt 5.6601 8.9 2863.428
0.12 6.1746 8.8 2Bi1.479
0.13 6.6872 8.7 2779.931
0.14 7.2037 .. 8.6 2747.9582
0.1  7.7183 8.9 2715.633
0,16 8.2328 8.4 2683.,6835
0.17  8.7474 8.3 2651.736
0.18 9.2619 8.2 2619.788
06.19  9.7765 8.1 2587.839
0.20 10.2910 8 2555.89¢C
0.21 10.8085 7.9 2323.942
0.22 11.3301 7.8 2491.993
.23 11.8347 7.7 2460.044
0,24 12.3452 7.5 2428.096
0.25 12.8633 7.5 2396.147
0.26 13.3783 7.4 2364.198
n.27 13.8929 7.3 2332.250
9.28 14,4074 7.2 2300.301
.29 14,9235 7.1 2268.353
9,30 15,6365 7 2236.404
9,30 15,9511 6.9 2204.455
.32 15.4606 6.8 2172.507
S 0,33 16,9802 6.7 2140.558
0.3 17,4947 6.6 2108.,5609
9.3% 18,0093 6.5 2076.56b1
0.36 18.3238 6.4 2044,712
09,37 19,0384 6.3 2012.763
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5,38 19,5527 5.2 1539.515
2,39 20,0070 n.l 15%48.d06
Dowr 30,3320 & 13146.718
.41 21,0964 Z.7 1884.75Y9
Du4E 21.&11 3.3 1833.020
0,43 a2.i257 5.7 1821.072
d.hn 2L oqnd T.48 1789,123
0,42 23,1348 5.3 1757.174
O.448 EF.568%5 S.a 1TEG.226
desT 2a, lB3S 2.3 1sR3.277
e Z4.07548 3.2 1661.323
0.7 2%.2130 .1 102%.380
D, 25,7275 5 1597.431
G9.51  26.2421 4.9 15&8%5.483
0,52 28,7304 4.8 1533.534
2,853 27,2712 4.7 1501.585
G.ob4 27,7857 “.b 16469,837
0,55 28,3003 4.3 14374588
0,34 28,8148 4.4 1405,739
0,87 23,3294 4.3 1373.7%1
0,38 29.343%9 4.2 1341,342
.59 30,3583 3.1 1309.8%4
.60 36,3730 4 1377.943
J.01 0 31,3878 3.7 12845.996
0,68 31,3021 0.9 1214048
D03 32.4167 2.7 1182.09%7
O.04 32.9312 3.6 1150.150.
0.05 3J3.44E8 3.9 1118.202
0,86 33,9603 3.4 1084.253
.67  34.4749 3.3 105,304
.68 34,9894 3.2 1422.356
0.67 35,5040 3.1 90,4074
0.70 34,0135 3 FE8.4530
0,71 3&.5331 2.9 926.5103
dg.72 37.0478 2.8 894,%5617
0,73 37.5622 2.7 B&62.6131
G.74  3B.0787 2.6 830.46654
0.75  38.5913 2.5 798.7158
G.76 39,1058 2.4 766.7572
9,77 39.5204 2.3 734.8185
2,78  40.1349 2.2 702.8699
2,79 40,6695 2.1 670.9213
V.30 41,1660 2 638.9726
0,81 41.0786 1.9 607.0240
0.82 42.1931 1.8 575.0754
0.83 42.7077 1.7 563.1267
Q.84 43,2222 1.6 511.1781
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1.15 Table 14 - Stator Ring Force and Moment Calculations

iresis

- -2

. Sr.
1359

Jetin 2.

sunnort Stiructure Lesign Stator Rings '3 Dzcenber

t
shear
Shear
“heta
D0
30802
2, IE-012
5. 0E-02
1.,2E-01
1.5E-01
i.8E-01
2.iE-01
Z.9E-0)
2. 7E~-01
3.0E-01
3.3E-01
2.6E~-01
3.9-01
4,2E-D1
@, SE-01
4,2E-0}
S.1E-01
S.ag-01
S.7E-D1
&.0E=01
5,3E~0}
5,E€-01
5,9€-01
7.2E-01
7.5E-01
7.8E-01
8.1E~01
3.4E-01
3. 76-01
7.0E~-01
9.,.2E8-01
?,6E-01
7.9C-01
LOE+0)
L ESD0
1.1E+G0O
1.1E+00

D E#p1= (O, 9cEd
Fbp Fro
-1, 71529 1,0
O, 00000 0.0
Q3000 Ry
i, QOO0 0.0
01,0000 0.0
-0,71429 0,0
0. 00000 0.0
0, 00000 1.0
0, 00000 2.0
O L, 00000 0.0
-0,71429 D40
01 ,00000 0.0
3, 00000 2.0
0. Q00GH 0.0
0, 00000 1.9
-0,71429 Q.0
0, 00000 0.0
0, 30000 2.0
03, D000 0,0
s, 0000 0.0
-0,71429 0.0
0. 00000 1.0
0,00000 0.0
0.,00000 0.0
0.,00000 0,0
-0,71429 0.0
0, 00000 0.0
0. 00000 0.0
000000 1.0
1. 00009 2.0
-, 71429 0.9
) e OO0 0.0
2 00000 0.0
3, 00000 0.0
‘g:’ . 0000‘) 0 . 0
-9,710629 1.0
0. 00000 0.0
0.00000 0.0

Skear
J.142%
0. 1429
0, 1429
0.1429
0.1429
-0.2714
-0,5714
0.4286
0.4286
0.4236
-13,2857
-0,2357
-0,2857
-0.2857
0.7143
. 0000
L0000
L0000
0000
« 2000
~(,7143
0.2857
00,2857
0.28%57
0.2857
-0,4286
-0,4286
-0,4286
0.5714
0.57146
-0, 1429
~0,1429
~0,1429
-0,1489
"O . U&Eq
2. 1429
0.1429
O, 1429

.....

-0.14286
du/%
Q0000
0.02992
0.02992
0.0e992
0.02992
0.02992
0.02992
0,02992
0,02992
€©.02992
0,0e992
0.,08992
0.02992
0.02992
0.02992
0.02992
0.02992
0.02992
0.02992
0.02992
0.028992
0.02992
0.02992
0.02992
9,02992
0.02992
0.02992
0.02992
0.02992
9.02992
0.02992
0.02992
0.02992
0.02992
0,02992
0.028992
0.02992
0.02992

2hi

Mb 9 o1 D.00627

fvg Mb =

ot
1 000
-0.,00427
-0 ,00427
-0 ,00627
-0.,00427
0.01710
0.01710
-0.01282
~-0.01282
-0,01282
0.00855
0.00855
0.00855
0.00855
-0,02137
00000
00000
- 00000
00000
00000
0.02137
-0.0085%
-0,008355
-0.00835%
-0,00855
0.01282
0.01282
0.01282
-0.0171¢
-0.01710
0.00427
0.00427
0.00427
0.00427
-0 .00427
-0.00427
‘0 . 00‘.87

SO0
i
O.004a87
L0000
-0, 428
-0, 00855
-0,01283
0,00427
0.02137
). N0BSY
-0.,00428
-0.01710
-0,00853
. 0DGO0
0.00E34
0.01709
-0,00428
-0 ,00528
=0.00488
-0.00428
-0,00428
=0 ,00428
2,01709
0.00854%
. 00000
-0,00855
-0001710
-0.00428
0.008354
0.02137
Q.,004287
-0,01283

-0.004E8
00000
9.00427
0.00834
0.00427
«00000

"0-00“88 ’

uwoerksheet develoos szshear and nement cilagrame which gdescribs the

forces and bending moments which result from the weight of tae
or and the normsl torces of EM origin,
2 zero-=-1,14280 Avg shesr
D 2¥pi-=
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1 .3E+00
{ .BE+00)
1.EE+QO
1.9E+00
1. SE400
1.7E+00
1, FE+0D
2.LE40N
2,0E+00
2. 0E+0G0
.1e+00
CAE400
2.1E+400
2.cE+00
JCEXGD

L2E+D0
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3 g+
2. HE+OD
2.5E+G0
2.5e+00
2.TE+00)

RPN
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.....

.....

Q. Q0000
Q. 00000
Q, Q0000
~-3.71429
0, 00000
QL 000090
0000006
-0,71429
G, 00G00
0.00000
0. 00000
0.0G000
~-0,71429
1, Q0000
00000
0,00000
0, 00000
-0 . 71429
0.00000
0.,00050
0.00000
O,00000
-0,7142%
0.,00000
2., 00000

0, 30000

0.00000
1, 0000)
o 00000
£ c(’OC?OO
2. 00000

Ch
el
i.72
SR
JetD
)

O

ALY
1.0
.00
3,0
Det)
0.0
D0
0.0
1.0
L )
D0
) ,1)
0.0
0.0
0.0
1.0
0.0
0.0
9.0
9.0
3.0
0.0
1.0
0.0
0.0
0.0
0.0
3.0
Q.0
1.0
9.0
0.0
0.0
0.0
0.0
0’0
1.0

g
UL laes
-1.57140
-0, 571y
1.,4385
1.4286
0.42856
-0,2357
-5,c857
-0,2857
-0 ,2357
0,714643
LOC00

L OO0

» D000
L0GO

» QGO0
-0,7143
Q.c3857
0.2857
0.2857
0.2857
-0.4286
-0.4286
-0,6286
0.5714
0.5714
-0, 1429
-0.1429
-0, 1429
-0.1429
-0.1429
0.1429
0.1429
0.1429
0.1429
0.1429
-0.5714
-0.5714
0.4286
0.4286
0.4286
~0,2857
-0 .2837
-0,28%7
-0.,28%7
0.7143

-~
-

et

LI 1'%}

3
¥

LU £31

[l
-

LI R
0, ES3E
D.0S979e
0,02972
O NT993
0,02592
0, 02992
,02392
0, 02992
D.02952
0.42992
0 ,02992
0.02692
0,02992
0.0299¢e
1,02992
0.02992
0.02992
0.02992
0.0e992
0.72992
0.02992
0.02992
D,02992
0.028992
0,02992
0.02992
,028992
0.028992
0.02992
0.02992
0.02992
0.02992
0.,02992
0.02992
0.02992
0.02992
0.02992
0.02992
0.02992
0.02992
0.02992
0.029%2
0.02952
0.08992
0.02992
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=1 037
-, 0827
J.,0L780
0.01710
-0,01232
-3.018a2
-0,0128e
0.0035%
0 ,0255
0.00855
0,00885
-0,02137
L0000
<0000
20000
PEALRISTNTS
L0000
0,02137
-0, 00835
-0.,00855
-0 ,00855
-0,00855
0.01282
0.01282
0.01282
-0.01710
-0.01710
0.00427
0.00427
0.00427
0.006427
0.00427
-0.00427
=0.00427
-0,006027
-0,00427
0.01710
0.01710
-0.01282
-0.01282
-0,01288
0.0085S
0.0085%
0.00855
0.008%%
-0,02137

_’:) . :”.“ 3
~) .0 2E

Y]
) Laoun

D ngT
D.02137
0 085k
A
o PR RS Y
-1}, DNEES
A
D035
RS Rl
-, e23
=0 ,050688
-0, 923
-0 ,)0428
=, 100428
=, 00422
0.01709
0.008356
. 00000
-5,00855
-0.,01710
-3,00028
0.00854
0.02137
0.00627
-0,01283
-0.0085%
-0.,00488
00000
0.00487
0.00854
0.00437
Q0000
-0,00428
-0.00855
-0,01283
0.00487
0.02137
0.00854
-0,00428
-0.,01710
-0.00855
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1.16 Figure 2 - Stator Ring Shear Diaqgram
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1.17 Figure 3 - Stator Ring Bending Moment Diagram

Bending Moment Diagram for Stator Rings
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1.18 Table 15 - Combined Stator Support Structure Calculations
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ring height.

S 17 = 1.08% 1n “his relates awial beam flange
thickness to stztar ving neight.

£

2.2125 in o= in Thie relates the thicknesses
of the statocr ring pileces.
mid-web flange thickness. and

anial beam flange thickness.

2 in = 1,375 ia This relates che height of the
torgLz reactor to the axwial beam
flange thickness.
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~b: "p=E1 Tniz 13 yield stress of

=710 o=

B7: af3y BE7VE3LE

C7: "ibf  Tnis 21z weignt of ststor
AEHE Fn=

Eg: (G: 213120

Loy 1s7 Thig 13 rormal forces.

=12 F=

F¥: i3 Jo=2T2ELl

oy Tibf Thiz 1g thrust force.

~iu: ‘R T Petacts

Ei: & 5ed,182

Cid: "rea This 15 core stachking =

Rl RS O poles=

Aty &2

Ciis ° This 1= the

~i2: F2y ¢ =

BiZ: &4

£ig: ¢ Thas

4ia: (F2: rho=

21z 0,283

CiZy “ibf.1n3 This is density of material.
/1% (F2y "See thesis notes dated i2-14 December
rlo: (F2Y “de

A2y WF2r "Core Pine:

2Ty Rep=

RS2 0,38

C22: 7132 This :s radius of core pin.
H2z: "+

Acd: (F2Y ¢ FOs=

g#z3: 1.T

£2z: ¢ Trniz 1s factor of safety for
HZ3: "+

A5 ACp=

BES: aFI#sH$2S 2

C25: Tingd This is cross—secticnal area
A2 (FZ) ? =igma i=

527 +3EHIC

L27: "mea This 1= due to stacking pressure.
BRSF: (F2) 7 saigma 2=

E29: 358

C2?: "ps=

A31: (F2 sigma 3=

B31: 0

C31: “osa

A33: (F2) “sigma wM=

E33:
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13 numsber of jowrmal bearing pad

Tinztione of sariables and development of relat:

core pin.

of pin.

