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lift-base area ratio for the GEM. Values assuped for such ratios are,

of course, critical to determination of perforpance potentials and the
comparative feasibility of alternative platforpgs of various payload and
speed characteristics.

Limit charts have been developed to show foy each platform concept
the maximum feasible payload potential as a fynction of design speed
under specified conditions or assumptions regirding range, type of
propulsion plant, hull matcrials, and so on. I some cases, in increas-

ing the design speed of a vehicle with a fixeq payload, a point is rcached

at which further increascs in installed horsehgwer and fuel actually would
require an increase in the vehicle size and wguld result in rcducti;n of
the speed in order to attain thc samc payload, [p these cases there is
a physical 1imit to thc fecasible payload and spced that can be achieved.
In other cascs therc is no clear physical lim{t--further increcases in

installed power caon providc further increases jp speed--and, ignoring
,

costs, it becomes a matter of judgment as 1o Low much power could be

installed in a given platform and how much POyer could in fact be con-

verted to effective thrust.

The limit on payjoad or speed or both may
also be a

matter of judgment relative to the yaximum-size hull structure

it is fcasible to construct. This is indeed ; consideration in the cases
of the hydrofoil and the GEM,.

In addition to the development of (1) thg basic characteristics curves
for cach platform concept and variation, Lnking into considecration such
factors as hull material, type of power and f54] system (hvdrofoil),
operating height (GEM), or cross section hull shape (submarine), and (2)
limit charts for each concept, integrated anajyses were made to show the

comparative power requirements and capital cagts of alternative platforms

of thc same payload potential. These comparisgns were developed for the

range of speceds potentially feasible with eacy concept and for
potentials ranging from those for the equivalept of such small
vessels as destroyer escorts to such large vessels as tankers,
and carriers.

payload
naval
cruisers,
Finally, comparisons were developed to show the probable
performance characteristics and speed degradiytion of alternative platform
concepts under adverse seca conditions.

The scope and method of approach of the yrescarch did not include
development of preliminary designs or possibje layouts of alternative
platforms of specific sizecs or for particulay pissions. Moreover, the
work did not include derivation of possible gevelopmental costs or

operaiing and annual readiness cost comparisspns, although preliminary

estimates of the probable capital costs of different platform concepts
were derived.

The cost equations permit estimation of the capital cost
of each type of platform on the basis of installed power and total

APR 2015b4
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From: Chief of Naval Research
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Subj: Technological Assessment of New Ship or Advanced Platform Concepts for
Amphibious Fleet Operations (U); distribution of

Eacl: (1) Report entitled, "Technological Assessment of New Ship or Advanced
Platform Concepts for Amphibious Fleet Operations (U)"

1. Enclosure (1), final report on subject study, is forwarded for information,
comment and retention., Work leading to the publication of this report was
conducted by the Southern California Laboratories of Stanford Research Institute,
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assist in the determination and assessment of technological advances in various
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advanced concepts and systems in transport, combat support zid command and control.
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in ship or advanced platform concepts that might be developed for amphibious force
operations in the 1975-1980 period.
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PREFACE

This study was conducted for the Office of Naval Research, Washington,
D.C., under Contract No. Nonr-4194(00). Mr. Absalom Simms, Assistant
Director of the Advanced Warfare Systems Division (ONR Code 493), Naval
Analysis Group, was the Project Officer. The study was requested by the
Office of Naval Research as one of several preliminary assessments of
technological developments relating to future weapons systems for amphibious
warfare. These technological assessments, conducted by a number of dif-
ferent contractors, are intended as input studies to a larger ONR study
of amphibious operations in the 1975-1980 time period.

The research was conducted by the Southern California Laboratories
of Stanford Research Institute and by the Western Division of M. Rosenblatt
& Son, Inc., Naval Architects and Marine Engineers, under subcontract to
the Institute. Dr. Irving Dow, Manager of Research Operations, Ezonomics
Research, at the Institute's Southern California Laboratories was project
leader. George Mitchell was a key member of the project teum, and
Dr. George Brinton also contributed to the study. Mr. Ephraim Kaufman,
Manager of the Western Division, was responsible for the work conducted
by M. Rosenblatt & Son, Inc. Mr. Stephen Halpern, Chief Engineer of the
Western Division of that organization, made significant contributions to
the project.
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1 INTRODUCTION

The Office of Naval Research (ONR) has recognized that there is a
continuing long-term need for the Navy and the Marine Corps to maintain
and improve their capabilities for amphibious warfare. Over the past few
years the Office of Naval Research has either conducted or spcnsored a
number of significant research projects relating to one or another facet
of amphibious operations. The Office of Naval Research is now engaged in
a broad-scope, in-house study of future weapons and transport systems for
amphibious warfare, with the general purpose of providing guidance for
research and development planning to meet the operational requirements of
amphivious forces in the 1975-1980 period.

In formulating this study program, the Advanced Warfare Systems Divi-
sion of ONR has been motivated by an awareness of the long range importance
of the amphibious forces to the over-all military capabilities of the
country and of the fact that certain technological developments afford at
least a potential for application and significant improvement in amphibious
warfare systems. Through its support of diverse research programs and its
continucus monitoring and assessment of progress in advancement of the
statec~of~-the-art in many technical areas, ONR has become aware that new
technology could provide a means of achieving improvements in the effective-
ness of command and control organization, weapons and fire support systems,
and transport systems for future amphibious operations.

With these considerations in mind, the Office of Naval Research formu-
lated an amphibious warfare systems study. As part of this over-all study
program, ONR has sponsored a number of contractor studies which are intended
to provide detailed assessments of future technology relating to weapons
systems, VTOL/STCL transport aircraft missions, advanced ship or platform
concepts, early warning systems, communications systems, and possible techn-
niques of deception. The Institute's technological assessment of new ship
or platform concepts for future amphibious operations is therefore only
one nf several major inputs to the larger ONR research program on amphibious
warfare. It is important to note, therefore, that as an input study this
report docs not reach definitive conclusions on the types of ships or plat-
forms that should be developed for future amphibious operations. Such
conclusions depend not only on ship technology or on performance potentials
of new ship designs per se but also on weapons technology, doctrine for
the conduct of future operations, and the need for speed and deception of
ampnibious task force units.

It is expected that these and additional factors will be taken into
account in the larger ONR study in which the results of all the input




studies will be considered and an integrated view taken of the several
major components of future amphibious warfarc systems. Conclusions regard-
ing the most promising ship types, weapons, and concepts of employment
will, of course, be dependent on the postulation of alternative amphibious
warfare systems, described in terms of major components, and on analysis

of comparative system costs and potential effectiveness in meeting
operational requirements for various types of missions that the amphibious
forces might be called on to conduct.

Study Objectives

The over-all objective of this study is to provide, as an input to
the larger ONR study of future weapons systems for amphibious warfare, an
assessment of the technical feasibility and probable performance character-
istics of advanced ship or new platform concepts that might be developed

as fleet units for amphibious task force operations in the 1975-1980 period.
Specific cbjectives are:

1. To project the potential performance characteristics of
advanced ship or new platform concepts, treating para-
metrically such factors as over-ull size, payload, power,
speed, and range.

To compare the maximum design speed and payload potentials
and the technical feasibility of the various alternative

concepts, identifying the most critical technical problem
areas.

3. To assess the probable differences in capital costs and
the comparative operational capabilities or limitations
inherent in each platform concept.

Scope and Method of Approach

The scope of the research includes consideration of a number of
advanced design concepts that have been quite widely discussed as possible
successors to present-day ships to meet future naval requirements. In
addition to advanced displacement hulls that could afford significant
increases in specd (anticipating possible imprcvements in propulsion sys-
tems, hull materials, and hull design or other means of reducing wave
resistance) consideration has been given to the following platform
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concepts: hydrofoil ships, planing hulls, ground effect machines (air
cushion ships), and submerged vessels. Specifically excluded from the
scope of the research were fully airborne platforms (such as the seaplane)
or space platforms, both of which have been suggested as possibly having
some potential naval applications as replacements for present ship types.

The present-day amphibious task force is composed of (1) amphibious
shipping units, such as the LSD, LPD, LPH, LST, AKA, APA, and AGC, which
transport landing force units, equipments, supplies, and the means of
projecting the landing force ashore, and (2) combatant ship units, such
as DD, DLG, CL, CA, CVS, and CVA, which provide anti-submarine and anti-
air warfare protection for the transport group of the amphibious task
force, strike forces for operations in advance of or in conjunction with
the assault in the objective area, and supporting firc for the landing
forces. In short, the present-day amphibious task force is composed of
ships of a broad range of sizes and may include virtually all types of
major fleet units. The particular types of fleet units that will be
required in the 1975-1980 period will, as indicated earlier, depend on
such factors as the speed of the ship or platform used, the technique
employed to afford protection of transport groups en route and in the
objective area, and the weapons systems being used. It is evident; how-
ever, even at this juncture that the various missions of the different
groups and elements of the amphibious task force will require ships or
platforms of differing characteristics and sizes.

Historically, ships have had an active service life of twenty years
or more. However, future technologiccl change in both ships and weapons
systems could reduce significantly the useful life of major fleet units.
As radically new ship or platform design concepts are introduced, the
inventory of ships available will become a mix of old and new ship types,
a situation which could create difficult planning and operational problems.
Adoption of ocean-going GEM's to replace present types of assault shipping
could also require the adoption of high-speed combatant type vessels or
could result in a change in amphibious doctrine. Certain advanced vessel
or platform concepts may well have a significant influence on the types
of weapons systems that should be developed for the amphibious task force
and amphibious operations of the future. Conversely, the development of
new weapons systems will influence ship design requirements. In the
development of future weapons systems concepts, there is a need, there-
fore, to consider the types and sizes of ships or platforms that might
be feasible from a2 technical and operational standpoint.

