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ABSTRACT

The S3 semisubmerged ship concept is described,
and hydrodynamic characteristicsare presented. Va-
riations of the basic form are discussed and results
of model tests and theory are presented on staticand
dynamic stability, drag and power, motion in waves
and effectiveness of an automatic control system for
motion reduction. The results show that an S is in-
herently stable at all speeds, well damped in all mo-
des, and should provide a near-level ride in high sea
states if equipped with an automatic control system.
Furthermore, an S3 should have less drag than a
monohull at the higher design speeds.

INTRODUCTION

Military and commercial users of ships are continuously
searching for new design concepts which would provide improved
speed, range, payload ratio, seaworthiness, or reliability. Such
improvements are preferably to be attained at reduced cost, although
cost tradeoffs are the general rule. Since monohulls have long been
the most widely used hull form, it is generally accepted that their
lead position is not easily challenged.

The large monohulls can carry a very large payload ratio,
they have a long range at moderate~to-high ship speeds, and they
offer good seaworthiness at a relatively low initial and operating cost
per unit of payload. The small monohulls, on the other hand, have
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other advantages, such as : low unit cost, more flexible utilization
resulting from greater numbers for a given total cost, more frequent
scheduling, less net cost when small payloads are required, and less
target value in the case of military applications.

Unusual ship designs such as hydrofoils and various types of
air-supported vehicles have already taken over some of the missions
performed earlier by monohulls, These types of craft are high per-
formance vehicles, and tend to be used when higher speed is impor-
tant, such as certain passenger craft and special military applica -
tions, These craft require considerable power, are more complex
in design, and are therefore more costly than monohulls.

There is a need for a new type of small displacement ship
which has low cost, has all the desirable features of small ships, and
yet has many of the desirable features of large ships,

One new type of displacement ship which has been receiving
considerable attention lately, especially in the oil drilling industry,
is called a semisubmersible. Typically, semisubmersibles are
low-speed ships having two or more subme rged cylindrical hulls with
several vertical cylinders supporting a platform well above the water.
These craft have been found to withstand very high sea states and
winds, and exhibit small motion in waves relative to monohulls.

The term S3 refers to a certain class of related semisub-
merged ship designs and their characteristics. The S3 semisub-
merged ship concept discussed in Reference 1, and shown in Figure 1,
belongs to the family of semisubmersibles ; however, it is designed
to provide low drag at higher speeds, and to have good seaworthiness
not only at rest, but underway. An S3 tends to fill a gap in ship
design since it can be small, having all of the advantages of small
ships, and yet have the speed, deck space, and seaworthiness of
large ships.

The S3 concept stemmed from designs of the writer dating
back to the 1950's, This concept was introduced at the Naval
Undersea Center (NUC) in 1968, where it has been under active
investigation ever since. The S> is not the only higher-speed se-
misubmerged ship concept, however. Several other types have been
designed, as discussed in Reference 1, including a single-hull
version conceived by Lundborg dating back to 1880, a multihulled
version described by Blair in 1929, a twin-hulled version by Creed
in 1945, the Trisec by Leopold at Litton Systems in 1969 (Ref 2), and
more recent versions called Modcats designed by Pien at Naval Ship
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Research and Development Center (NSRDC) (Ref 3)

DESCRIPTION

The typical design of an S3 semisubmerged ship, shown in
Figure 1, consists of two parallel torpedo-like hulls which support
an above-water platform by means of four well-spaced streamlined
vertical struts. Stabilizing fins attached to the aft portions of the
hulls provide pitch stability at higher speeds. The water plane area
and spacing of the struts provide static stability in both roll and
pitch. Small controllable fins called canards may be placed near the
hull noses. These canard fins can be used in conjunction with control-
lable stabilizing fins at the rear to provide motion control over heave,
pitch and roll, If rudders are placed in each of the four struts, mo-
tion control over yaw and sway can be obtained, especially when an
S3 travels obliquely to waves. It should be noted that an S3 design
is inherently stable at all speeds, without the use of control surfaces.

Some of the advantages of the S3 hull type relative to a mono-
hull are : greatly improved seaworthiness, both at rest and underway;
reduced wave drag at higher speeds , greater deck area and internal
volume ; certain advantages of the unusual hull shape for placement
of a central well, mounting sonars, carrying small craft, placement
of propulsors, and potential for modular construction ; improved
propulsive efficiency and greater cavitation resistance ; greater top-
side weight capacity; and the potential for a near-level ride in high
sea states,

These advantages are to be weighed against the disadvantages.
The primary disadvantage is the increased structural weight due to
its relatively dispersed design form. Other possible disadvantages
include the large draft, and the need for ballast control over trim.