ORT{ {$B83%9/ ($B$11xSRHZ5) 124 (SHF7+SESE) /1 SBS1 1 #3R$E25)7 ' F)
1 This 1s duve to nermal, thrust and weight forces.
}

JBART (0. 5% ( ($B27-$E27) 2+ ($BET-$B31 ) ~2+{$B3I1-SE27)"2))

in
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‘neEl Tris 13 voer Mizez® zt-szss.
FI sigma a=
+3H50. $H3:3
-5 Tras 12 the allowakle ztress.
1F2) “Comoare sigma M with s:gms a. 2igma +M sheould be less
F2s “to o sigme a. Male 1t close to zave space and weight Adjust
‘F2t “charge design.
Tilters:
SEZ Las
2 -
i Thiz 1e the le-~gtr of the tilter arm.
¥
vFE) T Lb=
140,35
Yy Thie 13 the tilter paze’c length.
i
Fae ? ha=
b
14 This 1s the tiiter arm width.
i
F 27 no=
2.425
"1 Thie 25 thz tilter baze widiht
-
Fay v tt=
1
i This 1=z the tilter thickness.
>
vFei ¢ Fas=
1.5
’ This 1s Tactoer of safety for tilter.
ta
iF2r ° Wi=
+5RE7 /80611
"1k This 1s the core weight per pole paar.
(F2Y " sigma i=

{S*#$BET*$EBH2) / ($R$11 %6H$44 DX5H$H6)

‘os1 This is dusg to thrust force.

iF2) sigma c=

{30, S¥3RI47+$088/60%11 1 %8R543, / (Er$E$45 F£5R%44)

A

‘ps1 This is due to weight and normal forces.
{F2) ° sigma 3=

0

‘pel

{(F2) *sigma vM=
IBERT (0. 5% ( ($B50-$REE ) 2+ { $RT2-$B54) 2+ ($ES4-$E51)2) )
‘psi This is von Mises®™ stress.
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BE3:
£83:

= zigms &=
—FRBL. E8347
‘psi Thie 1g the allowable stress 10 the structure,
! Sigma a should be greater than sigma v,
Fz) 7 oWtilters
2RS4 % EEEA4+ERE4 3+ AT »EREGE#SRSLT
TikT Thisz 1e the weight f a tilter,
{Fz "Pang Fins:
F2 Rre=
2.3
i This 1e tne racdiue of rirg Ci1n.
-
iF2, Fas=
1.5
) This 15 factoer of safetv for vimg pin.
T ¥

“1ing  This is croass-secticnal area of pan.

: W=

+5BE4T4+2+3E%60

fipf This is welghnt per pole pair with tailter.

iF21r 7 szigma 1=

FEORT (L 3B$9/ (0. Sk3ES 11 #3R3465) ) 2+ i$038/ 01, TG+5031 1 ) +30880b 1/ 53BEx0" 2
TBE1 This is cdue to wezght- thrust and normal ‘afc s.
{F2) 7 sigma 2=

|

‘nEl This 1s cdue to normal. thirust and weight forces.
1F2s 7 =igma 3=

o

"oy

P2y T=agma M=

PRORT 0. S# ( ($BHB-$BT0) 2+{ $BTO-~$H72) "2+ (4072 -$R&8) ~

3-8
Fa

+3E$4

{F2)
89.5
Tin

211
This 1s von Mises’ stress.
sigma a=

FERH23
This 1= the allowable stress.

‘Compare sigma vM with sigma a. Sigma vM should be less than

“to sigma a. Adjust Rrp to change design.
‘Btato Rings
' Re=

This is stator ring cuter diameter.
? Ri=
This is stator ring i1nner diameter.
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—Zar e

pdey FEy 7 tz-=

FRy: 0.3

Coms 1 Tris 1= the stavor ring thaicrness.

Adby T

8%y R FO8=

38T 3.7E

LaZ: - Thiz 12 stator ring factor of zafets.
HEaS: e

S8T: FEr e

H87y EHBEZ-SE533 1+ 5B%8y

€37 "1a2 This 13 crose cecticnal arga of 5 stator
PEEY 7 fsrC=

88 Z#aFP I+, S {5RB4ABZ+EB%32) 1> $HSEG

£a8: il nie 13 carcumferential arza.

“87: (FE2Y ° V3=

BE%: 0.7143% {0, 20¢{3REH5+2%SRFE /50511 )

£8%: “ibv This 1s shear due to weiaght. normal force
fI0ar (RS s1gma b=

BRSO ya+ 2213720 5 ($ES32+50583 0«1 . 9w BE$87 1 1 3B353y
Ly "psEa This is due to bending.

F=2: Feo sicma 1=

E7Z: +3b357.5BH37

£3d: "msa This 1s due to Y3 shear.

A-g:r 153} sigma o=

BZ4 . {0,E5-5B8Y/$RE8G)+5B$70

C74: "msi This 15 due to sigma b and thruet shear.
AS&: WFE2Y T zigma 3=

B90:r

£3&: "nea

A%8: (FZ2) “=sigma M=

B?R: J8DRT(Q.5x{ ($RIZ-5BT4) 2+ 3RF9—$RY0 " 2+{$BY6-3H%
Cq8: "mea Thale 13 von Mizes’ stress.

ALOD: (F2) ° sigma a=

Al +$BREo/ SHEES

Cidd:, “psa This 1s the allowable stress.

fAIat: F2) TR21al EBeam:

AlazZ: Wrp=

Hidcy +SHBIO¥(5RE80#{FR$46+2%50%84))

Ci102: "1b{ This 1s weight of & ving pin.

A1D3: (F2) ° War=

B103: +$B$13%($REQ722*¥IP 10, 5% { 5HEB2+5E$32 1)

Cia3d: "ibf This is weight of stator ring.

AlG4s (F2) ° W=

Biga: ($EH7+5R41 1% (SRES0+$RE102) +4#$BH103) /$BS12
Eio4: *1bf This is weight supportad by each beam.
AldS: (F2) ° Fa=
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fa

Ri0S: +HB35: {4#EER1E

Ci033: TibY Tnis 1z thrust zupported b, each beas.
mlles FE0 Fou=

2174y +BRB104+4aD33/ 58812

Cit0s: "ibf Thais 1g total normal forces. including weight.
AlT3: aF2s O Lk jb=

BIOR: 125.53%

Ciog: "ia Thig 1= lergth of arial beam.
Hisd: "»

AT WF20 0 nwah=

gin=: 4

Ciod: “1n Thig 1= h2ight of web.

HilRr T

Alids Fa2y ¢ bab=

Rita: 2.5

2110 Can Thiz 12 wen thiclaess.

L VO o

Atit: fFEL Wfliab=

Riii: 2

Citi: "in This 1= flange width,

Hitt: °

Aati3: tflab=

Fiig: 0,375

C1i2: “ir This 15 the flance thickness.
Hi12: "+

AL1G: Wi 1mwab=

Hii3: i

2113 "an This 1s mid-web Tlangz width.
Hii3: ~+

Bliqa: 7 tflmwab=

Bilgs 0.375

Clla:r "am This is mid-web flange thichness.
Hiig: *#

ALLS: Fag=

B115: 3,75

Cii&: ° This is axial bezam factor of safetv.
HiiS: "+

A117: Acs=

E117: +$B$109#$B$110+2%$R111+4E$112

£i17: "1n2 This 1s cross section less mid-web flange.

411i8: ° Iab=

B118: (£R$110#$R$109°3) /1242 ( ($B$111%$E$112°3) /12+506111%$R$1 12% (0. S SHS107+3R$]

£118: "ind This 1s moment of inertia less mid-web flange.
£119: 7 tau yz=

B119: (Q.S+sB$105) /$R$117

C119: "psi This 15 the shear stress due to bending.

ALZ0: "sigma wu=

a81




Bizdr o, 08 1CESRBI0A+3EF1G0R  wi S+  FHS105+2# 3851120, $E5118
cigd: Tpm This 13 norasl stress dus to hendi1ag.

Alct: tau <o=

Rizl: +3HS105/13B8110+30%E64;

Cigd: “pes This :35 =zhear dus to twisting in the web.
Aicz: 7 tag wz=

Bl2g: (ERB1OS»S+ 3RS /M (SBE109# 58880+ 3RS 11-6RE110
clzZ: TpeEn T91s i3 aisc shear Trom twisting 10 the wet.
Sld4: ° =igms =

Aicw: +3E5120+ERF12L

Ciz¢: "p=a Thig 15 i~directed stress 1n web.

Alsar 7 osigma vE

Bidor +BR3119+$E$12E2

Cl3s: "os=2 Thiz 15 y-directed s=trezz im web.

AlZ8: ' sigma ==

big2: +3EB11P+5REI21+5R$122

~i28: ‘o= This 1= z-directed stress in web.

~1dh: IF2Y “sigma vhH=

Bizd: DSORTIO.S#{{3R124-8R1324) 2+ BRI26H~$RIEE) 2+ {EB1I23-iB129: 2
C134: "p=a This 1z »on Mases® stress FOR THE WER GHLY.
Alz2: (F2i ° sigma &=

Ri32: +EBHL/BEFILE

Cigdz: ‘pesa This 3= the aliowablz stress FOF THE WER OMLY.
Al3s: © tau uz=

Ei3w: +5EE105/($B%111#30%84)

Cil4: "psa This 13 shear due to twisting 1n the flange.
A13%: ° tauw wvI=

13T S+HES105/{$RE8ex (ERE111-3RS110)

£135%: "psa Thie 18 alsc shear from twisting in tee flange.
A137: 7 zigms 4=

Bi37: +BES:120+$R513H

Ci37: "ps3 This 18 w-directed stress in flange.

A13; s1gmy v=

3139: +BRE119+5R$5135

C139: ‘“ps2 This *s y-directsd stress in flange.

filaty si1gma ==

Bial: +~3ES$119+5B$130+8B$135

Ciais “p=a This 1s z2-~directs ' stress 1in flange.

ai43: (FB) “saigma vM=

B143: 2S50RT{O.5#{{3K137-$B137) " 2+{$B139-5R141)"2+{$RB141~-$R137; 2N
Cia3: “psa This is von Mises® stress FOR THE FLANGE ONLY.
414%; (F2} ° sigma a=

H145: +3RE6/5H$115

€14%3: ‘*psi This 1s the allowable stress FOR FLANGE OMLY.
Al47: 7 sigma 0=

Bla7: +30$105#(4#3B$112/({$B5111-$B%110)2%$B$84))

£i47: “psi This 1s stress in piece that reacts 0.
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1
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Blod
{lze
Higd:
NI
Bi&ad:
Cies:
HisA:
mlods
Rish:
Cles:
Hiag:
AW
Tied:
CleS:
HiaG:
Slod:
klad:
Cigs:
albd:
Bleg3:
Clad:
fLeY:
Bin7:
Lia7:
Al7Tl:
B171:
Ci71:
fA173:
R173:
C173:
AL
RI7S:
Ci75:

"zigma Fa=
~EnBl03s L EHES4FERE11D:
pel This 1s stress 10 |
Tosigma A=
+icsa/ER5115
“oet This 12 a.lcwatle stre
T otau M=
cBRE1 00, (Z2+3RE115«5B5 14
Tmzl Tris 12 shea” 10 mid-w
T ozigma &=
+Hobas FHFILE
‘oEi “hie 213 allowable stre
*Tergue Feactors:
i tTtr=
1.8
30 Thie 18 tairque resctor
N 4
: tfitr=
i
"1 This 1= piece thicknes
*
! Ltr=
ic
T This 1= torgue reactor
Ty
’ htr=
17y This 12 the neight of
*
) Fas=
Z.o%

18 torgue reactor
zigma b=

+5B5100+gx3B51 12, ($B35142%$051

‘psi This 1s bending stress
tau TR=

+HREIOS/{ ERE 16251 by)

‘ps:
s1gma 1=

+$E$168

TaEl

* sigma &=

+$R$149

ps1
’ sigma 3=
3

‘psi

g5 mid-web flange.
width =t=r.,

levgth.
the reactor.
factor of safesty.#

&4 21
in reactor.

This is shear stress in reactor.
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ALTT: Tzigma di=

BI7W SGORT 00, 3% 3B1T71-3B173 2+ 3B173-3B175) £+ 3BI7G-3%171 2
Ci77: "p=a Thie 18 ven Mises” stresz.

#17%: 7 zigms a=

Hi77: &3O/ 3HELSG

Z1%9: “pe: Thiz 1z the allomwabls stress for the resctor.
#lbl: "FaizceEs:

AldEs Fog=

Biooy 37T

ciEg: - Thiz 1g factor of safstv Tor cutoutz.

Higss T

AlPu: “s-gma ==

Bl34: 12+58%105x3R$112/ 7 B384+ 00, e/ SRETP-$TFRZ1-325112: 2
Ci34: "psa This 18 the stress 10 the stator riag piece.
Alde: © sigma a=

Hidh: +5RE/HRE182

71863 “psa This 1= the allowabls strecc.

f108: “sigma so=

Ri3%: 12#3REOS*EREI12/ (SRE1I62v3R31463 2

£:88: “pe2 This 1s the siress in the forque reactor piece.
Al%d: 7 cigma a=

9.%0: +5534¢ $ES1E2

{170 "pea This 3s the allowale stress.

Acwl: Thecmetric Compatibility:

SE03: 2+4B%22

c2x3d: Cin =

D203: +5EB44/ ’

E203: "in This relates core pin thaickness

gy O to tiiter arm wadth,

Bedd: S+shHsZ

Cdia: "1n =

RE0a: +£B345/3

E204: "in This velates ring pin thickness

gS07: to tilter base width.

RE0%: E*$B$ék .

£20%: ‘in :

DEn=: 0,35x( E$EE EHERT)D

Eega: fhis relates ring pin thickness

=21 to stater ring height.