In view of the foregoing, it was considered essential in this study
to consider the possible characteristics and the feasibility of each
alternative platform concept-~-for example, advanced displacement hull,




planing hull, hydrofoil, GEM--over the full range of possible sizes that
might be required for various units of the amphibious task force of the
future. Also, it was considered essential to develop some means of com-
paring alternative platform concepts on an equivalent basis. Inasmuch

as each of the various platforms offers essentially different speed
characteristics, speed as such would not provide an equivalent basis for
comparing alternative concepts. Accordingly, equivalent payload potential
was adopted as the basis for comparing alternative platform concepts.
While "parsload” is not a normal measure of the size or capacity of a nzval
vessel, it is useful here not only in comparing platforms on an equivalent
basis but also.in providing a perspective a3 to the size of ship or plat-
form required for particular mis-ions within the amphibious task force.
Thus, the payload equivalent of a present-type DD, CG, AKA, or any other
naval ship can be used as a basis for considering what the performance
potential of an equivalent-size hydrofoil, ground effect machine (GEM),

or submarine might be.

Payload equivalent is defined in Fig. 1 as that part of the total
full-load displacement of a vessel that is available for the installation
and accommodation of armament, communications and electronics (associated
with weapons systems operation in contrast to operations of the ship),
ammunition, crew, and stores. In the equation shown in the figure it
may be seen that payload is that part of total full-load displacement not
accounted for by weight of the hull, propulsion system, electric plant,
communications and electronics (for ship operations), auxiliary systems,
outfitting, and fuel. As the equation implies, payload potential in tons
is indicated for a particular range because fuel weight must be specified.
The payload cquivalents of various existing classes of naval vessels shown
in the figure are based on actual weight data for each BuShips weight

category (W; through WG) and fuel weight (Wg), assuming full capacity of
fuel for each class of vcssel.

It may be seen from the payload equivalents of- the various classes
of vessels shown in Fig. 1 that vesscls or platforms with payloads of
from perhaps 250 tons (DE-1033 = 233 tons) to several thousand tons are
of potential interest in amphibious operations. One of the major tasks
in this study was to develop for each alternative platform concept a basic

1. Since communications and electronics systems are essential to both
operation of the ship (as a platform for the payload it is carrying)
and operation of the weapons systems (constituting in combatant ships
the primary portion of payload) this weight category (W4) has
arbitrarily been allocated one-half to payload and one-half to the
ship itself.
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set of curves showing fundamental relationships among such characteristics
as payload, total displacement, speed, horsepower, and range at maximum
design speed. These curves show characteristic data on platforms, with
payload equivalents rangirg from those for the smallest to the largest
size ships or platforms of interest or the largest size platforms feasible
for a particular platform concept. Certain of the concepts, as will be
seen, are limited clearly to small-size platforms.

At the outset of the work, consideration was given to the types of
ships that might be involved in amphibious operations and to the organi-
zation and composition of the amphibious task force. In this preliminary
step, discussions were held with a number of personnel in the amphibious
fleets, and a review was made of current doctrine and directives regarding
the conduct of amphibious operations. Discussions on how the amphibious
task force would be organized, how operations would be conducted, and
what types of transport and combatant vessels would be required if one or
another of the high-speed or submersible pistform concepts were adopted
were inconclusive. It was demonstrated that such questions could be
answered or analyzed only within the context of a statement of task force
objectives, the enemy situation and the thrcat to the task force, the
types of weapons employed, and the pattern of strategic deploynent or
disposition of U.S. forces. From these discussions it was evident that
a major requirement in this study of future platform concepts was develop-~
ment of the basic curves from which the critical characteristics of a
platform of any given size (payload equivalent) or speed could be determined.
By use of these curves, the most suitable platform concepts for use in
conjunction with particular weapons systems, deployment patterns, or types
of situations could be selected. This, of course, is expected to be within
the scopc of the larger ONR study but beyond the scope of this study.

To establish a basis for projecting the potential performancc charac-
teristics and design limitations on the speed and payload potential of
alternative platform concepts, it was essential to examine carefully the
possiblc timing of the various steps or phases required in 2 major program
for the development and delivery of a significant number of ships or plat-
forms of a new type to the operating forces in the 1975--1980 period. The
time required for such steps as feasibility studies, experimental model
testing, preliminary design, contract design, bidding, construction, sea
trials, and prototype delivery, folliowed by series production of flcet
units, is illustrated in Fig. 2. In the figure it is seen that arproxi-
mately nine ycars would elapse from the initiation of preliminary design
to the acceptance of the prototype platform, and that series production
and the buildup to significant numbers in the fleet would take several
more years.
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The schedule presented in Fig. 2 is generalized, and it is clear
that the actual development schedulc would depend on (1) the particular
platform concept being developed, (2) the priority assigned to the program,
including the resources made available, and (3) the success in technological
devclopment required for actual construction and delivery of prototype
and production models. While the figure is peneralized, thc conclusion
is clear: projections of the potential performance characteristics of
platforms feasible for operational use in the 1975-1980 period must be
based on an assessment of what is technically feasible within the present
state-of-the-art or will be feasible within the next three to four years
at the latest. In other words, the projections of future platform
characteristics cannot be based on what might be technically feasible in
1975. Technical guidelines have to be established and major technological
problems solved in the preliminary design stage which, as shown in the
figure as an initial step in the over-all development program, may take
as long as three years. This characteristically long lead time in the
design, construction, and delivery of major fleet units has been taken
into account in the technological projections and statements of perfcrmance
potentials of platforms that could be in operational use in the 1975-1980
time period.

Technological projections and parametric charts to show probable
performance characteristics of each alternative platform concept have been
developed utilizing defailed technical studies available on advanced hull
forms, means of rcduction of wave resistance, new hull materials, and
highly advanced and lightweight propulsion systems., Technological studies
undertaken for such agencies as CNR, BuShips, and Maritime Administration,
as well as various other governmental and industrial organizations, have
been used in investigating future technology and extrapolating design
data. The present and possible near-future state-of-the-art has been
examined with respect to critical technical problems affecting the various
platform concepts, and significant technical limitations have been
identified. Major rcscarch and development problems are thus indicated
for each platform concecpt. The project team has not undertaken any basic
research to advance the state-of-the-art relating to the technological
fcasibility of particular types of ships or platforms.

Professional judgment has been important in extrapolating existing
design and experimental data and in interpreting theoretical studies
relating to probable performance characteristics. Also, professional
judgment has been important in assessing the likelihood or feasibility
of achieving advances in the state-of-the-art and in making realistic
assunptions regarding appropriate design parameters, such as the dis-
placement-length ratio for the high-speed advanced displacement hull,
the achievable lift-to-drag ratio for large hydrofoil vessels, and the
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lift-base area ratio for the GEM. Values assumed for such ratios are,

of course, critical to determination of performance potentials and the

comparative feasibility of alternative platforms of various payload and
speed characteristics.

Limit charts have been developed to show for eachh plaiform concept
the maximum feasible payload potential as a function of design speed
under specified conditions or assumptions regarding range, type of
propulsion plant, hull materials, and so on. In some cases, in increas-
ing the design speed of a vehicle with a fixed payload, a point is reached
at which further increases in installed horsepower and fuel actually would
require an increase in the vehicle size and would result in reduction of
the speed in order to attain the same payload. In these cases there is
a physical 1limit to the feasible payload and speed that can be achieved.
In other cases there is no clear physical limit--further increases in
installed power can provide further increases in speed--and, ignoring
costs, it becomes a matter of judgment as to how much power could bc
installed in a given platform and how much power could in fact be con-
verted to effective thrust. The limit on payload or speed or both may
also be a matter of judgment relative to the maximum-size hull structure
it is feasible to construct. This is indeed a consideration in the cases
of the hydrofoil and the GEM.

In addition to the development of (1) the basic characteristics curves
for each platform concept and variation, taking into consideration such
factors as hull material, type of power and foil system (hydrofoil),
opcrating height (GEM), or cross section hull shape (submarine), and (2)
limit charts for each concept, integrated analyses were made to show the
comparative power requirements and capital costs of alternative platforms
of the same payload potential. These comparisons were developed for the
range of speeds potentially feasible with each concept and for payload
potentials ranging from those for the equivalent of such small naval
vesscls as dcstroyer escorts to such large vessels as tankers, cruisers,
and carriers. Finally, comparisons were developed to show the probable
performance characteristics and speed degradation of alternative platform
concepts under advcrsc sea conditions.

The scope and method of approach of the research did not include
dcvclopment of preliminary designs or possible layouts of alternative
platforms of specific sizes or for particular missions. Moreover, the
work did not include derivation of possible developmental costs or
operating and annual readiness cost comparisons, although preliminary
estinates of the probable capital costs of different piatform concepts
were dcrived. The cost equations permit estimation of the capital cost
of each type of platform on the basis of installed power and total




displacement, taking into account the type of propulsion, the hull
material, and basic differences in the structural complexity and problems
of construction or fabrication inherent in each type of platform.

Organization of the Report

Following this introductory statement of background, objectives,
scope, and method of approach is a brief summary of the performance
characteristics that could be achieved in operational units employing
one or another of the various platform concepts in the 1975-1980 time
period. Section I1 also provides conclusions on major research or develop-
ment requirements associated with each platform concept. Section III takes
up in some detail the characteristics of advanced displacement hulls;
Section IV takes into consideration the potential of large planing hulls;
Section V provides an analysis of hydrofoil characteristics and limita-
tions; Section VI is devoted to a discussion of ocean-going GEM's; and
Section VII takes up the potential of submarines. A comparison of alter-
native platform concepts for fleet units of various speeds and payload
polentials is presented in Section VIII. Following Section VIII are brief
technical notes on reduction of hull resistances, lightweight materials,
and propulsion systems, together with appropriate references.