Many variations of the typical design shown in Figure 1 are
possible. The strut thickness and chord lengths can vary, the hull
lengths and diameters can change, the hull cross-sectional shape can
vary, the rudders can be located behind the propellers, the sizes and
positions of the stabilizing and control fins can be varied, and the
ship can be propelled by means other than propellers, such as pump-
jets. Still other S3 variations from the typical design form are
presented in Figure 2; these include a two-strut and a six-strut,
twin-hulled design, and several types of single-hulled designs. There
is no '"best" S3 hull form, since the form will vary as a function of
size, mission, and design constraints.
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The primary objective of this paper is to describe the basic
characteristics of an S3 so that it can be compared with other types
of ships for various types of applications, To do this, the drag and

power, stability, motion in waves, and automatic control characteris-
tics will be discussed.

DRAG AND POWER

In calm water, ship speed is a function of drag, and is there-
fore limited by the installed power, The maximum speed may be less
in the higher sea states, since speed may be limited either by ship
motion or by increased drag due to waves. In the case of monohulls,
speed limitations in the higher sea states can be severe.

In order to compare the drag and power of a wide variety of
ship forms, sizes, and speeds, the following equations are used :

D
drag coefficient = Cp = vhe v2 = CDf + CDr
D .
power = P= D.V,. C v%i V3/n
y D 2
1
displacement Froude number = Fg = v = V:)/S
Vev)s ghsal%
. _ _ AV A
hull efficiency = E = P - D"
Ag
_ _ A 1 _Af 1
range = R —A—. —])—- n .W—A .E.SFC
where D = drag, V = displaced volume, p = mass den-
sity of water, V = speed, 7 = propulsive efficiency, g = accele-
ration of gravity, & = Vpg = displaced weight, Af = weight of
fuel, and SFC = specific fuel consumption = weight of fuel consum-

ed per unit power per unit time. The units used may be any consis-
tent set, The term C is the frictional drag coefficient, and is
assumed to be purely af function of Reynolds number ; the termCDf
reduces as the size or speed increases. The term C is the
residual drag coefficient ; it includes the wave drag and all other
sources of drag except frictional drag, and is assumed to be purely
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a function of FV .

Figure 3 is reproduced from Reference 1, and shows the
approximate hull efficiency E at maximum speed for a variety of
ship types as a function of displacement Froude number Fy in calm
water. Hull efficiency is an important parameter since the equation
shows that it is directly proportional to range. Note that the hull
efficiency of an S3 is somewhat less than that of a monohull at low
Fy , but somewhat greater than that of a monohull at high Fy
where monohull wave drag becomes large. The reason for this re-
sult is that an S3 has a greater frictional drag than 2 monohull due
to its increased wetted surface area, but has less wave drag at
higher speed due to its unusual hull form. A Cp of 0.05and an
n of 0.80 have been used for the S3 curve in Figure 3 at Fy =
2,0, with Cp /n reducing slightly at lower Fy , and increasing
slightly at higher Fg to reflect reduced propulsive efficiency. The
propulsive efficiency 7 is somewhat greater for an S3 than for
monohulls since the boundary layer inflow to the propulsors will be
more axially symmetric ; therefore, the S3 propulsors can be more
completely wake adapted, as in the case of torpedoes where propul-
sive efficiencies of 85% to 90% are notuncommon. The line
shown in Figure 3 for monohulls is the locus of the highest measured
values of E. In rough water, the value of E for monohulls will
reduce considerably, as shown later, while E for an S3 ship will
not change appreciably,

The dashed lines in Figure 4 show the measured Cp from
model tests. The model data relate to a small-craft S3 design. The
solid lines are the estimated drag coefficients for several 3000-ton
ships, including an improved low-wave-drag four-strut S3 , and the
estimated Cp of an improved two-strut design taken from Ref 3.
Notice that the values of Cp for the 3000-ton ships are significant-
ly lower than those of the small models, primarily due to the
Reynold's number effect on frictional drag and the use of thinner
struts. The wave drag portion of the estimated value for the S3
ship was calculated by Dr. R.B. Chapman of NUC using linearized
thin ship theory in which all strut-strut, strut-hull, and hull-hull
interactions were included. This same theory has provided excellent
agreement with a large number of tests conducted on various struts,
strut-hull combinations, and complete S3 models. Reference 4 by
Dr. Chapman contains data for estimating the spray drag of surface-
piercing struts at high speeds.