+35%112

| Dzics Féy 5o3d2-3R5E)
' E213: "i- T-uz eiates atial beam flarge
| E213: ° ard tilter casz ..dtn to stator
| EZl4: ring nexqrt.
! Beié: +¥R%112

C21s: Tin .=
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1.20 Table 16 -~ Weight Reporf and Weight Balancing Calcula-
tions

Thesis John V. 4
Haseline Design - Weight Balance 17 Januar
A1l weights are assumed to be 10 long tons.

WEIGHT SUMMARY: Vi@ LCG % of At
Group 1= 1687.10 15.96750 Tt + baseld7.6334 ft - FF 0,470213
Group 2= 786.94 13.40 ft + base 156.95 ft - FF 0.219334
Group 3= 236,70 10,51 ft + base 149,04 Tt - FF 0,0646037
Group 4= £19.39 20.3% ft + base 75.82 ft - FF 0.061284
broup 5=  431.27 153.60 Tt + base 297.83 7t - FF  0,117412
Group &= 130.83 20.599 ft + base 123.84 Tt - FF 0,0364463
Group T= 105,00 13.04 ft + base 88,00 ft - FF 0,029B848

Cond Al= 3587.99 18.35709 ft + basela4.7744 ft - FP i
Lead= 358.80 13.3 it + baseldl.14281 ft - FP G.100004
Cond A= 3944.7C 18.17008 ft + baselsw.BO77 ft -~ FFP 1.100001
Var Lead= 274.37 8.8625303 ft + basel(?.3004 ft - FF ).075449
NBC= 4221.12 14,.76009 ft + basel3B.7598 ft - FF  1.176471
MET= G5E7.63 16 ft + basel2s.7993 ft - FF  0,1470855
f\sub= 4748.74 14.89786 ft + basel3d7.2042 ft - FF 1.323%27
FF= 357.43 16.11768 ft + haseB5.93094 ft - FP 0,099620
henv= 410n.18 14.98325 ft + basel33.46851 ft - FF  1.423147

GROUF 1: WEIGHT veG LCG

Wep= 448.784 16,000 ft + base 135.860 ft - FF 1" over a
Wphp= 333.102  16.000 ft + base 134.540 ft - FFP ph plate-

Wfr= 186,671 16,000 ft + ba=ze 148.074 ft - FF

Whf= 17.910 16.000 ft + base 142.000 ft - FP

Wbh= 148.952 15.6832 ft + base 145.276 ft - FF
Wrem= 551.482  16.00¢ ft + base 123.130 ft - FP phull icb

ft + base ft - FP

ft + base ft - FF

ft + base ft - FFP

ft + base ft - FP

ft + base ft - FF

ft + base ft - FP

ft + base ft - FFP

ft + base ft - FP

ft + base ft - FF

ft + base ft - FP

ft + base ft - FP

Wi=14687.101 15.948 ft + base 137.433 ft - FP

GROUF 2: WEIGHT VCG LC6
Wry= 392.890 14.667 ft + base 141.850 ft - FP -
Wshld= 238.120 11.000 ft + base 141.250 ft ~ FF
Waux= §66.470 11,000 ft + base 175.000 ft - FP
Watr= 84.010 16.000 ft + bas& 254.230 ft --FP R
Wprop=  S.270 16.000 ft + base 257.870 ft - FP . ™.
: ft + base S A 2 -

-t R S
' N ol
P A P




k= 784,74

GFOLUFP 33 WEIGHT
What= &1.622
Htur= 59.2140
Wgen= 44,%30
Wegen= 20,000

Wdis= 4l1.1440

W3= 234.302

GROWF 43 WEIGHT
Wil= G57.873
Wsa= 27.612
Wfc= 5,511
Wui= 128.88%

13.3%8

VeG

4,000
12.000
12.000
12,000
16.000

10,4814

VeeE
11,500
16,000

14.500 1

25.500

Tt
Tt
ft
Tt
fi
ft
ft
F

ft
ft
ft
ft

ft

i

&
i

ft
ft
ft
ft
ft
Tt
Tt
i
Tt
ft
ft
Tt
ft
ft
ft

ft
ft

ft
f-b
Tt
i
Tt
ft
ft
ft

&+

ft

+ o+ o+

+ + 4+ + 4+ 4+ 4+ 4+ ++++4++ 4+ + 4+ + + + + + 4 + + + a

+ 4+ 4+ + 4+ b+t 4

base
hase
tase
bace
bacse
base
base
base
base
basze
base
base
base
base
base
base
base
hase

hase
base
bacse
base
base
hase
base
case
base
base
base
base
base

150,951
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Figure 5 — Inboard Profile, Showing Saome External Fea-
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1.22 Table 17 — MBT Size and Location Calculations, Refined
Solution

fhesziz John Vo Amy Ir.
MET Calculations Ob January 19%0
AFT MET:
Lati=  242.%2 Tt This is lecation of aft bulkhead. #
Daft=23.96389 Tt Thie is diameter at aft bulkheead.
Lap= 45.5 ft  This is length of a’t paraboloid.
Viap=10945,82 ft3 This 1s volume of aft parabolicad.
LCBap=256.7187 ¥t  This is LCG of aft parabolcad.
Lac= 12.5 ft  This 31s lenath of aft cylinder.
\/aCc=2326.03% Tt3 This 15 volume of aft cvlinder.
LCBac= 234,75 ft This is LCG of aft cylinder.
v/tirarns= 34873 ft3 This 15 volume of transition. *
LOBtrans= Z21.46 Tt This 15 LEG of transition. *
ViTp=ch618.78 Tt3 This is volume of large aft parabolcad. #
LCGfp= 239.87% ft  This is LCG of large aft paraboloid.=

Viatt=8814.219 T3 This 1s volume of aft MBT.
LCGaTt=227.56016 Tt This 1s LL6 of aft MET.

FUD MET:
Lfwd=s 22 Tt This 1s location of fwd bulkhead. *
Laft= 38.244 ft This is locatiocn of aft bulkhead. *

Dfwd=24.17433 ft This iz diameter at fwd bulkhead.

Datt=26.78228 ft This is diameter at aft bulkhead.
V/1ps=146588.6% ft3 This is velume of large prolate sphercid.
LiGlps= 23.720285 ft  This is LCB of large preclate sphercid.
\/3ps=£731.789 ft3 This is velume of small prolate sphercid.
LiGeps= 13.75 ft Tnis is LCG of small prolate sphercid.

A/ fc=204.1281 ft3 This is volume of forward cylinder.
LCGfec= 30.122 ft  This is LCG of forward cylinder.

vfwd=9652.782 ft3 This is volume of forward MET.
LEGTwd=30.35124 Tt This is LCG of forward MET.

MET BALANCE:
\/reg= 17203.8 ft3 This is required volume of ali MET. *
LCGregq= 130.82 ft This is required LCG of all MET. *
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V/mbt=18467.00 fE3 This is calculated MET volume.
LECGmbt=184.7393 Tt This is calculated MET LCG.

% N/=7.342573 This 12 percent ervor in volume.
4 LCG=—4,63779 This is percent error 1n LCG.




B Comperative Acoustic Analysis Calculations
2.1 OTHEP
2.1.1 QTHEP Sources

Based on the description of the OTHEP propulsion system 1in
section 5.2.1, the sources listed below will cause the vibra-
tions leading to radiated noise.

2.1.1.1 Rotor Source

In the instance of OTHEP, the rotor is not rigidly con—
nected tu the stator, or to a motor casing as in conventional
geometry electric motors. Instead, rotor vibrations are
transmitted to that portion of the hull contiguous with the
propeller hub. This portion of the hull then radiates into
the sea-water. hence, the rotor and its mounting to the
propeller hub structure will act as an acoustic source with a
path separate from the rest of the equipment which is rigidly
connected to the pressure hull.

It is a simplification to say that equilibrium of forces
requires that the forces which act on the stator are the
forces that act on the rotor, only in the opposite direction.
Hence, the total scurce level for an electric motor will be
equally divided between the rotor and the stator in this
instance, recognizing that this is quite a simplification.

Whereas the rotor is outside of the pressure hull, only
structureborne noise will be considered. The structureborne
source level for the rotor is given by the table shown below.
The values in the table are taken from Tabie 3 of section
4.2.4. The values are adjusted to reflect the rotor source
level by subtracting 6dB from the values in that table. For
acceleration levels, subtracting &6dB corresponds to halving
the magnitude of the acceleration.

Table 1 — Propulsion Motor Rotor
Structureborne Noise Source Levzis
(in dB re 102 cm/s®)

Octave Band Center Frequency (Hz)

’31.5 63 185 250 300 1000 2000 4000 8000
ie 55 68 83 98 105 138 131 0
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2.1.1.2 Stator Source

Since the stator is also outside of the pressure hull,
only the structureborne noise source levels of the stator
will be considered. The same method as used for the rotar in
the preceeding section is used here for the stator. Whereas
the rotor is mounted to the propeller hub and is considered
separately from the rest of the submarine, the stator is con-
nected to the pressure hull and its interaction with the hull
must be considered.

Table 1 - Propulsion Motor Stator
Structurecorne Source Noise Levels
(in dB re 10— cm/s?)

Octave Band Center Freguency (Hz)

§31.S 63 125 250 300 1000 2000 4000 8000
'8 35 68 83 o8 105 138 131 O

o e e e

2.1.1.3 Generator Steam Turbine Sources

The equation below shows the baseline airborne noilse
source level radiated by the steam turbine which drives the
generator. This equation is taken from equation 4.3.1.3.1.

Lugrarsine = 60+ 1010g(27,000kW)=104.3 a8 re 107w #1

There are two such 27MW turbine—generators in the plant.
Hence, this source level applies to each turbine—generator.
The octave band adjustments to this baseline airborne source
level are taken from Table 1 of section 4.3.1.3. The table
shown below provides the octave band airb--ne source levels
for the turbines. Note, a static exciter is assumed for the
generator.

Table 1 — Turbine Generator
Airborne Noise Source Levels
(in dB re 1072 W)

Octave Band Center Freqgquency (Hz)

.5 63 125 250 S00 1000 2000 4000 8000 !

31
106 111 112 116 114 114 115 110 109

?
!
i
1
t
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As discussed ia section 4.3.1.3, the structureborne

.ource l=vel 7-- trne turbine generators 1s dominated by the
generator :tselrf. See the following section.

2.1.1.49 Generator Sources

The equation below shows the baseline airborne noise
source level radiated by the generators. This equation is
taken from equation 4.3.1.5.1.1.

Lysgen =34+ 1010g (27, 000kW )+ 710g (3600rpm)=103.2  dB re 107“W 1

The octave band adjustments to this baseline airborne
source level are taken from Table 1 of section 4.3.1.3.1.
The table shown below provides the actave band airborne
source levels for the generator.

Table 1 - Generator

Airborne Noise Source Levels
(in dB re 10 2 W)

Octave Band Center Freqgquency (Hz)

}31.5 63 123 250 500 1000 2000 4000 8000
(111 114 115 116 116 113 111 108 103

The equation below shows the baseline structureborne
noise source level radiated by the generator. This equation
is taken from equation 4.3.1.5.1.2.

Leggen =42+ 10109(27,000&W )+ 710g(3600rpm)=111.2 dB re 10'3%? H2

The octave band adjustments to this baseline structure-
borne source level are taken from Table 2 of section
4.3.1.3.1. The table shown below provides the occtave band
structureborne source levels for the generator.

Table 2 - Generator
Structureborne Noise Source Levels
(in dB re 1073 cm/s®)

Octave Band Center Frequency (Hz)

31.3 63 125 230 500 1000 2000 4000 8000
111 122 125 125 127 128 129 129 129
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2.1.1.5 Sea~Water Cooling/Lubrication Pump

The equation below shows the baseliin=2 airbors s ~oi1se
source level radiated by the sea-water cooling/li* - -ation
pump. This equation is taken from equation 4.3 ..

Lyspuap = 15+ 1010g(187.7HP)+ 1510g(1200rpm)=83.9  dB W #1

The octave band adjustments to this baseline Soarne
source level are taken from Table 1 of section 4. 4, The
table shown below provides the octave band airborr: .curce
levels for the pump. A centrifugal pumnp is assume..

Table 1| ~ Sea—-Water Cooling/Lubrication Pump

Airborne Noise Source Levels
(in dB re 1072 W)

Octave Band Center Frequency (Hz.

i vt 4 ey

'31.5 63 125 250 500 1000 2000 4900 £000
1109 109 110 110 111 113 110 107 102 :

The equation below shows the baseline structureborne
noise source level radiated by the sea-water coolina/lubrica-
tion pump. This equation is taken from equation 4.3.1.4.2.

Loopunp =060+ 1010g(187.7HP)=82.7 dB re 10'3%—? #2
Th=2 octave band adjustments toc this baseline structure-

borne source level are taken from Table 2 of section 4.3.1.4.
The table shown below provides the octave band structureborne
source levels for the sea-water cooling/lubrication pump.
Table 2 - Sea-Water Cooling/Lubrication Pump

Structureborne Noise Source Levels

{in dB re 10 cm/s®)

Octave Band Center Frequency (Hz)

r

131.5 63 125 250 500 1000 2000 4000 8000
283 91 104 102 106 107 103 107 106
t

The equation below shows the baseline airborne noise
source level radiated by the sea-water cooling/lubrication

303




pump drive motor. An induction motor is assumed to be the

pump’ s draive motor. This egquation 1s taken from equation
4,3.1.5.2.1.

Lupemee =5+ 131cg(187.7HP)+ 1S10g(1200rpm)=80.8 dE re 10 W #3

The octave band adjustments to tt.s baseline airborne
source level are taken from Table 1 of section 4.3.1.5.2.
The table shown below pnrovides the octave band airborne
source levels for the pump drive motor.