The appendixes to this report specify in detail the assumptions and
methods used in projecting the characteristics data for each platform
concept. The appendixes also provide more complete sets of perflormance
curves than are provided in the body of the report. Prepared by M. Rosenblatt
& Son, Inc., Naval Architects and Marine Engineers, the appendixes are as
follows: A, Advanced Displacement Hulls; B, Planing Hulls; C, Hydrofoils;
D, GEM's; and E, Submarines.

1C




11 SUMMARY

A major objective of this research has been to project the potential
performance characteristics of advanced ship or new platform concepts that
might be considered for amphibious operations in the 1975-1980 time period.
Technical assessments have been made of the maximum operating speeds that
might be achieved by different platforms of size or payload capacities
that could be required for fleet units in the amphibious task force of the
future, A significant fact recognized at the onset of the research is
that there is only a limited amount of time available for formulation of
a major development and construction program if new ship or platform designs
are to be delivered to the operational forces in significant numbers in
the 1975-1980 period. Accordingly, it was important to give careful con-
sideration to the possible timing and the sequence of the various phases
of such a program, such as the experimental model testing phase, the
preliminary design phase, and the detail phase, in these assessments of
the technical feasibility and performance potential that would be achieved
in high-speed displacement hulls, planing hulls, hydrofoils, ground effect
machines, and submarines within the time period of interest.

The fundamental reason for consideration of these particular platform
concepts is that each offers the possibility of significantly greater speed
than is characteristic of present naval vessels. Various of the alternatives
also offer other potential advantages. For example, the submarine offers
the potential for deception; the GEM offers the potential for beaching
across shallow water approaches and for off loading landing forces directly
on the shore; and the hydrofoil offers good performance under adverse sea
conditions. Moreover, certain of the alternatives are inherently less
costly than others of the same payload potential and speed. Nevertheless,
the basic interest in these new ship oir platform concepts is the pos-
sibility of achieving comparatively high-speed capabilities for ocean-
going vessels.

Table I is a summary table showing, for each alternative platform
concept, the maximum speed projected to be feasible in operational designs.
The speed potential of each concept is indicated for platforms with pay-
load equivalents ranging from 250 tons to 10,000 tons, and both nuclear
and non-nuclear propulsion systems are considered.

The most significant single point to be noted in the table is the
extremely limited payload potential of both planing hulls and hydrofoils.
In each case the maximum feasible payload equivalent is 1,250 tons, and
the maximum speed at this payload is 30 knots, which is less than that
of present displacement hulls. At a 750-ton payload equivalent, the




Q3HSITGVLS3 SLNIVHLSNOD NIHLIM 37181SV3d LON D>

39NvH 37N -00§ ¢

JONVY 3TN -000'2 I

ev 1 000!
SH gg < > (1 000S) VAV
114 (44 g6 00l 09 (1008£) vdv*ad
St Sb 00l 00l 00l (1 0002) 187
Sv Gb 00l 00l 00! 00l - (L 0s21) 970
Sv 104 (o]0]] 00l 00l 00l | >~ 09 (L 0S2) aa
St S 00l 00l 00l 00l S9 00l 00l (L 0§2) 30
LR [ el | SosRaaa| s | vosonay | s | youeay | e | B | | N\ Movord
(MVINONVLOEH ,02=H Ol=H ,0Z=H ,01=H
‘09HVI AN() 1d39NOD
SINIHYNENS {xow 'g000'01) W39 (xow v 000'E) W3O WHO LV d
0S 6t vy 18 2 1 0000l
LS S 6t (o3 (1 000S) ViV
29 86 1S 9P |(Lo0se)vaviad
A GG ¢S lY (L 0002) 181
(0] o¢g 9 (0]} 85 8t (1 0S21) 910
ve SS v 08 bt LY 09 6t (L0S2) aa
€8 IS 09 g9 | 08 I ob 29 0S (L 0sz) 30
HOLOV3Y [33NIGHNL | YOLOV3Y |o3NIGHNL | HOLOV3M |23NIBNNL | HOLJV3N | 3NISYNL | ¥O10V3Y | INigunt 1N3VAINO3
V370NN Sv9 HV310NN SV9 dvV370NN Sv9 H¥V3TONN SV9 ¥v3IONN | ' WY3ls avolAvd
ONILYLIAVIH3dNS ONILVLIAVOENS (WONIWAAY ) WONINNTY 13318
. {xow '9000'€) S$TOJOHAAH STINH ONINVd STINH LN3W3OVdSIA J3ONVAQY :wwwwamw

(suoJ, 000‘0T-06Z ‘szudtearnbd proTvied)
SIdAONOD WHOJILvTd AAILYNYALTYTYIINALOd QAAdS WANIXYW

1 aTqeL

12



planing hull might achieve an 80-knot speed and the hydrofoil a 55-knot
speed, assuming gas turbine propulsion and a range of only 500 miles for
both the planing hull and the hydrofoil. With nuclear propulsion, a
planing hull of 750-ton payload would have a maximum speed of 41 knots
and the 750-ton hydrofoil a maximum speed of 34 knots.

It is observed that the high-speed potential of a supercavitating
hydrofoil (80-100 knots) is achievable only with a very small payload
equivalent. A 250-ton supercavitating hydrofoil would have a maximum
speed of 83 knots and a range of only 500 miles. Larger payloads for
supercavitating hydrofoils are not feasible within the projected state-
of-the-art-relating to weights of structure, foils, and power plant.

The ground effect machine (GEM) offers high speed and large payload
equivalents only if very large GEM structures can be.designed, as indicated
in the table. If the maximum-size GEM feasible in the time period of
interest is 3,000 tons, the GEM, like the hydrofoil and the planing hull,
offers the potential for only DE and DD payload equivalents. Under the
assumption that GEM's with a total gross weight of 10,000 tons can be
constructed, payload equivalents up to 3,500 tcons and speeds of 100 knots
can be achieved if lightweight nuclear propulsion is used.

The high-speed displacement hulls offer the potential for maximum
speeds of approximately 45 to 60 knots, depending on hull construction
and type of propulsion. The aluminum hull high-speed displacement vessel
offers significant speed advantages over steel hull vessels at higher
payloads. At lower payloads the theoretically achievable speed of the
aluminum hull vessel is less than that for steel hulls because the
smaller, lighter weight displacement hulls reach a critical upper speed
level where there is danger of swamping. Because of its lighter weight
and shorter over-all length. the aluminum hull encounters this critical
point at lower speeds than do steel hull vessels of the same payload
potential.

The maximum speed achievable with the submarine is shown to be about
45 knots. If very large submarines of 50,000 tons displacement or more
can be constructed, as seems feasible, this speed can be achieved for
virtually the full range of payload equivalents shown.

In brief, if only moderately faster vessels are required, the most
attractive alternative would appear to be the high-speed aluminum dis-
placement hull, probably with nuclear propulsion. Such vessels would
offer speeds of from 45 to 60 knots, depending on payload equivalent.
The high-speed aluminum hull powered by a gas turbine power plant would
offer about the same speed potential but would have a range limit of
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2,000 miles. The capital cost of the nuclear vessel would be from 20 to
25 percent higher. Operating costs have not heen compared. Submarines
also offer modest speed increases for vessels of virtually any payload
potential, but costs are very high. For higher speeds (60 to 100 knots)
it is clear that the GEM is the only alternative that offers the potential
for high payload capacities. It is clear also thai nuclcar propulsion
would be advantageous, if not mandatory, for the larger GEM.

It is important to note that each of the various alternative platform
concepts has a different performance characteristic under adverse sea
conditions. Operation of planing hulls at design speeds would be feasible
only under the most favorable sea conditions. The hydrofoil, by contrast,
can be designed to operate at design speeds over extremely rough waters.
The performance of ocean-going GEM's over higher sea states is not well
understood, but it is clear that ability to operate over rough seas will
depend to a considerable extent on operating height. With higher operat-
ing heights the GEM pays severe penalties in power requirements and
costs. With respect to‘displacement hulls, there is evidence that high-
speed displacement hulls may be characterized by very good rough sea
capability, having sufficient power to reach and maintain ''supercritical
speeds in heavy seas. The submarine, of course, is generally insensitive
to winds and waves and can maintain speeds despite the sea conditions
if operating at sufficient depth.

Achievement of projected performance potentials in operational units
employing one or another platform concept would be dependent on significant
advances in the states—-of-the-art in several areas. The implicit assump-
tion in the projections shown is that these advances could be successfully
realized during the preliminary design phase of a long-term development
and construction program. However, these necessary advances in the states-
of-the-art will probably not be forthcoming unless specific developmental
requirements are established and research and developmental programs
initiated, as appropriate.

Probably the most significant developmental need is for lightweight
nuclear propulsicn systems. The maximum performancc potential of both
high-speed aluminum hull displacement vessels and large ground effect
machines is dependent on the utilization of lightweight nuclear power
plants. In the case of the GEM, this is particularly important. To some
extent the development of lighter-weight nuclear plants is also important
to achieving the projected potential of lérge, high-speed submarines.
Power plant weights assumed as the bases of projections in this study
can be achieved for large plants with high horsepower ratings. Significant
advantagcs would result if further substantial weight reductions could be
achieved, especially for smaller plants where the relative weight of
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shielding required is prohibitive. For smaller high-speed platforms,
nuclear propulsion is in some caces totally infeasible because of shield-
ing weight and in other cases results in very poor payload capacity
relative to the over-all size and wéight of the platform. It may well

be that basic research into possible new techniques for shielding or
means of avoiding the necessity of heavy shielding are in order.