Figure 5 shows the ratio of the drag in waves to the drag in
calm water for tests on a 5-foot model of a DE-1006 destroyer
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(Reference 5), and for tests on 2 5-foot model of an S3 , The drag
of the destroyer model increases by factors of five or more in waves,
while waves are shown to have no significant effect on the drag of the
S3 model.

Figure 6 shows the power required for a 3000-ton, four-
strut S compared with the estimated power requirements for a
hydrofoil, a high-speed surface effect ship and a destroyer. The
results show that the S> requires significantly less power than
either a hydrofoil or SES at speeds up to around 50 knots,

A photograph of a model of a 3000-ton S3 is shown in
Figure 7, together with a list of some of its estimated characteris-
tics.

STABILITY

A wide variety of model tests have shown that the S3 is
inherently both statically and dynamically stable. In regard to static
stability, the metacentric height in roll can be calculated from the
equation

I

GM = — - BG
v
bZ
where 1 = A = moment of inertia of the total waterplane
area A,
b = strut center-line spacing,
v = displaced volume
BG = is the distance upward from the center of buoyancy to

the center of gravity.

Large topside loads can be carried,even with a small waterplane
area,due to the substantial transverse and longitudinal strut spacing.

Tests in large waves and high simulated winds have shown
that GM in roll should be around 3/4 of the hull diameter (alternat-
ively, approximately 8% of the beam), although values as little as
1/4 of the hull diameter are acceptable. Tests indicate that motion
in beam waves reduces as the roll GM increases, contrary to some
monohull results. However, since both wave drag and structural
weight increase as the strut waterplane area.and spacing increase,
the roll GM should be made no larger than necessary.
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The metacentric height in pitch is calculated from the same
equation as for roll, except I now refers to the longitudinal area
moment of inertia. Tests to date on S3 models have shown that
motion in waves reduces as the pitch GM increases. In other words,
the struts should be well-spaced in the longitudinal direction, This
is one of several reasons why the four-strut configuration was
selected as a typical (but not the only) design form for an S3

Figure 8 shows typical waterplane areas for a monohull, a
catamaran ship, a two-strut low waterplane ship, and a four-strut
S3 . Note that the S3 has the greatest static stability in both roll
and pitch per unit waterplane area because the waterplane area is
concentrated in the four corners of the ship where it is most effec-
tive. Another advantage of the four-strut configuration is that it has
less virtual mass in the transverse direction than the two strut
design, and therefore will have less motion and hydrodynamic load-
ing in beam seas.

One of the first questions explored in a series of S3 model
tests conducted in 1969 concerned the dynamic stability of an S3 .
Figure 9 shows pitch data obtained on several 5-foot model confi-
gurations tested in calm water in the General Dynamics Aeromarine
Test Facility model towing basin in San Diego, California, The hull
diameters were 4 inches. Figure 9 shows that all models were stable
at all test speeds except the non-S3 model designated C + N which
had no stabilizing fins. Thus, these tests showed that the S3 sta-
bilizing fins were necessary for dynamic stability at Fy greater than
about 0.9. This result was in good agreement with S3 design theory
which shows that the dynamic instability of bare hulls will overcome
the static stability provided by the struts above some critical speed
unless stabilizing fins are incorporated.

A very useful device to further investigate the dynamic
stability of an S3 is the 5-foot radio-controlled model shown in
Figure 10, which was tested in 1970. This model was stable under
all test conditions and controlled well. All motions were well damped
at rest and highly damped when underway. It operated well in waves
and wind at all angles, although the greatest motion occurred in large
following waves. Figure 11 shows an 1-foot model built and tested
at the Naval Ship Research and Development Center in 1971, This
model performed similar to the 5-foot model suggesting that model
tests and the known scaling relationships are valid.
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MOTION IN WAVES

During the 1969 towing tests, various S3 model configurat-
ions were tested in 4-inch X 80-inch waves in head and following
seas. The non-dimensional pitch and heave amplitudes for two S3
models in head seas are shown in Figure 12 together with the pitch
and heave amplitudes of a 5-foot model of 2 C-4 monohull ship,
Note that the motion of the S3 models is significantly less than that
of the monohull model, The S? models were also tested in a
variety of wave lengths, and no resonance was found in head seas.