Table 3 - Sea-Water Cooling/Lubrication Pump Drive Motor
ARirborne Noise Scurce Levels
(in dB re 107*% W)

Octave Band Center Frequency (Hz)

f - 1

131.5 63 125 250 S00 1000 2000 4000 8000
76 77 81 B85 86 86 85 79 72

The structureborne noise source level for electric motors
are taken from Table 2 of section 4.3.1.5.2. The table shown
below provides the octave band structureborne source levels
for the sea—water cooling/lubrication pump drive motor.

Table 4 - Sea-Water Cooling/lubrication Pump Drive Motor
Structureborne Noise Source Levels
(in dB re 1072 cm/s®)

QCctave Band Center Frequency (Hz)

- —
H

1

{31.3 63 125 250 500 1000 2000 4000 BOOO

92 92 92 92 92 92 92 92 92
[

Whereas the pump and its drive motor are essentially a
single unit and will be mounted as a single unit, the source
level of the entire unit will be the "logarithmic sum"” of the
source levels of the pump and its drive motor. The
"logarithmic sum” refers to the computation involved in
combining source levels that are given in decibels. For
example, the combined acceleration level aof a 12dB source and
a8 15dB source is not 27dB. Rather. the magnitude of the two
accelerations must be added, then the logarithm of that sum
multiplied by 20 will yield the correct acceleration level,
19.7dB. This combination of accelerations followed by the
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computation of the acceleration level in dec:ibels of the
combined accelerations will be refered to as "logarithmic
addition."” The tables below s3how the airborne and structure-
borne noise source levels for the complete pump unit.

Table 5 - Sea-Water Cooling/bLubrication Pump Unit
Airborne Noise Scource Levels
{in dB re 1071% W)

Octave Band Center Frequency (Hz)

31.5 63 125 250 S00 1000 2000 4000 E000
109 109 110 110 111 113 110 107 101 ;

Table 6 - Sea—-Water Cooling/Lubrication Pump Unit
Structureborne Noise Source Levels
(in dB re 1073 cm/s?2)

Octave Band Center Frequency (Hz)

H
{31.5 63 125 250 S00 1000 2000 4000 8000
(95 97 106 104 107 108 105 108 107

2.1.2 OGTHEP Paths

2.1.2.1 Structureborne Noise Excited by Airborne Noise

The airborne noise within the engineroom can excite
vibrations in the hull. Hence, the sound pressure level
within the enginercom must be computed. This requires two
calculations. First, the "rocom constant"” must be calculated
in accordance with section 7.2.2 of reference L73. Second,
the sound pressure level within the space, due to the equip-
ment operating within the space, must be calculated.

Based on the arrangement drawings of the baseline subma-
rine and the methods of section 7.2.2 of reference {71, the
room constant for the baseline submarine’s main engineroom is
shown in the table below. No acoustic damping materials will
be considered in the comparative analysis.
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Table 1 - GTHEP Enginerocom Room Constants - R
(in ft)

Octave Band Center Frequency (Hz)

131.5 63 125 250 3500 1000 2000 4000 8000
11163 1300 1265 1060 1026 1060 1060 923 787 f

The next step is to calculate the reverberant sound
pressure level in the space. Note, direct field sound
pressure levels will not be computed. 0Only the revereberant
field will be computed. To find the reverberant socund
pressure level, the equation below must be used. The
equation is taken from reference [7] section 7.2.2.

Lp=L,-1010g(R)*16 dB re 20uPa H1

In this expression, Le represents the reverberant sounrd
pressure level. L, represents the sound power level which 1is
the "logarithmic sum” of all of the airborne noilse sources in
the space. R represents the room constant. The table belcw
shows the resultant socund power level due to the turbines,
generators and sea-water cooling/lubrication pump located in
tne baseline submarine’s enginerocam.

Table 2 - OThef Engineroom Reverberant
Sound Power Levels, iw
(in dB re 10-*2y)

Octave Band Center Frequency (Hz)

%31.5 63 125 250 300 1000 2000 4000 8009
1116 119 100 123 122 121 120 116 114

SRR |

These values for Lo and the values for R in Table 1 are
substituted intco equation 1| to yield the sound pressure
levels shown in the table below.
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Table 3 - OTHEP Enginercom Reverberant
Sound Pressure Levels, Le
(in dB re 20 microPa)

Octave Band Center Frequency (Hz)

B

. -
§31.5 63 125 230 3500 1000 2000 4000 8000
%108 104 103 108 108 106 106 102 101

t
!
H
1
i
'

Knowing the reverberant sound pressure level, L:, permits
calculation of the structural vibrations excited by the
airborne noise. First, though, the transfer function
described in section 4.3.2.2 must be calculated. In this
instance, the pressure hull is the structure being excited
into vibration., Hence, 1t is a "wetted" structure.

The area of a panel is taken to be a square whose side
equals the pressure hull frame spacing, 2.3ft 1n this case
(Appendix A). Hence, the area of a panel, Ay, is 6.25Ft=.
The panel length to width ratio, a, is 1 in this case. Equa-
tion 4.3.2.2.3 provides the transfer function for wetted
steel using the panel characteristics listed here. The table
below shows the transfer function.

Table 4 - OTHEP Enginerocom Airborne—to-Structureborne
Transfer Function (in dB)

Octave Band Center Frequency (Hz2)

131.5 63 185 250 S00 1000 2000 4000 BO0O
i-o,'? -43 -39 -36 -32 -29 -26 -2 ~-19

From the reverberant socund pressure level and the
transfer function, the excited structural vibraticn level can
be calculated.

Lux=Le+TF dB re 10“";—’;‘- #2

Using the relationship in equation 2, the table shown
below is the acceleration level in the pressure hull due to
airborne noise-excited vibrations.
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Table 3 - OTHEP Enginercom Airborne Noise—-Ercited
Structureborne Noise Levels
(in dB re 10-7cm/s?®)

Octave Band Center Frequency (Hz)

- — — = e g

E

131.5 63 125 250 500 1000 2000 4000 BOCO i
lss 61 66 73 75 78 80 80 81 :

Thes2 structureborne noise levels must be i1ncluded as 1f
they were noise generated by a separate source.

2.1.2.2 Rotor Source Structureborne Noise
From the rotor configuration described in Chapter 3, the

precise mounting of the rotor core to the rotor structure has
not been described. Hence, hard mounting, low frequancy iso-
lation mounting and high frequency isclation mounting will be
considered. It seems most likely, though, that hard mounting
would be implemented in light of the canned-rotor scolution to
the sea-water protection problem.

Furthermore, the rotor structure is btoth the foundation
and the hull structure as far as the rotor structureborne
noise source is concerned. Hence, the vibration level at the
top of the rotor foundation will be taken as the vibration
level for the radiating panels. This implies that the foun-
dation transfer function will not be used; TFrourdation =
0dB.

The rotor qualifies as a Class III (over 10,0001bs) piece
of machinery. The rotor structure would qualify as a Type B
foundation. The vibration levels in the rotor’s portion of
hull are calculated using the structureborne noise source
levels in section B.2.1.1.1 and the machinery attachment
transfer functions from section 4.3.2.1.1.

Lalnl! = Lnts - TFn“nt # I
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Table 1 - OTHEF Hull Acceleration Levels
in the Rotor Segmrment
{(in dB re 1079 cm/s™)

Octave Band Center Frequency f(Hz);

pmm e o T s e —m ey it

3:.%5 63 123 250 500 1000 2000 4000 8000 :

B
!

HM 3 51 65 80 95 102 135 128 0 A
(HFM 3 51 65 81 95 102 134 126 0

LFM O 43 35 69 83 87 118 111 o

HM = Hard Mount HFM = High Freguency Isolation Mount
LFM = Low Freguency Isolation Mount

2.1.2.3 Stator Scource Structureborne Noise

The stator configuration is similar to the rotor; how-
ever, there are some important differences. These differ-—
ences lie chiefly in the path from the source to the sea. In
the rotor, there is essentially only the mounting betwesn the
source and the panel which vibrates i1nto the sea. With the
stator, the vibrations must travel along hull structure
before being radiated into the seasa.

The stator qualifies as a Class I1I1 (over 10,0001bs)
piece of machinery. The pressure hull structure to which the
stator is mounted would gqualify as a Type B foundation.

Using the structureborne noise source levels in section
B.2.1.1.2 and the machinery attachment transfer functions
from section 4.3.2.1.1, the vibration levels at the stator’s
mounting to the pressure hull are calculated using the equa-
tion shown below.

Lomennt = Lactarer = TF meunt H1

The stator is mounted directly to the pressure hull.
Hence, no foundation transfer function is called fors TFroum—
amtion = 0dB. The most important path of the structureborne
noise will be axially along the pressure hull to the hull
envelope plating.

The path consists of a right angle from the stator mount-
ing into the pressure hull plating. The pressure hull plat-
ing is followed for one Trame spacing before the next
intersection.~-—-It continues through a "T"—-junction at a
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pressure hull frame befcore continuing for one frame spacing
to a "Cross” junction. At this cross junction, a pressure
hull frame liles radially i1nward and an MBT stiffener lies
radially sutward. The path makes a right angle turn 1nto the
stiffener and sc continues to the hull envelope plating. All
of the structure along this path is "wetted'.

The transfer function for this path through the structure
is calculated using the method described in section
4.3.2.1.3. The equation below shows the transfzor function
calculation for the path described above. The pressure hull
piating wi1ll be taken as being one inch thick, the framing
and stiffener at 0.75 inches thick.

TE crncrura =8B Lo+ 6+B - Lo+8+R (R, - Rpp)=24.4 as #2

For a dissipative loss coefficient of 0.3dB/ft, a frame
spacing of 2.5ft, an envelope radius of 10ft, and a pressure
hull radius of 7 feet, the entire structure transfer function
becomes 24dB. This leads to the hull vibration levels at the
aft end of the aft MBT shown in the table below.

Table 1 - OTHEP Hull Acceleration Levels
At ATt MBT Due to Stator Scurce
(in dB re 1072 cm/s?®)

Octave Band Center Frequency {(Hz)

31.5 63 125 250 500 1000 2000 4000 BOOO
HM -21 26 40 56 71 78 111 104 O
'WFM -21 @6 40 57 71 78 110 102 ©
iLFM -24 18 30 45 59 63 94 87 )

T
!
!
!
!
i

HM = Hard Mount HFM = High Frequency Isolation Mount
LFM = Low Frequency Isoclation Mount

2.1.2.4 Turbine~Generator Structureborne Noise

From the arrangement drawing of the baseline design in
Appendix A, the turbine—generator unit is seen to be mounted
orn a common foundation. In this configuration, all four of
the machinery attachments discussed in section 4.3.2.1.1
could be used. Furthermore, the foundation is attached
directly to the pressure hull. Hence, the vibration level at




the bottom of the foundation will be taken to be the hull
vibration level. Therefore, no structure transfer function
Wlll be Used, TF-~ Eyr e B — OdB-

The turbine-generator unit is taken to be a Class 111
machinery (over 10,0001bs). It will sit on a Type B founda-
tion. To find the hull acceleration levels due to the
turbine—-generator unit, the mounting and foundation transfer
functions are simply subtracted from the generator source
level. This source level is the source level given in Table
2 of section B.2.1.1.4.

The table shown below represents the hull acceleration
levels due to the turbine—generators.

Table 1 - OTHEP Hull Accelesration Levels
Due to Turbine Generator
{in dB re 102 cm/s?)

Octave Band Center Frequency (Hz2)

' 31.5 &3 125 250 S00 1000 2000 4000 8000
JHM 119 134 138 135 134 133 131 128 126
{HFM 119 134 138 136 136 133 130 126 121
[LFM 116 126 128 124 122 118 114 111 109 :
iTSM 104 113 111 103 97 91 84 81 79

HM = Hard Mount HFM = High Frequency Isoclation Mount
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount

2.1.2.9 Sea-Water Cooling/Lubrication Pump Structureborne
Noise

From the arrangement drawing of the baseline design in
Appendix A, the sea-water cooling/lubrication pump unit is
seen to be mounted on a3 common foundation. In this configu-
ration, all four of the machinery attachments discussed in
section 4.,3.2.1.1 could be used. Furthermore, the foundation
is attached directly to the pressure hull. Hence, the vibra-
tion level at the bottom of the foundation will be taken to
be the hull vibration level. Therefore, no structure
transfer function will be used, TFactructure = OdB.
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The sea—-water cooling/lubrication pump unit is a Class II
machinery (over 1000lbs and under 10,0001bs). It will s1t on
a Type B foundation. To find the hull acceleration levels
due to the pump unit, the mounting and foundation transfer
functions are simply subtracted from the sea—-water cool-
ing/lubrication pump unit structureborne source level. This
saurce level 1is the source level given in Table 6 of section
B.2.1.1.5.

The table shown below represents the hull acceleration
levels due to the sea-~water ccoling/lubrication pump unit.

Table 1 - OTHEP Hull Acceleration Levels
Due to Sea-Water Cooling/Lubrication Pump Unit
(in dB re 102 cm/s2)

Octave Band Center Frequency (Hz)

; 31.5 63 1285 250 S00 1000 2000 4000 8OO0
iHM 99 106 116 112 112 111 105 105 102
iHFM 99 106 115 111 109 108 101 100 97 !
[LFM 96 37 102 94 92 91 85 85 82
lTsm 86 83 87 77 72 68 60 60 57

RO

[

HM = Hard Mount HFM = High Frequency Isclation Mount
LFM = Low Frequency Isclation Mount TSM = Two-Stage Mount

2.1.3 OTHEP Radiation

Now that all of the hull accelerations due to the equip-
ment being studied have been calculated, the amount of acous-
tic energy radiated into the sea-water must be found. Hence,
the transfer function developed in section 4.3.2.1.4 will be
used. Firast, though, the coincidence frequency must be calcu-
lated.