A second major research and devclopmental need is in the area of high-
energy thrust devices. The high-speed potentials described here, parti-
cularly for larger platforms, are all dependent on effective utilization
of power plants of extraordinarily large capacity as compared with the
horsepower of present propulsion systems. Attention should bc drawn to
several aspects of this over-all problem of effcctively utilizing high-
capacity power plants. There are limitations on the amount of power that
can be applied to a single shaft. Further development of high-speed
supercavitating water propellers is an apparent requirement for high-
speed displacement hulls, planing hulls, larger hydrofoils, or any platform
concept employing a water-propeller propulsion system. Alternative
propulsion systems warrant continued investigation and development; how-
ever, the outlook is not promising in terms of the propulsive efficiencies
that appear realizable to date, as in the water-jet systcm. The capacity
of angle-jointed power plant-propeller shafting systems may well be a
constraint on speed and payload achievuble in large hydrofoils and perhaps
GEM's. The assumption has been made that it would be technically feasible
to apply up to 50,000 horsepower per propeller for hydrofoils; this is
more than twice the power of existing angle-jointed power transmission
systems. Alternative approaches to right-angle power transmission may
be required for very-high-capacity power applications.

The projections of the technical 1limits of speed and sizc and the
pcrformance potentials of the GEM are based largely on theoretical studies
and the extrapolation of actual design and operating or test data on very
small ground effecl machines. Thecrc is a critical requirement for immediate
construction and testing of 2 relatively large, experimental ocean-going
GEM, if the projected potcntial of large GEM's is to be realized in the
time period of concern here. Principal technical requirements relate to:
identification and solution of control and maneuvering problems of large
GEM's, achievable performance characteristics over undulating and rough
seas at bhigh speed, design operating heights required as a function of
GEM size and probable sea conditions, and establishment of specific design
criteria for structures as a basis for completion of preliminary and
detail design of large GEM's.
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The projected feasibility of high-speed displacement hulls has been
based on designs employing fine hull lines and very large amounts of power
to overcome resistance. Possible alternative means of minimizing hull
resistance have been examined briefly (including pumping off the boundary
layer of water and use of skin coatings to reduce resistance), but the
findings thvs far do not indicate significart promise for new design 1n
the time period of iaterest. Nevertheless, it is submitted that con-
tinued research into possible means of significantly reducing the resis-
tances of high-speed displacement hulls is warranted. The potential pay-

off could be very great in making high-speed displacement hulls feasible
at lower costs.

As a final commentary it is observed that it is technically feasible
to build high-speed ocean-going ships or platforms, but that the costs
are extremely high. Comparative capital costs have been investigated;
there is now a need to develop detailed estimates of annual operating
costs, including prorated investment costs, for various types of high-
speed ships or platforms. Moreover, as a basis for decisions regarding
possible developmental and construction programs for new high-speed plat-
forms for amphibious operations, there is a fundamental need to investi-
gate the requirement for speed or the possible eifectiveness of using
platforms of various higher speeds for future amphibious operations. Also,
there is a need to assess the requirement for, and the potential advantages
or effectiveness of, submarine platforms having speeds of 45 to 50 knots
for amphibious operations. Analysis of the comparative costs and the
operational effectiveness of, or advantages obtained by, these alternative
platform concepts would then provide the basis for establishing and
planning high-speed ship or platform development programs.
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III ADVANCED DISPLACEMENT HULLS

The feasibility of achieving significant increases ir the speed of
displacement hull ships hos been investigated Present-day ships are
generally limited to top design speeds of 30 to 35 knots. Power require-
ments and costs increase sharply with further increases in speed, and the
economics of ship construction and operation have tended to preclude the
design or construction of large ocean-going ships with speeds greater than
35 knots. In fact, as a point of interest it is noted that the design
speed of newly constructed or presently programmed amphibious ships (LPH,
LPD, AKA) is, for economic reasons, limited to about 20 knots. This is
far slower than present technology would permit.

It is recognized that significant advances in the speed of ocean-
going vessels will be costly, whether the design concept employed is a
high-speed displacement hull, a planing huil, a hydrofoil, or same other
concept. One of the purposes of this study is to determine the most
feasible means of achieving high-speed capabilities. The economic justifi-
cation or operational requirement for high-speed ocean-going platforms
has not been investigated. In this section the feasibility of achieving
significant increases in the speed of displacement hull ships is discussed,
considering both steel and aluminum hull ships and steam, gas turbine,
and nuclear propulsion.

Hull Form and Power Requirements

As design speed is increased, the power required for a vessel of a
given size and total displacement increases sharply because of extra-
ordinary increases in hull resistance (see horsepower curves, Figs. A-1
and A-2, Appendix A). Compounding the growth in power required for higher
design speeds is the increase in propulsion plant weight and fuel require-
ments associated with higher horsepower and, for a vessel of a given pay-
load, the nccessary increase in total displacement tonnage. If total dis-
piacement is held constant, an increase in the design speed results in a
decrease in payload potential. As a consequence, in investigating the
feasibility of designing displacement hull ships capable of very high
speeds (well zbove the present 30-35 knots characteristic of the faster
naval vessels), a number of approaches were examined. Consideration was
given to means of significantly reducing hull resistances (thereby reducing
power requirements and effecting savings in weight of propulsion plant,
hull structure, and fuel), including variations in hull form, such as the
bulbous bow, techniques for sucking off the boundary layer of water along
the hull, and use of a hull coating to absorb the energy in perturbations
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in the water. Also, the use of lightweight power plants and lightweight
hull materials was considered as a means of reducing power requirements

for a given payload capac1ty.1

Reducing frictional resistance by sucking off the boundary layer of
water through slots at intervals along the hull and pumping the water
overboard has been proposed as a means of improving speed or reducing
power requirements. However, it is felt that the gain in effective power
due to the reduction of frictional resistance affected by the boundary
layer control would not be large enough to offset the extra power required
to provide the suction. Also, it is clear that substantial penalties in
cost and complexity of internal hull layout and hull fabrication would
result from use of such a boundary layer control scheme. With respect to
the possibility of reducing frictional resistance by means of hull coat-
ing, it has been found that no significant drag vreduction has been achieved
in this manner in experiments to date. It is concluded that neither of
these two methods holds much promise as a technique for significantly
reducing frictional resistance of displacement hull ships in the time
period of interest in this study.

A great deal of work has been done over the years to develop hull
forms that minimize wave-making resistance and thereby reduce power require-
ments. There are limitations, however, on the practicality of certain
hull forms. 1In addition to meeting the criterion of minimizing wave-making
resistance, hull design must be compatible with the mission or the type
of ship. Very fine 1lines, such as are typical of higher-speed vessels,
are not well suited to cargo-type vessels. Clearly, inefficient layout
or utilization of available space will characterize high-speed displacement
hulls used as cargo vessels. Regardless, such penalties would have to be

borne as part of the cost of displacement-type cargo vcssels capable of
very high speeds.

One of the possibilities for reduction of wave resistance through
hull design is the use of a bulbous bow. Many seagoing vessels have
bulbous bows of cross-sectional area equal to approximately 10 percent of
midship section area. Such designs reduce horsepower requirements by
about 8 percent. Very large bulbous bows have been suggested, equal to
about 25 percent of midship cross section area. Significant reduction
in wave-making resistance is achieved in this manner, but the reduction
tends to be offset by the increase in frictional resistance due to
increased wetted surface. The result is a net gain in available power
of only about 7 percent (in the speed range of 18-20 knots).

1. See Technical Notes at the end of the text.
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In view of the possible disadvantages to be encountered in each
particular approach and the fact that only marginal reductions in power
requirements appear feasible with these several techniques for reducing
drag, the characteristics and potential of high-speed displacement hull
vessels have been projected on the assumption that high speed would be
achieved basically through the application of very high power, using
lightweight propulsion plants and a conventional hull form with fine lines.
This appears to be the most realistic basis for projecting the feasibility
of nhigh-speed displacement hulls,

« 7/

A hull form with a displacement-length ralio of 60 —L = 60

(.0IL)3
and a beam-draft ratio of 2.25 <H = 2.25> has been used in estimating

resistance and power requirements. This hull form has superior high-speed
residual resistance characteristics and meets the requirements for strength
and stability. Power requirements for displacement hulls with speeds up

to 70 knots and total displacements up to 40,000 tons have been derived,
indicating payload potentials for design ranges up to 3,000 miles.

The calculations indicate extremely high power requirements for large
vessels of high design speeds relative to the maximum size of power plants
in present naval vessels. It is evident that there is a limit to the
amount of power for which effective propulsion systems can be designed,
and that such a horsepower 1limit would establish a constraint on the
maximum vessel size and speed that would be feasible in the time period
of intercst. (At this juncture it is assumed that cost is not a con-
straint.) The judgment was made that 600,000 horsepower probably was the
maximum installed horsepower that should be considered feasible for the
displacement hull vessel. The underlying assumptions are that it should
be feasible to transmit and convert to thrust up to 100,000 to 150,000
horsepower per shaft, and that up to four to six shafts could be installed
in larger vessels., Also, it is assumed that supercavitating propeller
design can be further developed to the point at which such high-powered,
high-speed propulsion systems are practical. These assumptions are perhaps
optimistic, but they establish clear constraints on the maximum speed and
payload potential of the advanced displacement hull.

The basic charactcristic uand performance data developed for the
advanced displacement hull assume mild steel construction and comparatively
lightweight, geared steam turbine propulsion. Improvements in the design
potential of the displacement hull constructed of aluminum and propelled
by gas turbine or nuclear propulsion are also examined. Detailed charac-
teristics and performancc charts are presented in Appendix A. Selected
charts showing potentials for displacement hull vessels incorporating
alternative hull materials and propulsion plants are included in this
section.
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Performance Fotential

The maximum payload achievable at various operating speeds is shown
in Fig. 3. The general constraint is a limit of 600,000 tctal installed
shaft horsepower, as described above. The basic set of curves on the
left indicates maximum payload potcntial as a function of speed at various
ranges, assuming steel hull construction with geared steam turbine propul-
sion. For example, it is seen that the maximum feasible design speed for
a 2,000-ton payload equivalent and a range of 3,000 miles is about 45.5
knots; at a range of 1,000 miles the maximum design speed is about 50 knots.
The higher speed results from the fact that less fuel and fuel capacity
are required (thus significantly reducing weight), and the power available
(600,000 hp) can be used to achieve a greater speed in a somewhat smaller
vessel (25,500 tons total displacement for 3,000-mile range and 45.5 knots
versus 17,000 tons total displacement for a 1,000-milc range and 50 knots--
compare Figs. A-25 and A-28, Appendix A).