The test results in following waves showed significantly more
motion, as seen in Figure 13, The monohull was not tested in follow-
ing waves. The wave height was equal to the Kull diameters, so the
waves were relatively high, Tests in 2-inch waves showed consi-
derably less motion. Data taken on the lift force and pitching moment
indicated that small control surfaces and an automatic control sys-
tem would significantly reduce motion in following seas.

Tests at rest in beam seas showed that the roll of the S3
models was significantly less than that of the monohull model, and
no resonance occurred at any of the wavelengths tested.

AUTOMATIC CONTROL SYSTEM

The combined use of horizontal canard control fins near the
noses of the hulls, and controllable stabilizing fins near the aft end
of the hulls, provides motion control over heave, pitch and roll in
high sea states.

Figure 14 presents computer results obtained by Dr D, T.
Higdon of NUC showing the reduction of heave and pitch in head
waves which is achievable by automatic stabilization of an s3
ship similar in shape to the radio-controlled model of Figure 10.
The already small motions are reduced by a factor of four or more.

Figure 15 shows the computer results for motion reduction
in following waves. In this case, the result is much more dramatic.
Heave is reduced by factors of twenty or more, and pitch is reduced
by factors of five to ten.
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SUMMARY

A considerable number of model tests, theoretical studies,
and design studies have been conducted on the S3 concept. The
results show that the S3 is highly stable and seaworthy (both at
rest and underway), more efficient at higher speeds than conven-
tional ships, and will provide a near-level ride if automatically
controlled in high sea states. Also, many advantages result from
its unusual hull form for various kinds of military and non-military
applications.
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Figure 1. Basic S3 semisubmerged ship concept
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Figure 2. Alternative designs of the s3 concept
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Figure 11,

Eleven-foot self-propelled NSRDC model
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DISCUSSION

Gerald E. Bellows
Universitat Hamburg, Institut fiir Schiffbau
Hamburg, Germany

I would like to thank Dr., Lang for an excellent presentation,
It is evident that this type of ship has extremely good seakeeping pro-
perties. This is perhaps its major advantage over the monohull, I
have studied ships of this type and have found that, with the cargo
loaded on the deck, it is difficult to obtain sufficient GM in both the
longitudinal and transverse directions. I wonder if Dr. Lang could
give us a weight breakdown, including the structure, fuel, and cargo
(or payload). I also would like to know what type of power plant would
be used and if it would be located in the underwater hulls. I would like
to know if it is possible to alter the draft by ballasting. Dr. Lang has
mentioned in his report that the draft could be a problem, but this
could be overcome by using ballast to alter the draft when entering
port,

REPLY TO DISCUSSION

Thomas G. Lang
Naval Undersea Research and Development Center
San Diego, California, U.S.A.

To answer the first question, the metacentric height (GM)
increases a little faster than the square of the distance between the
waterplane areas. Thus by concentrating the waterplane area near the
four corners of the platform through using four struts we obtain a
maximum GM for a given waterplane area in both roll and pitch. As
a result, it is possible to have a GM that is on the order of three or
four times that of the conventional monohull in roll, and a GM which
is much less than a monohull in pitch but yet one that gives very good
pitch response. The result, as seen in the film, is an accegtable me-
tacentric height in both roll and pitch,
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As far as the ratios of the various weights are concerned, our
preliminary calculations indicate a structural weight to total weight ratio
on the order of 40 per cent for a moderately sized ship, if the ship
is made out of aluminium. Thus, we are proposing that a ship of this
type be made of aluminium to help to solve the weight problem.

In regard to the power plant, we would propose that the po-
wer plant on small craft be located in the top cross structure, with
some type of a drive mechanism to transmit the power down to the
propeller. In ships of a few thousand tons or greater, we would pro-
pose that the power plants be located in the tailcones of submerged
hulls, with direct drive to the propeller through a gearbox. Alterna-
tively, a cryogenically cooled electric power system
We are proposing gas turbines for power because of their light weight
and efficiency, especially in the larger size range.

In answer to the last question, on ballasting, we do have pro-
vision for ballasting in all the proposed designs. In very shallow water
ports, the loaded ship minus fuel provides a draft about equivalent to
that of 2 monohull ; therefore such a ship could be fully loaded at the
dock and the fuel topped off in the deeper region of the harbor.

DISCUSSION

Nils Salvesen
Naval Ship Research and Development Center
Bethesda, Maryland, U.S.A.