Using equations 4.3.2.1.4.24 as shown below, the coinci-
dence frequency and wavelength can be determined.

f= 9300
¢ 1.7S5h.

=3314 Hz A,=0.529-1.756i.=0.93 ft #1

Based on this calculation, the octave bands whose center
frequencies are 31.5, &3, 125, 250, 500, 1000, and 2000Hz will
all be below coincidence and use the radiation efficiency
given by equation 4.3.2.1.4.23. (P is taken to be 10ft, 4 x
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2.3ft.) The octave band whose center frequency is 4000Hz will
lie within the coincidence range and use the radiation effi-
ciency given by equation 4.3.2.1.4.22. Lastly, the octave
band whose center frequency is 8000Hz will lie above the
coincidence range and use the radiation efficiency given by
equation 4.3.2.1.4.21. Ten times the log of these radiation
efficiencies are shown in the table below.

Table 1 - OTHEP Radiation Efficiencies
{in dB)

Octave Band Center Frequency (Hz)

- - U e

é31.5 63 125 230 500 1000 2000 4000 8000

|
-8 -9 -10 -11 -11 =-10 =7 1 1 }o
i e e e

These values of ten times the log to the base ten of the

radiation efficiency must be added toc the remainder of the
expression for the radiation transfer function, equation
4.3.2.1.4.20. All of the alternative propulsion systems have
the same hull, hence, the area of a radiating panel will be
the same throughout this comparative study. The potential
change in the radiation transfer function comes in the number
of panels excited by the different pieces of equipment and the
different propulsion systems. In the case of the sound
radiated by the OTHEP rotor, roughly 88 panels will be
exicited. The resulting radiation transfer function is shown
below.

Table 2 - OTHEP Rotor Segment
Radiation Transyer Function
(in dB)

Octave Band Center Frequency (Hz)

31.5 63 125 230 3500 1000 2000 4000 8000
43 38 31 24 18 13 10 12 6

e

When this radiation transfer function is applied to the
acceleration levels in the rotor segment, Table 1 in section
B.2.1.2.2, the sound power level radiated by the rotor segment
into the sea results. This is shown below.
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Table 3 - OTHEP Rotor
Radiated Sound Power Levels
(in dB re 10™*<2 W)

Octave Band Center Frequency (Hz)

p— JE——

i 31.3 63 125 250 300 1000 2000 4000 8000

[HM 48 88 95 105 114 116 145 140 O
[HFM 48 8a 95 106 114 116 144 138 O
[LFM 45 80 85 94 102 101 128 123 O

s s it inee st sommosam e — e e S0 b Sttt o tinn  smainn it i o o

HM = Hard Mount HFM = High Frequency Isolation Mount
LFM = Low Frequency Isolation Mount

When determining the radiation transfer function for the
stator structureborne noise, roughly 45 panels will radiate
sound. When the resultant radiation transfer function 1is
applied to the acceleration levels at tne aft MBT, Table 1 in
section B.2.1.2.3, the sound power levels radiated into the
sea by stator structureborne noise result. These sound power
levels are shown below.

Table 4 - OTHEP Stator
Radiated Sound Fower Levels
(in dB re 1072 W)

Octave Band Center Frequency (Hz)

31.3 63 1253 250 500 1000 2000 4000 8000

e + et o it 07

HM 21 61 68 77 86 88 118 113 ©
HFM 21 61 68 78 856 88 117 111 O Y
LFM 18 53 58 66 74 73 101 96 0 !

HM = Hard Mount HFM = High Frequency Isolation Mount
LFM = Low Fregquency Isoclation Mount

When determining the radiation transfer function for the
turbine—generator structurcborne noise, roughly 69 panels will
radiate socund. When the resultant radiation transfer function
is applied to the acceleration levels arising from the
turbine-generator vibrations, Table 1 in section B.2.1.2.4,
the sound power levels radiated into the sea by the turbine-
generator structureborne noise result. These sound power lev-
els are shown below.
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Table 5 - QTHEP Turbine-Generator

Radiated Sound Power Levels

{(in dB re 10—32 W)

Octave Band Center Frequency (Hz)

f 31.5 63 i25 250 500 1000 2000 4000 8000
fHM 163 171 1468 158 152 146 140 139 131
fHFM 163 171 168 159 152 146 139 137 126
ILFM 160 163 158 147 140 131 125 122 114
ITsm 148 150 141 126 115 104 93 92 B4
HM = Hard Mount HFM = High Frequency Isclation Mount

LFM = Low Frequency Isolation Mount

TSM = Two-Stage Mount

When determining the radiation trar "er function for the
sea—-water cooling pump unit structureborne noise, roughly 17

panels will radiate sound.

in section B.2.1.2.5,

When the resultant radiation
transfer function is applied to the acceleration levels aris-
ing from the sea-water cooling pump unit vibrations, Table 1
the sound power levels radiated into the
sea by the sea-water cooling pump unit structureborne noise
result. These sound power levels are shown below.

Table 6 - OTHEP Sea-Water Cooling Pump Unit

Radiated Sound Power Levels

(in dB re 10-22 )

Octave Band Center Frequency (Hz)

r
i

‘ 31.5 63 125 250 5900 1000 2000 4000 8000
j HM 136 137 139 129 124 118 108 110 101
IHFM 136 137 138 128 121 115 104 105 96
iLFM 133 i28 125 111 104 98 88 90 81
!TSM 123 114 110 94 B4 75 53 63 56
HM = Hard Mount HFM High Frequency Isolation Mount

LFM = Low Frequency Isolation Mount

TSM = Two-5tage Mount

When determining the radiation transfer function for the
airborne noise irduced structureborne noise, roughly 314 pan-—-

els will radiate sound.

When the resultant radiation transfer

function is applied to the acceleration levels arising from
the airborne noise induced structural vibrations, Table 5 in
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section B.2.1.2.1, the sound power levels radiated into the
sea by the airborne noise induced structureborne noise result.
These sound power levels are shown beloy
Table 7 - OTHEP Airborne Noise-Excited

Radiated Sound Power Levels

(in dB re 10~ W)

Octave Band Center Frequency (Hz)

W [NV O,

|
'31.5 63 125 250 500 1000 2000 4000 8000
'105 104 102 102 99 97 %6 97 93

HM = Hard Mount HFM = High Frequency Isclation Mount
LFM = Low Frequency Isolation Mount 7TSM = Two-Stage Mount

To find the total radiated socund power level, the "loga-
rithmic sum"” of all of the radiated sound power levels must be
caomputed. When this is done, the total radiated sound power
level for the OTHEP propulsion system is found. The total
radiated socund power level is shown below.

Table 8 -~ OTHEP Total
Radiated Sound Power Level
(in dB re 1012 W)

Octave Band Center Fregquency (Hz)

31.3 63 123 230 500 1000 2000 4000 8000
HM 166 174 171 161 135 149 147 144 134
HFM 166 174 171 162 135 149 146 142 129
LFM 163 166 161 139 143 134 130 127 117
TSM 151 133 144 129 118 108 128 123 24

HM = Hard Mount HFM = High Frequency Isclation Mount
_LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount

It is important to note that in this result, the stator
and rotor of the propulsion motor are assumed to be mounted by
only the first three neans shown above. It does not seem
possible to used two-stage mounting in the motor configuration
that has been developed. This is not to say that it is impos-—
sible to use a two-stage mount, but, rather, without embarking
on a feasibility study of such a mount, its use will be
discounted.
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One additional note, two turbine—generator units are
included in the calculation of both the airborne noi1se level
and the structureborne noise level.

2.2 Electric Drive With Conventional Propeller
2.2.1 Electric Drive Sources

Based on the description of the electric drive with con-
ventional hub-to-diameter ratio propeller propulsion system in
section S5.2.2, the scurces listed below will cause the
vibrations leading to radiated noise.

2.2.1.1 Propulsion Motor Source

In contrast with OTHEP, the propulsion motor is located
within the pressure hull, inside the engine rocom. It is
mounted on a foundation that sits on the pressure hull. The
motor 1is connected to a rotating shaft.

The equation below shows the baseline airborne noise
source level radiated by the electric drive propulsion motor.
An AC motor is assumed to be the propulsion motor. Its speed

is taken to be 120rpm. This equation is taken from equation
4.3.1.5.2.1.

Eypseuta=3+1310g(25,750HP)+ 1Slog(120rpm})=93.5 d8 re o “w #1

The octave band adjustments to this baseline airborne
source level are taken from Table 1 of section 4.3.1.5.2.
The table shown below provides the cctave band airborne
source levels for the electric drive propulsion motor.

Table 1 — Electric Drive Propulsion Motor
Airborne Noise Source lLevels
(in dB re 10—22 )

Octave Band Center Frequency (Hz)

31.3 63 125 250 500 1000 2000 4000 B000
189 30 94 98 99 99 38 92 85

The structureborne noise source level for electric motors
is taken from Table 2 of section 4.3.1.5.2. The table shown
below provides the octave band structureborne source levels
for the electric drive propulsion motor.
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Table 2 - Electric Drive Propulsion Motor
Structureborne Noise Source Levels
(in dB re 1072 cm/s?)

Octave Band Center Frequency (Hz)

1.5 63 125 250 500 1000 2000 4000 8000 ‘
92 9a 92 92 92 g2 9e ge

PR —

]
i
1

g e

-0 W
n

2.2.1.2 Generator Steam Turbine Sources

The equation below shows the baseline airborne noise
source level radiated by the steam turbines which drive the
electric drive generators. This equation i1s taken from equa-
tion 4.3.1.3.1.

Lygearsrs =60+ 1010g(27,000kW)=104.3  dB re 10°"W #1

There are two such 27MW turbine—-generators in the plant.
Hence, this source level applies to each turbine—generator.
The octave band adjustments to this baseline airborne source
level are taken from Table 1 of section 4.3.1.3. The table
shown below provides the octave band airborne source levels
for the electric drive turbines. Note, a static exciter is
assumed for the generators. This is the same electrical gen-
eration plant as the OTHEP plant.

Tsble 1 ~ Electric Drive Turbine-Generator
Airborne Noise Source Levels
(in dB re 10—1& W)

Octave Band Center Frequency (Hz)

f
{31.5 63 125 250 500 1000 2000 4000 8000
{106 111 112 1146 114 114 113 110 109

As discussed in section 4.3.1.3, the structureborne
source level for the electric drive turbine-generators is
dominated by the generator itself. See the following
section.

€.2.1.3 Generator Sources

The equation below shows the baseline airborne noise
scurce level radiated by the electric drive generators. This
equation is taken from equation 4.3.1.35.1.1.
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Lygesgen = 34+ 1010g (27, 000kl )+ 710g(3600rpm)=1023.2 dB re 107%W  #1

The octave band adjustments to this baseline airborne
source level are taken from Table 1 of section 4.3.1.5.1.
The table shown below provides the octave band airborne
source levels for the electric drive generators.

Table 1 - Electric Drive Generator
Airborne Noise Scource Levels
(in dB re 10-2 W)

Octave Band Center Frequency (Hz)

{31.5 63 1285 250 S00 1000 2000 4000 8000
111 114 115 116 116 113 111 108 103

The equation below shows the baseline2 structureborne

noise source level radiated by the electric drive generators.

This equation is taken from equation 4.3.1.35.1.2.

-3Cm

1l
i

Luseupen =42+ 10109 (27,000kW)+ 710g (3600rpm)=111.2  dB re 10755  #2

The octave band adjustments to this baseline structure-
borne source level are taken from Table 2 of section
4,3.1.3.1. The table shown below provides the octave band
structureborne source levels for the electric drive genera-
tors.

Table 2 - Electric Drive Generator
Structureborne Noise Source Levels
(in dB re 1073 cm/s®)

Octave Band Center Frequency {(Hz)

131.5 63 123 250 500 1000 2000 4000 8000
i

}111 122 123 125 127 128 129 129 129

1

2.2.1.4 Propulsion Motor Cooling Water Pump

The equation below shows the baseline airborne noise
source level radiated by the electric drive propulsion motor
cooling water pump. This equation is taken from equation
4.3.1.4.1.

Lygsermp= 15+ 1010g(37.5HP)+ 1510g(1200rpm)=76.9 dB re 107 %W #1

319




The octave band adjustments to this baseline airborne
sgurce level are taken from Table 1 of section 4.3.1.4. The
table shown below provides the octave band airborne source
levels for the electric drive propulsion motor cooling water
pump. A centrifugal pump is assumed.

Table 1 - Electraic Drive Propulsion Motor Cooling Water Pump
Airborne Noise Source Levels
(in dB re 1072 W)

Octave Band Center Frequency (Hz)

'31.5 63 125 250 500 1000 2000 4000 8000
gloa 102 103 103 104 106 103 100 95

The equation below shows the baseline structureborne
noise source level radiated by the electric drive propulsion
motor cooling water pump. This equation is taken from
equation 4.3.1.4.2.

Laieapnp=60+ 1010g(37.5HP)=73.7 dB re 10-3% #

The octave band adjustments to this baseline structure-
borne source level are taken from Table 2 of section 4.3.1.4

i
1

i

2

The table shown below provides the octave band structureborne

sgurce levels for the electric drive propulsion motor cooling

water pump.

Table 2 - Electric Drive Propulsion Motor Cooling Water Pump
Structureborne Noise Source Levels
{in dB re 107 = cm/s®)

Octave Band Center Frequency (Hz)

i
{31.5 63 125 230 500 1000 2000 4000 8000
;76 84 Q7 93 99 100 94 100 99

I

The equation below shows the baseline airborne noise
source level radiated by the electric drive propulsion motor
cooling water pump drive motor. An induction motor 1is

assumed toc be the pump’s drive motor. This equation is taken

fraoam equation 4.3.1.5.2.1.