The curve on the right of Fig. 3 indicates the maximum payload potential
if the advanced displacement hull is constructed of aluminum and propcllcd
by a lightweight marine gas turbine power plant. Again the basic con-
straint, which is controlling for payloads above 4,000 tons, is a maximum
of 600,000 installed shaft horsepower. However, below a 4,000-ton design
payload the maximum speed of aluminum hull vessels probably will be con-
strained to less than that theoretically achievable with this hull form
and 600,000 horsepower. This is because there is danger of swamping
smaller displacement vessels at very high speeds. A lower limit line on
design payload is shown on the chart. This limit is actually a function
of the length of a vessel and its speed. For the hull form used in this

\
study, the speed-length ratio< ,1‘> cannot exceed 2.5 without dangcr of
N

swamping. This ratio is not approached with thc stccl hull vessels hecause
of the characteristically low payload-to-displacement ratios achievable

at very high design speeds. To put it another way, a high-speed steel-
hull vessel, even of extremely limited payload capacity, will necessarily
be of sufficient size and length that a speed-length ratio of 2.5 is not
approached. A steel hull vessel with a payload capacity of 500 tons and

a 45-knot speed would have a total displacement of about 11,000 tons
(2,000-mile range) and a length of 575 feet. By contrast, an aluminum

hull vessel with the same speed, payload, and range would have a total
displacement of under 2,000 tons and a length of 325 feet.1

1. Payload, speed, and displacement, assuming a 2,000-mile range, may
be determined from Figs. 4 and 5. Hull dimensions as a function of
total displacement may be read from Fig. A-37, Appendix A.
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A high percentage of total displacement is available for payload in
an aluminum hull, lightweight gas turbine vessel in contrast to a steel
hull, steam propulsion vessel. This will be seen in subsequent figures.
(In Fig. 6 it will be seen that about 14 percent of the total displace-
ment of a 10,000-ton steel hull vessel is available for payload at a
2,000-mile range; in Fig. 7 it will be seen that fully 50 percent of the
total displacement of a 10,000-ton aluminum hull vessel is available for
payload at the same range.) In Fig. 3 it is indicated that an aluminum
displacement hull vessel with a payload capacity of 4,000 tons could have
a design speed of up to 60 knots (assuming 2,000-mile range). Larger
payload capacities (at the same range) would require a reduction in
maximum design speed. Smaller payload vessels (under 4,000 tons) could
be designed for the 60-knot speed only if excess capacity were built into
them in order to have a vessel of sufficient size and length to avoid
the danger of swamping. This is indicated clearly in Fig. 3.

In Appendix A is a series of charts which can be used in determining
the total displacement and power of a displacement hull vessel of a
specified speed and payload. Each chart is for a particular range and
combination of hull materials and type of propulsion. These charts can
be used to establisn the general characteristics of a particular-size
vehicle and the possible range of payloads and speeds under a given set
of assumptions. They can also be used comparatively to determine the
influence of range or type of construction on the feasibility or character-
istics of vessels of particular speed or size.

On Fig. 4, for example, are basic curves showing payload, displace-
ment, speed, and horsepower for steel hull, geared steam turbine displace-
ment hulls with a design range of 2,000 miles. The effect of increasing
design speed on the power requirement and total displacement is well
illustrated. At 35 knots a ship with a 2,000-ton payload capacity would
require 110,000 to 120,000 shaft horsepower and would have a total dis-
placement of 8,000 tons. A 10-knot increase in design speed to 45 knots
would increase shaft horsepower to almost 425,000 and total displacement
to over 17,000 tons, assuming the same 2,000-ton paylecad equivalent. A
5-knot increase from 45 to 50 knots would further increase power plant
requirements to about 800,000 horsepower (well over the adjudged limit
of 600,000) and total displacement to almost 27,000 tons. As can be scen,
speed is costly in terms of power and vessel size. In a later section
these costs are assessed in dollar terms.

The effect on speed and payload potentials of using aluminum con-
struction and lightweight gas turbine propulsion is seen in comparing
Fig. 5 with Fig. 4. For example, again assuming a 2,000-ton payload, it
is shown that total power requirements at 45 knots for an aluminum hull
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vesscl would be well under 200,000 shaft horsepower (compared with about
425,000 for the steel hull vessel), and total displacement would be only
5,000 tons (compared with 17,000 tons for the steel hull). A 5-knot
increase in design speed to 50 knots would increase the power require-
ment only to about 250,000 horsepower and the tctal displacement only to
well under 6,000 tons.

The very significant differences in thc size of comparable steel and
aluminum hulls, powered respectively by steam turbine and gas turbine
power plants, relate to both hull weight and power plant weight. The
geared steam turbine power piant assumes a unit propulsion plant weight
of 20 pounds per shaft horsepower (the projected minimum achievable
weight for such systems--see page A-6, Appendix A). The gas turbine
propulsion system assumes a unit weight of 5 pounds per shaft horsepower.
The weight of an aluminum hull is about one-half that of a steel hull.

In addition, in deriving the characteristics and weight breakdown of the
aluminum hull vessels, it was felt that greater concern would be given to
weight conservation in aluminum hull design than in steel hull design.
Consequently, it was considered that a service margin of only 15 percent
in installed power (instead of 30 percent as for the steel hull vessel)
would be appropriate and that an allowance of only 10 percent of total
displacement for outfit weight would be reasonable for aluminum hull
vessels. Regardless of whether steel or aluminum design is used, it is
believed that outfitting weights and weights of auxiliaries can be
significantly reduced from present levels. Greater weight-consciousness
in design will be of importance in developing high-speed vessels.

Further appreciation of the differences in payload potential between
the steel hull and aluminum hull displacement vessels may be gained in
comparing the weight breakdowns for the two alternatives. Figure 6 shows
payload potential and weight breakdown as a percentage of total displace-
ment for 40-knot displacement hulls up to 40,000 tons displacement. As
shown, ranges vary tfrom zero range (no fuel) to a range of 3,000 miles,.
The payload potential is that portion of total displacement not allocated
to weight of hull, propulsion, auxiliaries, outfitting, or fuel. Fuel
requirements vary with range and, as a result, design payload does like-
wise. For example, as shown in the figure, a 10,000-ton vessel with a
design range of 2,000 miles would have a payload potential of about 14
percent, or 1,400 tons. At smaller displacements it can be seen that
rangc or payload or both may be severely limited.

The weight breakdown of a 40-knot aluminum hull vessel is shown in

Fig. 7. Again, payload potential at various ranges is shown as a percentagc

of total displacement, and it may be seen that a 10,000-ton aluminum
vessel has a payload potential of about 50 percent, or 5,000 tons, as
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compared with 1,400 tons for the steel hull vessel., It is evident that
the feasible scope of range and payload characteristics for high-speed

vessels is much less restrictive with aluminum hull design than with
steel hull design.
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most spectacular way to save weight. As yet, no large ships have been
fabricated fully of aluminum, although several smaller all-aluminum craft
are in use by the Navy, and many ships have extensive aluminum components.
Aluminum is superior to steel in corrosion resistance, but aluminum
structural members, having only one-third the modulus of elasticity, permit
approximately three times more deflection than steel members of equivalent
strength. Yield stresses of aluminum compare favorably with those of

mild steel, and future development may result in higher-strength alloys.
Material costs of aluminum run six to eight times those of mild steel
(total vessel cost comparisons are given later). Some use of high-strength
steel in hull frames, deck plates, foundations, and the like could result
in measurable weight savings in steel hull vessels; however, achieving
appreciable weight savings requires the use of a lightweight material of
strength equivalent to that of mild steel, such as aluminum.1

Nuclear propulsion has been investigated for both steel and aluminum
hull displacement vessels. The unit weight of existing nuclear propulsion
plants is high, running from 90 to 100 pounds per shaft horsepower. Present
marine-type nuclear reactors are ef two types, the boiling water reactor
and the pressurized water reactor, both using steam turbine propulsion
machinery. The organic moderated reactor is still in the development
stage, but its specific weight appears to be about the same as that of
existing marine reactors. It is felt that lightweight, gas-cooled
reactors, based on developments arising out of the aircraft nuclear power
program, show great promise, with possible weight-power ratios of from
7 to 45 pounds per shaft horsepower, depending on size. Specific weight
decreases significantly as horsepower rating increases and as gas turbines
are substituted for steam turbines. 1In the derivation of weight break-
downs for nuclear powered vessels, it has been assumed that nuclear power-
plant weight per horsepower would be as shown in Fig. A-~38, Appendix A.
This chart shows the specific weight of nuclear-powered propulsion systems
for marine use decreasing to about 20 pounds per horsepower for plants
rated at 100,000 horsepower or mocre.