I have recently made an investigation of the seakeeping cha-
racteristics of low-water-plane catamarans and I found it a very inte-
resting subject, Reference 1. What makes it so much more interes-
ting than for conventional ships is that the seakeeping characteristics
of catamarans and in particular LWP catamarans are extremely
sensitive to changes in the hull geometry. For conventional monohulls,
on the other hand, large changes in the hull parameters are required
in order to produce any substantial effects on the seakeeping charac-
teristics,

It is recognized that as far as the seakeeping is concerned,
the major advantage of the LWP catamaran over conventional hulls
is that they have a very low natural frequency due to their small water-
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plane area. Therefore, in head seas, the maximum heave and pitch
motions are usually at wave lengths approximately five times the
length of the hull. This means that a long LWP catamaran (say longer
than 300 feet) will only experience large pitch and heave motions in
extremely severe sea conditions, On the other hand, a 100-foot cata-
maran will experience in ocean operation maximum pitch and heave
motions a large percentage of the time.

This aspect of the motion responses of LWP catamarans is
well-known ; however, it is less recognized that the added mass and
damping coefficients as well as the exciting forces are all much
smaller than for conventional hulls and that the maximum pitch and
heave motions are extremely sensitive to small changes in these
quantities, In particular, it is important to recognize that the damping
coefficient for certain catamaran configurations can be so small that
it results in pitch and heave motions several times larger than for
conventional hulls as shown in Reference 1.

Another seakeeping aspect which deserves attention is the
pitch and heave motions in following seas. Some of the LWP catama-
rans have about twice as much pitch motions in following seas than
conventional monohulls and the maximum pitch motions occur at wave
lengths of the order of magnitude of ship length (see Reference 1),

Dr. Lang has demonstrated that these vertical mations in following
seas can be considerably reduced by use of automatic control surfaces.
I would like to ask Dr, Lang if he is of the opinion that LWP catama-
rans in general will need automatic control surfaces in order to have
acceptable motions in following seas,

1 SALVESEN, N., 'Seakeeping Characteristics of Small-Water-
Area-Twin-Hull Ships', presented at AISS, SNAME, USN Ad-
vanced Marine Vehicles Meeting, Annapolis, Maryland, 17-19
July 1972, and published in the Journal of Hydronautics, Vol. 7
No. 1, Jan 1973,
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REPLY TO DISCUSSION

Thomas G. Lang
Naval Undersea Research and Development Center
San Diego, California, U.S.A.

In answer to the first comment, we have not seen in our ex-
periments any of the head sea resonance problems that Dr. Salvesen
mentioned. As you saw in the motion picture, the S3 model has
extremely high damping when under way, in both roll and pitch. This
large damping is provided largely by the canard fins at the front, and
the stabilizing fins at the back. It is probable that the differences
from Dr. Salvesen's results are due to differences in design form
from the S3 model. We have found relatively good comparisons bet-
ween experiment and theory ; in general, the experimental results
tended to show less motion than theory would predict, especially in
the following sea case. ‘

As far as automatic control is concerned, all of the tests
you saw in the motion picture were without automatic control, so it is
seen that the craft can operate effectively without automatic control,

In the case of following seas there is no motion problem
until the waves reach a certain height. When not using automatic con-
trol, large craft motion in the very highest waves in a following seas
can be alleviated by slowing down approximately the wave speed, or
less.
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DISCUSSION

Edmund P. Lover
Admiralty Experiment Works
Haslar, Gosport, Hants, U.K.

I have a point to make concerning this most interesting paper,
and a question to ask.

Flrstly, in Figure 3 of the paper a comparison is made bet-
ween the S° form and conventional ships. I would like to make the
point that the "hull efficiency" WV/Pn conventional monohulls can be
improved significantly above that shown by increasing the length to
displacement ratio. These longer vessels would also have improved
seakeeping charactensncs as well as the Froude number of cross-
over above which the S> shows to advantage.

My question is this. Was any simulation made during the
model experiments of an emergency crash situation and, if so, did
this exhibit any problems with maintenance of trim ?

REPLY TO DISCUSSION

Thomas G. Lang
Naval Undersea Research and Development Center
San Diego, California, U.S.A.

I agree with your comment of reduced drag for the larger
length-beam ratio monohulls designed for higher speeds. In the non-
dimensional graph of hull efficiency, this effect is already included to
a certain extent since the line for monohulls represents the maximum
value of existing monohulls wherein the higher-speed monohulls al-
ready have a larger length-beam ratio. Thus, the monohull line re-
presents the best of the known data, so the majority of monohulls will
lie below that line as far as efficiency is concerned.