Lupeecwpeme =5+ 1310g(37.SHP)+ 1510g(1200rpm)=71.7 dB re 10°°W 3
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The octave band adjustments to this baseline airborne
sgurce level are taken from Table 1 of section 4.3.1.3.2.
The table shown below provides the octave band airborne
source levels for the electric drive oropulsicon motor cooling
water pump drive moctor.

Table 3 - Electric Drive Propulsion Motor
Cocling Water Pump Drive Motor
Airborne Noise Source Levels
(in dB re 1071= W)

Octave Band Center Fre2qguency (H2)

e e e e e e o e et i e = = o = e son sy

131.5 63 185 250 S00 1000 2000 4000 8000
67 68 72 76 77 77 76 70 63 |

1

The structureborne noise source level for electric motors
are taken from Table 2 of section 4.3.1.5.2. The table shown
below provides the octave band structureborne source levels
for the electric propulsion motor cocling water pump drive
motor.

Table 4 - Electric Drive Propulsion Motor
Cooling Water Pump Drive Motor
Structursborne Noise Source Levels
(in dB re 1072 cm/s®)

Octave Band Center Frequency (Hz)

)
§31.5 63 125 2350 500 1000 2000 4000 8000
%92 92 Ge 72 92 92 92 92 Qe

Whereas the pump and its drive motor are essentially a
single unit and will be mounted as a single unit, the source
level of the entire unit will be the "logarithmic sum" of the
sogurce levels of the pump and its drive motor. The tables
below show the airborne and structureborne noise scurce
levels for the complete pump unit.
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Table S - Electric Drive Propulsion Mator
Cooling Water Pump Unit
Airborne Noise Source Level:z
(in dB re 1072 W)

Octave Band Center Fregquency (Hz)

!31.5 63 185 250 500 1000 2000 4000 B0OOO !
102 102 103 103 104 106 103 100 95 |

Table 6 — Electric Drive Propulsion Motor
Cooling Water Pump Unit
Structureborne Noise Source Levels
(in dB re 1079 cm/s%)

Octave Band Center Frequency (Hz)

:31.5 63 125 250 S00 1000 2000 4000 8000

193 IS5 101 100 102 103 100 103 102
L

2.2.1.5 Propulsion Motor Lubrication Oil Pump

The equation below shows the baseline airborne noise
source level radiated by the propulsion motor lubrication oil
pump. This equation is taken from equation 4.3.1.4.1.

Lypesiopmp = 19+ 1010g(7.4HP)+ 1510g(1200rpm)=69.9 dB re 10°“W 41

The octave band adjustments to this baseline airborne
source level are taken from Table 1 of section 4.3.1.4. The
table shown below provides the occtave band airborne source
levels for the electric drive propulsion motor lubrication
0il pump. A gear pump is assumed.

Table 1 - Electric Drive Propulsion Motor
lLLubrication 0il Pump
Airborne Noise Source Levels
(in dB re 102 W)

Octave Band Center Frequency (Hz)

31.3 63 125 250 S50¢ 1000 2000 4000 8000

1
1}
|
{105 105 106 106 107 109 106 103 98
i
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The equation below shows the baseline structureborne
noi1se source level radiated by the electric darive propulsion
motor lubrication oil pump. This equation is taken from
equation 4.3.1.4.2.

Ligsaropmp =00+ 1010g(7.,4HP)=68.7 a3 re 10'3%’? B2
The cctave band adjustments to this baseline structure-

borne source level are taken from Table 2 of section 4.3.1.4.
The table shown below provides the octave band structiureborne
scurce levels for the electric drive propulsion motor lubri-
cation pumr.
Table 2 - Elzctric Lrive Propulsion Motor

Lubrication 011 Pump

Structureborne Noise Source Levels

(in dB re 1072 cm/s?)

Octave Band Center Frequency (Hz)

331.5 63 125 250 500 1000 2000 4000 8000

{79 90 103 101 106 107 103 113 114 B
i

The equation below shows the baseline airborne noise

source level radiated by the electric drive propulsion motor
lubrication oil pump drive motor. An induction motor is
assumed to be the pump’s drive motor. This equation is taken
from equation 4.3.1.3.2.1.

Lysseiopemer =3+ 1310g(7.4HP)+ 1510g(1200rpm)=62.5 dB re 107°W H3

The octave band adjustments to this baseline airborne
sgurce level are taken from Table 1 of section 4.3.1.3.2.
The table shown below provides the octave band airborne
source levels for the electric drive propulsion motor lubri-
cation o0il pump drive motor.




Table 3 -~ Electric Drive Propulsion Motor
Lubrication 0il Pump Drive Motor
Airbarne Noise Source Levels
(in dB re 1072 W)

Octave Band Center Frequency (Hz)

——— ey

;
131.5 63 i85 250 500 1000 2000 4000 8000 ;
lsa 59 63 67 68 68 &7 61 54 |

— :
- et e e bttt o oo = i smmmeemrnasns mssnsransd

The structureborne noise source level for electric motors
are taken from Table 2 of section 4.3.1.5.2. The table shown
below provides the octave band structureborne source levels
for the electric propulsion motor lubrication oil pump drive
motor.

Table 4 - Electric Drive Propulsion Motor
Lubrication 0il Pump Drive Motor
Structureborne Noise Source Levels
(in dB re 10™% cm/s2)

Octave Band Center Frequency (Hz)

'31.5 63 185 250 S00 1000 2000 4000 8000
92 92 92 92 92 92 92 g2 92

...

Whereas the pump and its drive motor are essentially a
single unit and will be mounted as a single unit, the source
level of the entire unit will be the "logarithmic sum" of the
source levels of the pump and its drive motor. The tables
below show the airborne and structureborne noise source
levels for the comolete pump unit.

Table 5 - Electric Drive Propulsion Motor
Lubrication 0il Pump Unit
Airborne Noise Source Levels
{in dB re 10-*2 W)

Octave Band Center Fregquency (Hz)

{
131.5 &3 125 250 S00 1000 2000 4000 8000
}105 105 106 106 107 109 106 103 58

SRS
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Table 6 - Electric Drive Propulsion Motor
Lubrication 0il Pump Unit
Structureborne Noise Source Levels
(in dB re 10~ cm/s®)

Octave Band Center Frequency (Hz)

~ — o = -
i

131.3 &3 125 230 300 1000 2000 4000 8000 !
94 97 105 103 107 108 105 114 114

e e — e B ———mtea T U U - - ]

2.2.28 Electric Drive Paths and Radiation

2.2.2.1 Airborne Noise-Excited Structureborne Noise

The airborne noise within the engineroom can excite
vibrations in the hull. Hence, the sound pressure level
within the enginercom must be computed. This requires two
calculations. First, the "room constant" must be calculated
in accordance with section 7.2.2 of reference [(7]. Second,
the sound pressure level within the space, due to the equip-
ment operatirg witnin the space, must be calculated.

The room constant for the baseline submarine, OTHEP, will
be the same for the electric drive variant and the geared-
turbine drive variant. This is because the enginerooms are
precisely the same. Based on the arrangement drawings of the
baseline submarine and the methods of section 7.2.2 of refer-—
ence [7], the room constant for the baseline submarine’s main
engineroom is shown in the table below. No acoustic damping
materials are allowed in the comparative analysis.

Table 1 - Electric Drive Engineroom Roam Constants -~ R
(in ft=®)

Octave Band Center Frequency (Hz)

31.5 63 125 230 500 1000 2000 4000 8000
1163 1300 1265 1060 1026 1060 1060 923 787

The next step is to calculate the reverberant sound
pressure level in the space. Note, direct field sound
pressure levels will not be computed. Only the reverberant
field will be computed. To find the reverberant sound
pressure level, the equation below must be used. The
equation is taken from reference [7] section 7.2.2.
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Le=L,~10log(R)+ 16 dB re 20uPa #1

In this expression, Le represents the reverberant sound
pressure level. L, represents the scund power level result-
ing from the "logarithmic sum” of all of the airborne noise
sources in the space. R represents the room constant. The
table below shows the resultant socund power level due to the
propulsion motor, turbines, generators and sea-water cool-
ing/lubrication pump located in the electric drive submari-
ne’s engineroom.

Table 2 - Electric Drive Enginerocom
Reverberant Sound Power Level
(in dB re 10~ '*&EW)

Octave Band Center fFrequency (Hz)

e e e ey

231.5 63 125 250 500 1000 2000 4000 8000 §
illb 119 120 122 122 120 120 116 114

H
H
1
i

These values for Lo and the values for R in Table 1 are
substituted into equation 1 to vield the socund pressure
levels shown in the table below.

Table 3 - Electric Drive Enginerocom
Reverberant Sound Pressure Levels
{in dB re 20 microPfPa)

Octave Band Center Frequency (Hz)

i
31.5 &3 125 250 300 1000 2000 4000 8000
101 104 105 108 108 106 106 102 101

.;

!
B}
Knowing the reverberant sound pressure level, Le, permits
calculation of the structural vibrations excited by the
airborne noise. First, though, the transfer function
described in sectien 4.3.2.2 must be calculated. In this
instance, the pressure hull is the structure being excited
into vibration. Hence, it is a "wetted" structure.

The area of a panel is taken to be a ~juare whose side
equals the pressure hull frame spacing, 5ft in this case
(Appendix A). Hence, the area of a panel, An, is 6.23ft=2.
The panel length to width ratioc, a, is 1 in this case. Equa-
tion 4.3.2.2.3 provides the transfer function for wetted
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steel using the panel characteristics listed here. The table
below shows the transfer function. Note, this is the same as
that of the baseline submarine, OTHEP.

Table 4 — Electric Drive Enginercom
Airborne-to-Structureborne Transfer Function (in
dB»

Octave Band Center Frequency (Hz)

'31.5 63 185 250 500 1000 2000 4000 B000 i
l-47 -43 -39 -36 -32 -29 -6 -22 -19 i

From the reverberant sound pressure level and the
transfer function, the airborne noise—-excited structural
vibration level can be calculated.

Lyc=Lp+TF dB re 10'39;’-2E 42
Using the relationship in equation 2, the table shown
below is the acceleration level in the pressure hull due to
airborne noise-excited vibrations.

Table 3 — Electric Drive Engineroom
Airborne Noise-Excited Structureborne Noise Levels
(in dB re 10-3cm/s®)

Octave Band Center Frequency (Hz)

I -
{31.5 63 125 2530 3500 1000 2000 4000 8000

!54 61 =Y. 73 73 77 80 80 81
i

1
| SRRSO

These structureborne noise levels must be included as if
they were noise generated by a separate source.

When determining the radiation transfer function for the
airborne noise-excited structureborne noise, roughly 314 pan-
els will radiate sound. When the resultant radiation trans-
fer function is applied to the acceleration levels arising
from the airborne noise-excited vibrations, Table S5 above,
the sound power levels radiated into the sea by the airborne
noise-excited structureborne noise result. These sound power
levels are shown below.
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Table 6 - Electric Drive Airborne Noise~Excited
Stiructureborne Noise Radiated Sound Power Levels
(in dB re 102 W)

Octave Band Center Frequency (Hz)

T - - T S T ey

1

131.5 o3 125 250 S00 1000 2000 4000 8000 %
1105 104 102 102 99 96 96 97 93

A v s e e e teem————— = e e ad

2.2.2.2 Propulsion Motor Structureborne Noise

The propulsion motor qualifies as a Class III (over
10,0001bs) piece of machinery. The motor’s foundation would
certainly qualify as a Type B foundation. Using the structu-
reborne noi1se sgurce levels in section B.2.2.1.1, the machin-
ery attachment transfer functions from section 4.3.2.1.1, the
foundation transfer functions from section 4.3.2.1.2, and an
appropriate radiation transfer function, the radiated sound
power level for the electric drive propulsion motor can be
computed.

When determining the radiation transfer function for the
electric drive propulsion motor structureborne noise, roughly
88 panels will radiate sound. Using the resultant radiation
transfer function yields the sound power levels radiated into
the sea by the propulsion motor structureborne nocise. These
sound power levels are shown below.

Table 1| - Electric Drive Propulsion Motor
Radiated Sound Power Lev:zls
(in dB re 1012 W)

Octave Band Center Frequency (Hz)

31.5 63 125 230 3500 1000 2000 4000 8000
HM 1453 142 136 126 117 110 104 103 73
HFM 143 142 136 127 117 110 103 101 90
LFM 142 13¢ 126 113 105 95 87 86 78
TSM 130 121 109 94 80 68 57 56 48

HM = Hard Mount HFM = High Frequency Isolation Mount
LFM = Low Freguency Isclation Mount TSM = Two-Stage Mount
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2.28.2.3 Turbine—-Generator Structureborne Naise

From the arrangement drawing of the electric drive subma-
rine design in section 3.2.2, the turbine—generator unit 1s
seen to be mounted on a common foundation. In this
configuration, all four of the machinery attachments dis-—
cussed in section 4.3.2.1.1 could be used. Furthermore, the
foundation is attached directly to the pressure hull. Hence,
the vibration leve: at the bottom of the foundation will be
taken to be the hull vibration level. Therefore, no struc-
ture transfer function will be used, TF.u-icror- = 0dB.

The turbine—generator unit is a Class III machinery (over
10,0001bs). It will sit on a Type B foundation. To find the
hull acceleration levels due to the turbine-generator unit,
the mounting and foundation transfer functions are simply
subtracted from the generator scurce level. This source
level is the source level given in Table 2 of section
B.2.2.1.3.

Using the structureborne noise source levels in section
B.2.2.1.3, the machinery attachment transfer functions from
section 4.3.2.1.1, the foundation transfer functions from
section 4.3.2.1.2, and the appropriate radiation transfer
function, the radiated sound power level for the electric
drive turbine—generator can be computed. Note, this is the
same turbine-generator unit that is used in the OTHEP design.