In Fig. 8 the payload potential and weight breakdown of steel hull
displacement vessels powered by lightweight nuclear power plants is shown

1. See Technical Notes at the end of the text.
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for speeds up to 60 knots. In the example sketched on the graph it may

be noted that the payload potential of a 10,000-ton displacement vessel
with a 40-knnt design speed would be about 36 percent of displaeement,

or 3,600 tons. This compares to a 1,400-ton payload potential for a

steel hull, steam turbine vessel of the same displacement and speed

(Fig. 6) and a 5,000-ton payload potential for an aluainum hull, gas-
turbine-propelled vessel of the same total displacement and speed (Fig. 7).
In both of these cases the design range is 2,000 miles. The nuclear-
powered vessel would have essentially unlimited range. Again, there are
signifieant differences in costs, as will be seen later. It is of
significance to note that for smaller ships the payload potential of
nuciear-powered vessels, as a pereentage of total displacement, decreases
sharply due to high shielding weight. Shielding weight per unit of power
decreases substantially with larger power plants. This may be seen in
Fig. A-39, Appendix A, which shows the weight breakdown for vessels up

to 5,000 tons displacement (Fig. 8 shows only displacements from 5,000

to 40,000 tons). It may be observed in Fig. 8 that at a 60-knot speed

the payload potential of the steel hull nuclear propelled vessel would

be very limited--only 500 tons for a 10,000-ton displacement vessel. This
potential inereases to about 2,600 tons at 20,000 tons displacement and

to 8,000 tons for a 40,000-ton vessel. However, the power required for

a 60-knot design speed in a 40,000-ton vessel is close to 1.75 million
horsepower, or almost three times the maximum of 600,000 horsepower judged
to be feasible at the present time. The limited design payload potential
at very high cpeeds, even with relatively large displaeements, is the
result of the extraordinary amount of power required to achieve significantly
higher speeds in a displacement hull design and the heavy weight of hull
and machinery required to provide such power.

In view of the above, a possibility that should be considered is the
potential of a nuclear-powered aluminum hull vessel. Figure 9 shows the
payload potential and weight breakdown prcjected for such vessels. It is
observed that a 10,000-ton veszsel with a design speed of 40 knots would
have a payload potential of about 58 percent, or 5,800 tons; this compares
with a payload potential of 3,600 tons for a steel hull nuclear-propelled
vessel, a potential of 5,000 tons for the gas-turbine-powered aluminum
hull, and a potential of 1,400 tons for the steam-turbine-powered steel
hull. These alternatives are compared in Section VIII in terms of total
power requirements and construction costs for various-size platforms.

The calculations and data presented on the aluminum hull vessels
indicate that the weight of a light ship could be as low as 25 to 35
percent of displacement. Because of stability considerations, it is
assumed that at no time should such vessels be allowed to become lighter
than 40 percent of total displacement. Payload and fuel, plus salt-water
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ballasting when necessary, could meet such an operational requirement.

It is indicated strongly, however, that further detailed study of the
stability characteristics of the hull form described here, particularly
in reference to the design of high-speed, lightweight hulls, is warranted
if the potential performance of the acvanced displacement is found
interesting. It is also concluded that preliminary hull layouts should
be undertaken for advanced displacement hulls of a payioad and speed
potential of particular intcrest. Because of fine hul}l lines, available
volume and deck space may limit practical utilization of payload potentials
derived on a weight basis (especially in the case of lightweight hulls).
A number of possible layouts should also be undertaken to establish the
most feasible and effective machinery and propulsion plant arrangements
for vessels designed for very high speeds.
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Iv PLANING HULLS

Utilization of planing hull designs is a possible means of reducing
the hull resistance of high-speed ships relative to resistance encountered
by vessels with large draft displacement hulls. KReductions in hull
resistance achieved with a planing hull design would reduce power require-
ments for high-speed propulsion relative to the requirements associated
with a displacement hull of equivalent size and speed. Thus far, how-
ever, the planing hull, an example of which is the PT boat of World War
II fame, has been limited in size to well under 100 tons total displace-
ment. Very little design or model hull testing has been done for large
(250-ton payload equivalent or larger) planing hulls. Projections of
the possible characteristics of large planing hulls have been based on
extrapolation of existing design information pertaining to smaller boats
taking into account probable limitations in the laws of similarity in
relating the results of mcdel testing to full-size hull performance.

Hull Form and Power Requirements

There appear to be two major limitations on the potential size and
speed of planing hull vessels: (1) the lowest speed at which the planing
hull becomes advantageous in reduced resistance, compared to the speed
of displacement hull forms such as those of destroyers, is quite high
for large vessels and increases as total displacement increases, and
(2) the speed of planing hulls, by virtue of mode of operation, is highly
affected by rough water conditions.

With regard to the first point, it is noted that large planing hull
vessels will draw substantial draft, and at high speed, while favorable
compared to the speed of displacement hulls, the absolute power require-
ment remains high. Again, as in the casc of displacement hulls, there
are limits on the maximum power convertible to thrust and limits on hull
space available for large-capacity propulsion systems. The judgment has
been made that the maximum power feasible for installation in the planing
hull is 400,000 horsepower. This assumes that up to 100,000 horsepower
per shaft could effectively be converted to thrust. However, it is con-
sidered that, in contrast to the displacement hull which might employ
six shafts, even large planing hulls should be limited to a maximum of
four shafts. Because of the criticality of hull lines in the planing
hull, if indeed it is to operate as a planing hull, it is believed that
there would be less flexibility in possible propeller and machinery lay-
out and that four shafts would prcbably be a maximum.
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On the second point, which relates to the sensitivity of planing
hull design requirements (and operational performance) to the sea state,
it is considered that planing huils of larger than, say, 3,000 tons total
displacement would be impractical. This may be an optimistic judgment,
but it is evident that there is an upper limit on the size ol planing
hull designs. Extreme siruciural problems may bc cncountered in design-
ing very large vessels to withstand the stress of slamming. At high
speed there will be a considerable tendency for the planing hull to slam,
creating high local stresses and perhaps unacceptable crew discomfort
even when operating under moderate sea conditions (state 3 seas, for
example). One of the major factors limiting the potential of high-speed
planing hull designs for major fleet units 1s the evidence that high-
speed operations would be feasible only under the most fsvorable sea
conditions. In high-speed operation, alternative platform concepts are
less sensitive to adverse sea conditions than the planing hull, as will
be shown.

In the projection of probable performance characteristics, it has
been assumed that aluminum hull structure would be employed along with
very lightweight gas turbine propulsion. The speed potential of the
planing hull is substantially higher than that of displacement hulls but
the feasibility of achieving high speeds within allowable limits of power
and total displacement depends on a high oJegree of weight-consciousness
in design. It has been assumed that specific weight of gas turbine
propulsion systems would be on the order of 3 pounds per horsepower (gas
turbines with weights of from 1 to 10 pounds per horsepower are available).
Nuclear propulsion was also considered.. The basis for developing the
performance characteristics shown in Figs. 10 through 13 below are dis-
cussed in detail in Appendix B.

Perfor. +1ce Potential

The maximum payload and speed potentials that appear potentially
achievable with the planing hull design concept for high-speed platforms
are illustrated in Fig. 10 Maximum payload potential is plotted as a
function of speed, and three possible constraints are indicated. First
is the constraint thatl the total displacement of a planing hull might be
limited to a maximum of 3,000 tons. This appears to be optimistic but,
even taking this optimistic view, it is seen that payload potentials are
limited to the equivalent of those of destroyer-type vessels. It is also
seen that payload potential falls sharply with increase in design speed.
Note that a design range of only 500 miles is specified in the figure.
At greater range, the rayload potential is sharply reduced, depending
on the particular range.
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A second constraint on the possible size and speed of the planing
hull is maximum allowablc power. A limit of 400,000 horsepower is shown
in Fig. 10. This 1limit s not reached below a speed of 70 knots for pay-
load potentials up to 90U tons. Above the 900-ton payload cquivalent,
the constraint on further increaces in design payload at the 70-knot
speed is imposed by the 3,000-ton limit on ifctual displacement

At about 80 to 85 knots, it is seen that a third possible constraint
on further increases in design speed is encountercd. This is a limit of
150 horsepower per ton of total displacement. This is a fairly deunse

power loading, but it should be achievable with lightweight propulsion
systems.

The characteristic relationships between speed, power, payload, and
total displacement of planing hull vessels which estabiish the speed and
payload limits shown abovc are indicated in Fig. 11. This particular
chart is for a range of 1,000 miles. Similar charts for other ranges are
provided in Appendix B. Again, the chart illustrates the comparatively
limited payload potentials of the planing hull. Absolute limits on speed
potential are reached between 85 and 100 knots at displacements ranging
from 500 to 3,000 tons.

The extreme sensilivity of the planing hull speed and payload potential
to design range is illustrated in Fig. 12. This figure shows payload
poteniial and major weight components as percentages of total displacement,
assuming in this particular chart a design speed of 50 knots and gas
turbine propulsion. Comparable charts for other design spceds are given
in Appendix B. Range is extremely limited, even at this comparatively
slow design speed. For example, at a 3,000-ton displacement the maximum
payload potential for a 1,500-mile range (about the range of a destroyer)
would be only a little over 300 tons. To achieve thc minimum payload
equivalent of a destroyer (750 tons) with a design speed of 50 knots,
range would have to be cut to under 1,000 miles.

In view of the limit on payload and rangc potential, the feasibility
of nuclear power was investigated. The results are indicated in Fig. 13,
which shows payload potential and major weight components for nuclear-
powered planing hulls of speeds of 40 to 80 knots. For smaller vessels,
a very high proportion of power plant weight is accounted for by weight
of shielding. For larger vessels and higher horsepower plants, thc unit
weight of shielding (and total power plant) is greatly reduced. Payload
potential for smaller vcssels is not significant because of high power
plant weight, as shown. At a 3,000-ton displacement and a 50-knot speed,
the payload capacity is almost 550 tons, but at higher dcsign speeds it
decreascs sharply. For the reasons indicated above, nuclear power becomes
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more attractive (in terms of allowable payload potentials) for larger
vessels, as would be indicated by further extrapolation of the curves
shown in the figure. As concluded, howaver, larger planing hulls do

not appear feasible from a structural and operational standpoint. The
potential attractiveness of planing hull speeds is offset by the

limitations on their use under rough water conditions, as indicated.
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) HYDROFOILS

careful review has Leen made of various studies analyzing the
lity of ocean-going hydrofoil vessels. Certain of these studies
to be unduly optimistic with respect to prediction of performance
potential, particularly as it relates to achievable lift-to-drag ratios
and weight of hull structures (see Appendix C). Nevertheless, the hydro-
foil concept is a potentially attractive means of achieving high-speed
capabilities in ocean-going vessels. When foilborne the hull of the
hydrofoil vessel is free of the water,thus avoiding the enormous resis-
tances encountered at high speed by displacement hulls and, to a lesser
extent, planing hulls. As a consequence, power requirements would be
much smaller for hydrofoil vessels than for displacement hulls and plan-
ing hulls of comparable payload and speed.