Regarding the question of a crash situation, the radio-con -
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trolled model was used to test light crack avoidance and the problem
of hull flooding in case a crack cannot be avoided. The model was
operated at top speed and suddenly given full reverse thrust. In no
case did the bow submerge or was there water over the deck. The
main reason for this good behavior is that the relatively low water-
plane area has been concentrated near the front and the back of the
craft by making use of four struts. Thus, the metacentric height in
pitch is 2 maximum for a given waterplane area. This metacentric
height is adequate to prevent excessive pitch in the case of full re~
verse thrust from a condition of top forward speed. In the case of hull
flooding, the control surfaces were adequate to raise the platform to
trim conditions as speed increased. Trim at rest could be adjusted
by blowing water ballast or fuel on the damaged side and/or counter-
flooding on the opposite side,

DISCUSSION

Hans Edstrand
Statens Skeppsprovningsanstalt
Goteborg, Sweden

I have not read Dr. Lang's paper, but when I looked at the
beautiful film I wanted to ask a question. The model size seems to
me to be enormous compared with the tank dimensions, and I should
like to know if Dr. Lang has checked his results in a larger tank and
if he has used the measurement for quantitative development.

REPLY TO DISCUSSION

Thomas G. Lang
Naval Undersea Research and Development Center
San Diego, Californmia, U.S.A.

The model size is slightly large for the tank it was tested in.
The model hull diameter was 4 inches and the model was 5 feet long;
the tank was 6 feet deep, 12 feet wide, and 300 feet long. The ratio

578



Hydrodynamic Design of an g8 Semisubmerged Ship

of hull diameter to tank depth was 1/16, Dr, Chapman's analysis of
drag indicates that the model drag would increase at most 2 few per-
cent, depending on speed ; corrections for tank size have been made
in the model tests. There is no evidence that tank depth has an effect
on motion. One reason why tests were conducted in the larger model
basin at Escondido, California, and in San Diego Bay was to verify
that there were no significant effects of tank size on performance.
The results on the 11-foot model at NSRDC showed essentially equi-
valent results, Thus to date, we have seen no significant effect of
tank size on the model characteristics

DISCUSSION

Christopher Hook
Hydrofin
Bosham, Sussex, U.K.

This extremely interesting paper by Dr. Lang I must disagree
with on the matter of his comparisons as given in Figure 6. If we
refer to Figure 14 of the Silverleaf 42nd Thomas Gray Lecture
(paper) given to the Institution of Mechanical Engineers and entitled
"Developments in High Speed Marine Craft" we see that whereas the
SES or amphibious Hovercraft shows higher speeds and better 7 (L/D)
values in calm water than the Hydrofoil, this situation is reversed in
even moderate sea conditions and we get : Hovercraft g (L/D) =
2 to 3 against submerged Hydrofoils approximately 6, and surface
piercing hydrofoils 3 to 6.

Now since the whole point of the raised platform is to elimi-
nate wave effects as much as possible, it follows that it is unfair to
present SES curves based on performances restricted to calm water
and progressing right off the graph to the right, i.e. to a speed range
which is far from having ever been demonstrated. I am informed on
the best authority that until new skirt techniques have been developed,
100 knot speeds remain out of the question.

To be specific, in Figure 6 Dr. Lang appears to claim some
10 knot more speed for a given power than for a hydrofoil but that is
not what he claimed verbally in this presentation. Surely there is a
mistake here.
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REPLY TO DISCUSSION

Thomas G. Lang

Naval Undersea Research and Development Center
San Diego, California U.S.A.

As pointed out by Mr. Hook, vehicle efficiency sould be com-
pared in both calm water and rough water. The objective of the paper,
however, was the semisubmerged ship concept ; consequently, full
comparisons were not made between hydrofoils and SES.

In regard to Mr. Hook's comment onFigure 6, it should be
recalled that all curves in this figure pertain to 3, 000-ton vehicles.
Conventional hydrofoils of this size are generally considered im-
practical ; hydrofoil weight tends to be high, and the design Froude
number tends to be too low. Design tradeoffs for a conventional
3, 000-ton hydrofoil between structures, cavitation, and hydro-
dynamic drag would tend ro result in reduced hydrodynamic efficiency
of the order shown in Figure 6. On the other hand, the value of
7 L/D for semisubmerged ships, and displacement hulls in general,
increase with displacement, for a given speed. This result should in
no way detract from the good efficiency exhibited by small, high-
speed hydrofoils and their excellent performance in rough water,

L
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