When determining the radiation transfer function for the
electric drive turbine—-generator structureborne noise,
roughly 69 panels will radiate sound. Using the resultant
radiation transfer function vields the sound power levels
radiated into the sea by the turbine—generator structureborne
noise. These socund power levels are shown below.
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Table 1 - Electric Drive Turbine-Generator
Radiated Sound Power Levels
« ' n dB re 10 '~ W)

Octave Band Center Freguency (Hz)

— - - T oy —

% 31.5 63 125 250 500 1000 2000 4000 8000
HM 163 171 168 158 152 146 140 139 131 !
'HFM 163 171 168 159 152 146 139 137 126 :
ILFM 160 163 158 147 140 131 123 122 114
'TSM 148 150 141 1286 115 104 93 92 84

HM = Hard Mount HFM = High Frequency Isolation Mount
LFM = Low Frequency Isolation Mount T5M = Two-Stage Mount

2.2.2.4 Propulsion Motor Cooling Water Pump Unit Structure-
borne Noise

From the arrangement drawing of the electric drive subma-
rine design in section 5.2.2, the propulsion motor cocling
water pump unit is seen to be mounted on a common foundation.
In this configuration, all four of the machinery attachments
discussed in section 4.3.2.1.1 could be used. Furthermore,
the foundation is attachned directly to the pressure hull.
Hence, the vaibration level at the bottom of the foundation
will be taken to be the hull vibration level. Therefore, no
structure transfer function will be used; TFas-uenure = O0dB.

The cooling water pump unit is a Class Il machinery (over
10001bs and under 10,0001lbs). It will sit on a Type B foun-
dation. To find the hull acceleration levels due to the
cooling water pump unit, the mounting and foundation transfer
functions are simply subtracted from the cooling water pump
unit source level. This source level is the source level
given in Table 6 of section B.2.2.1.4.

Using the structureborne noise scurce levels in section
B.2.2.1.4, the machinery attachment transfer functions from
section 4.3.2.1.1, the foundation transfer functions from
section 4.3.2.1.2, and the appropriate radiation transfer
function, the radiated sound power level for the electric
drive propulsion motor cooling water pump unit can be com-—
puted.
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When determining the radiation transfer function for the
electric draive propulsion motor cooling water pump unit
structureborne noise, roughly 16 panels will radiate sound.
Using the resultant radiation transfer function vields the
sound power levels radiated into the sea by the propulsion
motor cooling water pump unit structureborne noise. These
sound power levels are shown bhelow.

Table 1 - Electric Drive Propulsion Motor
Cooling Water Pump Unit
Radiated Sound Power Levels
(in dB re 1012 )

Octave Band Center Frequency (Hz)

; 31.5 &3 125 230 500 1000 2000 4000 8000
HM 135 134 134 124 118 112 103 104 ?6
HFM 133 134 133 123 115 109 99 99 2?1
fLFM 132 123 120 106 98 92 83 84 76 i

ITsm 122 111 105 89 78 69 58 59 51 z

H
i
{
:

|
i
i

HM = Hard Mount HFM = High Frequency Isolation Mount
LFM = Low Frequency Isolation Mount TSM = Two~-Stage Mount

2.2.2.9 Propulsion Motor Lubrication 0il Pump Unit Structure-
borne Noise

From the arrangement drawing of the electric drive design
in section 5.2.2, the lubrication oil pump unit is seen to be
mounted on a common foundation. In this configuration, all
four of the machinery attachments discussed in section
4.3.2.1.1 could be used. Furthermore, the foundation is
attached directly to the pressure hull. Hence, the vibration
level at the bottom of the foundation will be taken to be the
hull vibration level. Therefore, no structure transfer func-
tion will be used; TFatructure = 0dB.

The lubrication o1l pump unit is a Class I machinery (un-
der 1000lbs). It will sit on a Type B foundation. To find
the hull acceleration levels due to the pump unit, the
mounting and foundation transfer functions are simply sub-
tracted from the propulsion motor lubrication oil pump unit
structureborne source level. This source level is the source
level given in Table 6 of section B.2.2.1.5.
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Using the structureborne noise source levels in section
B.2.2.1.3, the machinery attachment transfer functions from
section 4.3.2.1.1, the foundation transfer functions from
section 4.3.2.1.2s and the appropriate radiation transfer
function, the radiated sound power level for the electric
drive propulsion motor lubrication oil pump unit can be com-
puted.

When determining the radiation transfer function for the
electric drive propulsion motor lubrication oil pump unit
structureborne nocise. roughly 16 panels will radiate sound.
Using the rcsultant radiation transfer function yields the
sound power levels radiated intoc the sea by the propulsion
motor lubrication oil pump unit structureborne noise. These
sound power levels are shown below.

Table 1 - Electric Drive Propulsion Motor
Lubrication 0il Pump Unit
Radiated Sound Power Levels
(in dB re 10—*2 W)

Octave Band Center Frequency (Hz)

31.3 63 125 250 3500 1000 2000 4000 8000

i

EHM 131 133 136 127 122 116 107 114 107 i
{HFM 131 132 135 125 118 107 98 105 98 |
ILFM 124 118 114 103 98 92 83 90 83 |
{TSM 119 110 104 88 78 72 63 70 &3

HM = Hard Mount HFM = High Fregquency Isolation Mount
LFM = Low Frequency Isolation Mount T5M = Two-Stage Mount
2.2.3 Electric Drive Total Radiated Sound Power Level

To find the total radiated sound power level, the "loga-
rithmic sum” of all of the radiated sound power levels must be
computed. When this is done, the total radiated sound power

level for the electric drive propulsion system is found. The
total radiated sound power level is shown below.
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Table 1 - Electric Drive Total
Radiated Sound Power Level
(in dB re 1072 W)

Octave Band Center Frequency (Hz)

f

{ 31.5 63 185 250 S00 1000 2000 4000 8000
HM 166 174 171 161 155 149 143 142 134
IHFM 166 174 171 162 155 149 142 140 129
%u-‘m 163 166 161 150 143 134 126 185 117
.TSM 151 153 144 1239 118 107 99 99 94

HM = Hard Mount HFM = High Frequency Iscolation Mount
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount

O0f note, two turbine—generator units are included in the
calculation of both the airborne noise level and the structu-
reborne noise level.

2.3 Geared, Steam Turbine Drive
2.3.1 Geared Drive Sources

Based on the description of the geared, steam turbine
drive with conventional hub-tc-diameter ratioc propeller pro-
nsulsion system in section 5.2.3, the sources listed below will
cause the vibrations leading to radiated noise.

2.3.1.1 Propulsion Steam Turbine

The table below shows_the baseline airborne noise source
level radiated by the propulsion steam turbines which drive
the geared turbine drive’s reduction gear, shaft, and, hence,
propeller . These scurce levels are taken from Table 1 of
section 4.3.1.1.

Table 1 - Geared Turbine Drive Propulsion Steam Turbine
Airborne Noise Source Levels
(in dB re 10—12 )

Octave Band Center Freguency (Hz)

31.5 63 125 £30 500 1000 2000 4000 8000
90 95 97 93 93 93 21 90 87
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The structureborne noise scource level for the propulsion
steam turbine is dominated by the reduction gear to which 1t
is attached, section 4.3.1.1. Hence, no structureborne noise
source level will be develcoped for the propulsion steam

turbine.
2.3.1.2 Reduction Gear

The equation below shows the baseline airborne noise
source level radiated by the reduction gear which drives the
geared turbine drive’s shaft. This equation 1s taken from
equation 4.3.1.2.1.

Lypg =69+3.410g(25,750HP)+3.4l0g(120rpm)=91.1 dB re 107%w #1

The nctave band adjustments to this baseline airborne
source level are taken from Table 1 of section 4.3.1.2. The
table shown below provides the occtave band airborne source
levels for the geared turbine drive reduction gear.

Table 1 - Geared Turbine Drive Reduction Gear
Airborne Noise Socurce Levels
{in dB re 107*= W)

Octave Band Center Frequency (Hz)

:31.5 63 125 250 500 1000 2000 4000 8000

;99 100 101 103 105 106 107 103 91

~

The equation below shows the baseline structureborne
noise source level radiated by the geared turbine drive
reduction gear. This equation is taken from equation
4.3.1.2.2.

L,ag=47+1010g(25,750HP)=91.1 dB re 10':’%’?1 #2
The cctave band adjustments to this baseline structure-
borne source level are taken from Table 2 of section 4.3.1.2.
The table shown below provides the octave band structursborne
source levels for the geared turbine drivo reduction gear.
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Table 2 - Geared Turbine Drive Reduction Gear
Structureborne Noise Source lLevels
(in dB re 10 2 cm/s?)

Octave Band Center Frequency (Hz)

P S SR
!

31.3 63 125 230 3500 1000 2000 4000 8000
i 7?1 100 94 99 114 124 124 119 109 !

i
1
¥
L.

2.3.1.3 Turbine-Generator Source Level

The equation below shows the baseline airborne noise
sgurce level radiated by the steam turbines which drive the
geared turbine drive ship’s service generators. This equa-
tion is taken from equation 4.3.1.3.1.

Lysggerary =60+ 10l0g(1100kW)=90.4 dB re 10 "W #1

There are two such 1.1MW turbine-generators in the plant.
Hence, this source level applies to each turbine—generator.
The octave band adjustments to this baseline airborne source
level are taken from Table 1 of section 4.3.1.3. The table
shown below provides the octave band airborne source levels
far the geared turbine drive ship’s service turbine-generator
turbines. Note, a static exciter is assumed for the genera-
tors.

Table 1 - Geared Turbine Drive Turbine-Generator
Airborne Noise Source Levels
(in dB re 10—*2 W)

Octave Band Center Frequency (Hz)

i
131.5 63 125 250 S50¢ 1000 2000 4000 8000
|92 97 98 102 100 100 101 96 95

As discussed in section 4.3.1.3, the structureborne
source level for the geared turbine drive ship’s service
turbine generators is dominated by the generator itself. See
the following section.
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2.3.1.4 Turbine-Generator Generator Source Levels

The equation below shows the baseline airborne noise
source level radiated by the geared turbine drive ship’s ser-—
vice generators. This equation 1s taken from equation
4.3.1,5.1.1.

Lyagegsn = 34+ 10109 (1100kW )+ 7109 (3600rpm)=89.3 dF re 107w 1

The octave band adjustments to this baseline airborne
source level are taken from Table 1 of section 4.3.1.3.1.
The table shown below provides the cctave band airborne
source levels for the geared turbine drive ship’s service
generators.

Table 1 - Geared Turbine Drive Ship’s Service Generator
Airborne Noise Source Levels
(in dB re 1072 W)

Octave Band Center Frequency (Hz)

%31.5 63 125 230 3500 1000 2000 4000 8000
f97 100 101 102 102 99 97 P4 89

The equation below shows the baseline structureborne
noise source level radiated by the geared turbine drive
ship’s service generators. This equation is taken from
equation 4.3.1.5.1.2.

Lyggegen =42+ 1010g (1100KkW )+710g(3600rpm)=97.3  dB re 10"2—’? B2

The cctave band adjustments to this baseline structure-
barne source level are taken from Table 2 of section
4,3.1.3.1. The table shown below provides the octave band

structureborne scurce levels for the geared turbine drive
ship’s service generators.

Table 2 — Geared Turbine Drive Ship’s Service Generator
Structureborne Noise Source Levels
(in dB re 1073 cm/s®)

Octave Band Center Frequency (Hz)

31.5 &3 125 250 3500 1000 2000 4000 8000
197 108 111 111 113 114 115 115 115 i
-
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2.3.1.5 Reduction Gear Lubrication 0il Pump

The equation below shows the baseline airborne noise
source level radiated by the geared turbine drive reduction
gear lubrication oil pump. This equation is taken from equa-
tion 4.3.1.4.1.

Lusrgiopmp= 15+ 1010g(14.8HP)+ 1510g(1200rpm)=72.9 dB re 10°"°W #1

The octave band adjustments to this baseline airbaorne
source level are taken from Table 1| of section 4.3.1.4. The
table shown below provides the octave band airborne noise
source levels for the geared turbine drive reduction gear
lubrication oil pump. A gear pump is assumed.

Table 1 - Geared Turbine Drive Reduction Gear
Lubrication 0il Pump
Airborne Noise Source Levels
(in dB re 10-2 )

Octave Band Center Frequency (Hz)

T

l31.5 63 125 230 500 1000 2000 4000 8000
;108 108 109 109 110 112 109 106 101

The equation below shows the baseline structureborne
noise source level radiated by the geared turbine drive
reduction gear lubrication oil pump. This equation is taken
from equation 4.3.1.4.2.

acm

Lingurny =60+ 1010g(14.8HP)=71.7  dB re 10753 H2

The octave band adjustments to this baseline structure-
borne source level are taken from Table 2 of section 4.3.1.4.
The table shown below provides the octave band structureborne
source levels for the geared turbine drive reduction gear
lubrication oil pump.
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Table 2 - Geared Turbine Drive Reduction Gear
Lubrication 011 Pump
Structureborne Noise Source Levels
(in dB re 107 cm/s%)

Octave Band Center Frequency (Hz)

g"‘ 1
131.5 563 125 250 3500 1000 2000 4000 8000 ;
§aa 93 106 104 109 110 106 116 117

The equaticn below shows the baseline airhorne noise
source level radiated by the geared turbine drive reduction
gear lubrication oil pump drive motor. An induction motor is
assumed to be the pump’s drive motor. This equation is taken
from equation 4.3.1.5.2.1.

Lyprgiopomer =5+ 13109 (14.8HP)+ 1510g(1200rpm)=66.4 dB re 10 "W #3

The octave band adjustments to this baseline airborne
source level are taken from Table 1 of section 4.3.1.5.2.
The table shown below provides the occtave band airborne
source levels for the geared turbine drive reduction gear
lubrication o0il pump drive motor.