A
feasibi

appear

Very active and significant development work is under way in the
hydrofoil field, and a number of prototype craft are in operation or sea
trials. However, designs to date have predominantly been for small ves-
sels relative to the size and payload potentials of interest in this
study. Therefore, a prime objective has been to assess the feasibility
of hydrofoil vessels _of a size or payload potential that would be charac-
teristic of major units in amphibious task force operations in the 1975-
1980 period.

Foil Systems and Power Requirements

The hydrofoil concept offers the potential for speed ranges from
25-30 knots up tc 100 knots or more. For lower speeds, up to 50 to 70
knots, subcavitating foil systems are employed. At higher speeds, how-
evcr, supercavitating foils would be required. Power requirements are
dependent on the ratio of lift to drag (L/D) achievable in any given
design and foil system. The L/D ratio achieved is a function of the
speed and size of the vessel. Thcre is, however, a discontinuity in the
transitional area (V = 50-70 knots) between subcavitating and supercavi-
tating systems. This will be noted in the performance and power charts
described later in the section.

In this study, power requirements have been derived assuming L/D =
528/V. This is some improvement over the ratio recommended by at least
one authority for good practical designs (see Appendix C) but is much
more conservative thanm that recommended or used by others. An L/D of
528/V is believed to be reasonable as a basis for projection of the pcr-
formance characteristics of hydrofoils that might be designed and
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constructed in the time period of interest here. No effort has been made
in the parametric curves showing possible speed and payload characteris-
tics of hydrofoils to differentiate L/D for different sizes of vessels.
As a result, the estimates of performance achievable with larger craft
may be somewhat conservative, since the achievable lift-drag ratio tends

to improve with the size of vessel.

Horsepower requirements have been derived initially for foilborne
cruise condition. For takeoff, the hydrofoil will require from 25 to 50
percent more power, depending on sea conditions. The time required for
takeoff is less than 60 seconds; therefore, the engines and propulsion
system should be capable of developing a maximum shaft horsepower of 1.5
times the required continuous horsepower rating for a duration of at
least 60 seconds.

Basic curves have been developed for hydrofoils powered by lightweight
aircraft-type gas turbine power plants and also by nuclear power plants.
Water propellers have been selected as the most feasible thrust device
within the current and near-term state-of-the art. Power raquirements for
hydrofoils of an over-all size judged feasible (discussed below) are quite
low by comparison with those for planing hull and displaccment vessels.
However, in the case of the hydrofoil, water-propeller propulsion systems
require angle-jointed shafting. The maximum power per shaft on such sys-
tems might well be no greater than 50,000 horsepower, and this is probably
a very high limit in comparison with the maximum power presently trans-
mitted by angle-jointed shafting systems. A requirement for larger hydro-
foil vessels would be the development and testing of high-power trans-
mission and shafting systems or the development of alternate thrust devices,
such as the water jet.l

The major limitation or constraint on the design payload potential
of the hydrofoil would appear to be the maximum size of hull feasible of
construction from the standpoint of the supporting foil and strut system.
The weight of foil and strut systems increases disproportionately to
increases in total gross weight of a hydrofcil. This will be illustrated
later. Also, there may be significant weight peralties (and cost penalties)
in designing the hull structure of larger vessels to permit support of
the entire weight of the vessel on the struts when in foilborne operation.
A detailed discussion of basic assumptions and methods used in calculating
weight breakdown and performance potential for hydrofoils of various speeds’
and payloads is given in Appendix C.

1. See technical notes at end of the text.

42




Performance Potential

The maximum payload and speed that it appears feasible to consider
for hydrofoil designs in the time frame of interest herc are indicated
in Fig. 14. Payload potential as a function of speed is shown for sub-
cavitating hydrofoil vessels of speeds up to 60 knots and ranges of 500,
1,000, and 1,500 miles. Shown also is the feasible 1limit on payload and
specd for nuclear powered, subcavitating foil, hydrofoil vessels. The
basic constraint is the assumption that the maximum-size hydrofoil would
be about 3,000-ton total displacement, or gross weight.

The speed at which supercavitating hydrofoils should be used would
be between 50 and 60 knots; however, for this study the discontinuity
between the subcavitating and supercavitating designs is shown at an
upper limit of 60 knots. The payload potential for the subcavitating
hydrofoil is quite limited, even for lower design speeds. At the higher
speeds (with supercavitating ifoils), it is seen that payload potentials
are extremely limited, even for short ranges.

In Fig. 15 are shown the basic relationships among speed, horsepower,
payload, and total displacement for both subcavitating and supercavitating
hydrofoils. It is observed that in the higher speed ranges (60-90 knots)
for a given payload potential there is a maximum speed achievable, regard-
less of further increases in installed power. Beyond the critical speed,
further increases in power are so costly in terms of weight that speed
capacity is in fact reduced. For example, the spced of hydrofoils with a
60-ton design payload can be increased up to about 81 knots by increasing
power; further increases in power actually decrease speed capability.

In the case of the slower-speed hydrofoils (subcavitating foils) it
appears possible to increase the design speed of vessels of any given
payload by further increases in installed power but, as thc curves indi-
cate, increasingly smaller increments of speed are achieved and only at
increasingly higher costs in installed horscpower. The power required
per unit of increase in design speed increases sharply fcr hydrofoils
of higher payload capacity. Note that Fig. 15 specifies a range of
1,000 miles. At higher ranges, potential payloads and speeds are cven
more restrictive. Data on other ranges arc presented in Appendix C.

The sensitivity of payload potcntial to design range is illustrated
in Fig. 16, which shows payload potential for a 50-knot hydrofoil as a
pcrcentage of total gross weight, or displacement. The chart graphically
illustrates that payload potential is severely limited, even for larger
hydrofoils, because of the rapid increase in percentagc of total weight
accounted for by foils and struts. Similar charts showing the weight
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breakdown for hydrofoils of other design speeds are given in Appendix C.
At higher speeds, it is found that foil and strut weight is an even
greater percentage of total displacement, and both range and payload
potential are curtailed accordingly. This is indicated in Fig. 17.

This figure shows the payload and range potential of 80-knot hydrofoil
designs of displacements up to 3,000 tons. 'The payload poieuntial of a
3,000-ton hydrofoil 1is seen to be only 9 percent of total displacement,
or 270 tons. at a design range of only 500 miles. At a 1,000-mile range,
the maximum size of a hydrofoil would be about 1,800 tons, and payload
capacity would be zeroc.

Severe range limitations in the hydrofoil powered by lightweight
gas turbine propulsion systems suggest that lightweight nuclear propul-
sion might be attractive. However, as in the case of planing hulls, the
hydrofoil concept appears to be suitable for only comparatively small
vessels. In small vessels the high relative weight of the nuclear plant
per unit of power limits the payload potential achievable. This is illus-
trated in Fig. 18, which shows the weight breakdown for a 50-knot nuclear
powered hydrofoil. This figure, which may be compared difectly with
Fig. 16 (50-knot gas turbine hydrofoil), indicates that nuclear propulsion
would be infeasible for vessels smaller than 1,800 tons and that, at that
displacement, there would be no payload potential. For a 3,000-ton ves-
sel, the pavload potential would be only 300 tons, as shown. For faster
vessels, the payload potential of nuclear powered hydrofoils would be
even less, unless larger vessels could be constructed.

Closed-cycle, gas-cooled nuclear reactors have been considered for
installation both above water and under water. Figure 18 was based on
use of an above-water installation (see Appendix (, pages C-10 and C-24-25).
An under-water nuclear plant mounted in a pod wcoculd be of significantly
less specific weight than the above-water installation because of reduced
shielding requirements, but this relative advantage would probably be
lost because of increased total water drag from the pod and strut as
compared with the alternative installation. The under-water pod for
nuclear power has not been considered feasible as a design concept for
the near-term period.

The costs of hydrofoil craft over the range of feasible design speeds
are compared with the costs and characteristics of alternative platforms
of the same payload capacities in Section VIII.

The hydrofoil is like the planing hull in that it appears to have
a potential for only smaller payload missions, unless much larger-size
hydrofoils become feasible than are now expected. Unlike the planing
hull, the hydrofoil has good capabilities to operzte under adverse sea
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conditions. The maximum sea state in which the hydrofoil can operate is
dependent primarily on strut height. In the performance charts developed
in this study, it was assumed that hydrofoil design should permit the
vessel to operate in sea states of 5 to 6.
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VI GROUND EFFECT MACHINES

The ground effect machine (GEM) is a relatively new transportation
concept potentially capable of offering significant advantages as a high-
speed, large-capacity, ocean-going plattorm. The GEM, which aliways
operates in close proximity to the surface of the ground or water, is
supported on a cushion of air maintained by high-volume fans. Concep-
tually, the GEM employs the ground effect phenomenon (the augmentation
in 1ift obtained by an airborne vehicle when operated in close proximity
to the surface) to reduce the amount of power required relative to that
which would be required to support the vehicle out of ground effect.