Table 3 - Geared Turbine Drive Reduction Gear
Lubrication 0il Pump Drive Motor
Airborne Noise Source Levels
{in dB re 1072 )

Octave Band Center Frequency (Hz)

-

§31.5 63 125 250 S00 1000 2000 4000 8000
{61 62 66 70 71 71 70 b4 57

i

The structureborne noise source level for electric motors
are taken from Table 2 of section 4.3.1.5.2. The table shown
below provides the octave band structureborne source levels
for the geared turbine drive reduction gear lubrication oil
pump drive motor.
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Table 4 - Geared Turbine Drive Reduction Gear
Lubricaticn 011 Pump Drive Motor
Structureborne Noise Source Levels
(in dB re 10 ? cm/s®)

Octave Band Center Frequency (Hz)

¥
i31.5 63 1285 250 500 1000 2000 4000 BOOO
52 92 92 92 92 92 92 92 92

1
H
1

Whereas the pump and i1ts drive motor are essentially a
single unit and will be mounted as a single unit, the source

level of the entire unit will be the "logarithmic sum" of the

source levels of the pump and i1ts drive motor. The tables
below show the airborne and structureborne noise source
levels for the complete pump unit.

Table 5 - Geared Turbine Drive Reduction Gear
Lubrication 0Oil Pump Unit
Airborne Noise Source Levels
(in dB re 10— W)

Octave Band Center Freguency (Hz)

;
i31.5 63 125 250 S00 1000 2000 4000 8000
Eoe 108 109 109 110 112 109 106 101

Table 6 - Geared Turbine Drive Reduction Gear
Lubrication 0il Pump Unit
Structureborne Noise Source Levels
(in dB re 1072 cm/s®)

Octave Band Center Freqguency (Hz2)

31.85 63 125 230 500 1000 2000 4000 800Q
194 98 107 106 110 111 107 116 117

[ SSRpG—

2.3.2 Geared Turbine Drive Paths and Radiation
2.3.2.1 Airborne Noise-Excited Structureborne Noise

The airborne noise within the enginerocom can excite
vibrations in the hull. Hence, the sound pressure level
within the enginercom must be computed. This requires two
calculations. First, the "room constant” must be calculated

339




in accordance with section 7.2.2 of reference [71. Second,
the sound pressure level within the space, due to the equip-
ment operating within the space, must be calculated.

The room constant for the baseline submarine, OTHEP, will
be the same as the electric drive variant and the geared-—
turbine drive variant. This is because the enginercoms are
precisely the same. Based on the arrangement drawings of the
baseline submarine and the methods of section 7.2.2 of refer-
ence [7], the room constant for the baseline submarine’s main
enginercom 1s shown in the table below. No acoustic damping
materials are allowed in the comparative analysis.

Table 1 - Geared Turbine Drive Enginerocom Room Constants - R
(in ft=)

Octave Band Center Frequency (Hz)

| —— R - e e e o

) 31.8 63 125 250 3500 1000 2000 40CO 8000
i
11163 1300 1263 1060 1026 1060 1060 923 787

L

Lo

The next step is to calculate the reverberant sound
pressure level in the space. Note, direct field sound
pressure levels will not be computed. Only the reverberant
field will be computed. To find the reverberant sound
pressure level, the equation below must be used. The
equation is taken from reference [7] section 7.2.2.

Ly=L,-10log(R)+16 dB re 20uFPa 1

In this expression, L= represents the reverberant sound
pressure level. L, represents the sound power level result-
ing from the "logarithmic sum"” of all of the airborne noise
sources in the space. R represents the room constant. The
table below shows the resultant sound power level due to the
propulsion steam turbine, reduction gear, turbines, genera-
tors and reduction gear lubrication oil pump located in the
geared turbine drive submarine’s engineroom.
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Table 2 —- Geared Turbine Drive Enginerocom
Reverberant Scund Power Level
(1in dB re 10 &)

Octave Band Center Frequency (Hz)

131.5 63 125 250 S00 1000 2000 4000 8000
;109 110 111  1i2 113 114 112 109 104

e e s tesssmaem e bt ot i e e sasetans Sisasiesies SbtesbammesarmaaH  taeeenm s e e Sttt st Aot b st e o = o = sosstes sasseecsste - e m e

These values for L., and the values for R in Table 1 are
substituted into equation 1 to vyield the sound pressure
levels shown in the table below.

Table 3 - Geared Turbine Drive Engineroom
Reverberant Sound Pressure Levels
(in dB re 20 microPa)

Octave Band Center Frequency (Hz)

PRI JR——

§31.5 63 1285 250 S00 1000 2000 4000 8000 f

1?5 93 ?6 28 g9 100 98 95 F1 ‘

t

Knowing the reverberant sound pressure level, Lg, permits
calculation of the structural vibrations excited by the
airborne noise. First, though, the transfer function
described in section 4.3.2.2 must be calculated. In this
instance, the pressure hull is the structure being excited
into vibration. Hence, it is a "wetted" structure.

The area of a panel is taken to be a sgquare whose side
equals the pressure hull frame spacing, 2.3ft in this case
(Appendix A). Hence, the area of a panel, A,, is 6.25ft*=,
The panel length to width ratic, a, is 1 in this case. Equa-
tion 4.3.2.2.3 provides the transfer function for wetted
steel using the panel characteristics listed here. The table
below shows the transfer function. Note, this is the same as
that of the baseline submarine, OTHEP.
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Table 4 - Geared Turbine Drive Engineroom
Airborne—-to-Structureborne Transfer Function (in
daB)

Octave Band Center Frequency (Hz)

| I T e— ST T

131.5 63 125 250 S00 1000 2000 4000 8000 |
l-47 -43 -39 -36 -32 -29 -26 -22 ~-19 §
L. .

From the reverberant sound pressure level and the
transfer function, the airborne noise-excited structural
vibration level can be calculated.

Lux=Lp*TF dB re 10“%@ #2
Using the relationship in equation 2, the table shown
below is the acceleration level in the pressure hull due to
airborne noise-excited vibrations.

Table 3 - Geared Turbine Drive Enginerocom
Airborne Noise-Excited Structureborne Noise Levels
{in dB re 10 “cm/s?)

Octave Band Center Frequency «Hz)

i
131.5 63 125 250 S00 1000 2000 4000 8000
lag 5& 57 62 b6 71 73 73 72

. . - ————

These structureborne noise levels must be included as if
they were noise generated by a separate source.

When determining the radiation transfer function for the
airborne noise-excited structureborne noise, roughly 314 pan-—
els will radiate sound into the sea. When the resultant
radiation transfer function is applied to the acceleration
levels arising from the airborne noise-excited vibrations,
Table S above, the sound power levels radiated into the sea
by the airborne noise—-excited structureborne noise result.
These scund power levels are shown below.
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Table 6 -~ Geared Turbine Drive Airborne Noise-Excited
Structureborne Noise Radiated Sound Power Levels
(in dB re 10~ 4 W)

Octave Band Center Freqguency (Hz)

i31.5 63 125 250 500 1200 2000 4000 8000 !
|78 95 93 92 EN! 0 88 0 83 ;

2.3.2.2 Redur Lion Gear Structureborne Noise

The reduction gear qualifies as a Class III (over
10,00C1lbs) piece of machinery. The reduction gear’s founda-
tion would certainly gqualify as a Type B foundation. Using
the structureborne noise source levels in section B.2.3.1.2,
the machinery attachment transfer functions from section
4,3.2.1.1, the foundation transfer functions from section
4.3.2.1.2, and an appropriate radiation transfer function,
the radiated sound power level for the electric drive propul-
sion motor can be computed.

When determining the radiation transfer function for the
electric drive propulsion motor structureborne nocise, roughly
88 panels will radiate sound. Using the resultant radiation
transfer function yields the sound power levels radiated into
the sea by the reduction gear structureborne noise., These
_sound power levels are shown below.

Table 1 ~ Geared Turbine Drive Reduction Gear
Radiated Socund Power levels
(in dB re 10— W)

Octave Band Center Frequency {(Hz)

31.5 63 125 250 500 1000 2000 4000 8000
-{HM 1a4 130 138 133 140 143 136 130 112
HFM 144 130 138 134 140 143 135 128 107
[LFM 161 142 128 122 128 128 119 113 25
TsSM 129 129 111 101 103 101 89 83 &5

L

HM = Hard Mount HFM = High Freguency Isolation Mount
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount
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2.3.2.3 Turbine~Generator Structureborne Noise

From the arrangement drawing of the electric drive subma-
rine design 1n section 3.2.3, the turbine—-generator unit is
seen to be mounted on a common foundation. In this
configuration, all four of the machinery attachments dis-
cussed in section 4.3.2.1.1 cculd be used. Furthermore, the
foundation i1s attached directly to the pressure huil. Hence,
the vibration level at the bottom of the foundation will be
taken to be the hull vibration level. Therefore, no struc-
ture transfe- function will be used, TF «: i nirr = 0dB.

The turbine—-generator unit is a Class III machinery (over
10,0001bs). It will sit on a Type B foundation. To find the
hull acceleration levels due to the turbine-generator unit,
the mounting and foundation transfer functions are simply
subtracted from the generator sgurce level. This source
level is the saource level given in Table 2 of section
B.2.3.1.4.

Using the structureborne noise source levels in section
B.2.3.1.4, the machinery attachment transfer functions from
section 4.3.2.1.1, the foundation transfer functions from
section 4.3.2.1.2, and the appropriate radiation transfer
function, the radiated socund power level for the geared tur-
bine drive turbine-generator can be computed. Note, this is
the same turbine-—generator unit that is used in the OTHEP
design.

When determining the radiation transfer function for the
geared turbine drive turbine—-generator structureborne noise,
roughly 6% panels will radiate sound., Using the resultant
radiation transfer function yields the sound power levels
radiated into the sea by the turbine-generator structureborne
noise. These sound power levels are shown below.
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Table 1 — Gear=d Turbine Drive Turbine-Generator
Radiated Sound Power Levels
(in dB re 10-1* )

Octave Band Center Frequency {(Hz)

31.3 &3 125 230 300 1000 2000 4000 8000
i HM 149 157 134 143 138 132 126 125 118 '
iHFI"I 149 157 134 146 138 132 123 123 113 {
ILFM 146 149 144 134 126 117 109 108 101
%TSM 134 136 127 113 101 G0 79 78 71

| P

HM = Hard Mount HFM = High Frequency Isolation Mount
LFM = Low Freguency Isolation Mount TSM = Two-Stage Mount

2.3.2.4 Reduction Gear Lubrication 0il Pump Unit Structure-
borne Noise

From the arrangement drawing of the geared turbine subma-
rine design in section 35.2.3, the lubrication oil pump unit
is seen to be mounted on a common foundation. In this
configuration, all four of the machinery attac ments dis-
cussed in section 4.3.2.1.1 could be used. Furthermore, the
foundation is attached directly to the pressure hull. Hence,
the vibration level at the bottom of the foundation will be
taken to be the hull vibration level. Therefore, no struc-
ture transfer function will be used, TF4vrucrure = 0aB.

The lubrication oil pump unit is a Class Il machinery
(over 1000lbs under 10,0001lbs). It will sit on a Type B
foundation. To find the hull acceleration levels due to the
pump unit, the mounting and foundation transfer functions are
simply subtracted from the reduction gear lubrication oil
pump unit structureborne source level. This source level is
the source level given in Table 6 of section B.2.3.1.5.

Using the structureborne noise source levels in section
B.2.3.1.3, the machinery attachment transfer functions from
section 4.3.2.1.1, the foundation transfer functions from
section 4.3.2.1.2, and the appropriate radiation transfer
function, the radiated sound power level for the geared tur-
bine drive reduction gear lubrication ocil pump unit can be
computed.
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When determining the radiation transfer function for the
geared turbine drive reduction gear lubrication oil pump unit
structureborne noise, roughly 16 panels will radiate sound.
Using the resultant radiation transfer function yields the
sound power levels radiated into the sea by the reduction
gear lubrication o0il pump unit structureborne noise. These
sound power levels are shown below.

Table 1 - Geared Turbine Drive Reduction Gear
Lubrication 011 Pump Unit
Radiated Sound Power Levels
(in dB re 107%< W)

Octave Band Center Frequency (Hz)

31.5 63 125 250 3500 1000 2000 4000 8000 :
136 138 i41 131 126 120 i10 117 111 ;
FM 136 138 140 130 123 117 106 112 106
133 129 128 113 106 100 %0 q7 F1

M 123 115 112 96 86 77 63 72 66 !

HM Hard Mount HFM = High Fregquency Isolation Mount
LFM = Low Frequency Isclation Mount T5SM = Two-Stage Mount
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2.3.3 Geared Turbine Drive Total Radiated Sound Power Level

To find the total radiated sound power level, the "loga-
rithmic sum” of all of the radiated sound power levels must be
computed. When this is done, the total radiated sound power
level for the geared turbine drive propulsion system is found.
The total radiated sound power level is shown below.
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Table 1 - Geared Turbine Drive Total
Radiated Sound Power

{in dB re 107

W)

Level

Octave Band Center Frequency (Hz)

500

2000 4000 8000
137 132 122
136 130 117
12c 113 104
@2 91 84

31.5 63 125 250 1000
IHM 153 160 157 148 143 143
tHFM 1S3 160 157 149 143 143
IlLFM 150  1S2 147 137 131 128
fTsmM 138 139 130 116 106 101
HM = Hard Mount HFM High Freguency

LFM = Low Frequency Isclation Mount

of note,
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Isolation Mount

TSM = Two-Stage Mount

two turbine-generator units are included in the
calculation of both the airborne noise level and the structu-
reborne noise level.