At speeds above 60 knots or so, the GEM would generally appear to
require less power than alternative platforms of comparable payload poten-
tial (depending on the operating height of the GEM). Alsc, the efficiency
of the GEM tends to improve significantly at larger design payloads. The
GEM would appear to be the only concept that affords at least a potential
for the design of platforms with payload equivalents comparable to those
of major units in the present amphibious task force and with speeds of up
to 100 knots or more.

Because the GEM operates free of the surface, supported on a cushion
of air, it is inherently amphibious. Accordingly, the GEM could offer
significant advantages for particular types of missions in the amphibious
task force. Employment of GEM LST's or AKA's, for example, could have a
great impact on the present concept of ship-to-shore operaticns. Moreover,
since the GEM has very high speed capabilities, it could have a very sig-
nificant impact on the entire concept of amphibious operations, including
patterns of deployment, types of task force organizations, means of pro-
jecting landing forces ashore, and defensive requirements both en route
and in an objective area.

A grcat deal of theoretical work has been done on the possible per-
formance of GEM's, and numerous small payload GEM's of both experimental
and operational designs have been built and successfully operated. How-
ever, verv little work has been done to date on design and model testing
of large ocean-going GEM's having the payload potentials of primary inter-
est in this study. Nevertheless, on the basis of theoretical works and
existing design and performance data for smaller GEM's, estimates of the
probable power and weight characteristics of larger GEM's have been
derived.
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It should be recognized that one of the most critical factors affect-
ing performance potential of large ocean-going GEM's is the operating
height above the water. At this time, however, it is not known just what
operating heights will be required for the ocean-going GEM because the
performance of large GEM's operating at high speeds in various sea states
is not yet well understood. It is axiomatic that the greatest economies
can be obtained by the GEM when it operates very close to the surface.

The lowcr thc operating height the lower will be the power reguirement
and, consequently, the '"hull" weight, initial costs, and operating costs.
On the other hand, it is likely that very low operating heights, say the
equivalent of 5 to 10 feet above still water for large platforms, would
not be adequate to assure the practicability of high-speed operation in
most situations. Operating height has been treated parametrically in the
performance curves described in detail in Appendix D. Also, the influence
of operating height on maximum speed and payload achievable in operational
GEM’s in the time frame of concern here is indicated in the discussions
beiow.

Operating Height and Power Requirements

The GEM is supported on a cushion of air maintained between the base
of the platform and the surface. Cushion pressure supporting the vehicle
is achieved by high-volume fans and by a continuous annular jet at the
periphery of the platform that entraps the air to maintain cushion pres-
sure. The effectiveness of the annular jet in maintaining cushion pres-
sure and minimizing power requirements depends critically on the height
of the platform and on such factors as the arrangement of the jets and
the jet discharge angle.

For practical designs, the cushion pressure achievable is a matter
of only a fraction of a pound per square inch of base area and, as a
consequence, the GEM requires a large base area to derive its 1lift. The
larger the base arca for a given cushion pressure and operating height,
the greater is the 1lift augmentation and total 1ift derived. Thus, the
efficiency of the GEM improves as the size of the platform is increased.
In this study the performance curves have been projected on the basis of
a lift-base area ratio of L/S = 50. (Lift equals total gross weight
expressed in pounds, and base area is the total square feet of area
enclosed by the annular jet.) An L/S ratio of 50 pounds per square foot
appears to provide a realistic basis for examining the performance poten-
tial of the GEM.
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From the standpoint of minimizing power requirements and minimizing
efficiencies, the optimum plan form would be circular. This would not
be well suited to operational employment of the platform. 1In this study
the assumed plan form is as indicated in the sketch below where "a'" ecquals
the width or beam of the platform and "b'" equals over-all length.
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In Table II the plan form dimensions for displacements or gross
weights up to 10,000 tons are shown, as are the horsepower requirements
and the horsepower per ton of displacement. The greater efficiency of
the larger GEM's is clearly indicated. The amount of power required
decreases from 168 horsepower per ton at 500 tons displacement to about
70 horsepower per ton at 10,000 tons displacement. Note, however, that
power requirements have been calculated for a 10-foot operating height
and a cruise speed of 100 knots. At a 20-foot operating height and 100
knots, the power requirement of a 10,000-ton GEM would increase from
700,000 horsepower (shown in the table) to 1,000,000 horsepower (not shown
in Lhe table).

Detailed information on the basic assumptions and equations used

in the calculations of performance potential described below is given in
Appendix D.

Performance Potential

The maximum design payload that appears feasible for the GEM depends
primarily on the size of GEM structure that can be built. Because of the
space that would be available and the inherent flexibility available in
location of engines and fans, it does not appear that power would be a
primary constraint. As indicated earlier, a lack of basic information
makes it difficult to estimate with a high degree of confidence the
weight of structure required for seaworthy GEM's of large size. It is
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Table II

PLAN FORM DIMENSIONS VERSUS TOTAL DISPLACEMENT
FOR GROUND EFFECT MACHINES

NDl

A (long tons) L(10%1bs) S(103ft2) a (ft) b {rt) (000) HP/ton A

500 1.12 22.4 73.2 156 .4 80 168
1,000 2.24 44.8 112 224 140 134
2,000 4.48 §9.6 158.5 317 210 106
3,000 6.72 134.4 194 388 280 94
4,000 8.96 179.2 224 448 350 87
5,000 11.2 224 251 502 410 82
6,000 13.44 268.8 274 548 470 78
7,000 15.68 313.6 296 592 525 75
8,000 17.92 358.4 317 634 580 73
9, 000 20.16 403.2 336 672 640 71
19, 000 22.4 448 354 708 700 69

1. The horsepower calculations assume a hovering height of 10 feet and
a cruising velocity of 100 knots.
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not known just what the structural limit on size might be and what effect
sea conditions might have on the maximum feasible structural size. The
data in Table II indicate that a 10,000-ton platform might well have &
beam of over 350 feet and a length exceeding 700 feet. The construction
of a platform of this size from lightweight materials capable of with-
standing the structural stresses that will result in passing over an
uneven surface may pose some difficult design problems. At this point

in time there would appear to be a critical requirement for the construc-
tion of a fairly large (several hundred tons) experimental ocean-going
GEM. Such a GEM would be a major requirement in a development program

in providing basic data from which to extrapolate design criteria for
large operational platforms.

In addition to¢ the maximum size of structure, the type of power plant
(lightweight gas turbine plant or lightweight nuclear plant) and the design
operating height are critical factors to consider in assessing the payload
potential of vehicles that are feasible within the time period of interest
in this study.

In Fig. 19 are shown the maximum payioad curves for speeds of 60 to
100 knots for both nuclear and non-nuclear powered GEM's. The top four
curves show payload potential for GEM's with a total displacement or gross
weight of 10,000 tons, if it is judged that structures of this size would
bc feasible to build. The lower set of curves shows payload potential
assuming that the maximum-size GEM would be constrained to a total dis-
placement of 3,000 tons. It is largely a matter of judgment but it has
been concluded that the 3,000-ton GEM would probably be feasible, but
that the feasibility of the 10,000-ton GEM would be questionable in the
time period specified.

A 3,000-ton GEM would in itself be a large structure under the
assumptions made in this study. It is seen below in the comparison of
the size of a 3,000-ton and 10,000-ton GEM that the beam of a 3,000-ton
GEM would be about 200 feet and the length almost 400 feet.

3, 000-Ton GEM 10, 000-Ton GEM
Length 338 708
Beam 194 354
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Seaworthy construction of vessels of this size using lightweight materials
(aluminum) will demand extreme weight-consciousness if structural weight
is not to exceed 25 percent of total displacement, as assumed as the basis
for the projections of performance potential in this study.

In Fig. 19 it is seen ihail nuclear power 1s most advantageous for
the larger payload platforms. At a 10-foot height the nuclear GEM offers
payleoad potentials of from 4,000 to 4,500 tons, depending on speed. Both
at a 10-foot and a 20-foot operating height, the payload potential of the
nuclear GEM's exceeds that achievable by non-nuclear powered GEM’s. The
primary reason for this is the extremely high fuel requirement for the
gas-turbine GEM's, At the smeller displacement (maximum of 3,000 tons)
it is seen that payload potentials for the 20-foot operating height are
practically zero. At the 10-foot operating height, payloads of 400 to
600 tons are feasible, depending on speed and type of power plant. The
nuclear GEM's would, of course, have unlimited range. The design range
of the non-nuclear GEM’s shown in the chart is 2,000 miles. It is readily
apparent that exploitation of the potential of the GEM is dependent on
experimental and development work to demonstrate the design requirements
and feasibility of very large GEM structures.

In the left-hand graph on Fig. 20 are shown basic relationships

among speed, horsepower, payload, and total displacement (or gross weight)
of GEM’s at a 10-foot design operating height. A gas turbine power plant
is assumed. It is seen that payload potentials of about 3,000 tons are
fecasible if a maximum size of 10,000 tons is granted. Fcr smaller pay-
loads, the size and horsepower required tend to increase only slightly
with increases in design speed. At higher payloads, however, it is noted
that total displacement and horsepower both increase sharply as the design
speed of a GEM of a given payload is increased.

On the right-hand side of .Fig. 20 is a comparable graph assuming an
operating height of 20 feet. Note that there is a limit of about a
1,500-ton payload potential for a GEM of 10,000 tons total displacement.
The increased horsepower required for GEM's of comparable payload at the
higher operating height may also be seen. For example, at a 10-foot
height a GEM with a 1,000-ton payload capacity and a speed of 100 knots
would require about 400,000 horsepower (Fig. 20); at a 20-foot height the
power requirement would increasc to 900, 000 horsepower. In both these
charts, range is 2,000 miles. Comparable charts for other ranges are
included in Appendix D.

The sensitivity of achievable payload potential to range require-
ments is illustrated in Fig. 21. This chart shows payload and other

weight components as percentages of total displacement for GEM's powered
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